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Abstract

Two systems of antibody-drug conjugates (ADCs), noncleavable H32-DM1 and cleavable

H32-VCMMAE, were developed by using different linkers and drugs attached to the anti-

HER2 antibody H32, which is capable of cell internalization. Activated functional groups,

including an N-hydroxysuccinimidyl (NHS) ester and a maleimide, were utilized to make the

ADCs. Mass spectrometry, hydrophobic interaction chromatography, polyacrylamide gel

electrophoresis, and in vitro cell assays were performed to analyze and optimize the ADCs.

Several H32-VCMMAE ADCs were established with higher DARs and greater synthetic

yields without compromising potency. The anticancer efficacy of H32-DM1 was 2- to 8-fold

greater than that of Kadcyla®. The efficacy of H32-VCMMAE was in turn better than that of

H32-DM1. The anticancer efficacy of these ADCs against N87, SK-BR-3 and BT474 cells

was in the following order: H32-VCMMAE series > H32-DM1 series > Kadcyla®. The optimal

DAR for H32-VCMMAE was found to be 6.6, with desirable attributes including good cell

penetration, a releasable payload in cancer cells, and high potency. Our results demon-

strated the potential of H32-VCMMAE as a good ADC candidate.

Introduction

According to the World Health Organization, cancer was the second leading cause of death

globally in 2018 [1, 2]. Therefore, cancer therapy is important for the improvement of health.

Targeted therapy is a new trend in cancer treatment [3]. Antibody-drug conjugates (ADCs)

are potentially both highly specific and effective for targeted cancer therapy [4, 5]. The anti-

body portion of ADCs is preferably able to enter cancer cells, and the conjugated drug can be

released to kill the cancer cells. Currently, T-DM1 is the only commercial ADC among HER2-

targeted drugs, and is a noncleavable conjugated drug system. However, a cleavable HER2-tar-

geting ADC system has not yet been developed for clinical use.

ADCs contain antibodies, linkers, and small molecule drugs. Antibodies selectively rec-

ognize antigens preferentially expressed on or near tumor cells [6] and bind to specific
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epitopes. Potent cytotoxic drugs effectively exert their cytotoxic effects through mechanisms

such as cell signaling, cell cycle arrest, apoptosis and necrosis [7–10]. Linkers, which contain

bifunctional groups, conjugate to the antibody on one end and to the drug on the other end

[11, 12].

ADCs aim to take advantage of antibody specificity to selectively deliver potent cytotoxic

drugs to antigen-expressing cancer cells. To fully realize the goal of targeted therapy with

improved efficacy and tolerability, each component of the ADC should be optimized and vari-

ous parameters should also be considered, such as selection of an appropriate antigen target

and conjugation method [5]. Therefore, the efficacy depends on whether the combination of

these parts is well matched.

Conjugation methods are divided into two categories, the cleavable system and the nonclea-

vable system, according to the linker. The former system allows the drug to be released from

the antibody after entering the cell, but the latter cannot be separated. Commonly used linkers

are cleavable valine-citrulline (VC) [13, 14] and noncleavable N-succinimidyl 4-(maleimido-

methyl) cyclohexane-carboxylate (SMCC) [15, 16].

Currently, VC containing a maleimide group with MMAE (a potent cytotoxic drug) is clas-

sified in one class; SMCC containing an NHS-ester group with DM1 (another potent cytotoxic

drug) is classified in another class. VCMMAE is usually attached to the side chain of Cys,

whereas SMCC-DM1 is usually connected to a Lys residue of the antibody. To prepare the

ADCs, the former needs interruption of the interchain disulfide bonds, but the latter does not.

Human epidermal growth factor receptor 2 (HER2) is an important target membrane pro-

tein for cancer treatment and is a member of the EGFR family of transmembrane receptors

[17]. It is overexpressed in a broad number of cancers [18–22]. In particular, amplification and

overexpression of HER2 occurs in 25% to 30% of human breast cancer cases and is associated

with a poor prognosis [23, 24].

Several HER2-targeting therapies, such as lapatinib (a small molecule) [25], trastuzumab

[26–28], pertuzumab [29], and T-DM1 (ado-trastuzumab emtansine, Kadcyla1) [16], have

been approved for patients with HER2-positive tumors. Although monoclonal antibodies

(mAbs) are used to treat cancer patients, they need to be combined with chemotherapy,

and many other mAbs have shown insufficient clinical activity [25, 30, 31]. Therefore, sub-

stantial effort has been devoted to empowering mAbs through various modifications, such

as ADCs. To date, T-DM1 is the only clinical ADC among the HER2-targeting drugs,

which employs SMCC connected to DM1, a tubulin polymerization inhibitor, in Hercep-

tin1 [9].

Other than T-DM1, SGN-35 (brentuximab vedotin, Adcetris1), which has been

approved by the FDA, has shown pronounced clinical activity at tolerated doses. It is indi-

cated for the treatment of relapsed Hodgkin’s and systemic anaplastic large cell lymphomas

that are characterized by high expression of the target antigen CD30 on the surface of

malignant cells. SGN-35 employs VC-PABC to conjugate MMAE, a tubulin polymerization

inhibitor, with brentuximab [13, 14]. It is worth noting that T-DM1 is a member of the non-

cleavable system, but SGN-35 is a member of the cleavable ADC system, and they target dif-

ferent antigens.

In this study, we developed an anti-HER2 ADC based on the humanized mouse antibody

H32 [32]. Potent cytotoxic drugs, such as DM-1 and MMAE, were attached through cleavable

or noncleavable linkers, and the efficiency of the conjugation procedures were evaluated by

percent antibody recovery. Cytotoxic assays were performed to compare the in vitro potencies

of our ADCs to the commercially available T-DM1.
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Materials and methods

Chemicals and reagents

Ammonium sulfate, sodium phosphate, sodium chloride, tris(2-carboxyethyl) phosphine

(TCEP), N-acetylcysteine (NAC), isopropyl alcohol (IPA), dimethyl sulfoxide (DMSO),

2-mercaptoethanol (2-ME), ethylenediaminetetraacetic acid (EDTA), phosphate-buffered

saline (PBS), and TWEEN1 20 were purchased from Sigma-Aldrich. Centrifugal filter tubes

(Amicon-30 kDa) were purchased from Merck Millipore. N-Succinimidyl-4-(maleimido-

methyl) cyclohexanecarboxylate-emtansine (SMCC-DM1) was obtained from ALB Technol-

ogy. Kadcyla1 was purchased from Roche. Maleimidocaproyl-valine-citrulline-monomethyl

auristatin E (VCMMAE) was obtained from MedChem Express. Lithium dodecyl sulfate

(LDS) sample loading buffer (4X) and 12% acrylamide PAGE gel were purchased from Invitro-

gen. NUNC 96-well Maxisorb immunoplates were purchased from Thermo Fisher Scientific.

Preparation of H32-VCMMAE

H32, a new anti-HER2 antibody, was humanized from the mouse antibody, which bound to a

novel epitope on domain I of HER2/ECD and caused internalization and depletion of the

HER2 receptor on HER2-overexpressing cells [32, 33]. For humanization, the complementar-

ity-determining regions (CDRs) of the VL and VH domains were grafted into the human

germline IGKV1-NL1�01/IGHV3-23�04 framework as previously described [33, 34]. The

humanized variant was based on the oligonucleotide-directed mutagenesis procedure

described previously [35].

In brief, six phosphorylated oligonucleotides for CDR swap were annealed to a uracilated

single-stranded DNA template of V3c-HC TAA [32] at a molar ratio of 3:1 (oligonucleotide:

ssDNA) by heating the mixture at 90˚C for 2 minutes, followed by a temperature decrease of

1˚C/min to 20˚C in a thermal cycler. Subsequently, the template-primer annealing mixture

was incubated in 0.32 mM ATP, 0.8 mM dNTPs, 5 mM DTT, 600 units of T4 DNA ligase, and

75 units of T7 DNA polymerase (New England Biolabs) to prime in vitro DNA synthesis. After

overnight incubation at 20˚C, the synthesized dsDNA was transformed into Escherichia coli
ER2738 at 2500 V with an electroporator. A single colony was randomly selected and placed

into a deep 96-well culture plate, and its secreted scFvs were induced with 1 mM IPTG. After

overnight incubation at 37˚C with vigorous shaking, the cultures were centrifuged at 3000 g

for 10 minutes at 4˚C. Then, the supernatants were employed for ELISA binding assay against

the HER/ECD antigen [32, 33]. The clones with high ELISA signal intensity (OD450 > 2.0)

were picked and subjected to DNA sequencing. The resulting humanized H32 scFv was then

converted into IgG format, and its HER2/ECD binding affinity and epitope were further vali-

dated [32, 33].

Preparation of H32-MCC-DM1 (H32-DM1)

DM1 with SMCC was conjugated to the H32 monoclonal antibody to form H32-MCC-DM1

(H32-DM1) by amide bond coupling through the activated NHS ester. The pH 7.25 conjuga-

tion buffer containing 100 mM sodium phosphate and 150 mM sodium chloride was first pre-

pared to make an appropriate environment for the synthesis. The concentration of H32

antibody was adjusted to 13.5 nmol/ml (2 mg/mL, 1mL) by dilution with the conjugation

buffer. SMCC-DM1 (217.2 μg, 202.5 nmol, 15 equiv) was dissolved in DMSO (21.72 μL) and

added to the stock H32 stock solution (2 mg, 13.5 nmol, 1 equiv). The mixture was incubated

at 32˚C for 2, 4, 6 and 24 hours to afford different DAR and drug distributions. Unreacted

SMCC-DM1 and side products (N-hydroxysuccinimide) were removed by ultrafiltration
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(Amicon-30 kDa). The H32-DM1 series products were stored at 4˚C for later analysis and

application.

Preparation of H32-VCMMAE

MMAE with maleimide-modified VC was conjugated to the H32 monoclonal antibody by

Michael addition to form H32-VCMMAE. The pH 7.5 conjugation buffer solution contained

50 mM sodium phosphate, 50 mM sodium chloride and 2 mM EDTA. The H32 stock solution

was diluted to a concentration of 13.5 μM (2 mg/mL) with conjugation buffer. The disulfide

bridges were then reduced with various molar equivalents of TCEP (1.8-fold, 5.4-fold or

10.8-fold) at 30˚C for 2 hours to afford different numbers of available sulfhydryl groups on the

antibody molecule.

The reduced antibody was then conjugated with 5.4, 10.8, or 21.6 equivalents of VCMMAE

(with respect to the molarity of whole antibody molecules) dissolved in DMSO at 30˚C to

afford a range of different DARs. The reactions were allowed to proceed for 1.5, 3, or 20 hours.

Upon completion, N-acetylcysteine (NAC) was employed to quench the reaction, and the

unreacted VCMMAE and side products were removed by ultrafiltration using Amicon-30

kDa. The resulting H32-VCMMAE ADCs were stored at 4˚C for later analysis and

application.

ESI-Q-TOF MS analysis

The ADC sample was diluted to a concentration of 0.1 mg/ml with 0.1% formic acid for intact

mass analysis. For monoclonal intact antibody analysis, separation was performed using a

Waters UPLC System on a Waters ACQUITY UPLC column (Waters, C4 BEH300, 1.7 μm,

2.1 mm × 50 mm) coupled with a TripleTOF™ 5600 System. The mobile phase consisted of sol-

vent A: 0.1% aqueous formic acid (FA) and solvent B: acetonitrile (ACN) with 0.1% formic

acid. The optimal flow rate and column temperature were determined experimentally to be

200 μl/min and 80˚C. The determination of the intact mass, including spectral deconvolution

and mass reconstruction, was performed by BioPharmaView™ software.

Analysis of DAR distribution by hydrophobic interaction chromatography

The DAR distributions of the ADCs were analyzed by hydrophobic interaction chromatogra-

phy (HIC) with a TSKgel Butyl-NPR column (2.5 μm particles and 4.6 mm ID × 3.5 cm, Tosoh

Bioscience, Montgomeryville, PA).

Mobile phase A, an aqueous solution of 1.8 M ammonium sulfate and 25 mM sodium phos-

phate at pH 7, and mobile phase B, a mixture of 75% (v/v) 25 mM sodium phosphate aqueous

solution at pH 7 and 25% (v/v) isopropyl alcohol, were used to elute the samples. A linear gra-

dient from 100% mobile phase A to 100% mobile phase B over 12 minutes at a flow rate of 1

mL/min was employed to elute the samples. The temperature was set at 25˚C. Peaks were

monitored by their absorbance at 248 nm.

Finally, the drug-to-antibody ratio (DAR) of the samples was calculated by

DAR ¼
X

n� An=
X

An ð1Þ

where n denotes the number of drugs attached to the antibody (DAR species) and An denotes

the area under each DAR species peak cluster.
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Quantification and recovery (%) of the proteins

The protein contents of the samples were quantified by the standard Bradford method (Bio-

Rad protein assay kit). BSA was employed to construct a calibration curve. The percent anti-

body recovery after the conjugation and clean-up procedures was defined as:

Recovery ð%Þ ¼WC=WH32 � 100% ð2Þ

where WH32 and WC are the weights of H32 and the conjugated product, respectively.

LDS-PAGE analysis of ADCs

Both reducing and nonreducing LDS-PAGE were conducted for H32, H32-DM1, and

H32-VCMMAE. Lithium dodecyl sulfate (LDS) sample loading buffer (4X) and 1X working

solution containing 106 mM Tris HCl, 141 mM Tris base, 2% LDS, 10% glycerol, 0.51 mM

EDTA, 0.22 mM G250 Coomassie Blue, 0.175 mM phenol red, pH 8.5 with and without

2-mercaptoethanol (2-ME) were employed to prepare the samples. Samples (approximately

4 μg of protein per sample) were denatured at 95˚C for 15 minutes. The mixtures were loaded

on a 12% acrylamide PAGE gel for separation at 150 V/160 mA for approximately 1 hour.

After electrophoresis, the gels were stained with InstantBlue™ solution (Bio-Rad, Hercules,

CA, USA). The gels were then destained overnight in ultrapure water. Gel images were cap-

tured by an HP Scanjet 8300.

Binding affinities of the ADCs determined by ELISA

The half-maximal effective concentrations (EC50 values) of H32, H32-DM1, and

H32-VCMMAE were determined by titrations of IgG antibodies on immobilized HER2/ECD

with ELISA. In brief, the HER2/ECD antigen (0.3 μg per well) in PBS buffer (pH 7.4) was

coated on NUNC 96-well Maxisorb immunoplates for 16 hours at 4˚C and then blocked with

5% skim milk in PBST (phosphate-buffered saline with Tween-20) for 1 hour. In the mean-

time, samples in PBST with 5% milk were prepared at 11 concentrations by performing two-

fold serial dilutions.

After blocking, 100 μl of each diluted sample was added to each well and incubated for 1

hour with gentle shaking. The plate was washed 4 times with 300 μl of PBST, and then 100 μl

of horseradish peroxidase/anti-human IgG antibody conjugate (2000× dilution) in PBST with

5% milk was added for incubation for 1 hour at room temperature. After washing 4 times with

PBST buffer and twice with PBS, the samples were treated with 3,3’,5,5’-tetramethylbenzidine

peroxidase substrate for 3 minutes, quenched with 1.0 M HCl and measured at 450 nm by an

ELISA reader. The EC50 (ng/ml) was calculated by ED50 Plus v1.0 software.

IC50 determination from the cytotoxicity assay

N87, SK-BR-3, and BT474 cells were obtained from the American Type Culture Collection

(ATCC). N87 and SK-BR-3 cells were cultured in RPMI 1640 (Gibco) with 10% fetal bovine

serum (Gibco) and penicillin-streptomycin (100×; Gibco). BT474 cells were cultured in

hybrid-Care medium (ATCC) with 10% fetal bovine serum (Gibco) and penicillin/streptomy-

cin/glutamine (100×; Gibco). Approximately 104 cells were seeded in 96-well plates for each

well.

To determine the IC50 values of the ADCs (both the H32-DM1 and H32-VCMMAE series),

different concentrations of each conjugate was directly added to the culture medium. After the

mixture was incubated at 37˚C for 16 hours, the culture medium was replaced with fresh

medium. For the H32 control, the same treatment procedure as that of the ADCs was followed.
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The 16 hours short pulse of ADCs and then 3 day’s culture focused on cytotoxicity through

ADCs-mediated endocytosis and minimize cytotoxicity through non-specific pinocytosis of

ADCs by cancer cells [36]. After the cells were cultured for 3 days at 37˚C, the number of viable

cells was quantified by using the WST-1 (Roche) reagent, and the absorbance was measured at

OD450. The percentage of cell viability was calculated by

Cell viability ð%Þ ¼ ½TOD450 nm=
COD450 nm� � 100% ð3Þ

where T are the cells treated with H32, H32-DM1, and H32-VCMMAE and C is the untreated

control cells. The IC50 value (nM) was calculated by ED50 Plus v1.0 software.

Flow cytometry

Gastric cancer cell line N87, breast cancer cell line SKBR-3 and BT474 cells (3×105) were sus-

pended in 96-well plates and stained with 1 μg/mL anti-HER2 H32 IgG1 and the same concen-

tration of control antibody. After staining, the cells were washed twice with PBS and then

incubated with Alexa Fluor 633-labeled antibody against human IgG (Invitrogen) for 30 min-

utes at 4˚C. The fluorescence intensity was analyzed using a BD FACS Canto II (BD

Biosciences).

Results

Preparation of H32-DM1 and H32-VCMMAE ADCs

In this study, antibody drug conjugates (ADCs) with different properties were prepared by dif-

ferent conjugation chemistry. We focused on the HER2 antigen target and investigated the

two ADC systems, including a noncleavable H32-DM1 ADC and a cleavable H32-VCMMAE

ADC, to compare different effects, such as recovery, DAR and cytotoxicity. DM1 and

VCMMAE are covalently bound to a Lys residue by amide coupling through an activated ester

and Michael addition through a Cys residue of H32 to form H32-DM1 (Fig 1a) and

H32-VCMMAE (Fig 1b) as the ADCs, respectively.

Characterization of the DAR and drug distribution of various ADCs

The selection of the most appropriate method for a specific ADC is dependent on the proper-

ties of the linker, the properties of the drug and the choice of attachment site [37]. To analyze

the properties of H32-DM1 and H32-VCMMAE, ESI-Q-TOF MS and HIC-HPLC methods

were employed. Our data show that the former method is suitable for H32-DM1, and the latter

method is suitable for H32-VCMMAE to analyze the DAR and drug distribution.

ESI-Q-TOF MS analysis

ESI-Q-TOF MS was employed to analyze H32-DM1 conjugated with different DARs and drug

distributions. Fig 2a and 2b show that after reaction for 2 hours or 4 hours, the significant load-

ing distributions of DM1 in H32 were 1, 2, 3, and 4 with average DARs of 3.0 (denoted

H32-DM1_3.0) and 3.3 (denoted H32-DM1_3.3), respectively. Likewise, Fig 2c and 2d show

that after reaction for 6 hours or 24 hours, the main distribution of DM1 in H32 shifted to 2, 3,

4, and 5 with average DARs of 3.7 (H32-DM1_3.7) and 3.8 (H32-DM1_3.8), respectively.

The results show that the average DAR increases as the reaction time increases. However,

there is no significant difference in the average DAR between the 6-hour and 24-hour reac-

tions, suggesting a saturation effect. When the DAR was above 3.7, the available active sites of

H32 could have almost all been conjugated to DM1, so that the average DAR cannot be signifi-

cantly further increased, despite the reaction time being increased from 6 hours to 24 hours.
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Fig 2. Representative ESI-Q-TOF MS spectra of the H32-DM1 series. (a) DAR 3.0 and (b) DAR 3.3, the main distributed

payloads of which were 1, 2, 3, and 4; (c) DAR 3.7 and (d) DAR 3.8, the main distributed payloads of which were 2, 3, 4, and 5.

https://doi.org/10.1371/journal.pone.0239813.g002

Fig 1. Illustration of (a) H32-DM1 and (b) H32-VCMMAE preparations. SMCC-DM1 and VCMMAE were conjugated to H32 by an SN2 reaction

and Michael addition to form H32-DM1 and H32-VCMMAE, respectively.

https://doi.org/10.1371/journal.pone.0239813.g001
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HIC-HPLC analysis

H32-VCMMAE conjugated with different DARs was analyzed by HIC-HPLC. This ADC was

constructed by reducing the four interchain disulfide bonds of H32 and possessed a different

distribution of drug payloads, such as 2, 4, 6 and 8, as shown in Fig 3. Unconjugated H32

eluted at 5.22 minutes (Fig 3a) as a single peak. In Fig 3b, the absorbance profile of VCMMAE-

conjugated H32 exhibits several well-resolved peaks with different retention times at 5.25,

6.70, 8.12 and 9.37 minutes, which indicate that the drug payloads of H32-VCMMAE are 0, 2,

4 and 6.

Fig 3. Representative HIC-HPLC chromatograms of the H32-VCMMAE series. (a, c) H32 and (b, d, e, f) H32-VCMMAE with

different drug to antibody ratios (DARs) and drug distributions. (b) DAR 2.1, the main distributed payload of which was 2 against

(a); (d) DAR 3.2 and (e) DAR 3.8, the main distributed payloads of which were 2 and 4 against (c); (f) DAR 6.6, the main

distributed payloads of which were 4, 6 and 8 against (c).

https://doi.org/10.1371/journal.pone.0239813.g003
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In addition, the major drug payload of VCMMAE in H32 is 2, with an average DAR of 2.1

(denoted H32-VCMMAE_2.1) (Fig 3b). H32-VCMMAE_2.1 was prepared by Michael addi-

tion in which H32 reacted with 5.4 equivalents of VCMMAE for 20 hours after the interchain

disulfide bonds of H32 were reduced by TCEP (1.8-fold) for 2 hours.

In Fig 3d and 3e, the absorbance profile of various VCMMAE-conjugated H32 molecules

also exhibited well-resolved peaks with different retention times at 4.6, 6.1, 7.6, 8.9 and 9.8

minutes, which indicated that the drug payloads of H32-VCMMAE were 0, 2, 4, 6 and 8 in

H32 (Fig 3c). The major drug payloads of VCMMAE in H32 were 2 and 4, with average DARs

of 3.2 (denoted H32-VCMMAE_3.2) (Fig 3d) and 3.8 (denoted H32-VCMMAE_3.8) (Fig 3e).

In Fig 3f, the absorbance profile of VCMMAE-conjugated H32 displays well-resolved peaks

shifted toward higher retention times, suggesting drug payloads of 0, 2, 4, 6 and 8 against H32

(Fig 3f). The average DAR was 6.6 (denoted H32-VCMMAE_6.6). The results indicate that

H32 could completely react with VCMMAE, with a significantly increased DAR.

Quantification of protein recovery after conjugation

The recovery rate indicates whether the precipitation of the antibody in different reaction pro-

cesses is prone to take place or not. In our studies, the recovery rates of various H32-DM1

ADCs were approximately 60% to 70%, but H32-VCMMAE_3.2, H32-VCMMAE_3.8, and

H32-VCMMAE_6.6 were approximately 90%, as shown in Table 1.

In the H32-DM1 reaction process, although H32 was subjected to different reaction times

from two hours to 24 hours, their precipitation showed no significant differences. In the prepa-

ration of H32-VCMMAE, H32 precipitated to a greater extent. However, the problem of pre-

cipitation can be overcome by shortening the conjugation reaction time.

LDS-PAGE assay

Antibodies are composed of two heavy chains and two light chains linked by four disulfide

bonds. The difference in the molecular weight of H32 before and after conjugation with the

small cytotoxic agent are displayed in Fig 4.

Fig 4a and 4b show the LDS-PAGE images of trastuzumab, H32, Kadcyla1, and

H32-DM1_3.8. When samples were mixed with LDS loading buffer and placed at 25˚C before

running the gel, the main band was at ~150 kDa (Fig 4a). The results indicated that the anti-

bodies were intact with two heavy chains and two light chains. Furthermore, their molecular

weights were in the order of Kadcyla1> Trastuzumab and H32-DM1_3.8 > H32, which sup-

ported that the antibodies conjugated with DM1 successfully. As the samples were mixed with

LDS loading buffer and heated to 95˚C before running the gel, the bands showed six molecular

weights at approximately 25, 50, 75, 100, 125 and 150 kDa (Fig 4b). These results suggested

that some antibodies were no longer folded properly due to heating. It is worth noting that the

Table 1. Recovery (%) of the H32-DM1 series and H32-VCMMAE series.

ADC_DAR Wc (mg) Recovery (%) ADC_DAR Wc (mg) Recovery (%)

H32-DM1_3.0 1.41 70.67 �H32-VCMMAE_2.1 1.06 52.99

H32-DM1_3.3 1.26 62.82 H32-VCMMAE_3.2 1.83 91.65

H32-DM1_3.7 1.50 74.90 H32-VCMMAE_3.8 1.82 90.80

H32-DM1_3.8 1.39 69.46 H32-VCMMAE_6.6 1.81 90.45

WC is the weight of the conjugated product.

�The reaction time was controlled for 20 hours when VCMMAE (5.4 equivalents) conjugated to H32 had been reduced by TCEP (1.8-fold) for 2 hours.

https://doi.org/10.1371/journal.pone.0239813.t001
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3D structure of an antibody requires not only disulfide bonds but also noncovalent bonds such

as hydrogen bonds and hydrophobic bonds.

Fig 4c shows images of H32-VCMMAE under nonreducing and reducing conditions. The

nonreducing part displayed two main bands at 25 kDa and 50 kDa and four other light bands,

which suggested that some disulfide bonds of the antibody were slightly reduced in the

H32-VCMMAE reaction process. When the 2-ME samples were mixed with LDS loading

buffer and heated to 95˚C before running the gel, two single bands (heavy and light chains)

were observed. The images also show that the molecular weights increased with increasing

DAR.

Antigen binding affinities of H32, H32-DM1 and H32-VCMMAE

The binding affinities (EC50 values) of conjugated H32 with the small cytotoxic agent before

and after conjugation were compared. The EC50 values and the graded dose-response curves

were calculated as shown in Table 2 and S1 Fig. The EC50 value of H32 is approximately

1.944 ± 0.095 ng/ml, indicating good affinity. The EC50 values of H32-DM1_3.0,

Fig 4. LDS-PAGE images of trastuzumab, H32, Kadcyla1, H32-DM1_3.8 and H32-VCMMAE. (a) Samples were mixed with LDS loading buffer and placed at

25˚C for 15 minutes. (b, c) The samples were mixed with LDS loading buffer and heated at 95˚C for 15 minutes.

https://doi.org/10.1371/journal.pone.0239813.g004

Table 2. EC50 values of the H32-DM1 series and H32-VCMMAE series.

ADC_DAR EC50 (ng/ml) SD (n = 4) ADC_DAR EC50 (ng/ml) SD (n = 3)

H32 1.944 0.095 H32 1.308 0.032

H32-DM1_3.0 4.294 0.429 H32-VCMMAE_2.1 1.426 0.572

H32-DM1_3.3 4.121 0.496 H32-VCMMAE_3.2 2.018 0.710

H32-DM1_3.7 4.477 0.162 H32-VCMMAE_3.8 1.951 0.520

H32-DM1_3.8 3.690 0.349 H32-VCMMAE_6.6 3.829 0.897

The values were calculated as described in the Materials and Methods section.

https://doi.org/10.1371/journal.pone.0239813.t002

PLOS ONE Development of new anti-HER2 antibody-drug conjugates

PLOS ONE | https://doi.org/10.1371/journal.pone.0239813 September 28, 2020 10 / 15

https://doi.org/10.1371/journal.pone.0239813.g004
https://doi.org/10.1371/journal.pone.0239813.t002
https://doi.org/10.1371/journal.pone.0239813


H32-DM1_3.3, H32-DM1_3.7 and H32-DM1_3.8 were approximately 4.294 ± 0.429 ng/ml,

4.121 ± 0.496 ng/ml, 4.477 ± 0.162 ng/ml and 3.69 ± 0.349 ng/ml, respectively, which indicates

no significant difference among their binding affinities.

These EC50 values were slightly higher than that of H32, which suggested that their binding

affinities decreased slightly when H32 was conjugated to DM1. The EC50 values of

H32-VCMMAE_2.1, H32-VCMMAE_3.2, H32-VCMMAE_3.8 and H32-VCMMAE_6.6 were

approximately 1.426 ± 0.572 ng/ml, 2.018 ± 0.710 ng/ml, 1.951 ± 0.520 ng/ml and

3.829 ± 0.897 ng/ml, respectively, which indicates that their binding affinities are similar,

except for H32-VCMMAE_6.6.

The above results suggest that the overall antibody structure was not affected to a significant

degree, so those ADCs still bind to the HER2 antigen effectively.

H32, H32-DM1, and H32-VCMMAE cell viability assays

HER2 has become an increasingly important prognostic and predictive factor in breast cancer

[38], and it is a new prognostic factor and a novel therapeutic target in gastric cancer [39]. In

this study, two human breast cancer cell lines, SK-BR-3 and BT474, with high expression levels

of the HER2 protein, and a gastric cancer cell line, N87, also overexpressing the HER2 antigen,

were employed. To show the optimized combination of the ADC components, the IC50 (half

maximal inhibitory concentration) was measured to determine their efficacies. The IC50 values

and the graded dose cytotoxicity curve were calculated as shown in Table 3 and S2 Fig.

The relative viabilities of N87 cells treated with H32-DM1 and H32-VCMMAE were lower

than that of Kadcyla1; in other words, their efficacy to kill cancer cells is higher than that of

Kadcyla1. However, H32 alone had no efficacy in this experiment (S2a and S2b Fig). In the

H32-DM1 and H32-VCMMAE series, the IC50 values were approximately 0.6 ~ 0.9 nM and

0.5 ~ 0.8 nM, respectively, with cytotoxicities twice that of Kadcyla1. Among the series,

H32-VCMMAE_6.6 had the best cytotoxicity, with an IC50 value of 0.50 ± 0.04 nM (Table 3).

The relative viabilities of SK-BR-3 and BT474 cells for both the H32-DM1 and

H32-VCMMAE series were lower than that of Kadcyla1 (S2c, S2d, S2e and S2f Fig). In

SK-BR-3 cells, the IC50 values of the H32-DM1 series were approximately 0.05 ~ 0.08 nM,

indicating that their cytotoxicity efficacy is approximately 3 ~ 5 times better than that of Kad-

cyla1. For the H32-VCMMAE series, their IC50 values were approximately 0.03 ~ 0.07 nM.

Table 3. IC50 values of the H32-DM1 series and H32-VCMMAE series.

N87 SK-BR-3 BT474

ADC_DAR IC50 (nM) ± SD (n = 3)

H32 — — —

H32-DM1_3.0 0.84 ± 0.15 0.08 ± 0.01 0.77 ± 0.15

H32-DM1_3.3 0.65 ±0.04 0.05 ± 0.02 0.65 ± 0.05

H32-DM1_3.7 0.75 ± 0.06 0.06 ± 0.04 0.79 ± 0.24

H32-DM1_3.8 0.76 ± 0.15 0.05 ± 0.05 0.54 ± 0.07

Kadcyla 1.57 ± 0.10 0.24 ± 0.12 5.89 ± 3.51

H32 — — —

H32-VCMMAE_2.1 0.78 ± 0.02 0.07 ± 0.01 0.11 ± 0.02

H32-VCMMAE_3.2 0.10 ± 0.21 0.05 ± 0.01 0.08 ± 0.02

H32-VCMMAE_3.8 0.62 ± 0.08 0.04 ± 0.00 0.06 ± 0.01

H32-VCMMAE_6.6 0.50 ± 0.04 0.03 ± 0.01 0.02 ± 0.00

Samples were incubated with N87, SK-BR-3 and BT474 cells. The values were calculated as described in the Materials and Methods section.

https://doi.org/10.1371/journal.pone.0239813.t003
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Among them, the efficacy of H32-VCMMAE_6.6 was the cancer cell killer; its IC50 value was

0.03 ± 0.01 nM.

In BT474 cells, the IC50 values of the H32-DM1 series were approximately 0.5 to 0.8 nM,

which is approximately 8 to 10 times lower than that of Kadcyla1. The IC50 values of the

H32-VCMMAE series were approximately 0.02 ~ 0.1 nM. Among them, H32-VCMMAE_6.6

is again the best, with an IC50 value of 0.02 ± 0.00 nM. Overall, their cytotoxicity was in the

order of H32-VCMMAE series > H32-DM1 series > Kadcyla1.

Discussion

Most of the ADCs currently on the market and in clinical development carry tubulin polymer-

ization inhibitors such as T-DM1 and SGN-35 [40]. T-DM1- and SGN-35-containing maytan-

sinoids and auristatins have displayed a good therapeutic index [13–16]. The optimized

combination of ADCs could be an important factor for the development of ADCs and their

anticancer performance.

In this regard, we employed H32 as a new antibody carrier to develop an optimal anti-

HER2 ADC. A maytansinoid (DMI) and an auristatin (VCMMAE) were conjugated to H32.

Amide bond formation through an activated ester and Michael addition were employed in var-

ious conditions to create a series of noncleavable H32-DM1 ADCs and cleavable

H32-VCMMAE ADCs.

Cytotoxicity efficacy (see the IC50 values in Table 3) measures the cancer cell killing activity.

Although the N87, SK-BR-3, and BT-474 cells are all HER2-overexpressing cell lines, their ori-

gins and properties are different. N87 cells, a gastric carcinoma cell line, are derived from the

liver (metastatic site). SK-BR-3 cells, an adenocarcinoma (mammary gland/breast cancer) cell

line, are derived from a pleural effusion (metastatic site). BT-474 cells are derived from solids,

the primary origin of the cells [41]. In addition, HER2 expression at the cell surface level was

in the order of BT-474> SK-BR-3 according to the research results of Kute et al. [42]. In our

study, the expression levels of HER2 were in the similar order of BT-474> N87 > SK-BR-3 as

analyzed by flow cytometry and shown in S3 Fig. It should be noted, however, that the suscep-

tibility of cancer cells to HER2-targeting ADCs is not solely determined by the expression level

of HER2 on the cell surface. Factors such as the rate of internalization and the efficiency of

payload release also impact the potencies of ADCs. Our results of BT474 being less susceptible

to the HER2-targeting ADC than SK-BR-3 were consistent with the literature [43]. Although

H32 alone displays no cancer cell killing activity, H32 is an excellent carrier for developing

ADCs because it has a superb cell penetrating properties. In our study, the cytotoxicity effica-

cies of ADCs against N87, SK-BR-3 and BT474 cells were in the order of H32-VCMMAE

series > H32-DM1 series > Kadcyla1. The results indicate that in addition to DAR, optimiz-

ing the combination of ADC components is also crucial for killing cancer cells. We conclude

that the optimized combination ADC was H32-VCMMAE_6.6.

Supporting information

S1 Fig. Antigen binding affinities of H32, H32-DM1 and H32-VCMMAE. EC50 values of

the graded dose-response curve of (a) H32-DM1 and (b) H32-VCMMAE with various DARs.

(TIF)

S2 Fig. The cancer cell killing activities of H32, H32-DM1, and H32-VCMMAE. IC50 values

of the graded dose-response curve of (a, c, e) H32-DM1 and (b, d, f) H32-VCMMAE with vari-

ous DARs. To assay the cancer cell killing activity of both series, the ADCs were incubated
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with various cancer cells, including (a, b) N87, (c, d) SK-BR-3 and (e, f) BT474.

(TIF)

S3 Fig. HER2 expression varies among three different cancer cell lines. Binding of H32 to

(A) gastric cancer cell line N87, (B) breast cancer cell line SKBR-3, and (C) breast cancer cell

line BT474 was detected by immunofluorescent staining and flow cytometry. The histogram

shows the florescence intensity of the cell only (black line), control IgG1 binding (blue line),

and H32 binding (red line). The integrated values of H32 binding suggest that HER2 is

expressed in the abundance order of BT474>N87>SKBR-3.

(TIF)

S1 Raw Images.

(PDF)

Acknowledgments

We are thankful to the Development Center for Biotechnology (DCB) for technical support

and assistance.

Author Contributions

Data curation: Zu-Chian Chiang, Yi-Kai Chiu, Yueh-Liang Tsou, Tzung-Jie Yang, Andrew H.

-J. Wang.

Formal analysis: Zu-Chian Chiang.

Investigation: Zu-Chian Chiang.

Resources: Cheng-Chung Lee, Hong-Sen Chen, Horng-Ru Hsu.

Validation: An-Suei Yang.

Writing – original draft: Zu-Chian Chiang.

Writing – review & editing: Nai-Shu Hsu, Andrew H. -J. Wang.

References
1. Reboux G. Cancer fact sheets. World Health Organization. 2018 (www.who.int/news-room/fact-sheets/

detail/cancer).

2. Global, regional, and national comparative risk assessment of 79 behavioural, environmental and occu-

pational, and metabolic risks or clusters of risks, 1990–2015: a systematic analysis for the Global Bur-

den of Disease Study 2015. Lancet. 2016; 388, 1659–1724. https://doi.org/10.1016/S0140-6736(16)

31679-8 PMID: 27733284

3. Diamantisl N, Banerji U. Antibody-drug conjugates: an emerging class of cancer treatment. Br J Cancer.

2016; 114:362–367. https://doi.org/10.1038/bjc.2015.435 PMID: 26742008

4. Perez HL, Cardarelli PM, Deshpande S, Gangwar S, Schroeder GM, Vite GD, et al. Antibody-drug con-

jugates: current status and future directions. Drug Discov Today. 2014; 9:869–881. https://doi.org/10.

1016/j.drudis.2013.11.004 PMID: 24239727

5. Reichert JM, Rosensweig CJ, Faden LB, Dewitz MC. Monoclonal antibody successes in the clinic. Nat

Biotechnol 2005; 23:1073–1078. https://doi.org/10.1038/nbt0905-1073 PMID: 16151394

6. Chari RV, Martell BA, Gross JL, Cook SB, Shah SA, Blättler WA, et al. Immunoconjugates containing

novel maytansinoids: promising anticancer drugs. Cancer Res. 1992; 52:127–131. PMID: 1727373

7. Hamblett KJ, Senter PD, Chace DF, Sun MM, Lenox J, Cerveny CG, et al. Effects of drug loading on

the antitumor activity of a monoclonal antibody drug conjugate. Clin Cancer Res. 2004; 10:7063–7070.

https://doi.org/10.1158/1078-0432.CCR-04-0789 PMID: 15501986

PLOS ONE Development of new anti-HER2 antibody-drug conjugates

PLOS ONE | https://doi.org/10.1371/journal.pone.0239813 September 28, 2020 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239813.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239813.s004
http://www.who.int/news-room/fact-sheets/detail/cancer
http://www.who.int/news-room/fact-sheets/detail/cancer
https://doi.org/10.1016/S0140-6736(16)31679-8
https://doi.org/10.1016/S0140-6736(16)31679-8
http://www.ncbi.nlm.nih.gov/pubmed/27733284
https://doi.org/10.1038/bjc.2015.435
http://www.ncbi.nlm.nih.gov/pubmed/26742008
https://doi.org/10.1016/j.drudis.2013.11.004
https://doi.org/10.1016/j.drudis.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24239727
https://doi.org/10.1038/nbt0905-1073
http://www.ncbi.nlm.nih.gov/pubmed/16151394
http://www.ncbi.nlm.nih.gov/pubmed/1727373
https://doi.org/10.1158/1078-0432.CCR-04-0789
http://www.ncbi.nlm.nih.gov/pubmed/15501986
https://doi.org/10.1371/journal.pone.0239813


8. Lewis Phillips GD, Li G, Dugger DL, Crocker LM, Parsons KL, Mai E, et al. Targeting HER2-positive

breast cancer with trastuzumab-DM1, an antibody-cytotoxic drug conjugate. Cancer Res. 2008;

68:9280–9290. https://doi.org/10.1158/0008-5472.CAN-08-1776 PMID: 19010901

9. Klute K, Nackos E, Tasaki S, Nguyen DP, Bander NH, Tagawa ST. Microtubule inhibitor-based anti-

body-drug conjugates for cancer therapy. Onco Targets Ther. 2014; 7:2227–2236. https://doi.org/10.

2147/OTT.S46887 PMID: 25506226

10. Ducry L, Stump B. Antibody-drug conjugates: linking cytotoxic payloads to monoclonal antibodies. Bio-

conjug Chem. 2010; 21:5–13. https://doi.org/10.1021/bc9002019 PMID: 19769391

11. Wagner-Rousset E, Janin-Bussat MC, Colas O, Excoffier M, Ayoub D, Haeuw JF, et al. Antibody-drug

conjugate model fast characterization by LC-MS following IdeS proteolytic digestion. mAbs. 2014;

6:173–184. https://doi.org/10.4161/mabs.26773 PMID: 24135617

12. Younes A, Bartlett NL, Leonard JP, Kennedy DA, Lynch CM, Sievers EL, et al. Brentuximab vedotin

(SGN-35) for relapsed CD30-positive lymphomas. N Engl J Med. 2010; 363: 1812–1821. https://doi.

org/10.1056/NEJMoa1002965 PMID: 21047225

13. Senter P, Sievers EL. The discovery and development of brentuximab vedotin for use in relapsed Hodg-

kin lymphoma and systemic anaplastic large cell lymphoma. Nat Biotechnol. 2012; 30:631–637. https://

doi.org/10.1038/nbt.2289 PMID: 22781692

14. LoRusso PM, Weiss D, Guardino E, Girish S, Sliwkowski MX. Trastuzumab emtansine: a unique anti-

body-drug conjugate in development for human epidermal growth factor receptor 2-positive cancer. Clin

Cancer Res. 2011; 17: 6437–6447. https://doi.org/10.1158/1078-0432.CCR-11-0762 PMID: 22003071

15. Verma S, Miles D, Gianni L, Krop IE, Welslau M, Baselga J, et al. Trastuzumab emtansine for HER2-

positive advanced breast cancer. N Engl J Med. 2012; 367:1783–1791. https://doi.org/10.1056/

NEJMoa1209124 PMID: 23020162

16. Coussens L, Yang-Feng TL, Liao YC, Chen E, Gray A, McGrath J, et al. Tyrosine kinase receptor with

extensive homology to EGF receptor shares chromosomal location with neu oncogene. Science. 1985;

230:1132–1139. https://doi.org/10.1126/science.2999974 PMID: 2999974

17. Yan M, Parker BA, Schwab R, Kurzrock R. HER2 aberrations in cancer: implications for therapy. Can-

cer Treat Rev. 2014; 40:770–780. https://doi.org/10.1016/j.ctrv.2014.02.008 PMID: 24656976

18. Yan M, Schwaederle M, Arguello D, Millis SZ, Gatalica Z, Kurzrock R. HER2 expression status in

diverse cancers: review of results from 37,992 patients. Cancer Metastasis Rev. 2015; 34:157–164.

https://doi.org/10.1007/s10555-015-9552-6 PMID: 25712293
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