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Purpose: Antibody-drug conjugates (ADCs) have emerged as a potent cancer therapeutic option in recent years. DP303c is a HER2-
targeting ADC with a cleavable linker-MMAE payload. The current study aimed to evaluate the therapeutic potentials of DP303c
in vitro as well as in vivo.
Materials and Methods: Size exclusion chromatography (SEC), reverse-phase high-performance liquid chromatography (RP-
HPLC), and liquid chromatography-tandem mass spectrometry (LC-MS/MS) were used to analyze the physicochemical characteriza-
tion of DP303c. An enzyme-linked immunosorbent assay (ELISA), a cell-based assay, and bio-layer interferometry (BLI) were used
to evaluate DP303c’s affinity with HER2 and Fc receptors. A confocal laser scanning microscopy was used to observe the
internalization of DP303c. Antibody-dependent cell-mediated cytotoxicity (ADCC) and cytotoxicity assays were used to investigate
the activity of DP303c in vitro. The antitumor activity of DP303c was assessed in vivo in the HER2-positive cell-derived xenograft
model.
Results: DP303c was a site-specific anti-HER2 antibody-drug conjugate with a monomethyl auristatin E (MMAE) with an average
drug-to-antibody ratio (DAR) of 2.0. DP303c showed a high affinity with HER2 and could be effectively internalized. In vitro and
in vivo, DP303c showed stronger antitumor activity as compared to trastuzumab-DM1 (T-DM1) in a series of HER2-positive cancer
cells and cell-derived xenograft (CDX) models, especially in the lower HER2-expressing cells. DP303c also exhibited high serum
stability and a good PK profile.
Conclusion: DP303c was a steady and homogenous DAR 2 ADC that was predicted to deliver MMAE inhibitor to tumor cells.
DP303c demonstrated remarkable anticancer efficacy against T-DM1 in xenograft models. DP303c was a strong candidate for the
treatment of patients with HER2-positive cancer.
Keywords: antibody-drug conjugates, ADCs, site-specific conjugation, engineered microbial transglutaminase, monomethyl auristatin E

Introduction
Antibody-drug conjugates (ADCs) have been studied for decades as a promising cancer treatment. As compared to conven-
tional chemotherapy, ADCs have a larger therapeutic window because of their ability to target antigen-expressing tumor cells.1

As ADC drug development technology continues to evolve, several ADC drugs are being introduced to the market. FDA
approved a total of 11 ADC drugs until now, including brentuximab Adcetris, T-DM1, POLIVY, Besponsa, Mylotarg,
Lumoxiti, Enhertu, Padcev, Trodelvy, Blenrep, and Akalux.2–8 However, the majority of them are used in linker-payload
systems like T-DM1 or Adcetris, which have resulted in dose-limiting toxicities in several human trials.9 Given these
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circumstances, an advancement in linker-payload systems would be desirable to produce next-generation ADCs with a higher
safety profile.

ADC is composed of a small molecule cytotoxic drug coupled to a tumor-specific monoclonal antibody (mAb)
through a cleavable or non-cleavable linker. The mechanism of ADCs relies on the binding of antibodies to specific
antigens expressed on the surface of tumor cells. The specificity is provided by the mAb portion, which targets cell
surface receptors expressed on tumor cells. After the binding of ADC to the cell surface receptor, the antigen/ADC
complex is then endocytosed into the cell, where the toxin is released to kill the cancer cells.10

The third generation ADC technology is currently under development. In first-generation ADCs, drug linker
conjugation to surface-exposed lysine or cysteine residues was random and uncontrolled, leading to heterogeneous
ADCs mixtures having an elevated average value of the drug-antibody ratio (DAR).11,12 The efficacy and safety of
the second generation of ADC drugs have been demonstrated in clinical trials. However, some still have limitations,
including off-target toxicity, the presence of unbound antibodies, and a large drug-antibody ratio (DAR) (greater than 4)
that causes ADC aggregation or rapid clearance, and an overall low therapeutic window.1,13–15 The development of third-
generation ADC drugs focuses on overcoming the limitations of the first two generations to optimize monoclonal
antibodies, linkers, and hazardous small chemical compounds. ADCs with DARs of 2 or 4 are formed by coupling
a small molecule drug with the site features of a monoclonal antibody, reducing drug toxicity, unbound antibodies, and
improving drug stability and pharmacokinetic (PK) efficiency.16–18

We developed a unique conjugation technology, which enables site-specific modification of certain glutamine (Gln, Q)
amino acids in proteins by an engineered microbial transglutaminase (mTgase). ADC drugs have been covalently linked to
Gln of mAb through mTgase to generate ADC drugs. Unlike existing third-generation ADC technologies, we used native
mAb without the need for protein engineering, resulting in minimal impact on the physical and chemical properties of the
antibodies. The highlighted procedure yields a high coupling efficiency. Furthermore, the processing technique is simple to
use and extend. The ADC product is highly purified, active, and homogeneous, which is beneficial to the quality
characterization and control of drugs, and effectively reduces the production cost.

We developed DP303c, a novel HER2-targeting ADC made up of a humanized anti-HER2 antibody (DP001), an
enzyme-based cleavable peptide-linker, and two tubulin polymerization inhibitors (MMAE), using our original conjuga-
tion and linker-payload technique. DP303c is a steady and homogenous DAR 2 ADC that was predicted to deliver
a significant amount of the highly active MMAE inhibitor to tumor cells regularly. The current study explored the
efficacy, pharmacokinetics, and safety of DP303c. DP303c demonstrated remarkable anticancer efficacy against T-DM1
in xenograft models (having a high and low expression of HER2, accordingly), as well as a favorable PK and safety
profile, implying that it has the potential to serve as a candidate drug in patients suffering from HER2 positive cancer.

Materials and Methods
Generation of DP303c
The materials used for DP303c production included anti-HER2 mAb (DP001), linker-MMAE (LND1002) and mTgase.
DP001 was manufactured using a stable Chinese Hamster Ovary (CHO) cell line by ourselves. The amino acid sequence
of DP001 was the same with that of Herceptin. This stable cell line was constructed by transfecting CHO cells with an
expression plasmid containing DP001 coding gene. LND1002 was manufactured by a CRO, Levena. The mTgase was
expressed in E. coli BL21. DP001, LND1002, and mTgase were incubated in sterile plastic bags at 30°C for 120 hours.
Once the reaction was complete, a sanitized protein A column was used to remove excess LND1002 and mTGase, and
followed by Capto Adhere polishing step to remove impurities.

Various Types of Cell Lines and Culture
The American Type Culture Collection (ATCC, Manassas, VA, USA) supplied the HER2-positive human breast cancer
cell lines (SK-BR-3, BT474, HCC1954, JIMT-1), the HER2-positive human gastric cancer cell line (NCI-N87) and
human ovarian cell line (SK-OV-3), as well as the HER2-negative breast cancer cell line (MDA-MB-468). All these cell
lines were cultured according to the manufacturer’s protocol.
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Size Exclusion Chromatography (SEC) Analysis
The SEC-HPLC method was used to determine the molecular size and heterogeneity of monomers, polymers, and
residues. The SEC analyses were carried out under the following conditions: XBridge®BEH200Å (7.8 × 300 mm,
particle size 3.5μm; Waters); Mobile phase: 100 mM PB, 100 mM NaCl, pH: 6.7 ± 0.1; Flow rate: 0.8 mL/min. UV
absorbance was recorded at 280 nm.

Reversed-Phase HPLC (RP- HPLC) Analysis
The DAR of ADCs were measured by RP-HPLC. The RP-HPLC analyses were carried out under the following conditions:
XBridge®Protein BEH C4 column (4.6 × 250 mm, particle size 3.5μm; Waters); Mobile phase A: 0.1% (v/v) TFA in water;
Mobile phase B: 0.1% (v/v) TFA in acetonitrile; Flow rate: 1.0 mL/min; UVabsorbance at 280 nm; Column temperature:
50°C; Mobile phase B flowed 10%-45% gradient elution in 0–33 min.

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) Analysis
The number of conjugated drugs was determined on the bases of molecular weight using LC-MS/MS. The following
conditions were used to perform the LC-MS analyses: Equipment: Waters vion Q-TOF high-resolution mass spectro-
meter; Column: BioResolve RP mAb Polyphenyl chromatographic column; Sample treatment: N-glycosidase (PNGaseF)
was added to a 100μg sample, which was then reacted for 10 minutes before being diluted to 0.1 mg/mL for sample
loading; Mass spectrometry conditions: Positive ion scanning mode; Quality analysis range was 50–4000 Da; Capillary
voltage was 3.0 KV; Taper hole voltage was 40 V; MSE collision energy was 20–45Ev; The ion source temperature was
120°C; Atomization temperature was 500°C. The atomization flow rate was 800 L/Hr.

ELISA Based-Binding Assay
The ELISA was used to determine HER2-binding capability of DP303c. HER2-ECD was diluted in PBS to a final
concentration of 500 ng/mL and plated into 96-well plates (100 µL/well) for 24hrs at 4 °C, followed by removing the
coating solution. Next, the remaining protein binding sites were blocked with 3% (V/V) bovine serum albumin in PBS
for 2hrs, followed by adding gradient concentrations of DP303c. The plate was rinsed with PBST (four times) after
reacting for 2 hrs. 100 µL of Goat anti-human IgG Fc antibody, conjugated with horseradish peroxidase (HRP), was
added into each well, followed by incubating for 60 min at room temperature before being washed again. Finally, TMB
was added for color development. A plate reader (Tecan/M200) was used to record the absorbance of each well at 450
nm/650 nm.

Fab and Fc Receptor Binding Affinity
An Octet RED96 instrument was used to conduct multi-concentration binding kinetic experiments at 30°C. CD32a,
CD64, HER2, CD16a, and C1q binding experiments were performed with 1 × PBS (with pH 7.4), while FcRn binding
tests were performed with 1 × PBS buffer (with pH 6.0). Anti-Penta-HIS Biosensors (PALL/ForteBio, 18–0038) were
used to immobilize CD64, CD32a, CD16a, FcRn, and HER2. For association phase monitoring, DP001 and DP303c
were diluted to 78.125–5000 nmol/L (CD32a and CD16a), between 7.8125 and 500 nmol/L (FcRn), and between 1.5625
and 100 nmol/L (CD64 and HER2)) and then allowed to bind loaded biosensors for 1 min. It took approximately 2
minutes for the dissociation phase. For C1q, DP001 and DP303c were immobilized on Protein L Biosensors (PALL/
ForteBio, 18–0023). C1q was diluted to concentrations ranging between 12.5 and 800 nmol/L. In the Octet data analysis
software, data was retrieved via a parallel buffer blank subtraction. The Langmuir model, which specifies a 1:1 binding
stoichiometry, was used to fit the computed binding curves across the globe.

Flow Cytometric Evaluations
SK-BR-3, NCI-N87, HCC1954, BT474, SK-OV-3, JIMT-1, and MDA-MB-468 cells were trypsinized and treated with
DP303c on ice in the dark (for 45 minutes). After incubation, the cells were rinsed twice with PBS (containing 2% FBS).
Each well received 100 mL of fluorescent 488-conjugated Goat anti-human IgG Fc antibody, which was incubated on ice
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for 45 minutes. After incubation, the cells were washed twice and resuspended in 100 µL of PBS with 2% FBS and
examined using a flow cytometer (Tecan/M200).

Endocytosis Assay Method
To obtain a single-cell suspension, the SK-BR-3 cells were harvested and resuspended in DMEM with 10% FBS. The cell
density was adjusted to 1×105 cells/mL and seeded in a 96-well cell culture plate at 100 µL/well (1×104 cells/well). DP303c
labeled with DyLight 488 was added into the 96-well plate with a final concentration of 2 µg/mL. After that, the cells were
incubated for 24 hours at 37 °C with 5% CO2. Lysosome was labeled with a red fluorescence probe (Beyotime/C1046).
A confocal laser scanning microscopy (Olympus/FV3000) was used to observe and photograph the cells in each well.

In vitro Cytotoxicity Assay
SK-BR-3, NCI-N87, HCC1954, BT474, SK-OV-3, and JIMT-1 cell lines were used to evaluate the ADCs’ cell
cytotoxicity in vitro. The ADCs were also examined in MDA-MB-468 breast cancer line (with no expression of
HER2). Cells were collected and resuspended at a density of 1×105 cells/well in a 96 well plate. The cells were
incubated overnight at 37 °C followed by co-incubation with various concentrations of ADCs or antibodies for 72 hours.
Resazurin solution (0.03%) was then added to examine the effect of antibodies and ADCs on cell growth. A microplate
reader (Tecan/M200) was used to record the absorbance at 550 nm/610 nm. The obtained data was represented as mean ±
standard deviation (SD) of triplicate data points.

ADCC Assay
The SK-BR-3 target cells (1.0 × 104 cells/well) were seeded (in triplicates) in 96-well plates, followed by incubation at
37 °C for 24 hrs. Next, the supernatant of the target cells’ culture medium was discarded. The Jurkat/hFcγRIIIa-NFAT
effector cells were added to the culture plate of target cells with 1.5×105 cells/well in triplicate. Different concentration of
ADCs or antibodies were co-incubated with the target and effector cells for 20–22 hrs. A plate reader (Tecan/M200) was
used to read the chemiluminescence of each well after adding the luciferase assay substrate solution (Promega/G7940).

Inhibitory Effect of DP303c on the Growth of Xenograft Models
Pathogen-free female nude mice were injected subcutaneously with each cell suspension. According to tumor volumes,
the mice were randomly divided in two groups: treatment and control groups. When the tumor had grown to an adequate
size, medication was started on day 0. Each drug was given to the animals intravenously. The dosing frequency was once
a week (qw), qw × 2 or qw × 3. The following equation was used to compute tumor growth inhibition (TGI, %): 100 ×
Average tumor volume (treated group)/Average tumor volume (control group). The experimental animals used in this
study were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., LTD. They were about 4–6
weeks old.

In vitro Stability of DP303c in Plasma
The MMAE release rate of DP303c was measured at 0.1 mg/mL in rat, monkey and human plasma for 2 weeks at 37 °C.

Pharmacokinetics of DP303c in Cynomolgus Monkey
The concentrations of DP303c and total antibody DP001 in monkey plasma were measured using a validated ligand-binding
ELISA assay; 0.781 ng/mL was the lower limit of quantification of ELISA. The concentrations of MMAE in monkey plasma
were measured using a validated liquid chromatography-tandem mass spectrometry (LC/MS-MS) method; 0.05 ng/mL was
the lower limit of quantification. Male cynomolgus monkeys were given DP303c intravenously at 4.0 mg/kg. DP303c, total
antibody, and MMAE plasma concentrations were determined up to 948 hrs. after the treatment.

Statistics
All statistical results are shown as the mean ± standard deviation (SD). Unpaired t-test was used to analyze differences in
affinity, ADCC, cytotoxicity assay and pharmacokinetics between two groups. The antitumor activity of DP303c in vivo
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was evaluated by one-way ANOVA among multiple groups. GraphPad Prism 8.00 was used for data analysis. A p value
of less than 0.05 was considered as statistically significant.

Results
HER2-Targeting Antibody-Drug Conjugate with DAR 2.0
DP303c is a DAR 2.0 antibody-drug conjugate that is designed to target HER2-positive cancer in humans. The product
was an IgG1 monoclonal antibody against HER2 (DP001) with two MMAE molecules attached site-specifically through
transamidation to residue Q295 in the antibody heavy chain’s constant region (Figure 1A). The anti-HER2 monoclonal
antibody, DP001, was manufactured using a stable Chinese Hamster Ovary (CHO) cell line. DP001 had the same amino
acid sequence with Trastuzumab (Herceptin). An enzyme-cleavable conjugate of DP001 and LND1002 was designed to
release MMAE by lysosomal degradation. The DP303c was prepared as described previously (WO 2015/191883). The
resulting ADCs were characterized in terms of their homogeneity and conjugation specificity. The DP303c chromato-
grams obtained from SEC-HPLC revealed that the aggregation of DP303c was 0.3% HMW species and 99.7%
monomers, as indicated in Figure 1B. Only monomeric ADCs were found to have distinguishable single peaks.
Furthermore, it was found that the antibody-to-drug conjugates were completely and quantitatively converted from
antibody to ADC, with three major peaks representing 1, 2, and 3 drug molecules for each antibody (Figure 1C), with an
approximated average DAR of 2. Additionally, a 3rd peak indicated the presence of a DAR 3 species, which revealed that
another conjugation site exists in this antibody. LC-MS/MS analysis of DP303c showed the deconvoluted mass spectrum
and was consistent with RP-HPLC analysis (Figure 1D).

Figure 1 Structure and characterization of DP303c. Molecular structures of DP303c. (A) DP303c was composed of a HER2 targeting monoclonal antibody IgG1 (DP001)
with two cleavable MMAE molecules attached to Glutamine residue 295 in the constant region of the antibody heavy chain. The linker-drug molecule LND1002 was an
MMAE derivative with an amine-PEG linker. (B) There was no formation of aggregates according to the SEC analysis. (C) Three distinct peaks resulted from RP-HPLC
analysis, referring to mAbs with one, two, and three-drug molecules, respectively. (D) The LC-MS/MS analysis of the DAR of DP303c.
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Antibody Binding is Unaffected by LND1002 Conjugation (at Glutamine 295)
The DP303c’s affinity for HER2 was determined by ELISA, cell-based assay, and BLI analysis. ELISA (Figure 2A) and
cell-based binding assay (Figure 2B) revealed that both DP001 and DP303c had a similar affinity (p value >0.05) that
was higher than T-DM1 (p value<0.05). DP001 and DP303c bind to human HER2 with similar affinity (p value >0.05),
with KD values in a 1.2-fold range (Figure 2C). Since LND1002 was conjugated at glutamine 295, this did not affect
DP303c’s affinity for HER2 antigen. Further characterization studies (Figure 2C) did not reveal any difference between
the C1q and Fc gamma receptors (ie, CD16a, CD32a, and CD64) or FcRn binding affinities of DP001 and DP303c (p
value >0.05).

The DP001 underlying mechanism is believed to be associated with ADCC activity via interacting with CD16a (an Fc
gamma receptor) on immune effector cells,19–21 we also investigated whether DP303c retained the same mechanisms of
action with DP001. The luciferase produced as a result of NFAT pathway activation was used to quantify ADCC activity
in a bioluminescent reporter assay. The results showed that there was no significant difference in ADCC activity between
DP303c and DP001 (p value >0.05), with EC50 of 47.3 ± 5.2 ng/mL and 35.6 ± 4.2 ng/mL, respectively, as shown in
Figure 2D. The evaluation of ADCC indicated that DP303c retained the functions of DP001 after MMAE conjugation.

Figure 2 Binding activity, endocytosis, and ADCC activity of DP303c. (A) ELISA-based binding assay for the affinity with HER2 ECD (EC50 value of DP001, DP303c, and
T-DM1 was 4.1 ng/mL, 4.5 ng/mL, and 10.5 ng/mL, accordingly). (B) Cell-based binding assay for the affinity with SK-BR-3 cells (EC50 value of DP001, DP303c, and T-DM1
was 124.6 ng/mL, 132.5 ng/mL, and 345.2 ng/mL, respectively). (C) The binding affinity of DP001 and DP303c with human HER2, FcRn, CD64, CD32a, CD16a, and C1q, was
evaluated by Octet. (D) ADCC effects of DP001 and DP303c on HER2-positive human breast cancer SK-BR-3 cells that were incubated with the Jurkat/hFcγRIIIa-NFAT
effector cell. (E) SK-BR-3 cells were treated for 24 hours at 37 °C with green fluorescence-labeled DP303c (2μg/mL). DP303c was localized in the cell membrane and then
endocytosed into the cell and found in lysosomes after 24 hours. The data is presented as the mean ± SD from three independent experiments.

https://doi.org/10.2147/OTT.S357326

DovePress

OncoTargets and Therapy 2022:15336

Hui et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Immunofluorescence microscopy was performed to evaluate the DP303c internalization and lysosomal distribution in
SK-BR-3 cells. Firstly, P303c was observed on the cellular membrane. However, when DP303c was incubated for 24hrs
at 37 °C, the intrinsic ADC signals were found to be co-localized with lysosomes (Figure 2E).

In Comparison to T-DM1, DP303c Exhibits Potent Activity in vitro
The anticancer activity of DP303c, T-DM1, and DP001 (an anti-HER2 antibody) were evaluated using human cancer cell
lines including breast, gastric, and ovarian cancer cell lines with an elevated level of HER2 expression. Flow cytometry
was employed to assess the expression of HER2 on the surface of these cell lines, as indicated in Figure 3A. The DP303c
anticancer activity was compared with T-DM1 and DP001 activities against the underlined cancer cell lines ie, breast,
gastric, and ovarian cancer cell lines expressing variant levels of HER2. The MFIs ranged from 157,231 to 1,106,494 as
compared to the isotype control ranged from 125 to 176, as represented in Table 1.

DP303c potently suppressed cellular proliferation in HER2-expressing cancer cells (having ≥ 157,231 MFI).
Furthermore, the potency of DP303c against cancer increased with increasing expression level of HER2. DP303c was
inactive against a HER2-negative cell line MDA-MB-468 as the IC50 concentration exceeded 10,000nM (Table 1). Based
on the obtained results, the DP303c inhibitory potency against cellular proliferation was considerably elevated by drug
conjugation to DP001. In addition, the growth inhibitory activity of DP303c against HER2 expressing cells were
observed in a target-specific manner (Figure 3B). When compared to T-DM1, DP303c displayed comparable or greater

Figure 3 In vitro cell growth inhibitory activity and expression level of HER2 in various cancer cell lines. (A) Binding of DP001 (Red) and DP303c (Green) to several cancer
cell lines. Anti-human IgG1 was used as a negative control (Grey). The X-axis represents the fluorescence signal value of the antibody after binding with HER2 on the cell
surface and secondary antibody (Goat anti-Human Antibody, Alexa Fluor 488) (B) After 72 hrs. of co-incubation, the cytotoxicity was evaluated in vitro using Resazurin
(0.03%). The data is shown as the mean ± SD from three independent experiments.
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effect against cells with overexpression of HER2 while potent growth inhibitory activity was also found in the cells with
a reduced level of HER2 expression. In the cell line JIMT-1, DP303c showed more potent activity than T-DM1 (p
value<0.05), with an IC50 value of 3.385 and 62.760nM, respectively (Table 1). This cell line was reported as HER2
IHC2 + or 1,22,23 suggesting that in cancers with a reduced level of HER2, DP303c activity may be more distinct from
T-DM1 activity.

In vitro, DP303c Has High Plasma Stability and Enhanced Pharmacokinetics
ADCs with two drugs per antibody were effectively constructed using the site-specific conjugation technique. The
stability of ADC can be reflected by the detection of ADC and total antibody at different time points. Firstly, the in vitro
plasma stability of DP303c was evaluated. DP303c’s release of MMAE ranged from 0.003% to 0.599% on day 14 in
plasma from rats, monkeys, and humans (Figure 4A), which was significantly lowered than the release rates of other VC-
MMAE ADCs.24–26 The obtained results suggest that the stability of DP303c in plasma remains unaffected.

For the evaluation of DP303c stability in the bloodstream and to assess their pharmacokinetic (PK) characteristics,
DP303c (4 mg per kg of total body weight) was injected into cynomolgus monkeys (n = 3 monkeys per group). The
blood samples were taken from each monkey, followed by testing for total antibodies, ADC, and MMAE. The
concentration-time curves for total antibody and intact Low concentrations of MMAE can only be detected at certain
points. ADC intersected, indicating that DP303c was very stable in the bloodstream and remained intact as a DAR2 ADC
all through the 42 days (Figure 4B). The DP001 half-life (138.4 hrs.) and DP303c concentration-time curves (136.8 hrs.)
were found to be significantly similar (p value >0.05). Furthermore, a comparable clearance (ie, 0.57 and 0.65 mL/hr/kg,
respectively) was recorded with exposure (AUC of 7333 and 6417hrs*g/mL, respectively) (p value >0.05) (Table 2).
A low concentration of MMAE were identified at certain points, as shown in Figure 4B. MMAE exposure in cynomolgus
monkey plasma was at least 3000 and 6000 times lower than DP303c at all time points, respectively.

Table 1 Comparison of in vitro Activity Between DP303c and T-DM1 in Variable HER2 Cell Lines

Cell Line Tissue MFI of HER2 Expression DP303c T-DM1 DP303c POTENCY gain (Fold)

IC50 (nM) IC50

SK-BR-3 Breast cancer 1,106,494 0.065 0.088 1.4

HCC1954 Breast cancer 892,333 0.146 0.167 1.1
NCI-N87 Gastric cancer 765,629 0.227 0.246 1.1

BT-474 Breast cancer 987,353 0.080 0.433 5.4

SK-OV-3 Ovarian cancer 804,573 0.223 0.462 2.1
JIMT-1 Breast cancer 157,231 3.385* 62.760* 18.5

MDA-MB-468 Breast cancer 256 >1000 >1000 N/A

Notes: *: P<0.05, unpaired t-test.

Figure 4 In vitro stability in plasma of DP303c and PK characteristics of DP303c in the cynomolgus monkey. (A) In vitro stability of DP303c in plasma. (B) Concentration
(μg/mL)-time profiles of DP303c, the total antibody DP001 and unconjugated MMAE (MMAE) post the first dose of DP303c at 4.0mg/kg.
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Anticancer Activity of DP303c and T-DM1 in Cell Line-Derived Xenograft Models
The cell lines with elevated levels of HER2 expression (ie, HCC1954, SK-OV-3, and NCI-N87) and those with reduced
levels of HER2 expression (ie, JIMT-1) were used to investigate the anticancer activity of T-DM1 and DP303c in
xenograft models. In the gastric carcinoma NCI-N87 xenograft model, DP303c, T-DM1, and DP001 were given to each
mouse (n = 9 nude mice per group). As shown in Figure 5A, DP303c induced obvious tumor growth inhibition at a single
dose of 2.5, 5, and 10 mg/kg, respectively. DP303c showed potent anticancer efficacy at a dose of 2.5 mg/kg, showing

Table 2 PK Parameters (Mean ± SD) of DP303C, Total Antibody DP001, and Unconjugated MMAE After Administration of the First
Dose of DP303C at 4.0 mg/Kg (90 min Intravenously)

Group t1/2 (h) Cmax (μg/mL) AUC0-∞ (h*μg/mL) CL (mL/h/kg) Vdss (mL/kg)

DP303c analyte

4 mg/kg 136.8 ± 49.8 93.520 ± 10.810 6417 ± 1413 0.65 ± 0.14 74.77 ± 15.47

Group t1/2 (h) Cmax (μg/mL) AUC0-∞ (h*μg/mL) CL (mL/h/kg) Vdss (mL/kg)

DP001 analyte

4 mg/kg 138.4 ± 45.6 103.742 ± 13.211 7333 ± 1591 0.57 ± 0.11 67.28 ± 11.50

Group t1/2 (h) Tmax (h) Cmax (ng/mL) AUC0-C (h*ng/mL)

MMAE analyte
4 mg/kg 235.1 ± 70.4 52 ± 18 0.059 ± 0.015 21.13 ± 6.84

Abbreviations: AUC0-∞, area under the concentration–time curve from time zero to infinity; Cmax, maximum concentration; CL, clearance; Vdss, volume of distribution at
steady state; Tmax, time to Cmax; t1/2, terminal half-life; SD, standard deviation.

Figure 5 Antitumor activity of DP303c in vivo. (A) Effect of in vivo antitumor activity on NCI-N87 xenograft model. DP303c was administered intravenously as a single dose
of 2.5, 5 or 10 mg/kg on day 0. DP001 (10 mg/kg) was injected intravenously on days 0. T-DM1 (10 mg/kg) was given through intravenous administration on day 0. (B) In
antitumor activity effect on HCC1954 xenograft model. The effects of DP303c (3, 10 or 15 mg/kg), DP001 (15 mg/kg), and T-DM1 at 15 mg/kg were evaluated. After
randomized grouping, the mice in each group were administered drugs on days 0 and 7. (C) In vivo tumor inhibition effect on SK-OV-3 xenograft model. Different doses (1, 3
or 10 mg/kg) of DP303c were given via intravenous injection at (mention days). DP001 (10 mg/kg) and T-DM1 (10 mg/kg) were injected intravenously. After randomized
grouping, the mice in each group were administered drugs on days 0 and 7. (D) In vivo antitumor efficacy on JIMT-1 xenograft model. The effects of DP303c (0.3, 1, 3 or
10 mg/kg), DP001 (10 mg/kg), and T-DM1 (10mg/kg) were also evaluated as a single intravenous injection on day 0. Each point indicates the tumor volume, which was
represented as the average tumor volume ± SD (n = 9).

OncoTargets and Therapy 2022:15 https://doi.org/10.2147/OTT.S357326

DovePress
339

Dovepress Hui et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


119.7% of tumor growth inhibition (TGI) that was similar to that of 10 mg/kg of T-DM1. In addition, 10 mg/kg
administration of DP001 showed moderate inhibition of the tumor growth, indicating 51.1% of TGI.

In the breast cancer HCC1954 xenograft model, the mice in each group were given drugs on day 0 and 7 after
randomized grouping. Doses of 3 mg/kg DP303c demonstrated obvious tumor shrinkage with a TGI of 117.3%
(Figure 5B), which was similar to the effect of T-DM1 at doses of 15 mg/kg with a TGI of 119.4%. There were no
inhibitory effects on tumor growth when treated with DP001 at doses of 15 mg/kg.

In the ovarian cancer SK-VO-3 xenograft models (Figure 5C), DP303c significantly inhibited tumor growth in a dose-
dependent manner at a dose of 1, 3, and 10 mg/kg on days 0, 7 and 14, with a 52.0%, 97.8%, and 113.0% tumor
inhibition rate, respectively. T-DM1 clearly showed obvious potent antitumor efficacy at the dose of 10 mg/kg, indicating
111.2% of TGI that was similar to the dose of 10 mg/kg (qw × 3) of DP303c with the same dosing frequency. DP001 of
10 mg/kg (qw × 3) showed no obvious tumor growth.

In the breast cancer JIMT-1 xenograft model, DP303c at doses of 0.3, 1, 3, 10 (qw × 3) and 10 mg/kg (single dose)
showed significant anti-tumor growth, indicating 56.1%, 125.1%, 129.3%, 129.1% and 128.4% of TGI, respectively
(Figure 5D). T-DM 10 mg/kg (qw × 3) had similar antitumor efficacy as DP303c 0.3 mg/kg (qw × 3), with a 52.5% and
56.1% tumor inhibition rate, respectively. DP001 at 10 mg/kg (qw × 3) showed no obvious tumor growth. The underlined
data also confirmed DP303c’s HER2 specificity in a HER2 low-expressing model.

Exploratory Toxicology of DP303c
In repeated-dose investigations, the nonclinical safety profile of DP303c was characterized in nonhuman primates (up to
20 mg/kg). In all treatment groups, there were no aberrant findings associated with DP303c in ophthalmoscopic, body
temperature, electrocardiogram (ECG), urinalysis, bone marrow smear, lymphocyte phenotypic assay, or local irritation. The
plasma exposure of LND1002 and MMAE was low, with MMAE AUC of no more than 0.03% (normalized to molecular
weight) as that of serum DP303c. During clinical trials, free MMAE-related toxicity such as thrombocytopenia and anemia
was not found in monkeys or patients. In cynomolgus monkeys, the major safety signals were minimum to moderate
lymphocyte depletion in the spleen and lymph node, as well as minimal to moderate inflammation in the lungs, which were
all regained in the recovery phase. The no observed adverse effect level (NOAEL) of DP303c after five repeated doses once
every three weeks in cynomolgus monkeys is 6.0 mg/kg. The highest non-severely toxic dose (HNSTD) is 20.0 mg/kg.

Discussion
Given HER2ʹs importance in tumor formation and prognosis, as well as its expression in several types of malignant
tumors, HER2 has been considered a significant target in the treatment of carcinoma. The Her2 receptor is over-
expressed in many tumors (25% of breast cancer, 20% of ovarian cancer, 30% of intestinal-type gastric cancer, and
20% of lung cancers) and such over-expression is correlated with aggressive tumors and bad prognosis.27–29

HER2 is a clinically validated therapeutic target against breast carcinoma progression. Currently, several mono-
clonal antibodies, such as mAbs and ADCs, against HER2 are available which block and show downstream signaling
cascades of HER2.9,18,23,29 T-DM1 and DS-8201a are the only two ADCs available for HER2-targeting-based
medications. For the first time, an ADC has been approved for the treatment of HER2-positive breast carcinoma
patients that integrates trastuzumab’s anti-tumor potential with DM1.8,18,30 The efficacy and therapeutics window of
T-DM1 is limited by its low thioester bond stability between mAb and linker, and the heterogeneity of conjugation. Off-
target toxicity has also resulted in concerns about safety, such as thrombocytopenia, neutropenia, and peripheral
neuropathy, which are all prevalent side effects associated with premature drug release.31–34 Although T-DM1 has
been approved for advanced HER2-positive breast cancer in which Trastuzumab and taxoid therapy have failed,
primary (congenital) and secondary (acquired) resistance is also emerging with T-DM1 as a major clinical
challenge.35 DS-8201a is a potential HER2-targeting ADC that has shown promising efficacy in cancer patients and
robust anticancer activity in multiple tumor xenograft models. Although DS-8201a overcomes heterogeneity to provide
an effective therapeutic outcome in patients suffering from gastric carcinoma, the linked membrane-permeable payload
Dxds inflict bystander killing on cancerous cells with negative expression of the target antigens.23,36–38 Permeable loads
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have potential to provide bystander action in heterogeneous tumors, meanwhile they can cause off-target damage in
healthy tissue as well.

Using enzyme-based site-specific conjugation platform technology and a cleavable linker design, DP303c was
developed for chemical stability and homogeneity to solve challenges encountered by T-DM1 and other ADCs. The
enzymatic site-specific conjugation platform can more effectively control DAR and avoid changes in antigen binding
affinity, resulting in homogenous products with excellent pharmacokinetic and pharmacodynamic characteristics. In
killing MDR-tumors, the hydrophilicity of the DP303c PEG linker outperformed that of SMCC linked ADCs.39 In the
current study, it was shown that enzyme-based site-conjugated ADC, ie, DP303c, has high homogeneity (DAR), high
antitumor activity (in vitro and in vivo studies), high PK stability, and high safety (toxicology). In addition, DP303c has
shown significant antitumor activity in HER2-specific and payload drug-derived antitumor models.

In the non-reduced RP-HPLC analysis, DP303c was initially considered as a DAR2 ADC having a mean DAR
value of 2.0. It showed the high homogeneity of DP303c. In addition, DP303c exhibited significant HER2-specific
efficacy both in vitro and in vivo studies. In vitro studies with HER2-positive gastric and breast cancer cells revealed
that DP303c is associated with maintaining the HER2 binding. When DP303c was compared to T-DM1, it was shown
that DP303c had more potent in vitro activity than T-DM1. In addition, in xenograft models, DP303c has also displayed
high and long-lasting tumor suppression effects at a comparatively low concentration. This was especially relevant in
tumors with lower HER2 expression levels compared to T-DM1. There could be relatively different mechanism for the
payload shown by internalization of DP303c, which accumulates more efficiently in cells than the lys-MCC-DM1
payload released by T-DM1, which could explain the differential activity of DP303c.40 DP001 without conjugation was
found to be insufficient to exhibit the same antitumor activity in vivo when compared to DP303c and T-DM1. The
underlined finding implies that conjugating DP001 with MMAE significantly boosted the anticancer activity of
MMAE.

DP303c was shown to be well tolerated in rats and cynomolgus monkeys. Monkeys were given a repeated dose of
DP303c and showed no signs of thrombocytopenia or peripheral neuropathy, as seen in the T-DM1 experiments
(monkeys). The increased stability of DP303c in plasma is likely to account for these favorable characteristics. The
linker drug LND1002 is a compound with an NH2-PEG3-val-cit linker that connects it to MMAE. PEG3 is utilized to
boost solubility in solution, which improves stability. DP303c has improved serum stability due to its stable linker (low
release rates of MMAE). Aside from T-DM1, SGN-35 (Brentuximab vedotin) has been approved, and currently there are
more than 30 different ongoing ADC clinical trials.41 The majority of them are used in linker-payload systems with
microtubule polymerization inhibitors, such as T-DM1 or SGN-35 (DM1 and MMAE, respectively). In clinical trials of
this tubulin inhibitor conjugate ADCs, numerous dose-limiting toxicities, including thrombocytopenia, neutropenia, and
neuropathy, were observed, some of them were thought to be caused by free drugs in plasma.42 Our newly established
drug linker method allowed the anti-HER2 ADC stable in plasma, have superior pharmacokinetics, and display
significant anticancer activity in vitro and in vivo.

Pharmacokinetic studies on the Cynomolgus Monkey showed that DP303c remained stable as a DAR2 ADC with
a terminal half-life of 5.7 days. DP303c has a similar half-life and exposure time as unconjugated anti-HER2 mAb, while
the randomly conjugated hydrophobic loaded ADC has a lower exposure time and shorter half-life than its unconjugated
antibody.12,43 The monkey pharmacokinetic result was used to establish human pharmacokinetic profiling after a repeated
dose of DP303c every 3 weeks for three cycles. In a clinical trial, 0.5 mg/kg of DP303c every 3 weeks is predicted to
show some efficacy (data not shown). The repeated dosage in monkeys revealed that DP303c caused no serious side
effects at doses up to 20 mg/kg (HNSTD), suggesting a broad therapeutic window.

To conclude, a novel third-generation site-specific DP303c was found to be a highly effective agent for treating
HER2-positive malignancies, laying the groundwork for further improvement of this ADC for the treatment of HER2-
positive breast cancer. This product is currently being studied in clinical trials (NCT04146610, NCT04828616, and
NCT04826107). The obtained results revealed that it is effective and safe (data not shown). Furthermore, it was able to
construct a broad range of ADCs that included a variety of different mAb, linker, and drugs.
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