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Abbreviations

ADC
ADCC
ASA
BCR
CDC
CHI
Cix
CLk
CLA
CPK
DARPin
DBCO
EGFR
ELISA
EPO
Fab
FBS
FceyR
FDA
FGF21
FGFRIC
FZD

GST

antibody-drug conjugate
antibody-dependent cellular cytotoxicity
solvent-accessible surface area
B-cell receptor
complement-dependent cytotoxicity
first constant region of the heavy chain
cixutumumab

K light chain constant region

A light chain constant region
Corey-Pauling-Koltun

designed ankyrin repeat protein
dibenzylcyclooctyne

epidermal growth factor receptor
enzyme-linked immunosorbent assay
erythropoietin

antigen-binding fragment

fetal bovine serum

Fcy receptor

Food and Drug Administration
fibroblast growth factor 21

fibroblast growth factor receptor 1C
frizzled

glutathione S-transferase
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HC
HER2
His
HPLC
HRP

Ig
IGF1
IGF1R
JAK2
KLB
LC
LC-MS
MMAE
nnAA
0-Az-Z-Lys
Ol
p-AcF
p-AzF
PBS
PCR
PDB
PEG
PET

PyIRS

heavy chain

human epidermal growth factor receptor 2
histidine

high-performance liquid chromatography
horseradish peroxidase

immunoglobulin

insulin-like growth factor 1

insulin-like growth factor-1 receptor
Janus kinase 2

B-klotho

light chain

liquid chromatography—mass spectrometry
monomethyl auristatin E

non-natural amino acid
Ne-(0-Azidobenzyloxycarbonyl)-L-lysine
optical imaging

p-acetophenylalanine
p-azidophenylalanine

phosphate-buffered saline

polymerase chain reaction

Protein Data Bank

polyethylene glycol

positron emission tomography

pyrrolysyl-tRNA synthetase



RF-1 release factor-1

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
SPAAC strain-promoted alkyne-azide cycloaddition

TBST tris-buffered saline containing 0.05% tween-20

Tm melting temperature

Tra trastuzumab

VL light chain variable region

Z-Lys Ne-benzyloxycarbonyl-L-lysine



1 Abstract

Site-specific chemical conjugation of antibodies using genetically incorporated non-
natural amino acids (nnAAs) shows promise to advance antibody-drug conjugates
(ADCs) and create bispecific antibodies. Most of the current approved therapeutic
antibodies are immunoglobulin G kappa (IgGk) isotypes, and antibody engineering
through nnAA incorporation has mainly focused on IgGk, whereas IgG lambda ()
has relatively not been explored yet. In this study, we applied the codon-reassignment
technology to achieve robust and efficient synthesis of chemically functionalized
antigen-binding fragments (Fabs) derived from IgGA containing Ne-(o-
azidobenzyloxycarbonyl)-L-lysine (0-Az-Z-Lys) at defined positions. This lysine
derivative has a bio-orthogonally reactive group at the end of a long side chain,
enabling identification of multiple positions in A light chain constant regions (CLAs)
with high conjugation efficiency and allowing the preparation of Fab-drug conjugates
and antagonistic bispecific Fab-dimers in cultured cells. These results show that our
approach greatly enhanced the availability of antibodies that have CLA constant
domains for chemical conjugation and might aid in the development of novel

therapeutic antibodies.



2 Introduction

Immunoglobulins (Igs) are highly specific molecules that can bind with high affinity
to their cognate antigens and participate in immunological defense as a result of the
activation of their effector functions, including complement-dependent cytotoxicity
(CDC), phagocytosis, and antibody-dependent cellular cytotoxicity (ADCC). Igs are
classified into five classes according to the constant region of their heavy chains
(HCs): IgA, IgD, IgE, IgG, and IgM antibodies. IgGs are hetero-tetrameric proteins
composed of two identical IgG HCs and two identical light chains (LCs) [1, 2]. The
LC genes are encoded by two separate loci, subdividing the entity of antibodies into
kappa (LCx) and lambda (LCA) isotypes. LCk and LCA exhibit distinct sequence
(Figure 1) and conformational properties characterized by the disulfide bond

susceptibility to reducing conditions [3-5].

Human LCk constant region
Human LCA constant region

IR SGT NN EAKEORIENALOSGNSQESVTEQD
PSE AN ISD) AVTIARIEAIS SPVKAGVE TTTPSKQ
Human LCxk constantregion 168 Bxpstflisi) skaDYEXEK VIR BE g SENRCES- 214
Human LCA constant region 168 §NNK- SINT PE QWK SIBIR SMC ORI & - - VAP 215

Figure 1. Sequence similarity of human LCxk and LCA\ constant regions.

The matched amino acid residues are highlighted in black. The sequence information
was obtained from trastuzumab (a humanized IgG1x antibody) and cixutumumab (a
humanized IgG1A antibody) [6, 7].

Ig, immunoglobulin; LC, light chain.



For intact Igs, the « to A ratio is roughly 2:1 in serum [8]. IgGs, being well-studied
and with a stable structure, are commonly used as therapeutics. More than
70 antibodies have been approved by the United States Food and Drug
Administration (FDA), and most of them belong to the human IgG isotype [9].
Among the approved IgGs, IgGk, which possesses the k LC constant region (CLk),
is dominant, whereas only six antibodies possess the A LC constant region (CLA) [9].
This bias toward the « isotype is likely because most of these antibodies are chimeric
or humanized derivatives of antibodies generated from rodents. The ratio of IgGk to
IgGA isoforms is 19:1 in the serum of mouse [8], the most commonly immunized
organism for antibody acquisition. With advances in human phage display libraries
containing more balanced « to A ratios and human B-cell cloning technology, more
human IgGA isotype antibodies have been identified in preclinical programs and are
entering clinical pipelines. Antibody engineering, including site-specific conjugation,
has been applied to generate antibody-based therapeutics, such as antibody-drug
conjugates (ADCs) and bispecific antibodies, with a focus mainly on the HC and
CLxk of IgGs [10-20]; however, not much information has been obtained on CLA.

Genetic incorporation of non-natural amino acids (nnAAs) into antibodies using
expanded genetic codes guarantees site specificity. Small molecules, fluorescent
probes, peptides, polyethylene glycol (PEG), and proteins can be conjugated to
antibodies through bio-orthogonal chemical reactions involving these nnAAs. 1gG
antibodies have been conjugated to anticancer drugs [17, 18, 21, 22], whereas
antigen-binding fragments (Fabs) have been transformed into bispecific antibodies
[19, 20]. Several techniques can be used to modify proteins site-specifically. For

example, cysteine is a reactive “natural” amino acid; however, engineered cysteines



coupled through maleimide chemistry can be reversible and unstable [23], which are
important limitations for antibody engineering of ADCs and bispecific antibodies.
Therefore, the stable and selective bio-orthogonal conjugation strategy using nnAAs
provides a powerful approach to generate ADCs and to manipulate and investigate
the structure and function of bispecific antibodies.

The precise design of conjugates has been achieved by the definition of conjugation
sites in antibody molecules through assigning specific codons such as the amber stop
codon (UAG) to nnAAs [24]. The competition between UAG-translating tRNAs and
Release Factor-1 (RF-1), the release factor recognizing UAG for termination of
protein synthesis, results in variations in incorporation efficiency depending on the
sequence surrounding the UAG codon [25]. This vulnerability, termed “sequence
context,” prevents a comprehensive survey of useful conjugation sites within the
antibody. Therefore, RF-1-knockout cells, which can avoid sequence context, are
expected to be better hosts for incorporating nnAAs into antibodies (Figure 2). RF-
1, previously thought to be an essential cellular factor, can be eliminated with no
significant reduction in bacterial protein productivity if some or all the genes ending
with the UAG codon are engineered to end with other stop codons [26-30]. Because
RF-1 confers stop-codon status to the codon, in its absence, UAG is redefined to
represent any amino acid according to the amino acid specificity of UAG-recognizing
tRNAs (Figure 2). With a guaranteed efficient and robust UAG translation, the

selection of nnAAs is important for achieving efficient conjugation.
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Figure 2. An overview of the system of nnAA incorporation into proteins.
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(A) The wild-type E. coli translational system, the basic translation machinery,
tRNA, mRNA, and the growing polypeptide are shown. A tRNA charged with its
cognate amino acid recognizes its specific codon in the mRNA and transfers its amino
acid to the growing translation product. The UAG amber stop codon is recognized
by RF-1 and the translation is terminated.

(B) The conventional method of nnAA incorporation using wild-type E. coli cells.
nnAA-tRNA synthetase and a novel tRNA that recognizes the TAG amber codon
were introduced. nnAA-tRNA synthetase aminoacylates its cognate tRNA with a
specific nnAA (red circle). These cellular machineries can incorporate an nnAA into
a growing peptide chain. The introduced tRNA competes with RF-1, and this results
in the restriction of the translational efficiency and protein productivity.

(C) Using the RF-1-knockout E.coli strain [6], complete reassignment of the UAG
amber stop codon to a sense codon of an nnAA was achieved by the elimination of
RF-1.

nnAA, non-natural amino acid; RF-1, Release Factor-1.

While over 50 nnAAs have been genetically incorporated into recombinant proteins,
those most widely used for producing bioconjugates are p-acetophenylalanine (p-
AcF), p-azidophenylalanine (p-AzF), and pyrrolysine derivatives [31, 32]. Most
organisms use only the 20 common natural amino acids as building blocks for
proteins; however, certain archaebacteria incorporate pyrrolysine and selenocysteine
as the 21st and 22nd natural amino acids [33]. Pyrrolysine derivatives can contain

reactive groups at the end of a long side chain, thereby largely increasing the solvent
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exposure of these groups (Figure 3) [34]. Ne-(o-Azidobenzyloxycarbonyl)-L-lysine
(0-Az-Z-Lys) contains an azido group located 13 A away from the Co atom, whereas
p-AzF positions the group much closer (7 A) to the main-chain atom [35]. This
difference highlights an advantage of using 0-Az-Z-Lys for chemical conjugation by
bio-orthogonal, selective, and rapid reactions such as strain-promoted alkyne-azide

cycloaddition (SPAAC) with dibenzylcyclooctyne (DBCO) (Figure 4) [36].

H
NH2I\/\/NYO\/Q
Ho™ o © Ns

0-Az-Z-Lys
HO” o N;
p-AzF

Figure 3. Chemical structures of 0-Az-Z-Lys and p-AzF.
0-Az-Z-Lys, Ne-(0-Azidobenzyloxycarbonyl)-L-lysine; p-AzF, p-

azidophenylalanine.
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Figure 4. Schematic image of SPAAC between 0-Az-Z-Lys and DBCO.
DBCO, dibenzylcyclooctyne; o-Az-Z-Lys, Ne-(o-Azidobenzyloxycarbonyl)-L-

lysine; SPAAC, strain-promoted alkyne-azide cycloaddition.

Incorporation of nnAAs into proteins can be achieved via the UAG codon and
“orthogonal” tRNA/aminoacyl tRNA synthetase pair, which do not cross-react with
the host counterparts (Figure 2) [37, 38]. Pyrrolysine is directly esterified to its
specific tRNA (tRNA™!), which has the anticodon (CUA) complementary to the
UAG codon, by pyrrolysyl-tRNA synthetase (PyIRS) [39, 40]. Besides pyrrolysine,
several non-natural pyrrolysine/lysine derivatives are esterified to tRNA™'by PyIRS.
By using PyIRS and tRNA™ in E. coli, some of these non-natural pyrrolysine/lysine

derivatives are incorporated into proteins in response to the amber codon [40]. In
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order to expand the range of nnAAs that can be incorporated into proteins, such as
bulky lysine derivatives like 0-Az-Z-Lys, Yanagisawa et al identified a structure-
based mutant of Methanosarcina mazei (M. mazei) PyIRS with Y306A and Y384F,
which has an expanded amino acid—binding pocket enabling efficient recognition and
site-specific incorporation of 0-Az-Z-Lys into proteins [34].

In our previous study, we assigned UAG to 0-Az-Z-Lys in an RF-1-knockout E. coli
W3110 strain and synthesized variants of a Fab fragment containing 0-Az-Z-Lys at
different positions. The constant regions of the antibody, CLk and CH1 (first constant
region of the HC), were extensively explored, resulting in the discovery of multiple

novel positions supporting efficient conjugation (Figure 5).
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CLk-197
CLk-155

CLk-191

Figure 5. Locations of the selected positions in the tertiary structure of a
representative CLk Fab.

Trastuzumab-Fab, showing the heavy (red) and light (blue) chains in ribbon format
and positions of the amino acids (CPK format) that were individually mutated in
separate constructs to encode o-Az-Z-Lys. The positions that showed high SPAAC
reactivity (>90%) and the six representative positions are colored in yellow.
Structures are derived from a reported crystal structure (PDB ID: 1N8Z).

CHI, first constant region of the heavy chain; CLx, « light chain constant region;
CPK, Corey-Pauling-Koltun; Fab, antigen-binding fragment; o-Az-Z-Lys, Ne-(o-
Azidobenzyloxycarbonyl)-L-lysine; PDB, Protein Data Bank; SPAAC, strain-

promoted alkyne-azide cycloaddition.
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Subsequently, we developed a combinatorial platform for producing novel
monospecific and bispecific Fab-dimers in a one-pot manner allowing various
connections between two Fab molecules (Figure 6). Based on this system, we
prepared a wide variety of Fab-dimers using six representative positions with varying
relative spatial arrangements between the two Fabs. Some of the created Fab-dimers
exhibited agonistic activity in cultured cells as opposed to the antagonistic nature of
antibodies. These results showed that the reorientation of Fab domains of antibodies
by chemical linkage profoundly converts their biological activities.

In this study, we expanded the previous extensive survey of CLA and identified
multiple novel positions supporting efficient o-Az-Z-Lys incorporation and chemical
conjugation. These positions allow generation of Fab-drug conjugates and bispecific
Fab-dimers and show a promising strategy for engineering more effective antibody-

based therapeutics.
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Step 1 Step 2 Step 3 Step 4

Linker Immobilization Dimerization Elution
conjugation

FabA
FabA FabA FabB
) TR i N
AN 3 3

Figure 6. Schematic image of one-pot preparation of bispecific Fab-dimers using
a 96-well filter plate filled with an Ni resin.

Fab containing o0-Az-Z-Lys (Fab A) was conjugated with a linker (step 1) and then
immobilized on a Ni resin via a hexa-His tag (step 2), followed by conjugation with
another Fab containing 0-Az-Z-Lys (Fab B) and no tag (step 3) and retrieval of the
Fab-dimer by elution using an imidazole buffer (step 4).

Fab, antigen-binding fragment; His, histidine; o0-Az-Z-Lys, Ne-(o-

Azidobenzyloxycarbonyl)-L-lysine.

18



3 Materials and Methods

3.1 Materials

0-Az-Z-Lys was purchased from GVK Biosciences (Hyderabad, India). Ne-
benzyloxycarbonyl-L-lysine (Z-Lys) was obtained from BachemAG (Bubendorf,
Switzerland). DIBO-Alexa Fluor 488 was obtained from Thermo Fisher Scientific
(Waltham, MA). The anti—penta-histidine (His) antibody—horseradish peroxidase
(HRP) conjugate was obtained from QIAGEN (Hilden, Germany). The anti—human
kappa and anti-human lambda antibody—HRP conjugate was obtained from Abcam
(Cambridge, UK). 3,3',5,5'-Tetramethylbenzidine solution was purchased from Dako
(Carpinteria, CA). DBCO-PEG4-maleimide and DBCO-PEG4-DBCO were
purchased from Click Chemistry Tools (Scottsdale, AZ). Mertansine was obtained
from Santa Cruz Biotechnology (Dallas, TX). The reaction buffer was composed of
20 mM sodium citrate (pH 6.0) and 150 mM NaCl. His MultiTrap™ HP plates were
purchased from GE Healthcare (Little Chalfont, UK). Recombinant glutathione S-
transferase—tagged human epidermal growth factor receptor 2 (HER2-GST) was
prepared and validated in house. Recombinant human insulin-like growth factor-1
receptor (IGF1R) was obtained from R&D Systems (Minneapolis, MN). The breast
cancer cell line BT-474 was obtained from the American Type Culture Collection
(Manassas, VA) and cultured in RPMI1640 medium (Nacalai Tesque, Tokyo)
containing 10% fetal bovine serum (FBS; GIBCO, Waltham, MA) and 10 pg/mL
bovine insulin (Thermo Fisher Scientific). Recombinant human insulin-like growth
factor 1 (IGF1) was obtained from R&D Systems (Minneapolis, MN). Cell Titer-Glo

was purchased from Promega (Fitchburg, WI).
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3.2 Expression and Purification of Fab Variants

Cixutumumab (Cix) LC variable region (VL) sequence was joined to CLA (CA2:
Accession J00253), forming the LC. Expression and purification of Fab variants
containing 0-Az-Z-Lys were performed as previously reported [6]. Briefly, the
plasmid for expression of Fab variants incorporated with 0-Az-Z-Lys, pFLAG-CTS-
PyITS-Fab, carrying Fab HCs and LCs and the PyIRS gene containing two mutations
(Y306A and Y384F), was transformed into the E. coli strain W3110 RFzero, an RF-
1-knockout E. coli W3110 strain established in our previous study. For 0-Az-Z-Lys—
incorporated Fab expression, single colonies of W3110 RFzero transformants were
grown overnight at 37°C in 10 mL of Luria-Bertani medium containing 0.1 mg/mL
Z-Lys and 100 pg/mL ampicillin. Overnight cultures were diluted with 200 mL of
Super Broth containing 1 mM o0-Az-Z-Lys in place of Z-Lys and incubated at 37°C
until OD600 reached 2.0, followed by further incubation at 22°C overnight following
the addition of 1 mM isopropyl-f-D-thiogalactopyranoside. Cells were centrifuged
at 7,000 rpm for 3 min, and cell pellets were frozen at —80°C. The purification of Fab
variants by Protein G affinity chromatography was performed as described

previously [18].

3.3 ASA Ratio

The solvent-accessible surface area (ASA ratio [S]) was calculated using the MOE
ASA Calculator program (MOLSIS Inc., Tokyo, Japan) operated by the Molecular
Operating Environment 2013.08 (Chemical Computing Group, Montreal Inc.,
Canada) based on the structural information in the Protein Data Bank (PDB) for

CR4354, an anti-West Nile Virus monoclonal antibody (PDB ID: 3N9G) as the

20



representative structure of Fab containing CLA, assuming that the variants containing
0-Az-Z-Lys had exactly the same tertiary structure as the PDB entry. To determine
the percentage values, the ASA ratio (S) of amino acid “X” in the Gly-X-Gly

tripeptide was assumed to be 1.0.

3.4 Copper-Free Click-Chemistry Reaction

A copper-free click-chemistry reaction between 0-Az-Z-Lys in the Fab and DIBO-
Alexa Fluor 488 was performed previously [6]. Briefly, 5 uM of Fab reacted with
200 uM of DIBO-Alexa Fluor 488 overnight at room temperature. Reaction
efficiency was determined by separating the conjugates by cation-exchange
chromatography on a TSKgel SP-5PW column (Tosoh, Tokyo, Japan) using the
Prominence HPLC system (Shimadzu, Kyoto, Japan) with buffer A (20 mM acetate
buffer [pH 5.0]) as the initial buffer. Separation was performed at a flow rate of
I mL/min at 25°C using a gradient of buffer B (20 mM acetate buffer [pH 5.0] and
1 M NacCl) from 0% to 100% in the mixture of buffer A and buffer B for 20 min. The
proportion of the protein moiety of the conjugate was calculated based on absorbance
at 280 nm, whereas that of the Alexa Fluor 488 moiety was calculated based on
absorbance at 495 nm. Reaction efficiency was determined by calculating the molar
ratio between these moieties and considering that their Fabs contained one and two

0-Az-Z-Lys sites, respectively.

3.5 Binding Analysis by ELISA

The 96-well enzyme-linked immunosorbent assay (ELISA) plate was coated with

human IGF1R or HER2-GST fusion protein (1 pg/mL) and incubated overnight at
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4°C. After washing with Tris-buffered saline containing 0.05% Tween-20 (TBST),
150 pL of 1% bovine serum albumin in phosphate-buffered saline (PBS) was added
to each well and incubated for 1 h at room temperature. Samples were prepared in
1% bovine serum albumin in PBS at a range of concentrations, added (50 puL) to each
well, and then incubated for 1 h at room temperature. The wells were then washed
with TBST, followed by incubation with 50 uL of 1,000 times diluted anti—penta-His
antibody—HRP conjugate, anti-human kappa—HRP conjugate, or anti—-human
lambda—HRP conjugate for 1 h at room temperature. The wells were washed again

with TBST and developed using 50 pL of 3,3’,5,5'-tetramethylbenzidine.

3.6 Analytical Methods

0-Az-Z-Lys—incorporated Fabs and Fab-dimers were all analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie
staining. Liquid chromatography—mass spectrometry (LC-MS) analysis and

differential-scanning calorimetry were performed as described previously [6].

3.7 Preparation of Cix-Fab—DM1 Conjugates

0-Az-Z-Lys—incorporated Cix-Fab molecules obtained after Protein G purification
were further purified on a cation-exchange column (Mono S 5/50 GL; GE
Healthcare) using AKTA fast protein liquid chromatography (GE Healthcare) with
mobile phase A (20 mM sodium citrate [pH 6.0]) and mobile phase B (1 M NaCl and
20 mM sodium citrate [pH 6.0]). A linear gradient of 0% to 100% mobile phase B
was used to remove endotoxin from the samples. The buffer exchange to reaction

buffer was performed using an Amicon Ultra-0.5 device (Merck Millipore, Billerica,
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MA). 0-Az-Z-Lys—incorporated Cix-Fab molecules were then conjugated with an
eight-fold molar excess of DBCO-PEG4-maleimide linker in the reaction buffer
overnight at 4°C. Removal of the free DBCO-PEG4-maleimide and buffer exchange
to reaction buffer were conducted using an Amicon Ultra-0.5 device (Merck
Millipore). DBCO-PEG4-maleimide—conjugated Fab molecules were conjugated
with a 10-fold molar excess of thiol-containing DM, a cytotoxin. Prior to in vitro
cytotoxicity assays, unconjugated toxins were removed using an Amicon Ultra-0.5
device, and formation of the Cix-Fab-DMI1 conjugate was confirmed by LC-MS

analysis as described above.

3.8 Preparation of Cix-FabxTra-Fab Bispecific Dimers

The o0-Az-Z-Lys—incorporated Cix-Fabs after Protein G purification were
conjugated with a 20-fold molar excess of the DBCO-PEG4-DBCO linker in the
reaction buffer overnight at room temperature. Removal of the free DBCO-PEG4-
DBCO and buffer exchange to reaction buffer were conducted using the Amicon
Ultra-0.5 device (Merck Millipore). DBCO-PEG4-DBCO-conjugated Cix-Fabs
were applied (50 pg/well) into His MultiTrap™ HP plates (GE Healthcare) and
incubated for 10 min at room temperature for the Fab molecules to be captured by
the hexa-His tag. Following centrifugation, 50 pg/well of 0-Az-Z-Lys—incorporated
trastuzumab (Tra)-Fab molecule was added, followed by incubation overnight at
room temperature to generate Cix-FabxTra-Fab bispecific dimers. The generated
Cix-FabxTra-Fab bispecific dimers were eluted with 500 mM imidazole in Dulbecco
PBS (pH 7.4) and separated from unreacted Tra-Fab monomer by size-exclusion

chromatography using Superdex 200 increase column (GE Healthcare) and AKTA
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FPLC (GE Healthcare).

3.9 Invitro Cytotoxicity Assays for MCF-7

MCF-7 cells maintained in RPMI1640 supplemented with 10% FBS were
centrifuged and seeded onto 96-well plates (5,000 cells per well) in culture medium
and treated the following day with a series of diluted Cix-Fab—DM1 conjugates. Cells
were incubated for 5 days at 37°C in a humidified atmosphere of 5% CO.. Cell Titer-
Glo luminescent cell viability (Promega) reagent was added to the wells, incubated
at room temperature for 10 min, and the luminescent signal was measured using the
ARVO X3 system (PerkinElmer). The results are expressed as a percentage of growth

compared to the control group.

3.10 Cell-Proliferation Assays for BT-474

BT-474 cells maintained in RPMI1640 supplemented with 10% FBS and 10 pg/mL
bovine insulin were centrifuged and seeded onto 96-well plates (10,000 cells per
well) in culture medium added with 2% FBS and 3 nmol/L human IGF-1 and treated
the following day with a series of diluted Tra-Fab, Cix-Fab, and Tra-FabxCix-Fab
bispecific dimers. Cells were incubated for 5 days at 37°C in a humidified
atmosphere of 5% CO». Cell Titer-Glo luminescent cell viability reagent (Promega)
was added to the wells, incubated at room temperature for 10 min, the luminescent
signal was measured, and the results expressed as a percentage of growth compared

to the control group as described above.
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4 Results

4.1 Selection Strategy for Chemical Conjugation Using 0-Az-Z-Lys
in CLA

In this study, we used cixutumumab, a human IgG1 anti-IGF1R antibody that has
CLA [7], as a model antibody for selecting the positions for chemical conjugation
using 0-Az-Z-Lys. The degree of solvent exposure in a position as represented by the
ASA affects the efficiency of chemical conjugation. In several studies using p-AzF,
which has a relatively short side chain, conjugation sites were selected among
positions with ASA values >0.4 for efficient conjugation in antibody molecules.
However, in our prior study using 0-A-Z-Lys, which contains the reaction groups at
the end of a long side chain (Figure 3), we found that positions with a moderate ASA
range (0.2 to 0.4) in CH1 and CLk are suitable for efficient 0-Az-Z-Lys conjugation
[6]. Then, we attempted to expand the survey to CLA. To this end, we selected

20 positions exhibiting ASA values between 0.2 and 0.4 in CLA Fab (Figure 7).
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Figure 7. Locations of the selected positions in the tertiary structure of a
representative CLA Fab and CL « Fab

Highly reactive positions are mapped in the crystal structures of human Fab fragments
of the A (left panel, PDB ID: 3N9G) and « (right panel, PDB ID: 1N8Z) isotypes. The
heavy and light chains are represented by red and blue ribbons, respectively. The
residues to be replaced with 0-Az-Z-Lys are represented in the CPK model. The CLA
positions involved in the formation of CixxTra Fab-dimers are indicated with bold
letters.

CLA, A light chain constant region; CPK, Corey-Pauling-Koltun; Fab, antigen-binding
fragment; 0-Az-Z-Lys, Ne-(o-Azidobenzyloxycarbonyl)-L-lysine; PDB, Protein Data

Bank; SPAAC, strain-promoted alkyne-azide cycloaddition.
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4.2 Identification of Multiple Positions Useful for Chemical
Conjugation in the Fab CLA

The selected 20 positions exhibiting ASA ratio values between 0.2 and 0.4 in the
Cix-Fab CLA were examined using RF-1-knockout E. coli W3110 cells. The yields
of the Cix-Fab variants containing 0-Az-Z-Lys were comparable to those of wild-
type Cix-Fab (0.1 mg/100 mL culture) except for four variants (CLA 151, 171, 210,
and 213); these variants showed significantly lower yields. Assembly of the HCs and
LCs was confirmed by nonreducing SDS-PAGE (Figure 8). MS analyses confirmed
that the changes in masses were consistent with those expected for the replacements
of the amino acid at the UAG codon by 0-Az-Z-Lys (Figure 8). Signals indicating
contamination by other amino acids at the UAG positions were not observed. ELISA
showed that the incorporation of 0-Az-Z-Lys at any site did not impair the antigen-

binding activity of Cix-Fab (Figure 8).
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Figure 8. Quality checks of the synthesized Cix-Fab variants. Representative data
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are shown.

(A) Nonreducing SDS-PAGE analyses of the WT Cix-Fab (lane 1) and the variants
containing 0-Az-Z-Lys at the positions CLA-125, CLA-161, CLA-165, and CLA-191
(lanes 2 to 5, respectively).

(B, C) MS analyses of the WT Cix-Fab and the variant containing o-Az-Z-Lys at the
CLA-125 position.

(D) ELISA results for Cix-Fab variants containing o0-Az-Z-Lys at the indicated
positions. Increasing amounts of Fab were added to immobilized IGF1R and detected
with anti—His-tag HRP and 3,3',5,5'-tetramethylbenzidine substrate.

Cix, cixutumumab; CLA, A light chain constant region; ELISA, enzyme-linked
immunosorbent assay; Fab, antigen-binding fragment; His, histidine; HRP, horseradish
peroxidase; IGF1R, insulin-like growth factor-1 receptor; MS, mass spectrometry; o-
Az-Z-Lys, Ne-(o-Azidobenzyloxycarbonyl)-L-lysine; SDS-PAGE, sodium dodecyl

sulfate polyacrylamide gel electrophoresis; WT, wild-type.

We then examined 0-Az-Z-Lys reactivity in these variants during SPAAC using
the DIBO-Alexa Fluor 488 dye as a model payload. Wild-type Cix-Fab showed no
reactivity, whereas most of the variants were efficiently labeled and exhibited
reactivities ranging from 80% to 90% (Figure 9 and Table 1). Furthermore, 10 of the
16 Cix-Fab variants were examined for thermal stability by differential-scanning
calorimetry. The melting temperature (Tm) of the wild-type Cix-Fab was determined

as 78.1°C, and most of the examined variants, except for CLA-173, showed similar
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stabilities. These results indicated that the incorporation of 0-Az-Z-Lys at invariant

positions had little effect on the structural stability of Fab molecules (Table 1).
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Figure 9. Quantification of SPAAC using the DIBO-Alexa Fluor 488 dye as a
model payload.

Reaction efficiency was determined by separating the conjugates by cation-exchange

31



chromatography on the HPLC system. Separation was performed by NaCl gradient.
The proportion of the protein moiety of the conjugates (arrows) was calculated based
on absorbance at 280 nm, whereas that of the Alexa Fluor 488 moiety was calculated
based on absorbance at 495 nm.

(A) Wild-type Cix-Fab showed no reactivity.

(B) Absorbance at 495 nm was observed for Cix-Fab variants containing 0-Az-Z-Lys.
The typical result of Cix-Fab variants containing o-Az-Z-Lys at CLA-165 position is
shown as the representative.

Cix, cixutumumab; CLA, A light chain constant region; Fab, antigen-binding fragment;
HPLC, high-performance  liquid chromatography, o0-Az-Z-Lys, Ne-(o-
Azidobenzyloxycarbonyl)-L-lysine; ~ SPAAC,  strain-promoted  alkyne-azide

cycloaddition.
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Table 1. ASA ratios of the indicated positions in CLA and the Tm values and

SPAAC reactivities of Cix-Fab variants containing 0-Az-Z-Lys at these positions.

Positions SPAAC

Residue ASA ratio (S) Tm (°C)
(EU number) reactivity (%)
WT - - 0.0 78.1
119 Pro 0.24 80.5 N/A
125 Leu 0.28 116.0 80.2
137 Ser 0.28 32.0 N/A
149 Lys 0.22 75.4 N/A
151 Asp 0.21 N/A N/A
160 Glu 0.24 92.8 77.9
161 Thr 0.24 90.5 77.4
165 Ser 0.29 92.9 77.0
166 Lys 0.17 94.1 75.8
171 Asn 0.40 N/A N/A
173 Tyr 0.24 90.8 74.0
180 Ser 0.38 91.9 77.8
189 His 0.35 83.4 N/A
191 Ser 0.29 99.8 77.8
195 Gln 0.24 88.5 77.5
197 Thr 0.40 77.4 N/A
205 Val 0.34 93.6 77.0
210 Ala 0.33 N/A N/A
213 Glu 0.35 N/A N/A
215 Ser 0.36 108.6 N/A

All of the indicated reactivities, calculated as described in Materials and Methods,
represent the mean of two experiments.

ASA, solvent-accessible surface area; Cix, cixutumumab; CLA, A light chain constant
region; Fab, antigen-binding fragment; N/A, not available; 0-Az-Z-Lys, Ne-(o-
Azidobenzyloxycarbonyl)-L-lysine; ~ SPAAC,  strain-promoted  alkyne-azide

cycloaddition; Tm, melting temperature; WT, wild-type.
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4.3 Preparation of Cix-Fab—Mertansine DM1 Conjugates

ADCs have made significant progress in the oncology field, as illustrated by the two
United States FDA—approved drugs ado-trastuzumab emtansine (KADCYLA) and
brentuximab vedotin (ADCETRIS) and ongoing clinical studies [41]. As an ideal
delivery platform, ADCs are showing great potential for nononcological indications
such as immune modulation and anti-infection [42]. Site-specific conjugation
technology enables the production of homogeneous materials and improvement of
pharmacokinetic profiles and has been advanced by utilizing unpaired cysteines,
enzymatic modifications, and nnAAs [43-45]. The major advantage of using nnAAs
is that it enables the application of bio-orthogonal-conjugation chemistry, such as
alkyne-azide cycloaddition and click chemistry [16, 22]. In this study, we selected
four positions (CLA 125, 161, 165, and 191) as highly reactive positions, and to
demonstrate the feasibility of site-specific ADCs using our approach, four variants
containing 0-Az-Z-Lys residues at defined sites were each conjugated with DM1 via
a DBCO-PEG4-maleimide linker (Figure 10). The formation of the Cix-Fab—-DM1
conjugates was confirmed by LC-MS analysis (Figure 11 and Table 2). SDS-PAGE
and ELISA analyses showed that DM1 conjugation at any site did not impair the

assembly of HCs and LCs and antigen-binding activity (Figure 12 and Figure 13).
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Figure 10. The schematic of preparation of Cix-Fab—-DMI1 conjugates.

The Cix-Fab-DM1 conjugates were prepared sequentially. 0-Az-Z-Lys—incorporated
Cix-Fab variants were separated from endotoxin using cation-exchange
chromatography, conjugated with DBCO-PEG4-maleimide linker, and purified. They
were then conjugated with thiol-containing DM1.

Cix, cixutumumab; DBCO, dibenzylcyclooctyne; Fab, antigen-binding fragment; o-

Az-Z-Lys, Ne-(o-Azidobenzyloxycarbonyl)-L-lysine; PEG, polyethylene glycol.
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Figure 11. MS analysis of Cix-Fab—DMI1 conjugate.

The results for the Cix-Fab—-DM1 conjugate using variants containing o-Az-Z-Lys at
the positions CLA-125, CLA-161, CLA-165, and CLA-191 (A to D, respectively).

Cix, cixutumumab; CLA, A light chain constant region; Fab, antigen-binding fragment;

MS, mass spectrometry; o-Az-Z-Lys, Ne-(o-Azidobenzyloxycarbonyl)-L-lysine.

Table 2. MS analyses of Cix-Fab—DM1 conjugates.

) Calculated mass Observed mass
Fab-dimer
(Da) (Da)
Cix-CLA-125-DM1 50412.0 50410.0
Cix-CLA-161-DM 1 50424.1 50428.0
Cix-CLA-165-DM1 50438.1 50436.0
Cix-CLA-191-DM1 50438.1 50436.0

Cix, cixutumumab; CLA, A light chain constant region; Fab, antigen-binding fragment;

MS, mass spectrometry.
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Figure 12. Quality checks of the synthesized Cix-Fab—DM]1 conjugates.
Nonreducing SDS-PAGE analyses of the wild-type Cix-Fab (lane 1) and Cix-Fab—
DMI1 conjugates composed of the variants containing o-Az-Z-Lys at the positions
CLA-125, CLA-161, CLA-165, and CLA-191 (lanes 2 to 5, respectively).

Cix, cixutumumab; CLA, A light chain constant region; Fab, antigen-binding fragment;
0-Az-Z-Lys, Ne-(o-Azidobenzyloxycarbonyl)-L-lysine; SDS-PAGE, sodium dodecyl

sulfate polyacrylamide gel electrophoresis.
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Figure 13. ELISA analysis of antigen-binding activity of Cix-Fab—DM1

conjugates.

The result of Cix-Fab-DM1 conjugates using variants containing o-Az-Z-Lys at four

positions.

Cix, cixutumumab; CLA, A light chain constant region; ELISA, enzyme-linked
immunosorbent assay; Fab, antigen-binding fragment; IGFIR, insulin-like growth

factor-1 receptor; WT, wild-type.
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4.4 Invitro Cytotoxicity of Cix-Fab—Mertansine DM1 Conjugates

We analyzed in vitro cytotoxicity of Cix-Fab—DM1 conjugates using MCF-7 cells,
an IGF1R-overexpressing cell line [46]. It has been reported that Cix-IgG induces
IGF1R dimerization leading to surface receptor internalization and degradation [47].
However, a study using anti-IGF 1R xanti—epidermal growth factor receptor (EGFR)
bispecific antibodies showed that the monomeric anti-IGFIR binding arm shows
significantly reduced internalization and degradation of cell surface IGF1R because
of the absence of IGFIR dimerization [48].

Cix-Fab—-DM1 conjugates showed no cytotoxicity when applied alone but showed
significant cytotoxicity when applied with a monoclonal anti-human lambda
antibody as a cross-linker of Cix-Fab—DM1 conjugates to induce IGF1R dimerization
and internalization (Figure 14). All four variants showed similar cytotoxicity against

MCEF-7 cells (Figure 14).
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Figure 14. In vitro cytotoxicity of Cix-Fab—DM1 conjugates in the IGF1R-

overexpressing cell line MCF-7.
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(A)  No antiproliferative effect was observed without cross-linker.

(B)  Potent cytotoxicity was observed with anti-human A light chain antibody as the
cross-linker.

Cix, cixutumumab; CLA, A light chain constant region; Fab, antigen-binding fragment;

IGF1R, insulin-like growth factor-1 receptor; WT, wild-type.
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4.5 Preparation of anti-HER2xanti-IGF1R Bispecific Fab-Dimers

Site-specific conjugation of antibodies through incorporation of nnAAs and bio-
orthogonal chemical reaction is a promising strategy to generate the next-generation
ADCs [17,18, 21, 22]. Beyond ADCs, the use of nnAAs is expanding as a useful and
feasible method to prepare a wide variety of antibody-based therapeutic molecules
including bispecific antibodies [19, 20]. Dual-targeting strategies using bispecific
antibodies (simultaneously blocking two cell surface receptors that play an essential
role in tumor cell growth, such as the EGFR family, i.e., EGFR, HER2, HERS3, and
HER4 and the IGF1R) are widely applied in cancer therapy [49]. Recently, Chen et al
prepared an anti-HER2xanti-IGF1R bispecific antibody using the knobs-into-holes
strategy and reported that their bispecific antibody more effectively inhibited cancer
cell proliferation than the parental monoclonal antibodies [50]. We aimed to show
that the anti-HER2xanti-IGF1R bispecific Fab-dimers could be constructed from
anti-HER2 Tra-Fab and Cix-Fab using chemical conjugation to bind both antigens
and exhibit some cytotoxic activity.

In our previous study, we developed a method for one-pot preparation of Fab-dimers,
where a Fab containing 0-Az-Z-Lys was conjugated to another Fab containing o-Az-
Z-Lys via a chemical linker. Using this method, the selected four variants (CLA 125,
161, 165, and 191) were used to prepare bispecific Fab-dimers consisting of Tra-Fab
and Cix-Fab. Therefore, four Cix-Fab molecules, each containing 0-Az-Z-Lys at CLA
125, 161, 165, or 191 positions, were conjugated with the DBCO-PEG4-DBCO
linker by SPAAC and then conjugated with Tra-Fab containing 0-Az-Z-Lys at
CLx 155 or CH1 199, confirmed highly reactive in our previous study. In all eight

combinations, we confirmed dimerization by nonreducing SDS-PAGE (Figure 15)
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and heterodimerization of Fab molecules by MS analysis (Figure 15, Figure 16, and
Table 3). No signal indicating homodimerization was observed. ELISA assay
showed that the antigen-binding activity to each antigen (HER2 or IGF1R) was not
disturbed by dimerization (Figure 17). These results indicate that the selected

positions in CLA could be used to prepare Fab-based conjugates, such as bispecific

Fab-dimers.
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Figure 15. Quality checks of the prepared CixxTra bispecific Fab-dimers.
Nonreducing SDS-PAGE analyses of eight combinations of the Fab-dimers. CLA-125,
CLA-161, CLA-165, and CLA-191 combined with Tra-Fab CLk-155 (lanes 1 to 4,
respectively) and CLA-125, CLA-161, CLA-165, and CLA-191 combined with Tra-Fab
CH1-199 (lanes 5 to 8, respectively).

CHI1, first constant region of the heavy chain; Cix, cixutumumab; CLx, « light chain
constant region; CLA, A light chain constant region; Fab, antigen-binding fragment;
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; Tra,

trastuzumab.
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Figure 16. MS checks of the prepared CixxTra bispecific Fab-dimers.

MS analyses of eight combinations of the Fab-dimers. CLA-125, CLA-161, CLA-165,
and CLA-191 combined with Tra-Fab CLk-155 (A to D, respectively) and CLA-125,
CLA-161, CLA-165, and CLA-191 combined with Tra-Fab CH1-199 (E to H,
respectively).

CHI1, first constant region of the heavy chain; Cix, cixutumumab; CLx, « light chain
constant region; CLA, A light chain constant region; Fab, antigen-binding fragment;

MS, mass spectrometry; Tra, trastuzumab.

Table 3. MS analyses of TraxCix Fab-dimers.

Fabdimer Calculated mass Observed mass
(Da) (Da)
Cix-CLA-125 x Tra-CLx-155 98351.4 98349.0
Cix-CLA-161 x Tra-CLx-155 98363.4 98361.0
Cix-CLA-165 x Tra-CLx-155 98377.4 98374.0
Cix-CLA-191 x Tra-CLx-155 98377.4 98374.0
Cix-CLA-125 x Tra-CH1-199 98366.3 98363.0
Cix-CLA-161 x Tra-CH1-199 98378.4 98374.0
Cix-CLA-165 x Tra-CLx-155 98392.4 98390.0
Cix-CLA-191 x Tra-CLxk-155 98392.4 98388.0

CHI1, first constant region of the heavy chain; Cix, cixutumumab; CLk, k light chain
constant region; CLA, A light chain constant region; Fab, antigen-binding fragment; MS,

mass spectrometry; Tra, trastuzumab.
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Figure 17. Binding activity analysis by ELISA for CixxTra Fab-dimers prepared

using indicated variants.

(A) Schematic image of ELISA assays used to analyze the binding activity to HER2
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and IGF1R of CixxTra Fab-dimers.

(B, C) ELISA analysis results of the binding activity of CixxTra Fab-dimers for each
antigen, HER2 and IGF1R.

CH]1, first constant region of the heavy chain; Cix, cixutumumab; CLx, « light chain
constant region, CLA, A light chain constant region; ELISA, enzyme-linked
immunosorbent assay; Fab, antigen-binding fragment; GST, glutathione S-transferase;
HER2, human epidermal growth factor receptor 2; HRP, horseradish peroxidase; Ig,
immunoglobulin; IGF1R, insulin-like growth factor-1 receptor; Tra, trastuzumab; WT,

wild-type.

4.6 Growth Inhibition Activity of anti-HER2xanti-IGF1R
Bispecific Fab-Dimers

It has been demonstrated that IGFIR and HER2 display important signaling
interactions in breast cancer [51-53]. Dual-targeting IGF1R and HER2 resulted in
synergistic growth inhibition of BT-474, an IGF1R- and HER2-overexpressing breast
cancer cell line [54, 55]. We used this cell line to analyze the cytotoxic activity of
CixxTra Fab-dimers. We confirmed that that there was no or little growth inhibition
from Cix-Fab or Tra-Fab alone and in combination. However, the addition of
CixxTra Fab-dimers significantly enhanced growth inhibition in a dose-dependent
manner. All eight combinations of CixxTra Fab-dimers showed similar growth
inhibition activities. Fab-dimers consisting of Cixxcontrol Fab (anti-dinitrophenyl)

showed no inhibition activity (Figure 18).
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Figure 18. The antagonistic activity of CixxTra Fab-dimers.

Influence of the indicated molecules on proliferation of the HER2- and IGFIR-
overexpressing breast cancer cell line BT-474. All eight combinations of the prepared
Fab-dimers are shown.

CHI1, first constant region of the heavy chain; Cix, cixutumumab; CLx, « light chain
constant region; CLA, A light chain constant region; Fab, antigen-binding fragment;
HER2, human epidermal growth factor receptor 2; IGF1R, insulin-like growth factor-

1 receptor; Tra, trastuzumab.
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5 Discussion

5.1 Identification of Highly Reactive Positions in CLA for Efficient
Chemical Conjugation

In this study, we first identified multiple positions supporting efficient 0-Az-Z-Lys
incorporation and chemical conjugation in the antibody CLA domain by an extensive
survey using the RF-1-knockout E. coli W3110 strain. Only a few positions in Fab
domains have been used for chemical conjugation using nnAAs, even in CH1 and
CLx, mainly due to restrictions on conjugation-site selection [16, 17, 19,21, 22]. One
restriction was the vulnerability of the amber-suppression method to the sequence
context surrounding the incorporation site for an nnAA. To avoid this problem, in our
previous study, we decided to redefine the UAG stop codon in the W3110 strain,
which is an appropriate strain for expression of Fab molecules [ 18], by generating an
RF-1 knockout of this strain [6]. The in vivo translation definition of UAG has been
successfully changed to 0-Az-Z-Lys by expressing the archaeal pair of tRNAP! and
an o0-Az-Z-Lys—specific variant of pyrrolysyl-tRNA synthetase mutant (PylRS
Y306A and Y384F) in the RF-1-knockout W3110 strain. Supplementation of o0-Az-
Z-Lys in the culture medium resulted in the exclusive incorporation of 0-Az-Z-Lys
at the UAG position in Fab molecules [6]. Another restriction is related to the degree
of solvent exposure in a position as represented by the ASA ratio. Conjugation sites
were previously selected among positions with high solvent exposure, typically
positions with ASA ratio values >0.4, because conventional nnAAs such as p-AcF or
p-AzF have relatively shorter side chains than pyrrolysyl derivatives such as o-Az-
Z-Lys; therefore, they must be introduced at high solvent-exposure positions [56]. In

our previous study, we examined whether these restrictions could be overcome by
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using the RF-1-knockout W3110 E. coli strain and o-Az-Z-Lys with a flexible long
side chain. We examined 42 positions in the CH1 and CLk domains for replacement
to 0-Az-Z-Lys and checked their reactivity during SPAAC and confirmed that all
position variants could be expressed avoiding ‘“sequence context,”” and most of the
examined positions with middle ASA ratios (0.2 to 0.4) support highly efficient
conjugation and exhibit reactivities ranging from 80% to 90%. Furthermore, the X-
ray crystallographic study clearly illustrated that 0-Az-Z-Lys with a long side chain
was highly reactive owing to being exposed on the Fab molecule surface, while p-
AZF introduced at the same position exhibited significantly limited reactivity due to
interference of the surrounding amino acid side chains [6]. These results
demonstrated that the ““sequence context,” vulnerability of the amber-suppression
method and the restriction of position selection related to solvent exposure were
greatly overcome using the RF-1-knockout W3110 E. coli strain and o-Az-Z-Lys.
These results particularly encouraged us to survey the CLA with a similar strategy in
addition to CHI and CLxk constant regions.

In this study, we selected 20 positions exhibiting ASA ratio values between 0.2 and
0.4 and examined 0-Az-Z-Lys reactivity in these variants during SPAAC using the
DIBO-Alexa Fluor 488 dye as a model payload. Overall, 13 of 16 positions exhibited
high reactivities of more than 80%, although the reactivity of four positions (CLA
151, 171, 210, and 213) could not be evaluated because of significantly lower yields.
This result demonstrated that the positions with moderate ASA ratio values between
0.2 and 0.4 have an intensive tendency to support effective chemical conjugation,
consistent with our previous study focused on CH1 and CLk constant regions.

Furthermore, these variants mostly showed the same antigen-binding activity and
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thermal stability, suggesting that the incorporation of 0-Az-Z-Lys did not affect the
overall conformational structure of Cix-Fab molecules, despite the fact that 0-Az-Z-
Lys has a long and bulky side chain compared with natural amino acids. Similar
results were obtained in our previous X-ray crystallographic study. The 0-Az-Z-Lys—
containing Tra-Fab structure illustrated that the bulky azidobenzyl moiety of o0-Az-
Z-Lys protruded from the Fab molecule surface, and the whole structure
superimposed well on the reported structures of the Fab fragments of anti-HER2
antibody 4D5 (PDB IDs: 5TDP and 5TDN), 1gG HC (PDB ID: 4UBO), and
humanized anti—P185-HER?2 antibody 4D5 (PDB ID: 1FVD) [6]. Although we did
not perform X-ray crystallographic analysis in this study, 0-Az-Z-Lys may have been
introduced into CLA positions in a similar manner and consequently had minimal
effects on the Cix-Fab overall conformational structure and antigen-binding affinity.

The optimal mutation sites on CLA for preparation of ADCs or protein conjugates
such as bispecific antibodies have not been explored yet. For example, Lyu et al
reported only three positions (CLA 155, 193, and 202) for incorporation of the nnAA
p-AcF and efficient drug conjugation; however, they performed the variant synthesis
under the limitations of the amber-suppression method and solvent exposure and
have not reported any other positions [57]. Thus, the use of the RF-1-knockout
W3110 E. coli strain and o0-Az-Z-Lys must have increased the number of available
positions in the CLA for conjugation. The genetic incorporation of UAAs not only
allows us to site-specifically modify the protein surface but also facilitates our
exploration of various Fab and IgG conjugates with different geometries. The
multiple positions identified in this study allow the generation of homogeneous

ADCs and chimeric proteins in various geometries that cannot be formed by genetic
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fusion approaches.

5.2 Preparation and In vitro Cytotoxic Activity of Fab-Drug
Conjugates

We demonstrated that the homogeneous Cix-Fab-DMI1 conjugates could be
prepared efficiently using the selected representative four positions (CLA 125, 161,
165, and 191), and all Cix-Fab—-DM!1 conjugates exhibited almost the same antigen-
binding activity. Cysteine has generally been used for site-specific conjugations [18,
23, 58, 59] but may induce the deactivation of proteins, especially antibody fragments.
The genetic incorporation of 0-Az-Z-Lys and the click-chemistry reaction used in
this study guaranteed the site-specific conjugation, which could be achieved without
compromising the antigen-binding activity.

In cytotoxicity assays, our Cix-Fab—-DM 1 conjugates required the anti-human CLA
antibody as the cross-linking reagent to induce formation of the bivalent Cix-Fab
complex leading to internalization of Cix-Fab—DM1 conjugates. The parent Cix-IgG
is a bivalent molecule, and hence it has been reported that Cix induces IGF1R
dimerization and significant internalization [47]. Although we confirmed the
availability of the incorporated o-Az-Z-Lys for efficient conjugation using Cix-Fab,
this monovalent molecule has a limitation in the accurate estimation of efficacy and
potency of cytotoxic activity of Cix-Fab-DMI1 conjugates since the efficiency of
dimerization of the Cix-Fab—-DM1 conjugate induced by the cross-linker could not
be assessed. On the other hand, the o-Az-Z-Lys—incorporated Cix-based variants
expressed as IgG and conjugated DM1 may exhibit cytotoxicity without the cross-

linking reagent. O-Az-Z-Lys—incorporated IgG molecules could be expressed using
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the mammalian cell expression system consisting of tRNAP' and 0-Az-Z-Lys—
specific variant of pyrrolysyl-tRNA synthetase mutant (PylRS Y306A and Y384F),
the same pair used in the W3110 RF-1-knockout strain [57]. In our previous study,
we demonstrated that full-length Tra-IgG incorporated with 0-Az-Z-Lys in CH1 or
CLk could be expressed taking advantage of this system in HEK293 cells and
efficiently conjugated DBCO-Alexa488 as the model payload by SPAAC reaction.
Recently, it has been reported that an IGF1R-targeted ADC, designed by anti-IGF1R
IgG (hz208F2-4)—conjugated auristatin, showed highly potent cytotoxic effect on
IGF1R-overexpressing tumor cells [60]. To determine the extent of cytotoxic activity
of ADCs prepared using our 0-Az-Z-Lys—containing Cix-IgG—based variants, further
studies are needed.

Most of the ADC:s in clinical and preclinical development are based on the whole
IgG format [61]; however, treatment of solid tumors with large macromolecules
remains a risk and a challenge [62, 63]. On the other hand, smaller formats, including
Fabs, may be ideal as ADC cancer therapeutics because they could have higher tumor
uptake, a better tumor-to-blood ratio, and faster clearance than full-length IgG
antibodies [64-66]. Furthermore, Fabs do not have the Fc region, which could be
beneficial to overcome potential effector function—related toxicities [67, 68]. Using
the monomethyl auristatin E (MMAE) payload, an anti-HER2 Tra-Fab conjugate
exhibited potent antitumor activity in vitro and in vivo in a cancer model [69]. While
that conjugate was prepared by reduction of a disulfide bond in Fab and MMAE
conjugation during re-bridging, our strategy using o-Az-Z-Lys facilitates the efficient
generation of Fab-drug conjugates without such complex methods.

In this study, we conjugated a cytotoxic reagent DM 1 as the model antitumor agent.
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However, these next-generation technologies are now being used beyond cytotoxin-
conjugated ADCs. These site-specific conjugations have been applied for the
generation of many different immunoconjugates, including immunosuppressive
antibodies [70, 71] and antibody-antibiotic conjugates [72]. Alternatively, ADCs are
used in diagnosis and imaging. The recent advancements in positron emission
tomography (PET) and optical imaging (OI) resulted in great interest in the
development of multimodal PET/OI probes that can be employed during the
diagnosis, staging, and surgical treatment of cancer [73]. The combination of PET/OI
agents with antibodies using site-specific conjugations would enhance both the
sensitivity and selectivity. Multimodal PET/OI and radiolabeled immunoconjugates
have been developed by the site-specific labeling of antibody N297 glucan using
chemo-enzymatic strategy [74-76]. In another study, the site-specific DNA-antibody
conjugates were used for specific and sensitive immuno-polymerase chain reaction
(PCR) used as diagnosis and imaging [77]. In these applications, Fabs are thought to
be the optimal format because of their higher tumor penetration, better tumor-to-
blood ratio, and faster clearance.

Antibodies and Fabs can be used to modify the surface of nanoparticles and other
biomedical materials such as biosensors for enhanced target binding. The site-
specific conjugation enables installation onto the surface in a controlled manner
without attenuation of the binding activity. Fab-conjugated polymeric micelles of
appropriate density and geometry of Fab molecules have shown increased cell uptake
and potency compared with nontargeted micelles [78]. As control of protein
immobilization is important, site-directed mutagenesis and immobilization using

site-specific conjugation could improve the biosensor performance [79].
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The site-specific modification strategy through incorporation of appropriate nnAAs
in Fab achieves generation of homogeneous conjugates. The optimal positions in
CHI1, CLk, and CLA regions identified in this and our previous study allows the
generation of payload conjugates using both IgGk and CLA antibodies; therefore, this
is a powerful approach to generate many types of ADCs, Fab-drug conjugates, Fab-
conjugated nanoparticles, and other biomedical materials for therapeutics, diagnosis,

imaging, biosensing, and biomedical implantation.

5.3 Generation of Bispecific Fab-Dimers and Activity Analysis

The genetic incorporation of nnAAs and bio-orthogonal chemical conjugation not
only allows us to site-specifically modify the protein surface but also facilitates our
exploration of various Fab conjugates with different combination and geometries.
We generated eight combinations of CixxTra Fab-dimers. Notably, their binding
activity to both antigens (HER2 and IGF1R) was not affected by Fab-dimerization.
Our in silico simulation demonstrated that the distance between the two Fabs in the
Fab-dimer prepared using the DBCO-PEG4-DBCO linker was adequate and similar
to that of two Fabs in native IgG molecules (data not shown); therefore, the affinity
decrease due to steric hindrance arising from interaction of two Fabs in the Fab-
dimer could be avoided. The length of DBCO-PEG-DBCO linkers is flexible and
can be adjusted for each Fab-dimer. We have prepared a series of linkers that have
different PEG lengths (PEG: to PEG2s). However, how short the linkers can be
without an affinity decrease should be determined for each Fab-dimer molecule.

The CixxTra Fab-dimers we prepared significantly enhanced the growth inhibition

of the parent Cix-Fab in a dose-dependent manner. Overexpression of HER2 and
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IGFIR may promote the formation of a HER2/IGF1R heterodimer [80]. Indeed, the
existence of HER2/IGFIR complexes in breast cancer cell lines could improve the
efficacy of Tra in vitro [81]. Bispecific CixxTra Fab-dimers are thought to be more
potent than the combination of Fabs alone because they bind HER2 and IGFIR of
the same heterodimer molecule simultaneously and bind more strongly by the avidity
effect; therefore, they inhibit signals from the heterodimer effectively. These results
indicate that bispecific Fab-dimers could have a unique function beyond that of Fab-
monomers dimerized using chemical conjugation.

While this study demonstrates the generation of antagonists by Fab-dimers, this
general strategy can be applied for other purposes. In fact, other than our study,
another group also previously reported an HER2 agonist by controlling the relative
orientation of Tra-Fab-dimers [6, 82, 83]. Our approach can be used for screening
broadly to discover antagonists and agonists of cytokine and growth factor receptors.

As opposed to blocking pathogenic signaling by inhibitory antibodies, some
therapeutic concepts require the activation of receptor signaling by agonistic
antibodies. Bispecific antibodies are particularly suitable to activate multicomponent
receptor complexes in which concurrent binding of a receptor and coreceptor is
required for activation. The most prominent example of the mimetics of endogenous
growth factor is the fibroblast growth factor 21 (FGF21)-mimetic bispecific antibody
[84]. Activation of the FGF21 pathway has been reported to ameliorate obesity and
diabetes [85, 86]. However, the recombinant FGF21 has poor pharmacokinetic
properties. Therefore, an agonistic bispecific antibody BFKB8488A (Roche) has
been designed to activate this metabolic pathway by selectively targeting the

fibroblast growth factor receptor 1C (FGFR1C)—f-klotho (KLB) receptor complex
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[84]. Preliminary results from an ongoing first-in-human trial showed an
improvement of the cardio-metabolic profile in obese subjects with insulin resistance
[87]. Surrogate Wnt agonists are also noteworthy. Wnt proteins modulate cell
proliferation and differentiation and the self-renewal of stem cells by inducing -
catenin—dependent signaling through the Wnt receptor frizzled (FZD) and the
coreceptors LRP5 and LRP6 to regulate cell fate decisions and growth and repair of
several tissues. Wnt proteins are highly hydrophobic and require detergents for
purification, which prevents the use of Wnt proteins as therapeutic agents. Therefore,
water-soluble bispecific molecules were developed, which induced FZD-
LRPS5/LRP6 heterodimerization and input canonical Wnt and B-catenin signaling
[88]. Although these bispecific antibodies phenocopied the natural endogenous
ligand canonical signaling, the potency was significantly weaker than that of the
endogenous ligand. The importance of geometry, orientation, and proximity of the
cytokine receptor complex has been profoundly studied using the erythropoietin
(EPO) receptor [89]. In this type-I transmembrane receptor signaling, receptor
homodimerization is the essential step, similar to most cytokine and growth factor
receptors [90]. A series of geometrically controlled ligands to the EPO receptor were
designed based on the high-affinity designed ankyrin repeat protein (DARPin) binder
using structural modeling, which can systematically control EPO receptor
dimerization orientation and distance between monomers. The crystal structure
analysis revealed that EPO receptor dimer geometries by varying the intermonomer
angle and distance corelated with full, partial, and biased agonistic activity. The
optimized designed ligand showed similar activity to that of the native EPO [89].

This “topological tuning” may be attributed to altered intracellular orientations of
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Janus kinase 2 (JAK2) relative to its substrates or mechanical distortion that leads to
changes in complex stability and receptor internalization. This approach can be used
to identify agonistic molecules with therapeutically desirable signaling outputs not
only for homodimeric receptors such as the EPO receptor but also for heterodimeric
receptors such as those from the common § and common y receptor families [91, 92].

The approach based on the DARPin format mentioned above has some limitations.
First is the limitation of structural diversity of DARPin-dimers due to the restriction
of the angle and distance achieved by DARPin engineering. Second, DARPin
engineering was performed by adjusting the ankyrin repeat numbers so that the angle
and distance changed simultaneously. This makes it difficult for precise optimization
of the DARPin-dimer structure. Third, although the DARPin format is stable in itself
[93], the DARPin-dimers were formed by noncovalent bonding; therefore, the
therapeutic application of the optimized molecule with high potency seems difficult.

We have identified a number of positions supporting efficient conjugation. Overall,
16 positions in CH1, 19 positions in CLx, and 13 positions in CLA guaranteed more
than 80% SPAAC reactivity. The relative Fab orientation in the Fab-dimer can be
controlled by the position selection for the linkage of the two Fabs. Furthermore, the
length of the chemical linker used for Fab-dimer preparation is highly flexible.
Therefore, the structural diversity of the Fab-dimer is determined by the combination
of position selections of the two Fabs and the linker length. Furthermore, we have
developed the method for one-pot synthesis of a wide variety of Fab-dimer libraries
in a high-throughput, combinatorial manner. These high-content Fab-dimer libraries
would enable “topological tuning,” identification of the potent Fab-dimers with

therapeutically desirable signaling outputs, and further optimization by adjusting the
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orientation and distance of two Fabs independently. Fab-dimers generated taking
advantage of 0-Az-Z-Lys and the SPAAC reaction contain a stable covalent bond.
Hence, they would be expected to have a desirable stability for therapeutic
development. We did not perform in vivo analysis using the Fab-dimer in this study.
To determine the extent of in vivo stability or pharmacokinetics, further in vivo
studies are needed.

Besides mimicking endogenous ligands such as cytokines or growth factors,
agonistic bispecific antibodies can induce novel therapeutic effects by linking the
appropriate two targets located on the surface of pathogenic cells. The bispecific
molecules engaging the inhibitory Fcy receptor (FcyR) FcyRIIb (CD32B) to CD79B,
the signal transduction molecule in the B-cell receptor (BCR) complex, negatively
regulated B-cell activation with disruption of signal transduction and attenuation of
BCR-induced calcium mobilization, proliferation, and pathogenic Ig secretion [94].
Similarly, the activation of human pathogenic mast cells was potently inhibited by
engagement of CD300a, an inhibitory receptor to IgE, due to the inhibition of the
signaling events induced by FceRI, an IgE receptor [95]. Moreover, it has recently
been reported that engineered synthetic cytokines drive formation of novel cytokine
receptor dimer pairings that are not formed by endogenous cytokines and that are not
found in nature, and which activate distinct signaling pathways [96]. This concept
enables the full combinatorial scope of dimeric signaling receptors to be exploited
for basic research and drug discovery. Bispecific antibodies seem to be particularly
suitable for such research; however, most of the bispecific antibody formats
compatible to combinatorial formation require two Fabs sharing a common LC [97].

Obtaining antibodies with common LC for various receptors is highly laborious and
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time consuming. This limitation makes it difficult to perform the exploration of
receptor pairing with therapeutically desirable signaling output in a large scale and
for a wide range of targets.

We demonstrated that our strategy enables the generation of bispecific Fab-dimers
composed of two Fabs with different LCs, albeit with different LC constant regions—
CLk and CLA—expressed and purified independently. The generation of a wide
variety of bispecific antibodies in a combinatorial “off-the-shelf” manner provides
the opportunity to discover the novel receptor pairing with therapeutically desirable

signaling output properties.
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6 Conclusion

In the present study, we showed that 0-Az-Z-Lys could be incorporated with high
reactivity in antibody CLA positions. Experiments utilizing the four representative
positions demonstrated the utility of the newly identified positions for generation of Fab-
drug conjugates and bispecific Fab-dimers. These results showed that our approach
greatly enhanced the availability of both IgGk and IgGA isotypes, thereby providing an
efficient method to generate antibody-based therapeutic molecules, including bispecific
antibodies, without LC isotype limitation (Figure 19). We have described the bispecific
Fab-dimer molecules composed of IgGk and IgGA combinations that could be prepared
in a one-pot manner, which exhibit large degrees of flexibility in their relative orientation
and distance between the two Fab molecules conjugated to one another. These results
opened up a way to prepare a library containing a wide variety of bispecific Fab-dimers
and discover antagonists and agonists with therapeutically desirable signaling output

properties for cytokine and growth factor receptors.
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orthogonal chemistry using expanded genetic code.

A) Fab-drug conjugates for therapy and diagnosis.

B) Drug discovery of antagonist or agonist against cytokines or growth factors and
with desired therapeutic activity optimized by “topological tuning.”

Fab, antigen-binding fragment; Ig, immunoglobulin; o0-Az-Z-Lys, Ne-(o-

Azidobenzyloxycarbonyl)-L-lysine.
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