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Development of mirror-image VHH antibodies circumventing immunogenic side Effects
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Administering therapeutics such as antibodies sometimes lead to the production of anti-drug antibodies (ADAs) in patients,
resulting in reduced therapeutic efficacy. In this project, by focusing on the idea that mirror-image antibodies with all
sequences consisting of D-amino acids are protease-resistant, we aimed to provide D-protein VHH antibodies against
chemokines with reduced level of ADAs. Here, we have constructed a platform to efficiently identify mirror-image VHH
antibodies (D-VHH antibodies) by combining technologies to screen peptide sequences that bind to target molecules and to
chemically synthesize VHH antibodies. In particular, as shown in the following three specific aims, we established the concept
of mirror-image VHH antibodies as a novel design technology by investigating the activity, pharmacokinetics, and
immunogenicity of D-VHH antibodies using chemokines, such as MCP-1 (CCL2), a cytokine involved in inflammation and

fibrosis, as the target molecules.

1) Identification of D-VHH antibodies against MCP-1

Throughout the project, a mirror-image display screening was used to obtain D-VHH antibodies with binding activity against
cytokines. First, the D-protein of the target protein is chemically synthesized, and VHH antibody sequences with binding
activity to the D-protein are obtained by phage biopanning. VHH antibodies are then chemically synthesized using the D-
amino acids based on the obtained sequence information. In this study, to perform the mirror-image display screening, D-
MCP-1 was synthesized following the established chemical synthesis process of L-MCP-1. Next, libraries of VHH antibodies
displayed on phage were prepared, including eight different libraries in which only CDR3 of the three complementarity-
determining regions (CDRs) were randomized or all of CDR1 to CDR3 were randomized. However, none of the above
libraries were enriched when screened for D-MCP-1. Therefore, we switched our strategy to an immune library by immunizing
alpaca with D-MCP-1. Since it was considered that the D-MCP-1 was not immunogenic by itself, D-MCP-1 was conjugated
with a carrier protein (e.g. KLH). Immunization with the KLH conjugate showed significantly high antibody titration in the
serum. The resulting immune library was used for biopanning against D-MCP-1 and monoclonal phages were selected. After
the binding experiment, three phage clones that bind specifically to D-MCP-1 were obtained. Analysis of surface plasmon
resonance (SPR) using recombinant VHH antibodies showed that all three recombinant VHH antibodies exhibited a
concentration-dependent response to D-MCP-1. Based on the sequence of the VHH (B6) antibody that showed the best
response, a D-VHH antibody was chemically synthesized. Unexpectedly, SPR analysis revealed that the obtained D-VHH
antibody bound not only L-MCP-1 but also D-MCP-1. We anticipate that, since D-MCP-1 is not present in the body, it could

be used as a drug unless there is non-specific binding to other molecules.

2) Identification of D-VHH antibodies against VEGF

To obtain D-VHH antibodies, chemical synthesis of His-tagged L-VEGF-A and D-VEGF-A was carried out following the
established method. Screening using the VHH library (1) against D-VEGF-A resulted in identification of three clones (clones
#1-3) that were the top sequences among all recovered phages. SPR analysis for the interaction between the recombinant
VHH antibodies and VEGF demonstrated significant binding with all clones, with clone #3 exhibiting the highest affinity.
Based on the sequence of clone #3, chemical synthesis of D-VHH was carried out using the same process as (1). The affinity
of the obtained D-VHH and L-VEGF was analyzed by SPR, showing a specific response to L-VEGF and a dissociation
constant (KD value) of 287+9 nM.



3) Immunogenicity of D-VHH

First, a route of chemical synthesis for monomeric L-Caplacizumab was established, followed by the large-scale synthesis of
both L-Caplacizumab and D-Caplacizumab monomers. The immunogenicity of the L- and D-Caplacizumab monomers was
evaluated by multiple administration to BALB/c mice. As a result, anti-drug antibodies were detected in the serum of mice
treated with L-Caplacizumab monomer, while little anti-drug antibodies were detected in mice treated with D-Caplacizumab
monomer, regardless of the administration route (intraperitoneal or subcutaneous route). The immunogenicity of L-VHH and
D-VHH (clone #3) against VEGF-A, identified in (2), was also tested. As a result, little anti-drug antibodies were produced
in the group treated with anti-VEGF-A D-VHH antibodies. Collectively, our studies demonstrated that D-VHH antibodies

have little immunogenicity.



