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A novel bispecific antibody drug conjugate targeting HER2
and HER3 with potent therapeutic efficacy against

breast cancer

Hui-fang Zong'?, Xi Li', Lei Han?, Lei Wang', Jun-jun Liu’, Ya-li Yue', Jie Chen?, Yong Ke', Hua Jiang®, Yue-ging Xie*?,

Bao-hong Zhang'™ and Jian-wei Zhu'?**™

Antibody drug conjugate (ADC) therapy has become one of the most promising approaches in cancer immunotherapy. Bispecific
targeting could enhance the efficacy and safety of ADC by improving its specificity, affinity and internalization. In this study we
constructed a HER2/HER3-targeting bispecific ADC (BsADC) and characterized its physiochemical properties, target specificity and
internalization in vitro, and assessed its anti-tumor activities in breast cancer cell lines and in animal models. The HER2/HER3-
targeting BsADC had a drug to antibody ratio (DAR) of 2.89, displayed a high selectivity against the target JIMT-1 breast cancer cells
in vitro, as well as a slightly higher level of internalization than HER2- or HER3-monospecific ADCs. More importantly, the bispecific
ADC potently inhibited the viability of MCF7, JIMT-1, BT474, BxPC-3 and SKOV-3 cancer cells in vitro. In JIMT-1 breast cancer
xenograft mice, a single injection of bispecific ADC (3 mg/kg, i.v.) significantly inhibited the tumor growth with an efficacy
comparable to that caused by combined injection of HER2 and HER3-monospecific ADCs (3 mg/kg for each). Our study
demonstrates that the bispecific ADC concept can be applied to development of more potent new cancer therapeutics than the

monospecific ADCs.
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INTRODUCTION

Antibody-drug conjugates (ADCs) are a class of drugs that take
advantage of the specificity of a monoclonal antibody (mAb) to
reach target antigens expressed on cancer cells for the delivery of
a potent cytotoxic payload [1, 2]. ADCs have seen a recent surge.
Out of all 15 ADC drugs, 10 were approved globally after 2019
[3, 4]. Furthermore, within the 15 globally approved ADCs, three
are HER2-targeted: trastuzumab emtansine (T-DM1), trastuzumab
deruxtecan (T-DXd), and disitamab vedotin (RC48). In addition,
there are 26 HER2-targeted ADCs in the clinical stage [5, 6]. An
ADC consists of three components: antibody, linker and payload
[7], and its targeting properties are mainly determined by the
antibody part. In the development of therapeutic ADCs, strategies
for optimizing the antibody part mainly include enhancing its
specificity, affinity and internalization [7]. In the last 10 years, the
rapid advancement of the bispecific antibody technology has led
to the approvals of novel therapeutics, while bispecific antibody
drug conjugates (BsADCs) are mainly being tested in preclinical
and clinical investigations. Andreev et al. generated a BsADC
targeting HER2 and PRLR antigens expressed on the breast cancer
cells. They found that the BsADC killed tumor cells co-expressing
HER2 and PRLR more effectively than either HER2 ADC or PRLR
ADC [8]. Similar results were also observed in our group research
[9]. De Goeij et al. reported an enhanced lysosomal ADC delivery

via a bispecific antibody (BsAb) approach. The BsADCs targeting
HER2 and CD63 not only possessed specificity on tumor-targeting
but also enhanced lysosomal delivery through CD63 [10]. Two
HER2-targeting BsADCs are undergoing clinical utilization: ZW49
and JSKNOO3 [11]. ZW49, an anti-HER2 bivalent biparatopic
antibodies targeting two non-overlapping epitopes on HER2, can
induce HER2 receptor clustering [12, 13]. ZWA49 is currently in a
Phase | clinic trial to assess the safety and tolerability in patients
with locally advanced or metastatic HER2-expressing cancers
(NCT03821233) [14]. In those studies, bispecific approach was
adopted to enhance the cytotoxicity of ADCs.

Members of human epidermal growth factor receptors (ErbB)
are potent mediators of normal cell growth and development
[15, 16]. The ErbB family consists of four closely related type |
trans-membrane tyrosine kinase receptors: EGFR, HER2, HER3 and
HER4 [17]. Receptor dimerization (hetero- or homo-dimerization) is
an essential requirement for ErbB function and the signaling
activity of these receptors. The HER2-HER3 heterodimer is
considered the most potent ErbB pair with respect to strength
of interaction, ligand-induced tyrosine phosphorylation and
downstream signaling and functions as an oncogenic unit [15].
Some researchers reported that HER3 might be a necessary
partner for the oncogenic activity of HER2 in tumors over-
expressing HER2 [18, 19]. In addition, co-overexpression of HER2
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and HER3 was a predictor of impaired survival of breast cancer
patients [20]. Higher expression and activation of HER3 was
observed in HER2" breast cancer cell lines with resistance to
T-DM1 [21]. A number of HER3-targeting antibodies were
developed for preclinical evaluation and/or clinical trials. However,
to date, there is no HER3-targeting antibody approved for clinical
application because of limited evidence of clinical benefit. At the
same time, taking into consideration of the drug resistance of T-
DM1, a BsADC targeting HER2/HER3 heterodimer would be a
hopeful choice to overcome the limitation of HER3-targeting and
T-DM1 therapy.

One critical aspect of ADCs and BsADCs is the number of
payloads, which has a significant impact on the efficacy and
pharmacokinetics of the molecules. MMAE is a synthetic derivative
of dolastatin 10 that inhibits tubulin polymerization. One-third of
globally approved ADC use MMAE as the payload, including
brentuximab vedotin, polatuzumab vedotin, enfortumab vedotin,
disitamab vedotin, tisotumab vedotin. Valine-citrulline (vc) is the
most commonly used cleavable peptide linker in current clinical
research [3]. One research showed that an ADC had the strongest
effect of tumor growth inhibition when the linker-payload (MC-vc-
PAB-MMAE) to antibody ratio was 2-4 [22]. MC-vc-PAB-MMAE
based ADCs approved by FDA typically have drug-to-antibody
ratio (DAR) of 3-4. Based on those success reports, we designed
our BsADC with a DAR of 3.

In this study, we constructed a HER2/HER3-targeting BsADC
conjugating three payloads. We characterized its target specifi-
city and internalization ability in vitro. Furthermore, we
evaluated its anti-tumor activity and therapeutic potential in
breast cancers.

MATERIALS AND METHODS

Cell lines and culture conditions

The following human cell lines derive from breast tissue of female
breast cancer patients: MCF7, JIMT-1 and BT474. The BxPC-3 cell
line derives from pancreatic adenocarcinoma of a female patient.
The SKOV3 cell line derives from ovary adenocarcinoma of a
female patient. The MCF10A cell line is an epithelial cell line that
was isolated from the mammary gland of a female with fibrocystic
breasts. HEK 293C18 Human Embryonic Kidney cells (HEK 293E)
(CRL-10852, ATCC, Manasas, VA, USA) were cultured in a growth
medium consisting of a 50/50 mix of FreeStyle 293 Expression
Medium (12338018, Thermo Fisher Scientific, Waltham, MA, USA)
and SFM4 HEK293 medium (SH30521.02, Cytiva, Marlborough, MA,
USA), containing 100 pg/mL of G418 (60220ES08, yeasen, Shang-
hai, China). The BT474 (TCHu143, Chinese Academy of Sciences
Cell Bank, Shanghai, China) and BxPC-3 (TCHu12, Chinese
Academy of Sciences Cell Bank) human cells were grown in
RPMI-1640 medium (11875093, Thermo Fisher Scientific). SKOV3
(HTB-77, ATCC), MCF7 (HTB-22, ATCC) and MCF10A (CRL-10317,
ATCCQ) cells were grown in DMEM medium (11965092, Thermo
Fisher Scientific). JIMT-1 cells (ACC-589, DSMZ, Braunschweig-Sud,
Germany) were grown in McCoy's 5 A medium (16600082, Thermo
Fisher Scientific) containing 10% of FBS (10099141, Thermo Fisher
Scientific) in the base medium. All cell lines were tested negative
of mycoplasma and maintained at 37°C in a 5% (v/v) CO,
humidified incubator.

Generation of HER2 x HER3 BsAb by BAPTS

The bispecific antibody HER2HER3(V205C) named as 23V was
generated in house by the “Bispecific Antibody by Protein Trans-
splicing (BAPTS)” platform [23-25]. The anti-HER2 antibody
sequence came from trastuzumab and the anti-HER3 antibody
sequence came from DL11 in the literature [26]. We mutated the
amino acid residue valine to cysteine in the position 205 of the
light chains to create additional conjugation sites. Transfection
into HEK 293E cells was performed according to published
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transient transfection procedure [24, 27]. One week post-
transfection the supernatant of the culture was harvested for
processing while the cell viability dropped to ~50% according to
the literature [28]. Expression was analyzed by SDS-PAGE and
Western as needed. The fragment A (anti-HER2) and fragment B
(anti-HER3) were captured by protein L affinity column (17547815,
Cytiva). The 23 V BsAb was generated through BAPTS method and
purified by a MMC ImpRes Multimodal Chromatography Column
(29401108, Cytiva).

Generation of HER2 x HER3 BsADC by site-specific conjugation
We mutated valine to cysteine at position 205 of the light chains
to create additional sites for site-specific conjugation following the
literatures [29, 30]. The linker-payload MC-vc-PAB-MMAE (SET0201,
Levena Biopharma, Nanjing, China) was conjugated to the
antibody via the maleimidocaproyl linker through the
maleimide-thiol reaction. One millimole EDTA was added into
the solution containing the antibody (1 mg/mL), and then the
solution was reduced by reducing agent TCEP (C4706, Sigma-
Aldrich, St. Louis, MO, USA) (one hundred-fold molar excess over
antibody) at 37°C for 1h. The reduced antibody solution was
ultra-filtrated into PBS to remove excess reducing agent. To reform
the interchain disulfide bonds, the reduced antibody was
incubated with oxidizing agent DhAA (261556, Sigma-Aldrich)
(thirty-fold molar excess over antibody) at 25°C for 2h. The
formation of interchain disulfide bonds was confirmed by 12%
non-reducing SDS-PAGE. The drug MC-vc-PAB-MMAE (twenty-fold
molar excess over antibody) was dissolved into acetonitrile (ACN,
34851, Sigma-Aldrich) and incubated with the oxidized antibody
at 37°C for 30min with PBS/ACN (v/v 80/20). The HER2-
HER3(V205C)-MMAE, named 23V-MMAE BsADC, was purified by
G25 desalting column (29048684, Cytiva) [31]. The coupling
efficiency was calculated from the intensities of the Lcs-MMAE
bands on Coomassie Brillant Blue-stained SDS-PAGE. The parental
controls, anti-HER2(V205C)-MMAE  (2V-MMAE) and anti-
HER3(V205C)-MMAE (3V-MMAE), were also generated by the
method mentioned above.

Characterization analysis of the BsADC

The BsADCs were characterized with SEC-HPLC, UV/Vis, HIC-HPLC
and LC/MS. First, the purity was determined by SEC-HPLC with a
TSKgel G3000SWxI, 300 A, 7.8cmx300mm (0008541, Tosoh
bioscience, Tokyo, Japan) size exclusion column. The mobile
phase consisted of 85% (v/v) of 0.2M potassium phosphate,
0.25 M KCI at pH 6.95, and 15% of isopropyl alcohol. The mobile
phase flow rate was 0.5 mL/min. Ten micrograms of BsAbs and
BsADCs were injected for analysis, respectively.

Average DAR was characterized with UV/Vis. MC-vc-PAB-MMAE
in 80/20 PBS/ACN, 23V BsAb in PBS, 23V-MMAE BsADC in PBS
were analyzed on a UV/Vis spectrophotometer UV-2700
(SHIMADZU, Tokyo, Japan). The instrument was blanked with
the solvent, and measurements were performed at ambient
temperature. The average DAR was derived from the ratio of the
MMAE and antibody concentrations [22]. The average DAR was
calculated using the formula DAR = (€218 — Re2s?) /(Re3®® — €3'®),
where R referred to Ay4g/A,g0. The extinction coefficients of the
drug (€% = 17759 L -mol cm™' and €2 = 1861 L-mol cm ™)
and 23V antibody (€2 =93380L'mol cm™' and €2’ =
221777 L'mol™"-cm™") were used in the above calculation.

Drug load distributions of the BsADC were characterized with
HIC-HPLC. A TSKgel Butyl-NPR, 2.5 um, 4.6 cm X 35 mm column
(0014947, Tosoh bioscience) was set to 30 °C. The mobile phase A
consisted of 50 mM potassium phosphate, 2 M ammonium sulfate
at pH 7.0, and the mobile phase B consisted of 75% (v/v) 50 mM
potassium phosphate and 25% isopropyl alcohol. Separation was
achieved with a linear gradient of 0-95% B over 25 min at a flow
rate of 0.5 mL/min. Ten micrograms of the BsADC was injected for
analysis.
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Drug load distribution and conjugation-efficiency of the BsADC
was characterized with LC/MS. First, 100 pg of the BsADC and the
BsAb were deglycosylated with 1uL PNGase F (P0704S, New
England Biolab, MA, USA) at 37 °C for 24 h to remove the N-glycan.
Half of deglycosylated BsADC and BsAb were reduced with 50 mM
DTT (43819, Sigma-Aldrich) at 37 °C for 30 min. Approximately 1 ug
of deglycosylated intact BsADC or BsAb was loaded onto an
ACQUITY UPLC Protein BEH C4 Column (Waters, MA, USA) to
remove the salt. A Waters Acquity Xevo G2-XS MS system was
coupled with the UPLC to determine the mass of the BsAb and
BsADC. The multiple charged peaks of the samples were
deconvoluted using UNIFI 1.8 software (Waters). The reduced
BsADC was analyzed for molecular weight changes in heavy chain
and light chain.

Affinity measurement of the BsADC

Affinity of the BsADC was determined by surface plasmon
resonance (Biacore 8K, Cytiva) [32]. Human HER2-Fc (10004-
HO2H, Sino Biological, Beijing, China) and HER3-Fc (10201-HO2H,
Sino Biological) were immobilized to a CM5 chip surface
(BR100399, Cytiva) using standard 1-ethyl-3 (3-dimethylaminopro-
pyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS) amine cou-
pling protocols. The running buffer was HBS-EP+ buffer with a
flow rate of 30 pL/min. The chip surface was regenerated by 0.1 M
glycine, pH 1.5. The concentration series were fit to a 1:1 binding
model to determine the binding (K,), dissociation (Ky) rate
constants and the equilibrium dissociation constant (KD).

To demonstrate simultaneous antigen-antibody binding,
human HER2-Fc was coupled to a CM5 sensor chip as described
above. The BsADC 23V-MMAE was injected respectively for 100 s
followed by a 100s injection of HER3-Fc (at a concentration of
100 nM). The HBS-EP+ buffer was injected as a control.

Cell surface binding measured by FACS

To determine the binding effect of bispecific vs monospecific
antibody drug conjugates on the surface of the cell lines (BT474,
BxPC-3, MCF7, JIMT-1, SKOV3, MCF10A) expressing varying levels
of surface HER2 and HER3, the cells in exponential growth were
harvested and resuspended in FACS buffer (10° cells/mL in
PBS +2% FBS). 2x10° cells were incubated with primary
antibodies at varying concentrations at 4°C for 30 min. After 3
times washing with FACS buffer, bound antibodies were detected
with FITC-labeled goat anti-human IgG (H+L) (31531, Thermo
Fisher Scientific). The cells were analyzed by CytoFLEX cytometer
(BECKMAN COULTER, Brea, CA, USA) for median fluorescence
intensity in the FITC channel [33].

In vitro selectivity of bsAb 23V to breast cells

Normal breast tissue MCF10A cells were stained with 2 uM PKH26
(MX4201, Shanghai Maokang Biotechnology, Shanghai, China)
following the manufacturer’s protocol. To evaluate the selectivity
of 23V antibody in vitro, stained cells MCF10A and unstained
breast cancer cells JIMT-1 were fixed in FACS buffer, and then the
bispecific antibody 23 V was added into the system incubating at
4°C for 30 min. After washing 3 times by FACS buffer, bound
antibodies were detected with FITC-labeled goat anti-human IgG
(H+L). The cells were analyzed by flow cytometry for median
fluorescence intensity (MFI) in the FITC and PE channels. The
FITC+/PE + stands for the antibodies that could bound to
MCF10A cell lines, and the FITC 4- /PE - refers to the antibodies
that could bound to JIMT-1 cell lines. MCF10A cells were mixed
with 2x 10> JIMT-1 cells at the ratios of 1:1 and 20:1, and
incubated with 23V antibody (100 nM). Analysis was done by
CytoFLEX cytometer with software CytExpert 2.3 [34].

Internalization assay

JIMT-1 cells were incubated with 23V-MMAE BsADC or 2V-MMAE
(60 nM each antibody) on ice for 1 h and then washed to remove
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unbound antibodies. An aliquot of cells remained on ice and the
rest were incubated at 37 °C for different periods of time. Cells
were fixed in 2% paraformaldehyde (P0099, beyotime, Shanghai,
China) for 20 min and then stained with FITC-labeled goat anti-
Human IgG (H+L) secondary antibody. Stained cells were
analyzed by CytoFLEX cytometer equipped with CytExpert
software. Internalization of receptor-antibody complex was
calculated as percent MFI loss at 37 °C relatives to that on ice
after subtracting the background value of MFI derived from
untreated control [35].

Cytotoxicity in vitro

BxPC-3, MCF7, JIMT-1, BT474 and SKOV3 cells were seeded into
96-well plates with 200 pL assay medium and incubated overnight
at 37 °C, 5% CO,. After 24 h, antibodies or drug conjugates (23V-
MMAE, 23V, 2V-MMAE, 3V-MMAE, 2V-MMAE + 3V-MMAE) at
varying concentrations were added into the 96-well plates and
incubated for 5 d. The cytotoxicity of antibodies and ADCs were
determined by measuring cell viability using CCK8 kits following
the manufacturer’s instruction (CK04, Dojindo, Shanghai, China).
The absorbance was detected using TECAN infinite 200 (Tecan
Trading AG, Mdnnedorf, Switzerland) at the wavelength of 450 nm
and reference wavelength of 620 nm. Percentage of cell viability
was calculated with absorbances as follows: cell viability
(%) = [(sample group - blank group) / (control group-blank
group)] X 100%.

Pharmacokinetics study

Ten SPF-grade BALB/c mice (20 g, male, Charles River, Beijing,
China) were purchased and randomly divided into two groups.
This study received ethical approval of Institutional Animal Care
and Use Committee (IACUC) of Shanghai Jiao Tong University
(SJTU) (No. A2018041) and was carried out in strict accordance
with the guidelines established by the IACUC. The 23V-MMAE and
the control 23V antibody were injected via tail vein of the mice at
a single dose of 1mg/kg. For serum collection, blood was
collected by cheek bleeding at appropriate time intervals [36].
One hundred microliter mouse blood was collected at 15 min, 6 h,
day 1, 2, 4,7, 11, 16, 21, and day 28 after administration [37]. The
blood was collected in EP tubes containing anticoagulant. Serum
was collected by centrifugation at 3000 x g at 4 °C for 10 min and
preserved in —80°C. The antibody concentrations of serum
samples were quantified by ELISA. Noncompartmental pharma-
cokinetic parameters were calculated with WinNonlin 8.1.0
(Certara, Princeton, NJ, USA).

Growth inhibition of HER2-positive tumor xenografts in vivo

The female NOD/SCID mice (6-8 week of age; Charles River) were
injected subcutaneously in the right flank with 5x10° JIMT-1
tumor cells (100 uL cell suspension harvested from exponentiallg/
growing cultures) [38]. Once the tumor size reached 150 mm?,
animals were randomly divided into groups of five mice. Tumor
implanted mice received tail vein injections of the antibodies or
ADCs. Tumor size was measured every 3 d by caliper, until tumor
volume exceeded 1000 mm? or the animal became sick or
developed tumor ulcers [39]. The tumor volume was calculated by
the formula: Tumor volume = length x width? /2.

To determine the BsADC's tumor growth inhibitory effect,
different doses were administered to the mice bearing JIMT-1
tumor cells. We selected 0.3, 1 or 3 mg/kg, and a single injection
was administered when the tumor volume reached 150 mm?. The
combo (2V-MMAE and 3V-MMAE) with the dosage at 3 mg/kg was
used as a control and PBS as a placebo.

In the comparative efficacy study, the mice were injected i.v.
with PBS (10 mL/kg), 2V-MMAE (10 mg/kg), 3V-MMAE (10 mg/kg),
23V antibody (10 mg/kg) or 23V-MMAE (10 mg/kg) ond 0 and d 7.
30mg/kg Canertinib (S1019, Selleck, Shanghai, China) was
administered by oral gavage daily for 14 consecutive days as
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positive control. Tumor volume was measured over the period by
caliper.

These studies all have been approved by IACUC of SITU as the
research proposal No. A2018041. And we carried out in strict
accordance with the guidelines established by the IACUC.

Statistical analysis

Data analysis was performed using GraphPad Prism 8.0.2 software.
Where indicated, comparison between two groups was performed
by two-tailed unpaired Student’s t-test. For all experiments * is
P<0.05, ** is P<0.01, *** is P<0.001 and **** js P<0.0005.
Progression-free survival time was analyzed using the
Kaplan-Meier method and Log-rank test.

RESULTS

Molecular design and preparation of the BsADC

Researchers reported that HER3 could be a necessary partner for
the oncogenic activity of HER2 in tumors overexpressing HER2
[15]. We hypothesized that interacting with both targets HER2 and
HER3 would facilitate the tumor cell-killing. The combination of
anti-HER2 antibody (2V) and anti-HER3 antibody (3V) was
evaluated in the cancer cell proliferation inhibition test and we
found that the antibodies combo had a synergistic cytotoxic effect
on BT474 cancer cells (Fig. 1a). Based on this result, we designed a
BsADC targeting HER2/HER3 to enhance the tumor-killing activity
(Fig. 1b).

We generated a BsADC with three conjugating sites by BAPTS
platform technology [23, 25, 32, 39]. In the process, there would
be a 5-amino acid residues “CFNAS” insertion in the hinge region
after protein trans-splicing (PTS) reaction. Mass spectrometry
revealed that the cysteine residues in “CFNAS” had a high
oxidation efficiency (data not shown). Additionally, we mutated
the amino acid valine to cysteine in the position 205 of each light
chain, because the LC-V205C conjugate had a higher stability and
superior in vivo efficacy compared with other mutation locus
conjugates [29] (Fig. 1c).

Following the BAPTS procedure, five vectors have been
constructed and co-transfected into for expression of the
fragment A (HER3-3F) and fragment B (HER2-2F) (Fig. 2a) were
expressed in HEK293E cells. Both fragments were purified by
Capto L affinity chromatography. The fragment A was composed
of three peptides, HER3 Lc(V205C), HER3 Hc(Knob) and Int“-

Fc(Hole) (Fig. 2b), while fragment B was composed of two
peptides, HER2 Vy-Cyyi-Int™ and HER2 Lc(V205C) (Fig. 2¢). The
fragment A and fragment B were mixed to initiate the trans-
splicing reaction with the molar ratio 1:2 under reducing condition
of 2mM DTT. A new band was observed in the corresponding
molecular weight (MW) on SDS-PAGE. At the meantime, the
intensity of the Int“-Fc (Hole) and HER2 Vy-Cyi-Int™ bands
decreased (Fig. 2d). After completion of the PTS reaction, the
reaction solution containing the BsAb product was dialyzed into
PBS buffer and oxidized through exposure to air for 2 d. The final
BsAb product was obtained after purification through a MMC
ImpRes Multimodal Chromatography Column (Fig. 2e and
Supplementary Fig. S1). The purity of the BsAb was about 98%
by SEC-HPLC analysis (Fig. 2f), which met the requirements for
conjugating drug.

The BsADC was generated by THIOMAB technology [30]. First,
the cysteine and glutathione adducts of the 23V BsAb were
removed by partial reduction with TCEP followed by diafiltration.
The partial reduced sample was re-oxidized by the reagent DhAA
and then mixed with MC-vc-PAB-MMAE to conjugate MMAE on
the BsAb, as demonstrated by nonreduced SDS-PAGE analysis
(Fig. 29g). The conjugation efficiency of MMAE was evaluated
preliminarily by reduced SDS-PAGE analysis. The MW of the
product would increase after the MC-vc-PAB-MMAE conjugated
into both light chains. The unconjugated MC-vc-PAB-MMAE was
removed by G25 desalt column.

Characterization analysis of the BsADC
The BsADC was characterized by the SEC-HPLC, UV/Vis, HIC-HPLC
and LC/MS methods described in the “Materials and Methods”.

There were no detectable fragments but trace amount of
aggregates after conjugating drugs by SEC-HPLC (Fig. 3a). The
purity was about 95%.

The DAR value and drug load distribution on an ADC are very
crucial to the drug efficacy and safety. The average DAR of the
BsADC was determined using the UV/Vis spectrophotometric
method. We confirmed primarily the maximum absorption
wavelength of MC-vc-PAB-MMAE by full-wavelength scanning,
and the payload showed strong absorption at 248 nm (Supple-
mentary Fig. S2a). Because maximum absorption of an antibody at
280 nm, the DAR value can also be determined by differential
absorption measurements between 248 and 280 nm. After the
extinction coefficients (g) of the BsAb and the drug MC-vc-PAB-
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Fig. 1

Molecular design of BsADC. a The 3V antibody functions synergistically with 2 V antibody in inhibiting BT474 cell proliferation in vitro.

Representative graph shows the mean precent growth inhibition £SEM (n = 3). b Chemical structure of BsADC. ¢ Schematic representation of
the split intein PTS and drug conjugation process used to generate BsADC.
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MMAE at 248 and 280 nm were determined (Supplementary
Fig. S2b), we obtained the absorption spectrum of the BsADC
(Supplementary Fig. S2c). The A, and Aygo of the BsADC were
0.125 and 0.192 respectively (Table 1). The average DAR value of
the BsADC was 3.08 by calculation.

The HIC-HPLC method has been the gold standard for
determination of DAR and drug load distribution of cysteine-
conjugated ADCs. As shown in Fig. 3b, the BsADC molecules with
various numbers of drug were separated, and the payload
numbers of different peaks were confirmed through the absorp-
tion value of peak at UV 248 nm and 280 nm. The drug load
distribution was determined through the peak area (Fig. 3c). The
peak area had the highest value when the amount of payload was
three. The average DAR was calculated by dividing the weighted
percentage peak area by 100 and summing the divides, resulting
in DAR of 2.85 for the BsADC (Table 2).

In addition, the DAR and drug load distribution of the BsADC
were cross-validated by the LC/MS method. After deglycosylation
by PNGaseF, the BsADC and the BsAb were analyzed at the intact
protein level. The observed mass of the BsAb was 145,234 Da,
which was in agreement with the theoretical mass of 145,239 Da
within the range of instrument error. With BsADC, no signal was
observed in the mass 145,234 Da, which demonstrated that all
BsAb molecules were conjugated with various numbers of payload
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(Fig. 3d). The mass of first peak 146,552 Da, was 1318 Da more
than the observed mass of the intact BsAb, which was consistent
with the theoretical mass 1317 Da of the molecule MC-vc-PAB-
MMAE. The mass intervals between adjacent peaks varied from
1317 to 1335 Da, because succinimide hydrolysis was taken place
resulting in the ring-opened succinimide form of the BsADC
(Supplementary Fig. S3). The corresponding payload was marked
over the peak according to the MW of different components. The
drug load distribution of LC/MS was determined according to the
peak intensity (Fig. 3e). The average DAR was calculated by
dividing the weighted percentage peak intensity by 100 and
summing the quotients, resulting in DAR of 2.89 for BsADC
(Table 2). The payload was mainly conjugating into the HER2
Lc(V205C), HER3 Lc(V205C) and HER2 Hc(Hole) chains as designed
(Supplementary Fig. S4).

Dual binding to HER2 and HER3 antigens

To verify whether the BsAb and BsADC maintained the binding
ability, we measured the binding affinity of the 23 V antibody and
23V-MMAE to HER2 and HER3 antigens by surface plasmon
resonance (SPR). First, we analyzed the binding ability of the BsAb
to HER2 and HER3 antigens. 2V mAb or 3V mAb were used as
controls. Dissociation constants for 23 V BsAb to the antigens were
0.44nM (HER2) and 13.10nM (HER3), lower than that of the
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Fig.3 Characterization of BsADC. a SEC-HPLC analysis of 23V-MMAE. b HIC-HPLC analysis of 23V-MMAE. The peak name refers to the number
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antigens of 23V-MMAE.

parental mAbs 2V mAb 0.03nM (HER2) and 3V mAb 3.38 nM
(HER3) (Table 3 and Supplementary Fig. S5). The differences could
be caused by the monovalent structure of the BsAb. Similarly, the
BsADC could bind to the antigens HER2 and HER3, but the affinity
was lower than that of the parental ADCs. For HER2 antigen, the
dissociation constant of 23V-MMAE was 0.54nM vs. 0.01 nM by
2V-MMAE. Likewise, for HER3 antigen, the binding affinity of 23V-
MMAE was 329nM vs. 478nM by 3V-MMAE (Table 3). The
binding kinetics constants of the BSADC were similar to the BsAb,
which indicated that the conjugation of MMAE did not alter the
binding capability of the BsAb.

To determine whether the BsADC was capable of binding to
HER2 and HER3 antigens simultaneously, we further performed
SPR with “sandwich” binding format. Soluble HER3 antigen
was injected in solution over the 23V-MMAE bound to HER2
antigen immobilized on SPR chips, using solution as a control. The
BsADC showed reactive to soluble HER3 antigen, which was
consistent with high-affinity antigen capture (Fig. 3f). Thus,
the BsADC was confirmed to bind to HER2 and HER3 antigens
simultaneously.

SPRINGER NATURE

Cell surface binding

The efficacy of BsADCs can be influenced by the expression levels
of cell surface antigens. Consequently, we chose a series of tumor
cells with varying levels of surface HER2 and HER3 expression to
test in vitro activity. The HER2 and HER3 surface antigen
expression on tumor cells and normal breast tissue cell MCF10A
were detected by flow cytometry. The expression levels of HER2
and HER3 antigens were presented in Fig. 4a. We chose the tumor
cells BxPC-3 with high HER3 expression, BT474 with high HER2
expression, JIMT-1 and SKOV3 with HER2-high and balanced levels
of HER2 and HER3 expression, as the target cells to detect cell
surface binding of the BsADC. The cell binding ability was found to
have a positive correlation with antigen expression level. Further,
23V-MMAE resulted in higher or similar levels in the MFI FITC
staining compared with that of the parental ADCs (2V-MMAE or
3V-MMAE) on all cancer cell lines tested, regardless their HER2 or
HER3 expression level (Fig. 4b). It was interesting that the BsADC
had the best cell binding ability on JIMT-1 and SKOV3 cell lines,
when the cell had expressed a balanced expression level of HER2
and HER3 antigens based on the FACS data (Fig. 4a). The
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Table 1. Calculation of average DAR of the BsADC by UV/Vis measurements.
Antibody Molar concentration (uM) Aszag® Aaso €248 M~ Tcm™") &80 M~ -em™) DAR
MC-vc-PAB-MMAE 51.58 0.916 0.096 17759 1861
BsAb 1.1 0.104 0.247 93380 221777
BsADC 0.125 0.192 3.08

®A,4s, Absorbance value at UV 248 nm; A,go, Absorbance value at UV 280 nm; e,45, Extinction coefficient at UV 248 nm; e,g,, Extinction coefficient at UV 280 nm.

Table 2. DAR calculation of the BsADC by HIC and LC/MS analysis.
HIC LC/MS
Peak Drug Percentage Weighted Percentage  Weighted
name load peak area peak area/ peak peak
(%) 100 intensity (%) intensity/
100
1 1 8.15 0.08 9.94 0.10
2 2 21.27 0.43 8.16 0.16
3 3 53.28 1.60 69.67 2.09
4 4 12.01 0.48 7.75 0.31
5 5 5.29 0.26 447 0.23
Weighted 2.85 2.89

average DAR?

*The data of HIC or LC/MS weighted average DAR was calculated by
summing the divides of the weighted percentage peak area or peak
intensity with 100.

Table 3. The affinity measurement of the BsADC with Surface

plasmon resonance (SPR).

Antigen  Antibody K, (1/Ms, 10°)  Kq (1/5,10°% KD (nM)

HuHER2 23V-MMAE 1.48 0.80 0.54
23V 2.25 0.99 0.44
2V-MMAE 4.36 0.04 0.01
2V 495 0.14 0.03

HUHER3 23V-MMAE 0.46 15.00 32.90
23V 0.80 10.50 13.10
3V-MMAE 1.47 7.01 4.78
3V 1.76 5.94 3.38

See also Supplementary Fig. S5 for SPR assay characterizing the binding
kinetics of the controls.

speculated reason is that HER2 and HER3 receptors form
heterodimers in tumors, allowing BsADCs to cross-link them and
induce receptor clustering, potentially enhancing affinity.

In vitro selectivity

To simulate the effects of HER2 + /HER3+ normal tissue on BsAb
targeting, we used fluorescein stained MCF10A normal breast
epithelial cells mixed with unstained JIMT-1 cells. MCF10A and
JIMT-1 cells were readily distinguishable by flow cytometry when
mixed at 1:1 and 20:1 (Fig. 4c). The BsAb (100 nM) was specifically
bound to JIMT-1 cells while minimally to the normal MCF10A cells
at 1:1 mixed. The BsAb was detected in 99.64% of the JIMT-1 cells,
while MCF10A cells failed to exhibit significant BsAb binding.
However, the normal cells were predicted to be in vast excess
compared with tumor cells in vivo. To mimic this situation, we
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incubated 23V BsAb with JIMT-1 cells mixed with increasing
numbers of MCF10A cells. It was found that even at 20:1 MCF10A
to JIMT-1 ratio, the BsAb was still 99.21% on the JIMT-1 cells and
only 0.32% on the MCF10A cells. The presence of the normal
tissue cells had no significant interference on the ability of BsAb
specifically targeting on JIMT-1 cells.

Internalization

To examine whether the BsADC could enhance internalization,
JIMT-1 cells were treated with the test sample 23V-MMAE or the
controls 2V-MMAE and 3V-MMAE. The cell surface levels of
antibodies were measured by flow cytometry. As shown in Fig. 4d,
the internalization efficiency of the cells treated with the BsADC
was about 57% at 4th hour, compared with about 40% of cells
treated with 2V-MMAE and 27% of cells treated with 3V-MMAE.
The BsADC elicited a slightly higher level of internalization than
the controls.

In vitro cytotoxicity

To evaluate tumor cell killing activity of the BsADC in vitro, a panel
of human cancer cell lines expressing different levels of HER2 were
selected. We treated the cancer cells with 23V-MMAE BsADC, and
23V BsAb, using 2V-MMAE and 3V-MMAE as controls. The results
reasonably showed that the cell killing activity was generally
correlated to the binding of targets (Fig. 4b, ). On the cancer cell
lines (JIMT-1, SKOV3 and BT474) overexpressing HER2, the killing
activity of both the BsADC and 2V-MMAE was observed. Likewise,
in the cancer cell line (BxPC-3) overexpressing HER3, the killing
activity of both BsADC and 3V-MMAE was observed. The BsADC
had cytotoxicity against JIMT-1, a cancer cell line overexpressing
HER2 but no responding to T-DM1 [12, 40], and was more potent
than the parental ADC controls 2V-MMAE and 3V-MMAE (ECs,
23V-MMAE 80.25 ng/mL vs ECsq 2V-MMAE 1220 ng/mL and ECsg
3V-MMAE 152.1 ng/mL) (Table 4). The control 23V BsAb didn't
induce significant cell death to all HER2 positive cancer cell lines
including JIMT-1, SKOV3 and BT474 cell lines, suggesting that the
cytotoxicity of the BsADC was mainly contributed by the
conjugated payload, MMAE. We also assessed the in vitro
cytotoxicity of 23V-MMAE and the combo group (2V-MMAE + 3
V-MMAE) in SKOV3 cells, showing comparable levels of cytotoxi-
city (Fig. 4e and Table 4). The in vitro data also suggested that the
cytotoxic killing of the BsADC was correlated to the binding
activity of targets.

Pharmacokinetics (PK) analysis

Linking payloads to an antibody may influence the PK profile of
the ADCs. The hydrophobicity of payload such as MMAE may
increase clearance and reduce ADC exposure according to
literature [41]. The PK parameters of the BsAb and BsADC were
evaluated in male BALB/c mice after a single tail vein iv.
administration of 1mg/kg. The time-concentration curves of
23V and 23V-MMAE displayed a bi-exponential disposition (Fig. 5).
The PK parameters established by noncompartmental analysis
were illustrated (Table 5) and showed terminal half-lives of
23V and 23V-MMAE 4.09 and 4.65 d, respectively. The exposure
of 23V-MMAE determined by the area under the curve (AUCQ)
that was 18.01 day*ug/mL compared with that of 23V BsAb
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Fig. 4 Targeting selectively, internalization and in vitro cytotoxicity of BsADC. a FACS analysis of HER2 and HER3 antigen expression on
different tumor cell lines and normal breast tissue cell line. b Titration curves of the indicated antibodies in BxPC-3, JIMT-1, SKOV-3 and BT474
cells. ¢ Targeting selectively to JIMT-1 tumor cell line. Images on the left depict the raw flow cytometry data. Values on the right represent the
absolute number and overall percentage of each cell type in the respective quadrants. d Internalization of 23V-MMAE and the controls in
JIMT-1 tumor cells. e In vitro cytotoxicity of 23V-MMAE and the controls on tumor cell lines by CCK8 assay. Graphs are representative data

derived from different cell lines showing the mean percent growth inhibition +SEM (n = 3).
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Table 4. ECs, comparison among 23V-MMAE and the controls of in vitro cytotoxicity.
23V-MMAE 2V-MMAE 3V-MMAE 23V 2V-MMAE + 3V-
MMAE
Cell line ECso” R? ECso R? ECso R? ECso R? ECso R?
BxPC-3 274+70.5 0.96 3000+4105 099 1455+13.1 0.99 >40,000 NDP
MCF7 13,039+ 12.1 0.97 15,180+ 11.5 0.95 12,865+ 10.8 0.94 >40,000 ND
JIMT-1 80.3+15.5 0.98 1220+ 278.2 0.98 152.1 +84.9 0.93 >40,000 ND
SKOV-3 104.7 +£13.9 0.99 77.1+£159 0.99 395.2+69.9 0.99 >40,000 1269+ 19.5 0.99
BT474 669+11.5 0.95 64.0+85 0.98 258.1+35.2 0.99 2938 +£1702.5 0.88 ND
“The unit of ECsq is ng/mL.
PND Not detected.

100 when the tumor volume reached 150 mm? (Fig. 6a). A combo
= treatment (2V-MMAE and 3V-MMAE) at the dosage of 3 mg/kg was
€ = 23V used as a control, and PBS as placebo. At low dose (0.3 and 1 mg/
= - 23V-MMAE kg), the drug didn’t show much of inhibition over the placebo
E 10 group. A signification activity was demonstrated at day 24 in
2 3 mg/kg dose group and was comparable to the combo group
© (Fig. 6b). The tumor growth inhibition (TGI) of 3 mg/kg dose group
c 1 and was combo group about 30%. There were no significant
[ . . . .

e differences in body weight between different dose groups and
o combo group (Fig. 6¢). Survival curves of different doses were

(&) . 3 .
01 drawn using tumor volume of 500 mm> as the criteria. A
signification differences of survival rate between 3 mg/kg dose

0 7 14 21 28 .
. of the BsADC and placebo group was observed (Fig. 6d).
Time (day)

Fig. 5 Pharmacokinetics analysis of BsAb and BsADC. Antibody
concentration of serum samples at different time points. BALB/c
mice were injected via the tail vein with 1mg/kg 23V and 23V-
MMAE.

Table 5. Pharmacokinetics parameters analysis of BsAb and BsADC.
23V 23V-MMAE

CL (mLkg™"d™") 0.08 0.25

AUC (day*pg/mL) 56.96 18.01

Crnax (pg/mL) 15.83 14.71

Vs (ML/kg) 0.10 0.33

t1/2 (day) 4,09 465

56.96 day*ug/mL. Clearance values (CL) of 23V BsAb was
0.08 mL-kg~'-d™", and it was increased to 0.25mlL-kg '-d~' for
23V-MMAE. Meanwhile, steady-state volume (V) of 23V-MMAE
was increased to 0.33 mL-kg™"-d™" from 0.10 mL/kg for 23V BsAb
(Table 5). The BsADC appeared more rapid clearance than the
BsAb, which was due to increasing hydrophobicity as literature
reported [41-43]. The terminal half-life refers to the time required
to clear one half of the drug from the plasma after reaching
pseudo-equilibrium, which is determined by the terminal elimina-
tion rate [44]. Therefore, although the clearance values of the 23V
and 23V-MMAE are quite different, those two have similar terminal
half-lives.

Tumor growth inhibition

To determine tumor growth inhibitory effect by the BsADC,
different doses of drugs were administered to mice bearing JIMT-1
tumor cells. Twenty-five female NOD/SCID mice were injected
subcutaneously with 5x10° JIMT-1 tumor cells/mouse and
divided randomly into five groups (n = 5) when the tumor volume
reached 150 mm>. We first chose 0.3, 1 and 3mg/kg as the
administration dosage, and a single injection was administered
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To improve the TGl of BsADC, we then increased the dose and
dosing frequency in the subsequent in vivo experiment. We
treated the JIMT-1 tumor-bearing mice with 10 mg/kg of 23V, 2V-
MMAE, 3V-MMAE and 23V-MMAE once a week for 2 weeks when
the tumor volume reached 150 mm? (Fig. 7a), with PBS as placebo.
Canertinib by oral gavage once a day for 14 consecutive days was
used as a positive control. Compared with the placebo group, 23V
exhibited a slight inhibition of tumor growth and tumor weight,
comparable to canertinib (Figs. 7b-d). Interestingly, 2V-MMAE also
exhibited a potent inhibition of JIMT-1 tumor, a tumor resistant to
T-DM1 [40].

The result also showed that 3V-MMAE had no inhibitory activity
to JIMT-1 tumor, despite a decent killing effect on tumor cells in
vitro (Figs. 4d and 7c). The change of body weight could partly
reveal the side effect of the drugs. There were no significant
differences in body weight between BsAb and ADCs, while the
mice administered with canertinib showed a significant weight
loss correspondent to drug filling (Fig. 7e). Survival curves of
different doses were drawn using tumor volume of 500 mm? as
the criteria (Fig. 7f).

DISCUSSION

Some BsADCs have been studied in preclinical and clinical
settings. The mechanism of BsADCs to enhance cytotoxicity is
likely due to the improved internalization. The cell binding of
antibodies showed that 23V-MMAE BsADC had a better binding to
JIMT-1 cell line compared to the controls 2V-MMAE and 3V-MMAE.
The results also demonstrated that BsAb had a specific targeting
to tumor cells when mixed with normal breast tissue cell MCF10A.
At the same time, 23V-MMAE BsADC kept a slightly higher
internalization than the control 2V-MMAE.

HER3 also plays essential roles in cancer pathogenesis and is a
compelling target for cancer treatment [45]. The 3V-MMAE
showed high cytotoxic activity against JIMT-1 cells in vitro.
Curiously, there was no tumor growth inhibition in JIMT-1
xenograft model. There is no marketed HER3-targeting therapy
and the clinical development of HER3-targeting therapeutics is
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Fig. 6 Tumor growth inhibition with different dosage of BsADC and combo groups in JIMT-1 xenograft model. a Schematic schedule of
tumor inoculation and treatment. Five million JIMT-1 cells/mouse were injected subcutaneously. Once tumor size reached 150 mm?, the mice
were injected i.v. with PBS (10 mL/kg) or 23V-MMAE (0.3, 1, 3 mg/kg) or the combo (2V-MMAE + 3V-MMAE) (3 mg/kg) on day 0. b Tlme course
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progressing slowly due to the lack of biomarkers [46]. The tumor
inhibitory effect of 2V-MMAE was similar to that of 23V-MMAE
BsADC, which might be due to that the tumor-bearing JIMT-1
model was a T-DM1-resistant cell line. It was necessary to further
construct a 2V-MMAE-resistant cell line for tumor growth
inhibition studies in future.

There have been many reports in literature that ADCs with
higher DAR values exhibit greater potency in vitro but are often
inferior in vivo [22, 41, 42]. Hamblett and his colleges constructed
cAC10-MMAE, which containing different drug-mAb ratios, and
found that the potent activity in vitro was shown when DAR was 8
but a high therapeutic index was demonstrated when DAR was
2-4 [22]. That might be caused by the hydrophobicity of payload,
lead to a pharmacokinetic penalty [41]. Our pharmacokinetic
results were also similar to previous reports, the 23V-MMAE BsADC
had a quick plasma clearance compared with BsAb. According to
previous reports, we designed the BsADC that had about 3 drugs
conjugating one BsAb. In order to reach the DAR of 3, an easily
oxidized cysteine residual in the hinge region was introduced by
the BAPTS bsAb production platform [24]. We also mutated the
a.a. 205 in the light chain to cysteine for site specific drug
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conjugation, which had been reported that had a 98% conjuga-
tion efficiency and high homogeneity.

The average DAR numbers analyzed by UV/Vis, HIC, and LC/MS
were slightly different. The DAR from HIC analysis was consistent
with LC/MS analysis, but slightly lower than the DAR determined
by UV/Vis. The change maybe caused by the aggregates in the
BsADC. The drug load distribution of HIC and LC/MS showed that
the majority of BsADC had three payloads, which was in line with
our design. The molecular weight of MC-vc-PAB-MMAE was
1317 Da, which would change to 1335 Da after the succinimide
hydrolysis resulting in ring-open form. Tumey and his colleges
reported that the ring-open form linker of maleimide-based ADCs
showed equivalent cytotoxicity but improved in vitro stability and
PK exposure [47]. One further research direction is to promote the
succinimide hydrolysis to improve the BsADC stability.

The immunoconjugates with cytotoxic agents, including ADCs,
immunotoxins, or radioimmunoconjugates (RICs), are designed to
enhance effectiveness of the targeted therapy. Similar to ADCs,
immunotoxins are molecules containing an antibody conjugated
with a peptidic cytotoxic drug via a linker [48, 49]. The specificity,
affinity and internalization of antibody all need to be considered
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Fig. 7 Tumor growth inhibition with BsADC and the controls in JIMT-1 xenograft model. a Schematic schedule of tumor inoculation and
treatment. Five million JIMT-1 cells/mouse were injected subcutaneously. Once tumor size reached 150 mm?, thirty mice (n = 5) were injected
i.v. with PBS (10 mL/kg), 2V-MMAE (10 mg/kg), 3V-MMAE (10 mg/kg), 23V (10 mg/kg) or 23V-MMAE (10 mg/kg) on day O and 7, and
administered canertinib by oral gavage once a day for 14 consecutive days. b JIMT-1 tumor sizes. Data were presented as measured tumor
volume from different mouse. ¢ JIMT-1 tumor sizes. d Stripping tumor weight. e Body-weight time course. f Changes in the percentages of
surviving mice over time. Survival curves were drew using tumor volume of 500 mm? as the criteria. Data were presented as Mean + SEM;
* mean compared with the placebo group, ns means no signification, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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in selecting antibodies for immunotoxins and ADCs. Based on the
immunotoxin researches in our laboratory [50, 51], the HER2/HER3
BsAb also could be applied to the construction of bispecific
immunotoxins.

In this study, we constructed a HER2 and HER3-targeting ADC,
characterized its target specificity in vitro, and evaluated its anti-
tumor activity and therapeutic potential in treating breast cancers.
We believe the bispecific ADC concept can be applied to the
development of more potent new cancer therapeutics than the
monospecific ADCs.
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