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This research and development project aimed to establish shark-derived single-domain antibodies, known as
VNARs (Variable New Antigen Receptors), as a practical and attractive new drug discovery modality, while
also advancing the associated technologies required for their production and application. Although VNARSs
share several advantages with camelid-derived VHH antibodies—including small molecular size, high
resilience, flexibility for engineering, and cost-effective production—they also possess unique characteristics,
such as the ability to recognize the three-dimensional structures of antigens through their elongated CDR3
regions. However, due to the high technical hurdles associated with shark immunization and VNAR
generation, the value of VNARSs as a drug discovery modality had not yet been fully established.

In this project, we centered our efforts on the "Fucabody Platform", a VNAR generation technology developed
by Ehime University, and pursued comprehensive technological advancements encompassing shark
immunization, antibody isolation, large-scale production, structural engineering, and pharmacokinetic
evaluation. All planned milestones for the research and development items were successfully achieved, and

the outcomes substantially exceeded our original targets.

In the first major pillar of the project, namely the advancement of VNAR generation technology, we promoted
the acquisition of specific antibodies against membrane proteins that are highly important as drug discovery
targets. By combining shark immunization and phage display technologies, we successfully obtained a total

of 49 VNAR clones against a diverse range of membrane proteins, including EGFR, multiple CD markers,
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and membrane proteins involved in intracellular protein degradation. Among these, the VNAR clone A20,
targeting EGFR (a key therapeutic target in cancer), exhibited exceptionally high affinity (Kp= 1.2 nM) and
demonstrated robust biological activity by neutralizing the interaction between EGFR and EGF, thereby
inhibiting EGFR phosphorylation.

To shorten the shark immunization process and library construction workflow, which normally require
several months, we constructed a large-scale naive VNAR library derived from the spleens of non-immunized
sharks. Naive libraries are particularly effective for obtaining antibodies against unstable complexes that
are difficult to maintain in immunized animals. In addition, we developed a VNAR generation technology
utilizing antibody sequence evolution tracking by next-generation sequencing (NGS). This sequence tracking
method, previously established in mice and humans, was optimized specifically for shark VNAR genes. RNA
extracted from peripheral blood mononuclear cells (PBMCs) collected sequentially during the antigen
immunization process was analyzed by RNA-seq using NGS, enabling direct observation of the affinity
maturation process of VNAR antibody genes over repeated immunizations. Sequences whose abundance
increased during immunization were identified as candidate antigen-specific VNAR clones, and recombinant

VNARs generated from these sequences were confirmed to successfully bind their target antigens.

Regarding production technologies, we advanced low-cost manufacturing methods based on Escherichia coli
expression and high-pressure refolding. By optimizing scale-up conditions for the efficient refolding and
solubilization of VNAR inclusion bodies expressed in E. coli, we achieved successful refolding even from
inclusion body suspensions at concentrations up to six times higher than those used conventionally, resulting
in a substantial improvement in production efficiency. We demonstrated that this method is applicable not
only to model VNARs but also to VNARs targeting EGFR, engineered VNARs containing inserted epitope
tags, and VNAR dimers and trimers.

In the development of conjugation technologies for antibody modification and functional enhancement, we
designed novel artificial enzymes. Our target was Sortase, an enzyme capable of transferring and ligating
specific recognition peptide sequences. To overcome the limitations of conventional wild-type Sortase A, such
as insufficient catalytic activity and calcium dependence, we employed ancestral sequence reconstruction
based on computational science, using a calcium-independent Sortase E as a template. This resulted in the
successful development of a novel enzyme designated "AcSE5." We demonstrated that AcSE5 possesses 1.6-
fold higher activity and superior thermal stability compared with the native enzyme, and can efficiently
catalyze antibody conjugation even under low-temperature conditions. A patent application covering this
invention has been filed. Furthermore, to suppress reverse reactions involving product cleavage and non-
specific side reactions, we performed X-ray crystallographic analyses of multiple ancestral Sortase E variants
and identified loop regions responsible for substrate specificity control. Based on these findings, we developed
an improved enzyme termed "AAcSE5" by grafting the regulatory loop, thereby enabling highly precise
protein conjugation with exceptional fidelity. Using this technology, we successfully demonstrated the actual

conjugation of VNAR-Fc proteins with fluorescent proteins.

One of the most innovative achievements of this project was the establishment of a technology for the further
miniaturization of VNARs. Using X-ray crystallography, we determined the complex structure between an

anti-Venus VNAR and the Venus antigen. After identifying the amino acid residues and binding modes
4



critical for antigen recognition, we utilized the rational design software "PeptiCraft" to design miniature
antibodies based on these structural data. Through optimization using machine learning, we successfully
generated "M9," one of the world's smallest miniature antibodies. Despite having a molecular weight of only
2.6 kDa, M9 exhibits an affinity surpassing that of the original VNAR. Furthermore, for targets that are
difficult to analyze structurally, we developed a novel approach in which paratope mapping data were learned
by an Al program, enabling the generation of functional miniature antibodies without relying on structural

information.

To evaluate the practical applicability of VNARs as a drug discovery modality, we investigated the
antigenicity and pharmacokinetics (PK) of VNARs and miniature antibodies. In administration studies using
common marmosets, non-humanized VNARs, human Fc-fused VNARs, and miniature VNARs were
administered, and their safety and pharmacokinetic profiles were evaluated. No significant adverse events
were observed in any treatment group. Regarding immunogenicity risks, the production of anti-drug
antibodies (ADA) was detected in animals administered monomeric VNARs, suggesting a potential
immunogenicity risk for unmodified formats. In contrast, ADA production was not observed in groups
receiving human Fc-fused VNARs or miniature VNARs, indicating that humanization and structural
miniaturization are highly effective strategies for evading ADA induction. To further mitigate
immunogenicity risks, we successfully humanized the VNAR by replacing portions of its framework sequence
with human antibody sequences while fully maintaining its high antigen-binding activity. Additionally, in
pharmacokinetic studies conducted in mice, the peripheral blood half-life of VNARs was relatively short—
approximately 10 minutes, which is consistent with previous literature. Nonetheless, we confirmed that
therapeutically effective drug concentrations were successfully maintained for several hours post-

administration, demonstrating their potential for sustained in vivo activity.

Throughout the project, we successfully established a comprehensive manufacturing and development
platform for VNAR-based next-generation antibody therapeutics, encompassing seed discovery through
shark immunization, highly efficient VNAR production, Al-assisted miniature VNAR design, and in vivo
evaluation. Initially, we envisioned social implementation through the provision of our VNAR generation
technology platform to industry partners. However, through discussions with pharmaceutical companies and
related organizations, it became clear that demonstrating the value of this novel modality and achieving
practical implementation would require the presentation of actual in vivo efficacy and safety data. We are
currently preparing to obtain preclinical data aimed at the therapeutic application of the anti-EGFR VNAR
clone A20.



