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An anti-EGFR X% cotinine bispecific antibody
complexed with cotinine-conjugated
duocarmycin inhibits growth of EGFR-
positive cancer cells with KRAS mutations
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Abstract

adenocarcinoma cells with KRAS mutations.

Antibody-drug conjugates (ADCs) can selectively deliver cytotoxic agents to tumor cells and are frequently more
potent than naked antibodies. However, optimization of the conjugation process between antibodies and cytotoxic
agents and characterization of ADCs are laborious and time-consuming processes. Here, we describe a novel ADC
platform using a tetravalent bispecific antibody that simultaneously binds to the tumor-associated antigen and a
hapten conjugated to a cytotoxic agent. We selected cotinine as the hapten because it is not present in biological
systems and is inert and nontoxic. We prepared an anti-epidermal growth factor receptor (EGFR) X cotinine bispecific
antibody and mixed it with an equimolar amount of cotinine-conjugated duocarmycin to form the ADC. This ADC
showed significant in vitro and in vivo antitumor activity against EGFR-positive, cetuximab-refractory lung

Introduction

Epidermal growth factor receptor (EGFR) is a receptor
tyrosine kinase in the ErbB family. EGFR overexpression
is frequently observed in various human cancers, includ-
ing head and neck, colorectal, lung, breast, prostate, kid-
ney, pancreatic, ovarian, brain, and bladder cancers'. Two
pharmacological approaches for cancer treatment have
been used to block EGFR: (1) monoclonal antibodies,
including cetuximab (Erbitux), panitumumab (Vectibix),
and necitumumab (Portrazza); and (2) small-molecule
tyrosine kinase inhibitors, including gefitinib (Iressa),
erlotinib (Tarceva), afatinib (Gilotrif), and osimertinib
(Tagrisso)>. However, mutations in EGFR and its down-
stream signaling molecules are associated with poor

Correspondence: Junho Chung (jjhchung@snu.ackr)

'Department of Biochemistry and Molecular Biology, Seoul National University
College of Medicine, Seoul 00380, Republic of Korea

’Department of Biomedical Science, Seoul National University College of
Medicine, Seoul 00380, Republic of Korea

Full list of author information is available at the end of the article.

© The Author(s) 2018

clinical response and resistance to EGFR-targeted ther-
apy’. Among these oncogene aberrations, KRAS muta-
tions are one of the most commonly occurring and are
found in 25% of non-small cell lung cancers and 39% of
colorectal cancers*. KRAS mutations play a critical role in
primary resistance to EGFR-targeted therapy among
EGFR-positive cancers. An effective treatment for EGFR-
positive cancers with KRAS mutations is not currently
available®.

Antibody-drug conjugates (ADCs) are monoclonal
antibodies crosslinked to cytotoxic agents that can selec-
tively deliver cytotoxic agents to antigen-expressing
tumor cells®. ADCs have the potential to overcome the
therapeutic limitations of both conventional antibodies
and nonspecific cytotoxic agents’. Two ADCs, brentux-
imab vedotin (Adcetris) and trastuzumab emtansine
(Kadcyla), have been approved by the Food and Drug
Administration (FDA) for the treatment of lymphoma and
human epidermoid growth factor receptor-2 (Her2)-
positive metastatic breast cancer, respectively®. More than
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40 distinct ADCs, including three EGFR-targeting ADCs,
are currently in clinical trials’.

Conventional conjugation of a small molecule to an
antibody uses the e-amino acid chains of lysine residues or
deoxidized interchain disulfide bonds on cysteine resi-
dues. Nonspecific conjugations produce heterogeneous
mixtures of ADCs, resulting in different drug-to-antibody
ratios (DARs) and locations of conjugation sites’’. This
heterogeneity has an impact on the solubility, stability,
pharmacokinetics, and batch variations of ADCs''. Site-
specific conjugation methods using intentionally intro-
duced cysteines, unnatural amino acid residues, or enzy-
matic conjugation methods have been developed to avoid
the heterogeneity of ADCs'>. In addition, the binding
activity, stability, and conjugation efficiency of ADCs are
influenced by the conjugation sites'. Hence, optimization
procedures are required for each individual antibody to
identify the best conjugation residues'*. ADCs require
frequent multi-step complex conjugation procedures and
sophisticated analyses for validation'”. The antibodies
also differ in their abilities to deliver the cytotoxic
agents into the target cells, which might be due to their
affinities, epitopes, or differences in their pharmacody-
namics and pharmacokinetics. Therefore, the selection of
the optimal antibody for conventional ADCs is a laborious
process requiring the generation of numerous candidate
ADCs.

In this study, we tested a new ADC platform comprising
an antitumor-associated antigen x hapten antibody and a
hapten-conjugated cytotoxic drug (Fig. 1a). The advantage
of this platform is its versatility on both the antibody and
cytotoxic drug sides. Once the antibodies and the hapten-
conjugated cytotoxic drugs are prepared, different com-
binations can be achieved by mixing the bispecific anti-
bodies with the hapten-conjugated cytotoxic drugs. To
test the feasibility of this platform, we adopted a tetra-
valent bispecific antibody format, which was reported
previously'®, and developed a bispecific antibody reactive
to human EGFR and the hapten, cotinine. Cotinine, a
major metabolite of nicotine, is an ideal hapten for this
purpose’”® due to its exogeneity, physiological inertness,
and non-toxicity'®. In addition, the carboxylic groups in
carboxycotinine (trans-4-cotinine carboxylic acid) can be
easily applied to chemical crosslinking. An anti-cotinine
single chain variable fragment (scFv) used throughout this
study was reported previously”'. We adopted the anti-
EGEFR antibody cetuximab, which was approved for the
treatment of metastatic colorectal cancer and head and
neck squamous cell carcinoma®’. We also prepared a
bivalent cotinine-conjugated peptide crosslinked with
duocarmycin (cotinine-duocarmycin). In in vitro and
in vivo experiments, the bispecific antibody and cotinine
—duocarmycin complex showed significant antitumor
activity on EGFR-positive cetuximab-refractory lung
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adenocarcinoma with KRAS mutations. We believe that
this platform will be useful for screening the optimal
antibody, which can be combined with a specific cytotoxic
drug. With further preclinical examinations, this form of
ADC might be used for the development of novel ther-
apeutic treatments.

Materials and methods
Cell culture

A549 (human lung adenocarcinoma), MCF7, and
HCC1419 cells were obtained from the Korean Cell Line
Bank (Seoul, Republic of Korea) and grown in RPMI-1640
media (Welgene, Seoul, Republic of Korea). U87MG cells
were obtained from the American Type Culture Collec-
tion (ATCC) and grown in Dulbecco’s modified Eagle’s
medium (Welgene). Cells were grown in media supple-
mented with 10% heat-inactivated fetal bovine serum
(FBS, Gibco, Grand Island, NY, USA), 100 U/mL peni-
cillin and 100 ug/mL streptomycin at 37 °C in a humidi-
fied atmosphere with 5% CO,.

HEK293F cells (Invitrogen, Carlsbad, CA, USA) were
grown in FreeStyle™ 293 expression medium (Gibco)
containing 100 U/mL penicillin and 100 pg/mL strepto-
mycin in Erlenmeyer tissue culture flasks with vent caps
(Corning Inc., Corning, NY, USA) at 37°C in a 70%
humidified atmosphere with 7% CO, in an orbital shaking
incubator (Minitron, INFORS HT, Bottmingen, Switzer-
land) at 135 rpm.

Preparation of bispecific cetuximab X anti-cotinine scFv
antibody (ERC6)

For construction of the bispecific cetuximab x anti-
cotinine scFv antibody (ERC6) and negative control IgG x
anti-cotinine scFv antibody (NCC6) expression vectors,
genes encoding the light chain and heavy chain fused with
an anti-cotinine single chain variable fragment (scFv)
through a linker (Gly-Gly-Gly-Gly-Ser), were chemically
synthesized (Genscript, Piscataway, NJ, USA). The
restriction sites Agel and Xbal were inserted at the 5 and
3’ ends, respectively, of the gene encoding the light chain
of cetuximab and the negative control antibody. Addi-
tional restriction sites, Nhel and BsiW1I, were inserted at
the 5’ end of the genes encoding the heavy chain of
cetuximab and negative control antibody and at the 3’ end
of the genes encoding anti-cotinine scFv, respectively.
Light chain and heavy chain/linker/anti-cotinine/scFv
were subcloned into the mammalian expression vector
designed for secretion of recombinant proteins, as
described previously™'.

The expression vectors encoding ERC6 and NCC6 were
transfected into HEK293F cells (Invitrogen) using 25-kDa
linear polyethyleneimine (Polyscience, Warrington, PA,
USA), as reported previously”>. ERC6 and NCC6 were
purified from the culture supernatants by affinity
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Fig. 1 Generation and characterization of anti-EGFR x cotinine bispecific antibody (ERC6). a A tetravalent bispecific anti-EGFR x cotinine

antibody in IgG-HC-scFv of the Morrison format. b Purified ERC6 was subjected to 4-12% (w/v) SDS-polyacrylamide gel electrophoresis. The bands
were visualized by staining with Coomassie Brilliant Blue R. Lanes 1 and 2 were loaded with and without reducing agent, respectively. ¢ Purified ERC6
was subjected to size-exclusion chromatography-high-performance liquid chromatography. d ERC6 was intravenously injected into Balb/c mice (n =
4), and blood samples were collected via the intraorbital vein. The circulating serum levels of ERC6 were determined via enzyme immunoassays. The
results are shown as the mean + SD acquired from experiments conducted in triplicate. @ Thermogram of ERC6 by differential scanning calorimetry.

chromatography using protein A agarose beads (Repli-
Gen, Waltham, MA, USA) as described previously*.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

Purified ERC6 was resolved by SDS-PAGE using 4-12%
NuPage Bis-Tris gels (Invitrogen) according to the
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manufacturer’s instructions. The gels were stained with
Coomassie Brilliant Blue R-250 (Amresco, Colon, OH,
USA), as described previously™.

Size-exclusion chromatography (SEC)
Purified ERC6 was analyzed via SEC-HPLC using an
Agilent 1260  Infinity  high  pressure liquid
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chromatography (HPLC) system (Agilent Technologies,
Santa Clara, CA, USA) equipped with a Bio SEC-3
column (7.8 x300mm) that was packed with 3-pm
particles of 300A pore size (Agilent). The mobile
phase contained 50 mM sodium phosphate and 150 mM
sodium chloride (pH 7.0). Twenty microliters of
ERC6 (1 mg/mL) was injected and eluted isocratically at a
flow rate of 1 mL/min for 30 min. The column effluent
was monitored by an ultraviolet detector at 280 nm and
displayed as mAU. The percentages of monomers,
aggregates, and fragments were quantified based on the
peak areas™.

Differential scanning calorimetry (DSC)

Melting temperature was analyzed by nano-DSC (TA
Instruments, New Castle, DE, USA). ERC6 at a con-
centration of 4.85uM (1 mg/mL) in phosphate-buffered
saline (PBS) (pH 7.4) was loaded into the measurement
cell, and a DSC thermogram was obtained from 10 °C to
110°C with a scan rate of 1°C/min. Data analysis and
deconvolution were carried out using NanoAnalyze™™
software (TA Instruments), as described previously”.

Synthesis of cotinine conjugates

All peptides used in this study were chemically syn-
thesized using Fmoc solid phase peptide synthesis tech-
niques (Peptron Inc., Daejon, Republic of Korea). Two
trans-4’-cotininecarboxylic acid (Sigma-Aldrich, St Louis,
MO, USA) molecules were crosslinked to free amine
groups at the N-termini of the GSKGSK,
GGGGSKGGGGSK, and GGGSGGGSKGGGSGGGSK
peptides (6, 12, and 18 residues, respectively) and at the
epsilon amino group of a C-terminal lysine. After elim-
ination of the allyloxycarbonyl (alloc) group on lysine at
the middle of the peptides with tetrakis (triphenylpho-
sphine palladium), biotin was conjugated to the free
epsilon amine group at lysine. For simplicity, the bivalent
cotinine-conjugated peptides crosslinked with biotin are
abbreviated as Cot-Biotin-Cot peptide.

Four valine-citrullin p-aminobenzyloxycarbonyl (PAB)-
linked dimethylaminoethyl duocarmycins were con-
jugated to four free amino groups present on four lysines
in the bivalent cotinine crosslinked GSKGSKGSKGSKK
peptide (Concortis, San Diego, CA, USA). For simplicity,
the bivalent cotinine-conjugated peptide crosslinked with
four duocarmycins (cotinine-[GSK(duocarmycin)],K-
cotinine) are abbreviated as cotinine-duocarmycin. Cot-
Biotin-Cot peptide and cotinine-duocarmycin were pur-
ified via reverse-phase HPLC using a C;g column. After
purification, they were analyzed and validated by mass
spectrometry using an Agilent 1100 capillary liquid
chromatography and HPLC system (Shimadzu Corp.,
Kyoto, Japan) equipped with a Capcell Pak C18 column
(4.6 x 50 mm, 120 A) (Shiseido, Tokyo, Japan).
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Complexation of cotinine payloads with ERC6

For generation of complexes of cotinine-conjugated
payloads with ERC6, cotinine payloads and ERC6 were
mixed at equimolar ratios by pipetting. Subsequently, the
mixture was incubated for 30 min at room temperature
(RT). The complex was then used for in vitro or in vivo
assays without further modification.

Enzyme immunoassay (EIA)

The wells of a 96-well microtiter plate (Corning) were
coated overnight at 4°C with human EGFR (Sigma-
Aldrich) or bovine serum albumin (BSA)-conjugated
cotinine in coating buffer (0.1 M sodium bicarbonate in
distilled water, pH 8.6) and blocked with 3% (w/v) BSA in
PBS for 1 h at 37 °C. Antibodies at concentrations of 1 pg/
mL in 50 puL blocking buffer were added to each well and
incubated for 2 h at 37 °C. After washes with 0.05% (v/v)
Tween 20 in PBS (PBST), horseradish peroxidase (HRP)-
conjugated anti-human IgG (Fab-specific) antibodies
(Sigma-Aldrich) diluted in blocking buffer were added
and incubated for 1h at 37 °C. Subsequently, the plates
were washed again using 0.05% PBST, followed by adding
50 pL of 3,3',5,5'-tetramethyl benzidine substrate solution
(TMB) (GenDEPOT, Barker, TX, USA) to each well, and
the absorbance was measured at 650 nm with a Multiscan
Ascent microplate reader (Labsystems, Helsinki, Finland).

For confirmation of the bispecificity of ERC6, human
EGFR-coated wells were incubated with antibodies, as
described above. After the samples were washed with
0.05% PBST, the Cot-Biotin-Cot peptide was added to
each well and incubated for 1 h at 37 °C. HRP-conjugated
streptavidin (Thermo Scientific Pierce, Rockford, IL,
USA) diluted in blocking buffer was then added and
incubated for 1h at 37 °C. After another wash, TMB was
added to each well, and the absorbance at 650 nm was
measured.

Pharmacokinetic analyses

All animal experiments conducted in this study were
reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) of the National Cancer
Center Research Institute, Republic of Korea (Permit
number: NCC-15-267). The animals were maintained in
the National Cancer Center animal facility in accordance
with the AAALAC International Animal Care Policy.

Eight-week-old male Balb/c mice were intravenously
injected with 200 ug ERC6 that was preincubated with 964
pmol of Cot-Biotin-Cot peptide at a 1:1 molar ratio dis-
solved in 100 uL sterile PBS (n = 4/group). Blood samples
were collected from the intraorbital vein at 0, 1, 24, 48, 72,
96, and 168 h post-injection. The samples were kept at RT
for 2h until the blood coagulated. Subsequently, serum
was acquired by centrifugation at 3500 rpm for 15 min at
4°C. The circulating serum levels of total ERC6 and
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ERC6-complexed Cot-Biotin-Cot peptide were deter-
mined by EIAs.

Total ERC6 in the serum samples was measured as
follows. The wells of a 96-well microtiter plate (Corning)
were coated with goat anti-human IgG (Fc-specific) cap-
turing antibody (EMD Millipore, Darmstadt, Germany) in
coating buffer overnight at 4 °C and blocked with 3% BSA
in PBS. The serum samples diluted in blocking buffer and
standard solutions were added to each well and incubated
for 2 h at 37 °C. After the samples were washed with 0.05%
PBST, HRP-conjugated anti-human Cy.pp. antibody
(Chemicon-Millipore, Billerica, MA, USA) diluted in
blocking buffer was added and incubated for 1 h at 37 °C.
After another wash, TMB (GenDEPOT) was added to
each well, and the absorbance at 650 nm was measured.

The complex of ERC6 and the Cot-Biotin-Cot peptide
in the serum samples were measured as follows. Human
EGFR (Sigma-Aldrich)-coated wells were incubated with
serum samples as described above. After washes with
0.05% PBST, HRP-conjugated streptavidin (Thermo
Fisher Scientific Pierce, Rockford, IL, USA) was added and
incubated for 1 h at 37 °C. After another wash, TMB was
added to each well, and the absorbance at 650 nm was
measured.

Flow cytometry

A549 cells were seeded into a v-bottom 96-well plate
(Corning) with a final density of 4x10° cells per well. Cells
were treated with either 0nM or 100 nM of ERC6 and
Cot-Biotin-Cot peptide diluted in flow cytometry buffer
(1% (w/v) BSA in PBS containing 0.1% (w/v) sodium
azide) at 37°C for 30 min. In the control experiment,
negative control IgG, anti-cotinine-IgG, or cetuximab
(Erbitux, Merck K GaA, Darmstadt, Germany) was used
in place of ERC6. Palivizumab (Synagis; Boehringer
Ingelheim Pharma, Biberach a der Riss, Germany) was
used as a negative control IgG. After the cells were
washed with flow cytometry buffer, they were then incu-
bated with phycoerythrin (PE)-conjugated streptavidin
(BD Biosciences Pharminogen, San Diego, CA, USA) and
FITC-conjugated anti-human IgG (Fc-specific) antibody
(Thermo Fisher Scientific Pierce) for 1 h at 37 °C in the
dark. After additional washing with the same buffer, the
cells were resuspended in 200 pL. PBS and analyzed by
flow cytometry using a FACS Canto II instrument (BD
Bioscience, San Jose, CA, USA) equipped with a 488-nm
laser. We detected 10,000 cells per measurement, and
data were analyzed with FlowJo software (TreeStar, Ash-
land, OR, USA).

Cell viability assays

The effect of ERC6 and cotinine-duocarmycin on
tumor cell viability was evaluated using Cell Titer-Glo
reagent (Promega Corp., Madison, WI, USA) as
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described previously®®. A549, U87MG, MCF7, and
HCC1419 cells were seeded in 50 uL. of RPMI-1640
medium in black-walled 96-well plates (4000 cells per
well) and allowed to adhere overnight at 37°C in a
humidified atmosphere with 5% CO,. Subsequently, the
ERC6 and cotinine—duocarmycin complex was serially
diluted tenfold with fresh culture medium (0.02-2000
nM). In the control experiments, negative control IgG,
NCC6, or cetuximab (Merck K GaA) was used in place
of ERC6. Cotinine-duocarmycin and antibody diluents
in 50 pL of medium were added to each well and incu-
bated for 72 h. After addition of Cell Titer-Glo reagent
(Promega Corp.) to each well, the luminescence signal
was measured using a microplate luminometer (Perki-
nElmer, Waltham, MA, USA) per the manufacturer’s
instructions. All experiments were conducted in tripli-
cate. The relative cell viability was calculated by dividing
the control luminescent signal [% viability = (Test —
Background)/(Control — Background) x 100].

Xenografts

Six-week-old female Balb/c-nude mice were sub-
cutaneously injected with A549 (1x107 cells) on the left
and right flanks. When the tumor volume reached
approximately 150 mm?, all the animals were randomly
divided into three groups (n = 4/group) and treated for
5 weeks. Mice were intraperitoneally injected with the
drugs twice a week for the first 2 weeks. Group I
received negative control IgG (2.15mg/kg) and
cotinine-duocarmycin (95 ug/kg), Group II received
ERC6 (3mg/kg) and dimethylsulfoxide (DMSO), and
Group III received the complex of ERC6 (3 mg/kg) and
cotinine-duocarmycin (95 pg/kg). Then, the drugs, as
stated above, were injected three times a week for the
following 3 weeks. Palivizumab was used as a negative
control for the bispecific antibody. DMSO was used as a
vehicle control for cotinine-duocarmycin. The tumor
volume was measured using digital calipers twice a week
for 32 days post-injection. Tumor volume was calculated
as the length x (width)? x 0.5, where length was the
longest axis and width was the distance perpendicular to
the length, as described previously®®. Systemic toxicity
was evaluated by measuring body weight twice a week.
The mice were sacrificed on day 35 post-injection, and the
tumors were dissected and weighed.

Immunofluorescence assay

A549 (1x107 cells) cells were subcutaneously injected
into the left and right flanks of each Balb/c-nude mouse.
When the average tumor volume reached 500 mm?,
tumor-bearing mice received a single intraperitoneal (i.p.)
injection as follows: Group I received 144 ug of negative
control IgG and 1.85 pg of Cot-Biotin-Cot peptide; Group
II received 200 pg ERC6 and vehicle (distilled water); and
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Group III received a complex of ERC6 (200 pg) and Cot-
Biotin-Cot peptide (1.85 pg). Mice were anesthetized with
isoflurane and euthanized by transcardial perfusion with
10mL 4% (w/v) paraformaldehyde in PBS at 24-h post-
injection. Dissected tumors were equilibrated in a cryo-
protective solution containing 30% (w/v) sucrose in PBS
for 24 h at 4°C and frozen in optimum cutting tempera-
ture embedding medium (Sakura Finetek, Torrance, CA,
USA) over liquid nitrogen and stored at —80°C until
sectioned, as described previously®.

For immunofluorescence staining, the cryosections were
prepared to a thickness of 4 um and fixed with 4% par-
aformaldehyde in PBS for 10 min at RT. After the sections
were washed in PBS, they were blocked with 10% (v/v)
normal goat serum (CST, Danvers, MA, USA) in IHC-Tek
antibody diluent (pH 7.4) (IHC World, Woodstock, MD,
USA) for 1h at RT. The tissue sections were incubated
with Alexa Fluor 488-conjugated streptavidin (Molecular
Probes Inc., Eugene, OR, USA) for 8h or stained with
Alexa Fluor 594-conjugated anti-human IgG antibody
(Molecular Probes) for 16h in a dark and humidified
chamber at 4 °C. After the samples were washed with PBS,
nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI; Pierce, Rockford, IL, USA) according to the
manufacturer’s instructions. The sections were mounted
on slides with fluorescence-mounting medium (DAKO,
Glostrup, Denmark), and images were obtained at x40
magnification using a FV1000 laser scanning microscope
(Olympus, Tokyo, Japan) equipped with FV10 ASW
software. Emission and excitation filters were arranged to
permit simultaneous imaging of three colors.

Statistical analyses

Statistical analyses were performed using GraphPad
Prism version 5.0 software (GraphPad Software Inc., San
Diego, CA, USA). The results are expressed as the mean +
standard deviation (SD) for the indicated number of
independent measurements. Statistical significance was
determined using two-tailed unpaired Student’s ¢ tests,
and p values<0.05 were considered statistically sig-
nificant. The p values are indicated in the figures and their
legends.

Results
Expression of the bispecific cetuximab x anti-cotinine scFv
antibody (ERC6) and characterization

ERC6 was designed in an IgG-based tetravalent bispe-
cific format by fusing anti-cotinine single chain variable
fragments (scFvs) to the CHjz domains of cetuximab
(Fig. 1a)'®. For flexibility, glycine and serine-rich peptide
linkers (Gly-Gly-Gly-Gly-Ser); were introduced between
the CH; domains and the scFv. The gene encoding ERC6
was cloned into a eukaryotic expression vector'®, ERC6
was purified using protein A affinity column
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chromatography from transiently transfected HEK393F
culture supernatants. The expression yield of the ERC6
was approximately 30 mg/L.

SDS-PAGE was performed to analyze the purity of
ERC6. With Coomassie Brilliant Blue R250 staining, the
major band with a molecular weight of 206 kDa was
visualized in non-reducing conditions, and two major
bands at 78 and 25 kDa were observed under reducing
conditions (Fig. 1b). The recombinant protein with a
molecular weight of 206 kDa corresponded to the fully
assembled ERC6, predicted by the ProtParam tool
(ExPASy). The 25 and 78kDa bands matched to the
unmodified light chain and heavy chain fused with one
scFv on the CH3 domain of the 78 kDa component.

The physicochemical property of the purified recombi-
nant protein was analyzed by SEC-HPLC. ERC6 was
represented as a single major peak with an apparent
molecular weight corresponding to the correctly assem-
bled form (Fig. 1c). These data showed that fragments,
aggregates, and multimers were not present in the final
purified fraction of ERC6.

The thermal stability of ERC6 was analyzed by DSC.
The thermogram shows three distinct unfolding transi-
tions with melting temperature (7,,) values of 62.9, 72.6,
and 83.5°C (Fig. le). The transition with a Ty, of 62.9°C
corresponded to the denaturation of the Fab and scFv
(Supplementary Figure 1), and those with T, values of
72.6 and 83.5°C were expected to correspond to the
denaturation of the CH2 and CH3 domains,
respectively®”.

EIA was used to test the reactivity of ERC6 against
EGER and cotinine. ERC6 reacted specifically to EGFR
and cotinine-BSA coated on microtiter plates (Fig. 2a). To
confirm that ERC6 bound to both human EGFR and
cotinine simultaneously, we performed additional EIAs
using a streptavidin-biotin detection system. After incu-
bation human EGFR-coated microtiter plates with ERCS6,
bivalent cotinine-conjugated peptide crosslinked with
biotin (Cot-Biotin-Cot peptide) (Fig. 3a) was added to
each well followed by the addition of HRP-conjugated
streptavidin. In these conditions, ERC6 simultaneously
bound to EGFR and cotinine (Fig. 2b).

Pharmacokinetics of the ERC6 and ERC6 complexes
Pharmacokinetic analysis was also performed to assess
the in vivo stability of ERC6. The serum half-life of ERC6
was determined in Balb/c mice (n=4). The circulating
serum level of ERC6 was determined via EIAs using blood
samples collected from the intraorbital vein. After incu-
bation of the serum on the anti-human IgG (Fc-specific)
capture antibody-coated plate, the signal was detected by
addition of HRP-conjugated anti-human Ci,pp, detection
antibody. Intravenously injected ERC6 was stable for up
to 5 days in mouse serum (1, = 108 h) (Fig. 1d), which is
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comparable to that of the cetuximab IgG in the
literature®”,

For determination of the in vivo stability of the ERC6
complex and the cotinine-cytotoxic agent, pharmacoki-
netic analyses were conducted using the Cot-Biotin-Cot
peptide. Because we did not know the optimal length of
the peptide between the two cotinine molecules, we tested
three Cot-Biotin-Cot peptides with different amino acid
lengths (6, 12, and 18 amino acid residues) (Fig. 3a). The
plasma concentrations of the ERC6 and Cot-Biotin-Cot
peptide complexes maintained the highest level when the
peptide was 12 amino acids (Fig. 3b), although the plasma
levels of ERC6 were not significantly different among the
tested groups (Fig. 3c). It is reasonable for the length
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between two cotinine molecules to affect its binding to
ERC6. When the length was too short, it could induce
molecular strain in ERC6 after binding. In contrast, the
peptide would be kinked if bound to two anti-cotinine
scFvs in an ERC6 molecule. This result also demonstrated
that the valency was critical for prolonging the half-life of
the complex. The half-life of the complex was determined
to be approximately 18 h (Fig. 3a), which was significantly
longer than that achieved with monovalent binding>.

ERC6-complexed cotinine-duocarmycin induced potent
cytotoxic effects in lung adenocarcinoma cells with KRAS
mutations

A549 is a lung adenocarcinoma cell line expressing
wild-type EGFR and is resistant to EGFR-targeted therapy
because it contains the KRAS mutation. Thus, we used
this cell line to test the efficacy of the ERC6-complexed
cotinine-cytotoxic agent on cancer cells with wild-type
EGFRs and KRAS mutations.

The reactivity of ERC6 to EGFR on the A549 cell sur-
face was confirmed by flow cytometric analyses. ERC6
bound to EGFR expressed on the plasma membrane to a
degree similar to that of cetuximab (Fig. 4). The mixture
of Cot-Biotin-Cot peptide with either anti-cotinine-IgG or
cetuximab did not generate a significant signal attribu-
table to streptavidin-PE.

Cotinine-duocarmycin was prepared by synthesizing a
13-amino acid long peptide with the sequence
GSKGSKGSKGSKK, conjugating two cotinines at the N-
and C-terminal ends, and crosslinking duocarmycin at the
epsilon amino group of four lysine residues (Fig. 5a, b and
Supplementary Figure 2a). A valine-citrullin linker was
introduced between lysine and duocarmycin, which could
be cleaved after endo-lysosomal fusion by cathepsin B to
release duocarmycin®*, The stoichiometry of ERC6 and
cotinine-duocarmycin when they formed a complex was
evaluated by mass analysis. ERC6-complexed cotinine-
duocarmycin existed mostly as a one-to-one complex.
Two-to-two and three-to-three complexes were also
detected (Supplementary Figure 2c), which might have
formed from ERC6 dimers and trimers (Supplementary
Figure 2b).

The cytotoxic activity of ERC6-complexed cotinine-
duocarmycin against A549 cells was examined. After
treatment, the cell viability was determined by measuring
the cellular ATP content. The cytotoxicity of ERC6-
complexed cotinine-duocarmycin was correlated with the
expression level of EGFR (Supplementary Figure 3 and
Fig. 5c—f). ERC6-complexed cotinine-duocarmycin
showed potent cytotoxic effects against A549 (EGFR+++)
and US7MG (EGFR-++) cells. The half maximal inhibitory
concentration (ICsp) on A549 cells was 0.3nM (Fig. 5c)
and that on U87MG cells was 4.0nM (Fig. 5d). The
cytotoxicity of cotinine-duocarmycin was significantly
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reduced when it was mixed with NCC6, cetuximab or
negative control IgG. Notably, the cytotoxicity of duo-
carmycin was dramatically reduced after conjugation to
cotinine (Fig. 5¢, f and Supplementary Figure 4a, b).
Neither ERC6 nor cetuximab inhibited the proliferation of
A549 cells significantly because of the primary resistance
of A549 cells to EGFR-targeted therapy as previously
described (Fig. 5¢)*°. Compared to A549 (EGFR+++)
and U87MG (EGFR++) cells, the cytotoxic potency of
ERC6-complexed cotinine-duocarmycin on MCF7 (EGFR
+) cells was significantly lower, with ICsq values of 40 nM
(Fig. 5e), and was not strongly influenced by the sub-
stitution of ECR6 with NCC6, cetuximab, or a negative
control antibody. The ICs, value of ERC6-complexed
cotinine-duocarmycin on HCC1419 (EGFR-) cells was
100 nM (Fig. 5f), which was equivalent to that of cotinine-
duocarmycin mixed with NCC6, ceutixmab, or a negative
control antibody. These results demonstrated that ERC6
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efficiently enhanced the internalization of cotinine-
duocarmycin into the EGFR-positive cells, possibly by
receptor-mediated endocytosis.

ERC6-complexed cotinine-duocarmycin inhibited tumor
growth in animal models of lung adenocarcinoma

To evaluate the in vivo efficacy of ERC6-complexed
cotinine-duocarmycin, we grafted A549 cells into mice (n
= 4/group). When the tumor volume reached 150 mm?,
mice were intraperitoneally injected with ERC6-
complexed cotinine-duocarmycin, a mixture of a nega-
tive control IgG and cotinine-duocarmycin, or a mixture
of ERC6 and DMSO for 5 weeks. The mice were treated
twice a week for the first 2 weeks and then three times a
week for the following 3 weeks.

The mice receiving ERC6-complexed cotinine-duo-
carmycin showed significant growth inhibition of the
tumor compared to the other two control groups (Fig. 6a,
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c—e). Although cotinine-duocarmycin showed anti-
proliferative effects on A549 in vitro, cotinine-
duocarmycin with a negative control IgG did not inhibit
the tumor growth in vivo. In this setting, the cotinine-
duocarmycin might have been excreted rapidly through
the kidney due to its small molecular weight, which could
have resulted in insufficient delivery to the tumor tissue.
However, ERC6 not only extended the half-life of
cotinine-duocarmycin but also specifically delivered it to
the EGFR-expressing tumor tissues.

Furthermore, there was no significant weight loss in the
mice during the 5-week treatment period (Fig. 6b). This
observation suggested that ERC6 and cotinine-
duocarmycin did not have systemic toxicity. Taken toge-
ther, these data showed that ERC6 acted as a drug carrier
and selectively delivered cotinine-conjugated cytotoxic
drugs to the EGFR-expressing tumor tissues in a target-
specific manner without systemic toxicity.

The tissue distribution of ERC6-complexed cotinine
payloads in a mouse xenograft tumor model

To examine the specific delivery of the cotinine pay-
loads to the antigen-expressing tumor tissues, immuno-
fluorescence assays were performed on the A549
xenograft mouse model (Fig. 7). Tumor-bearing mice
were intraperitoneally injected with ERC6-complexed
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Cot-Biotin-Cot peptide, a mixture of negative control
IgG with Cot-Biotin-Cot peptide, or ERC6 with vehicle.
Animals were sacrificed 24 h post-injection, and dissected
tumor tissues were subjected to immunohistochemical
analyses. The cotinine payloads and antibodies on the
tumor tissues were detected by fluorescently labeled sec-
ondary antibodies. All the antibodies were detected by
Alexa 594-labeled anti-human Fc (red), and the Cot-
Biotin-Cot peptide was detected by Alexa 488-labeled
streptavidin (green).

Accumulation of ERC6 on human EGFR-positive tumor
tissues was observed; however, accumulation of negative
control IgG was not observed (Fig. 7, left panel). Fur-
thermore, the intratumoral localization of Cot-Biotin-Cot
was observed only when it was injected with ERC6
(Fig. 7¢, middle panel). These observations demonstrated
that ERC6 selectively delivered cotinine payloads to the
tumor site in vivo in a target-specific manner.

Discussion

In this study, we developed a new ADC platform
composed of an antitumor-associated antigen x cotinine
bispecific antibody and cotinine-cytotoxic agent. One
advantage of the system was the ease of selecting an
optimal antibody for ADC. For the development of ADCs,
it is essential to select antibodies that efficiently
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internalize into cancer cells and release the cytotoxic
agents®”. However, preparation of ADCs requires multi-
step conjugation procedures to link a cytotoxic agent to
the antibody, and heterogeneous mixtures of ADCs with
variable DARs are frequently achieved'', making the
selection process difficult®®. Our platform technology
does not require these conjugation and characterization
processes and therefore easily provides comparison data
among the antibodies.
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We selected a tetravalent bispecific antibody structure
for the bispecific antibody. Frequently, bivalent binding of
antibodies to receptors on cytoplasmic membranes facil-
itates better receptor internalization than does mono-
valent binding®’, and receptor internalization is essential
for the cytotoxic effect of ADCs®®. Four therapeutically
available ADCs (gemtuzumab ozogamicin, brentuximab
vedotin, trastuzumab emtansine, and inotuzumab ozoga-
micin) bind to their targets in a bivalent mode, and most
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of the ADCs presently under development are also
bivalent®®. We hypothesized that bivalent binding of
cotinine-cytotoxic agent to ERC6 would provide
much more stability to the complex and extend its in vivo
half-life compared to monovalent binding®**’. Currently,
more than 100 bispecific antibody formats have
been proposed*!, and there are only 35 antibody formats
providing tetravalent bispecificity”>. Among these for-
mats, we selected IgG-HC-scFv of the Morrison format,
as it is most commonly used*”. The same format was
applied to five antibodies that are currently in
clinical development®®. The distance between the two
cotinines affected the in vivo half-life of the complex
(Fig. 3b), and the bivalency for cotinine affected the sta-
bilization of the ERC6 and cotinine-duocarmycin
complex.
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We previously reviewed important factors to consider in
selecting a hapten either to be conjugated with an apta-
mer or isotope-conjugated peptide to extend the in vivo
half-life of the aptamer or peptide to be complexed with
an antibody for in vivo imaging'®’%****** For these
purposes, an optimal hapten should be absent from bio-
logical systems, and its pharmacological safety and phy-
siological inertness are essential. Versatile crosslinking to
linkers or other compounds is also favored. Histamine-
succinyl-glycine, diethylenetriamine pentaacetic acid
(DTPA), and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tet-
raacetic acid (DOTA) have been classically used*®~*%,
Recently, we proposed cotinine as an ideal hapten®, It is a
small chemical with a molecular weight of 176.22 and is a
major metabolite of nicotine. It is commonly used as a
biomarker for smoking exposure and is absent in human



Jin et al. Experimental & Molecular Medicine (2018) 50:67

Page 12 of 14

a Human Fc

Neg. control IgG + Cot-Biotin-Cot

ERCS6 + Vehicle

ERC6 + Cot-Biotin-Cot

Cot-Biotin-Cot

Fig. 7 Tissue distribution of ERC6 and Cot-Biotin-Cot peptide in a mouse xenograft tumor model. Representative images from confocal
microscopy. The A549 cells were subcutaneously injected into the left flanks of Balb/c-nude mice. When the tumors reached 500 mm?, the mice were
intraperitoneally injected with a negative control IgG + Cot-Biotin-Cot peptide, b ERC6 + vehicle, or (c) ERC6-complexed Cot-Biotin-Cot peptide. The
tumors were dissected at 24 h post-injection, and the tumor sections were stained with an Alexa 594-labeled anti-human Fc (red) and Alexa 488-
labeled streptavidin (green). The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; blue). Image magnification, x40

Human Fc/Cot-Biotin-Cot/DAPI

100um

100um

or animal tissues'’. Cotinine is nontoxic, with an LDs, of
4+0.1g/kg in mice'”. No deleterious side effects were
induced in humans treated with up to 1800 mg cotinine
daily for 4 consecutive days. Carboxycotinine (trans-4-
cotininecarboxylic acid) is commercially available at a
reasonable cost, and this carboxyl group can be con-
veniently employed for chemical crosslinking. No
immune responses to cotinine have been reported.
However, for the purpose of developing an antibody
conjugated with cytotoxic agents, a compound with some
toxicity might be more beneficial. A high-affinity anti-
cotinine antibody was originally generated by our group
with k. ko and Kp values of 2.6x10°M ™ !xs7}
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1.3x107°s ™%, and 4.9x10™ > M, respectively*>. This anti-
body binds specifically to cotinine and does not cross-
react with chemicals with similar structures, such as
nicotine, anabasine, caffeine, or cholesterol. This antibody
was also confirmed to retain its reactivity in various for-
mats other than as a conventional IgG, such as scFv?024,

In this study, ERC6, a cetuximab fused with anti-
cotinine scFv at the C-terminus of the heavy chain of the
antibody, could be produced with reasonable efficiency
and was found to be stable in vitro and in vivo (Fig. 1)t
We have synthesized cotinine-conjugated duocarmycin
and mixed it with equimolar amounts of ERC6 to form a
complex. This complex behaved similar to an ADC
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in vitro and in vivo (Fig. 1a). ERC6-complexed cotinine-
duocarmycin significantly inhibited tumor growth in the
EGFR-positive cetuximab-refractory lung adenocarci-
noma with the KRAS mutation both in vitro and in vivo.
Its cytotoxic potency was dependent on the expression
level of EFGR on the cell surface (Supplementary Figure 3
and Fig. 5¢—f). To test whether shuffling of the cytotoxic
agents was possible, we also synthesized the cotinine-
DM1 conjugate and tested its efficacy in vitro (Supple-
mentary Figure 5), which showed that it was less effica-
cious than cotinine-duocarmycin.

Cells in epithelial tissue display a relatively high number
of EGFR molecules on their surface**~>'. Therefore, ERC6-
complexed cotinine-duocarmycin might exert a cytotoxic
effect on EGFR-expressing epithelial cells. We tested this
hypothesis using MCF10A, a human normal epithelial cell
line, and confirmed that ERC6-complexed cotinine-duo-
carmycin is indeed cytotoxic to these cells, with an ICs,
value of 2.0 nM (Supplementary Figures 3 and 6).

Because the cotinine-cytotoxic agents were attached to
ERC6 by non-covalent bonds, it was possible for the
cotinine-cytotoxic agents to be released from ERCS,
which was not observed with conventional ADCs with
covalently linked cytotoxic agents. However, the con-
jugation of cotinine lowered the toxicity of duocarmycin
by decreasing its uptake into cells through the cyto-
plasmic membrane in in vitro experiments (Fig. 5¢, e and
Supplementary Figure 4a, b). In our in vivo experiments,
cotinine-duocarmycin mixed with negative-control IgG
did not induce weight loss in mice (Fig. 6b), although
duocarmycin has been previously reported to induce
significant weight loss in mice®>. A rapid clearance of
liberated cotinine-duocarmycin from the bloodstream
could minimize systemic exposure.

In summary, our research suggests that tetravalent
bispecific antibodies that simultaneously bind to tumor-
associated antigens and cotinine could potentially be used
as drug carriers for selective delivery of cotinine-
conjugated cytotoxic agents to the antigen-expressing
tumor sites.
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