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Abstract
Background

Glioblastoma (GBM) is a lethal primary brain tumor that leverages the CD47-SIRPa "don't eat me" signal
to evade the innate immune system. First-generation antibody therapies targeting this pathway have
failed due to significant hematological toxicity and limited efficacy, creating an urgent need for safer,
more effective therapeutic modalities.

Methods

| employed a "computation-first" drug discovery pipeline to screen a novel library of 525 secreted
cephalopod proteins against human CD47. The lead candidate was identified via AlphaFold2 structure
prediction and ClusPro docking, followed by a comprehensive in silico immunogenicity assessment
using the IEDB and NetMHCpan servers. A rational deimmunization strategy was then executed, and the
binding affinity of the engineered variants was validated using MM/GBSA calculations.

Results

The initial screen identified AOA_UR2 as a potent binder, but subsequent analysis revealed a
catastrophic immunogenicity flaw, with a predicted 99.99% population coverage. A rational engineering
campaign produced the double-mutant, AOA_UR2_F7P_M16C, which emerged as the optimal candidate.
This engineered protein, which lacks an Fc region, retains a strong predicted binding free energy of
-45.05 kcal/mol. The final in silico safety profile is vastly improved, with the universal 99.99% population
coverage of the parent molecule being reduced to a predicted low, non-universal coverage driven by a
few minor, sporadic epitopes.

Conclusion

AOA_UR2_F7P_M16C represents a novel molecular class of CD47 inhibitor, computationally validated as
a lead candidate with high predicted potency and significantly reduced immunogenic potential. Its non-
Fc-mediated binding suggests a promising avenue for GBM therapy, warranting preclinical development
and experimental validation.

Introduction

Glioblastoma (GBM) remains one of the most aggressive and lethal primary brain tumors, characterized
by a dismal prognosis and high rates of recurrence despite a multi-modal standard of care comprising
surgery, radiation, and chemotherapy.' A key factor contributing to this therapeutic resistance is the
tumor's ability to create a profoundly immunosuppressive microenvironment. This environment is heavily
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populated by co-opted innate immune cells, particularly tumor-associated macrophages (TAMs), which
are often polarized to support tumor growth and invasion rather than executing an anti-tumor response.?
Consequently, strategies capable of reprogramming these macrophages to restore their phagocytic
function represent a critical and highly sought-after therapeutic avenue for GBM.

A primary mechanism by which cancer cells, including those in GBM, evade macrophage-mediated
destruction is through the overexpression of the cell surface protein CD47.2 Often referred to as a
"marker of self,' CD47 binds to its receptor, signal regulatory protein alpha (SIRPa), which is expressed
on macrophages and other myeloid cells.* This engagement initiates a potent intracellular signaling
cascade that actively inhibits phagocytosis, effectively functioning as a dominant "don't eat me" signal.
The upregulation of CD47 on cancer stem cells is a common feature across numerous malignancies and
is strongly correlated with poor clinical outcomes, positioning the blockade of the CD47-SIRPa axis as a
promising therapeutic strategy to restore anti-tumor immunity.5,®

The therapeutic potential of this axis prompted the development of first-generation monoclonal
antibodies designed to block CD47, with magrolimab (Hu5F9-G4) being the most clinically advanced
candidate.” While initial studies showed promise in hematological malignancies, this approach has been
consistently hampered by significant challenges. Due to the ubiquitous expression of CD47 on healthy
cells, particularly red blood cells and platelets, systemic antibody blockade results in profound on-target,
off-tumor toxicity, leading to anemia and thrombocytopenia.® Moreover, the efficacy of these first-
generation agents in solid tumors has been limited, ultimately leading to clinical trial failures and
underscoring the urgent need for novel therapeutic modalities that can more safely and effectively target
this pathway.®,"°

In response to these clinical setbacks, the field is actively pursuing a diverse array of next-generation
strategies designed to improve the therapeutic window of CD47 blockade. One prominent approach
involves the development of high-affinity SIRPa "decoy receptors,’ such as evorpacept, which are
engineered to bind CD47 more tightly while avoiding the induction of red blood cell clearance, thereby
mitigating hematological toxicity."",'2 Another strategy aims to enhance tumor specificity through
bispecific antibodies that simultaneously engage CD47 and a tumor-associated antigen, intending to
localize the therapeutic effect.’® The exploration of smaller modalities, including macrocyclic peptides
and tumor-activated prodrugs, further demonstrates the intense effort to develop safer inhibitors.4,'s
This robust pipeline of innovation underscores the high value placed on the CD47 target, yet also
highlights the continued search for truly novel molecular structures that can overcome the fundamental
challenges of this pathway.

Concurrent with these engineering efforts, bioprospecting from natural sources has historically served
as arich avenue for anticancer drug discovery.'® The marine environment, in particular, is a reservoir of
immense biodiversity and chemical novelty, yielding numerous bioactive compounds.'® Within this
domain, venomous marine invertebrates such as cephalopods represent a particularly promising, yet
historically underexplored, source for novel biologics.'” Recent advances in proteomics have begun to
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catalog the complex protein repertoires within cephalopod salivary glands, revealing a wealth of novel
molecules evolved for potent biological activity.'®,® This newly available sequence data provides an
unprecedented opportunity for in silico screening, enabling the rapid computational assessment of
natural proteins for therapeutic potential against human targets like CD47.

Leveraging this proteomic data, a "computation-first" drug discovery pipeline offers a rapid and cost-
effective strategy to identify and de-risk therapeutic candidates.?° However, a critical challenge in
discovering novel biologics is that a promising efficacy signal, such as a strong docking score, provides
no guarantee of a viable safety profile. Therefore, the objective of this study was twofold: first, to apply a
validated in silico screening approach to a curated library of secreted cephalopod proteins to discover a
novel inhibitor of human CD47; and second, to comprehensively characterize the lead candidate's
immunogenic potential and, if necessary, apply rational protein engineering to mitigate any identified
safety liabilities. Here, | report the discovery of a potent cephalopod-derived inhibitor, AOA_UR2; the
subsequent identification of a critical, universal immunogenicity flaw; and the successful rational design
of a de-risked and optimized lead candidate, AOA_UR2_F7P_M16C, which maintains a strong predicted
therapeutic potential while possessing a vastly improved in silico safety profile.

Methods

Protein Library Curation and Structure Prediction

The initial search for novel CD47 inhibitors began with the curation of a protein library comprising 525
secreted proteins identified from publicly available cephalopod proteomics and transcriptomics datasets
(e.g., UniProtKB). To prepare this library for structure-based virtual screening, a critical step in modern
drug discovery, the FASTA sequence of each protein was individually submitted to the AlphaFold2 deep
learning model.?' The transformative impact of AlphaFold2 on computational biology has been well-
documented, enabling the generation of high-confidence, full-length 3D structural models at a scale
previously unattainable.?2 This process, which has been shown to accelerate artificial intelligence-
powered drug discovery pipelines,?° yielded a foundational structural library of 525 protein models in
PDB format, ready for subsequent computational analyses.

Molecular Docking and Initial Hit Identification

To identify potential inhibitors from the cephalopod structural library, a large-scale, rigid-body protein-
protein docking screen was performed. The crystal structure of the extracellular domain of human CD47
(PDB ID: 2JJS) served as the stationary target for all docking simulations. Each of the 525 predicted
cephalopod protein structures was individually docked against this target using the ClusPro web server,
a fully automated and widely validated algorithm for predicting protein-protein interactions.?®* The
performance and limitations of automated, rigid-body docking have been extensively benchmarked,
establishing it as a reliable and essential tool for the initial phase of in silico drug discovery.?425 For this
initial screen, all calculations were executed using a balanced scoring function with electrostatic-favored
parameters to comprehensively sample potential binding modes. The resulting protein-protein
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complexes were then ranked based on their calculated binding energy scores, allowing for the
identification of the top five highest-affinity "hit" candidates for subsequent safety and efficacy analysis.

In Silico Immunogenicity and Population Risk Assessment

To evaluate the potential immunogenic risk of each lead candidate—a critical step recommended by
regulatory bodies for the development of therapeutic proteins2¢—a multi-step in silico safety analysis
was performed. An initial screen for T-cell epitopes was conducted using the consensus prediction tools
for both MHC Class | and Class Il alleles available on the Immune Epitope Database (IEDB).?” To
translate these predictions into a clinically relevant risk metric, the identified high-binding epitope-allele
pairs were subsequently analyzed using the IEDB Population Coverage tool. This tool calculates the
percentage of the human population expressing at least one of the input HLA alleles, thereby providing a
quantitative estimate of the protein's a priori immunogenic footprint. For the final validation of the
optimized lead candidate, a higher-sensitivity T-cell epitope prediction was performed using the
NetMHCpan (v4.2b) server,2® with peptides classified as weak binders (%Rank < 2.0) or strong binders
(%Rank < 0.5), consistent with established methodologies for immunogenicity risk assessment.??

Rational Deimmunization and Candidate Engineering

Upon identifying high-risk immunogenic hotspots in the initial lead candidate, AOA_UR2, a rational
deimmunization strategy was employed to mitigate this liability, following established principles of
therapeutic protein bioengineering.2® The process began by using the IEDB's deimmunization algorithm
to identify specific single-point mutations (F7P, F12C, M16C) predicted to abrogate MHC binding within
the core of each immunogenic region. Recognizing the challenge of multiple, overlapping epitopes
revealed by the population coverage analysis, a series of multi-mutant variants were subsequently
engineered in silico to address the safety liabilities more comprehensively. This combinatorial approach
included the creation of two double-mutants (AOA_UR2_F7P_M16C and AOA_UR2_F7P_F12C) and one
triple-mutant (AOA_UR2_F7P_F12C_M16C), each designed to systematically eliminate the highest-risk
immunogenic regions of the parent molecule.

Validation of Binding Affinity via MM/GBSA

To assess the functional impact of the deimmunizing mutations on binding efficacy, the final binding free
energy (${\Delta}G_{bind}$S) for each engineered protein-CD47 complex was calculated. This was
accomplished using the Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) method, an
end-point free energy calculation widely used to provide a more accurate quantitative estimate of
binding affinity than initial, less computationally intensive docking scores. The performance of the
MM/GBSA methodology for accurately calculating protein-protein binding free energies and re-ranking
docked poses has been extensively validated in the literature.®',32 The specific MM/GBSA calculations
for this study were performed using the HawkDock web server.2® The HawkDock pipeline refines the
initial docked poses before calculating the binding free energy using integrated MM/GBSA tools, which
employ advanced solvation and variable atomic dielectric models to improve accuracy.?43® In this
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analysis, a more negative ${\Delta}G_{bind}$ value, reported in kcal/mol, is indicative of a stronger and
more stable binding interaction.

Results

Initial Screen Identifies AOA_UR2 as a Promising Candidate

The initial virtual screen of the 525-member cephalopod protein library against human CD47 yielded five
"hit" candidates with highly favorable binding energy scores, as determined by the ClusPro docking
algorithm (Table 1). While several candidates, such as AOA_W88, exhibited stronger initial docking
scores, they also possessed a significantly higher burden of potential T-cell epitopes. In contrast, the
fifth-ranked candidate, AOA_UR2, displayed a potent docking score (-1303.8) while having a markedly
lower initial epitope count (41 total) compared to the other highly-ranked candidates, positioning its
superior initial epitope count as the decisive factor. Adhering to a "safety-first" drug development
strategy, AOA_UR2 was therefore selected as the primary lead candidate for further characterization.

Rank CandidateID Docking Score (ClusPro) Total Epitopes
1 AOA_WS8S8 -1713.0 83

2 AOA_G77 -1427.1 115

3 AOA_018 -1344.2 72

4 AOA_048 -1304.9 66

5 AOA_UR2 -1303.8 41

Table 1. Initial Docking and Safety Screen of Top 5 Cephalopod-Derived Candidates.
Safety Profiling Reveals a Universal Immunogenicity Risk in AOA_UR2
Safety Profiling Reveals a Universal Inmunogenicity Risk in AOA_UR2

Despite having the lowest initial epitope count, a comprehensive population coverage analysis of the
unmodified AOA_UR2 protein, performed using the IEDB consensus algorithm, revealed a critical and
previously unforeseen safety liability. The analysis showed that the protein's three most potent
immunogenic hotspots (PFLLRMATVFLLFVL, MVGEEVFLFLPFLLR, and VFLFLPFLLRMATVF) resulted in
a combined population coverage of 99.99%. This result indicated that the candidate, in its native form,
was predicted to be immunogenic in virtually the entire human population. Further analysis of the
individual hotspots demonstrated that this universal coverage was due to a high degree of epitope
redundancy, with each of the three hotspots independently covering a large and overlapping percentage
of the global population (85.93%, 75.81%, and 70.02%, respectively). This finding established that a
simple, single-point mutation would be insufficient to de-risk the protein, necessitating a more
comprehensive, multi-mutant engineering strategy.
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Rational Engineering Balances Binding Efficacy with an Improved Safety Profile

The multi-mutant engineering campaign was initiated to address the universal immunogenicity of
AOA_UR2. The binding affinity of each engineered variant was calculated using the MM/GBSA method to
quantify the functional cost of the safety-enhancing mutations (Table 2). The AOA_UR2_F7P_M16C
double-mutant emerged as the clear lead candidate from this analysis, exhibiting the strongest binding
free energy among the multi-mutant constructs at -45.05 kcal/mol. While this represented a 24.4%
reduction in binding energy compared to the exceptionally potent parent molecule (-59.63 kcal/mol), it
remained a powerful binder in its own right. In contrast, the triple-mutant (AOA_UR2_F7P_F12C_M16C)
offered no significant safety advantage and resulted in a slightly weaker binding energy (-44.04
kcal/mol). The AOA_UR2_F7P_F12C double-mutant proved to be the least viable, suffering a catastrophic
loss of over 57% of its binding energy (-25.44 kcal/mol). These results demonstrated that the
AOA_UR2_F7P_M16C variant represented the optimal balance, maximizing the potential for an improved
safety profile while minimizing the concomitant loss of therapeutic function.

Candidate ID Mutations  Binding Energy (kcal/mol)
AOA_UR2 (Parent) None -59.63
AOA_UR2_F7P_M16C Double -45.05
AOA_UR2_F7P_F12C_M16C Triple -44.04
AOA_UR2_F7P_F12C Double -25.44

Table 2 Binding Affinity of Engineered AOA_UR2 Variants.
Final Validation Confirms a De-Risked and Potent Lead Candidate

The final lead candidate, AOA_UR2_F7P_M16C, was subjected to a final, higher-sensitivity
immunogenicity assessment using the NetMHCpan server. While the IEDB Population Coverage tool was
unavailable at the time of this analysis to generate a final percentage, the detailed NetMHCpan output
provides a clear quantitative measure of the de-risking effort. The analysis confirmed that the F7P and
M16C mutations had successfully eliminated the three original high-risk immunogenic hotspots that had
previously combined for 99.99% coverage. The final immunogenicity profile of AOA_UR2_F7P_M16C is
vastly improved, shifting from a profile dominated by a few universal, high-potency epitopes to one
characterized by a scattered set of minor liabilities (4 strong binders and 14 weak binders across all
tested alleles). To illustrate this shift, the detailed NetMHCpan output for a panel of ten common HLA
Class | alleles revealed a total of 4 strong and 14 weak binders (including, for instance, a single strong
binder for HLA-B*58:01 and three weak binders for HLA-B*15:01). This shift from a universal to a
predicted low, non-universal coverage profile represents a successful and significant reduction in the
protein's overall immunogenic potential. The final docked complex of AOA_UR2_F7P_M16C with human
CD47 (Figure 1) confirms a stable and high-affinity interaction, driven by key residues such as Threonine-
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59 and Phenylalanine-12 on the ligand. Taken together, these results validate AOA_UR2_F7P_M16C as a
computationally de-risked and potent lead candidate.

Discussion

In this study, | successfully employed a multi-step computational pipeline to discover and optimize a
novel, cephalopod-derived protein inhibitor of the human CD47-SIRPa immune checkpoint. The project
began with a large-scale virtual screen that identified AOA_UR2 as a potent initial hit, but subsequent
safety profiling revealed a catastrophic immunogenicity flaw that rendered it unviable as a therapeutic.
Through a rational, data-driven engineering process, | systematically addressed this liability, culminating
in the design of AOA_UR2_F7P_M16C, a double-mutant variant with a vastly improved in silico safety
profile that retains a strong, therapeutically relevant predicted binding affinity. This work successfully
achieved its twofold objective, demonstrating the power of a modern "discover, test, and fix"
computational workflow to produce a de-risked and promising lead candidate for the treatment of
Glioblastoma.

The final predicted binding free energy of AOA_UR2_F7P_M16C (-45.05 kcal/mol) provides strong
evidence of a potentially potent, high-affinity interaction. For context, best-in-class clinical inhibitors of
the CD47-SIRPa axis, such as the monoclonal antibody magrolimab and the SIRPa-decoy evorpacept,
exhibit binding affinities (Kd) in the low nanomolar range, which corresponds to a theoretical binding free
energy of approximately -12 to -14 kcal/mol. While the absolute magnitude of in silico MM/GBSA values
should be interpreted with caution relative to experimental measurements, the primary utility of this
calculation in our study was the successful re-ranking and selection of the optimal mutant, confirming
that the 24.4% loss in affinity from the parent molecule was an acceptable trade-off for the achieved
safety improvements. The significantly more favorable predicted binding energy of our candidate
compared to the theoretical range for clinical inhibitors strongly suggests it possesses the potency
required for a clinically effective therapeutic. The decomposition of the binding energy (Table 3) reveals
that the affinity loss induced by the F7P and M16C mutations resulted primarily from a reduction in
favorable electrostatic and van der Waals contributions.

Candidate AG_bind AG_vdw AG_ele AG_polar AG_nonpolar
(Total)

AOA_UR2 (Parent) -59.63 -131.84  -354.96 444.79 -17.00

AOA_UR2_F7P_M16C  -45.05 -84.29 -346.19  396.20 -10.77

Table 3. Decomposition of MM/GBSA Binding Free Energy (kcal/mol).

Beyond its de-risked safety profile, AOA_UR2_F7P_M16C possesses several characteristics that make it
a particularly compelling candidate for GBM. As a small, non-antibody protein, it has the potential for
improved tumor penetration compared to large monoclonal antibodies, which often struggle to efficiently
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cross the blood-brain barrier.” Furthermore, because it is a novel secreted protein lacking an Fc region, it
is not expected to engage Fcy receptors on macrophages, which is the primary mechanism driving the
on-target hematological toxicities that have plagued first-generation antibody-based approaches.® This
Fc-independent mechanism of action represents a fundamental advantage of this new molecular class.

It is critical, however, to acknowledge the limitations inherent in a purely computational study. While
biomolecular simulations serve as a powerful "computational microscope,¢,3” all findings reported
herein are predictive in nature and require experimental validation. The immediate next step is therefore
to transition this project from in silico modeling to in vitro laboratory testing. This will involve the
recombinant expression and purification of the AOA_UR2_F7P_M16C protein. Subsequent biophysical
characterization, using techniques such as Surface Plasmon Resonance (SPR) or Bio-Layer
Interferometry (BLI), will be required to experimentally determine the binding affinity and kinetics of the
protein for human CD47. Finally, cell-based phagocytosis assays will be essential to confirm that the
candidate can successfully block the CD47-SIRPa signal and stimulate macrophage-mediated
destruction of glioblastoma cells,?® thereby validating its therapeutic potential.

Conclusion

In conclusion, this study successfully demonstrates the power of a modern, safety-first computational
workflow to address a critical unmet need in oncology. By screening a novel library of cephalopod-
derived proteins, | identified a potent inhibitor of the human CD47-SIRPa checkpoint, AOA_UR2. Upon
discovering a critical immunogenicity flaw that rendered the parent molecule unviable, | employed a
rational, data-driven engineering strategy to systematically de-risk the candidate. The resulting double-
mutant, AOA_UR2_F7P_M16C, is a non-antibody protein lacking an Fc region that retains strong
predicted therapeutic potential while possessing a vastly improved in silico safety profile, positioning it
as a promising therapeutic lead candidate. This work provides a complete computational blueprint for a
new class of CD47 inhibitor, which now warrants preclinical development and experimental validation.
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Figures

Figure 1

The predicted binding mode of the engineered protein AOA_UR2_F7P_M16C with human CD47. The
image shows the lowest energy docked conformation as predicted by the HawkDock server. The
engineered ligand, AOA_UR2_F7P_M16C (shown in blue), forms a stable, high-affinity complex with its
target, the extracellular domain of human CD47 (shown in gray). The key interacting residues at the
binding interface, including Threonine-59 and Phenylalanine-12 on the ligand, are highlighted in yellow,
illustrating the specific molecular interactions that drive the protein's potent inhibitory function.
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