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Preparation and evaluation of the PD0721-DOX antibody-drug
conjugate targeting EGFRVIII to inhibit glioblastoma
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Abstract. Epidermal growth factor receptor variant III
(EGFRvIII)is prominently expressed in variousepithelial tumors.
PDO0721, a single-chain antibody (scFv), has been developed to
specifically target EGFRVIII. Although doxorubicin (DOX) is
an essential treatment approach for glioblastoma (GBM), its
toxic effects and limited targeting capabilities are a challenge.
To overcome the above limitations, antibody-drug conjugates
(ADCs) have been developed to exploit the specificity of mono-
clonal antibodies in directing potent cytotoxic drugs to tumor
cells expressing the target antigens. The present study aimed to
conjugate DOX with PD0721 scFv to construct a PD0721-DOX
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ADC targeting EGFRVIII and examine its targeting effect and
in vitro anti-GBM activity. PD0721-DOX ADC was generated
by combining PD0721 scFv with DOX, using dextran T-10 as
a linker. The drug-to-antibody ratio (DAR) was measured by
ultraviolet and visible spectrophotometry (UV-Vis). A series of
techniques, including cytotoxicity assays, immunofluorescence,
cell internalization and flow cytometry assays were employed
to evaluate the targeting efficacy and anti-GBM activity of the
PD0721-DOX ADC. Following the conjugation of PD0721 scFv
with DOX, the UV-Vis results showed a noticeable red shift
in the maximum absorbance. The DAR of PD0721 scFv and
DOX was 9.23:1. Cytotoxicity assays demonstrated that DK-MG
cells treatment with PD0721-DOX ADC at 10 and 20 ug/ml
significantly increased cytotoxicity compared with U-87MG
ATCC cells (all P<0.01). Confocal microscopy revealed distinct
green and red fluorescence in EGFRvIII-expressing DK-MG
cells, while no fluorescence was observed in EGFRVIII negative
U-87MG ATCC cells. Furthermore, compared with U-87MG
ATCC cells, DK-MG cells showed effective internalization of
the PD0721-DOX ADC (P<0.001). Finally, flow cytometric
analyses indicated that the PD0721-DOX ADC significantly
promoted the apoptosis of DK-MG cells compared with
U-87MG ATCC cells (P<0.01). In summary, the current study
suggested that the PD0721-DOX ADC could exhibit a notable
targeting efficacy and potent anti-GBM activity.

Introduction

Glioblastoma (GBM), a primary disease that severely endan-
gers human health, is considered as a major disease that
requires urgent global attention. GBM, as the most common
prevalent primary malignant tumor, accounts for ~48% of all
primary malignant tumors of the central nervous system and
57% of all gliomas (1,2). Chemotherapy is considered as the
most common treatment strategy for malignant tumors (3). It
has been reported that doxorubicin (DOX), an anthracycline
antibiotic, can inhibit the growth of several solid tumors
and hematological malignancies and it is considered as one
of the most effective antitumor drugs currently available (4).
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However, DOX has numerous disadvantages, including
cardiotoxicity, liver toxicity and multidrug resistance (5-7).
Therefore, the development of strategies that enhance targeting
and minimize toxicity is of great importance for the clinical
application of DOX.

Epidermal growth factor receptor (EGFR), an essential
regulator of cellular growth in normal epithelial tissues, is
a member of the cell surface receptor family, also known as
human epidermal growth factor receptor 1 or ErbB1 (8,9). The
members of the EGFR family play crucial roles in malignant
cell transformation, drug resistance and metastasis of tumor
stem cells and other tumor cells (10,11). For example, a
previous study demonstrated that the signaling transduction of
ErbB receptor tyrosine kinase could promote neuroblastoma
growth (12). Notably, several mutations in the EGFR gene have
been detected, with epidermal growth factor receptor variant
IIT (EGFRVIII) being the most common one (13). Emerging
evidence has suggested that EGFRVIII, a constitutively
active mutant, can promote cell mitosis and support growth
signaling, while it is involved in the development of several
human epithelial malignancies (14). Other studies show that
EGFRVIII was overexpressed in 80% of all human malignan-
cies, including glioblastoma, lung cancer and gastric cancer,
but not in normal tissues (15-19). Therefore, EGFRVIII could
be a potential factor for the targeted therapy of GBM.

Antibody-drug conjugates (ADCs), which are novel anti-
body drugs, are composed of antibodies, cytotoxic drugs and
their linkers (20). ADCs can precisely deliver potent cytotoxic
drugs into malignant cells by binding to specific antigens on
their surface (21). After internalization, ADCs are lysed, thus
releasing cytotoxic drugs transferred by lysosomes to selectively
kill tumor cells (22). It has been reported that ADCs can mini-
mize the concentration of cytotoxic drugs in normal tissues and
organs, while increasing their concentration in malignant tumors,
eventually achieving high efficiency and low toxicity (23). Our
research group had previously generated a single-chain anti-
body (scFv) using genetic engineering, called PD0721 scFv,
which could target EGFRVIII (24,25). Specifically, the nucleic
acid sequence of PD0721 scFv, targeting anti-EGFRVIII, was
ligated with the pET-22b(+) plasmid to create the PD0721-pET
recombinant plasmid, which was subsequently transformed into
Escherichia coli. The monoclonal antibody was successfully
obtained by inducing the mixture at an inducer concentration
of 0.6 uM for 12 h at 15°C until the OD600 of the bacterial
solution reached ~0.6. The above findings could aid in the devel-
opment of high-efficiency and low-toxicity ADCs targeting the
EGFRUVIII antigen.

In the present study, PD0721 scFv was conjugated with
DOX to generate a PD0721-DOX ADC through an amine-alde-
hyde condensation reaction. The drug-to-antibody ratio (DAR)
of PD0721 scFv and DOX was calculated by ultraviolet and
visible spectrophotometry (UV-Vis). To evaluate the in vitro
targeting efficacy and anti-GBM activity of the PD0721-DOX
ADC, cytotoxicity assays, immunofluorescence, laser-scan-
ning confocal microscopy and flow cytometric assays were
performed. Given the difference between EGFRvIII-expressing
DK-MG cells and U-87MG ATCC cells that do not express
EGFRVIII (26,27), the present study aimed to investigate the
targeting potential and cytotoxicity of PD0721-DOX ADC in
the above two cell lines.

Materials and methods

Conjugation of PD0721 scFv with DOX. To obtain oxidized
dextran T-10 (Dex T-10), 200 mg Dex T-10 was mixed with
2 ml of NalO, (0.35 mmol/l, Xilong Chemical Co., Ltd.; cat
no. 0408011), stirred in a flask at 150 rpm for 20 h in the dark,
followed by freeze-drying. Subsequently, 10 mg DOX (Beijing
Solarbio Science & Technology Co., Ltd.; cat no. D8740) was
diluted into 2 ml ultrapure water and the mixture was then
supplemented with 30 mg oxidized Dex T-10, followed by
stirring at 150 rpm for 20 h in the dark. Then, to obtain the
PD0721-DOX ADC, the oxidized Dex T-10/DOX mixture was
supplemented with 5 mg PD0721 scFv, followed again by stir-
ring at 150 rpm for 20 h at 4°C in the dark. Subsequently, 100 ul
NaBH, (0.13 mmol; Anhui Senrise Technology Co., Ltd.; cat
no. EB180088) was added into the above mixture, which was
then mixed at 150 rpm for 2 h at 37°C in the dark. The final
product was then subjected to ultrafiltration using a Millipore
10 k molecular weight ultrafiltration tube (MilliporeSigma).
Subsequently, the sample solution was added to a cuvette
and through UV-Vis to obtain the UV absorption spectra
(250-600 nm) and maximum absorption wavelength of
Dex T-10, Oxidized Dex T-10, PD0721 scFv, DOX and
PD0721-DOX ADCs, and compare the spectral differences.

DOX and PDO0721 scFv concentration assessment. UV-Vis
was employed to determine the concentration of PD0721
scFv and DOX. Therefore, 20 yg/ml DOX and 1 mg/ml
bovine serum albumin (BSA; Beijing Solarbio Science &
Technology Co., Ltd.; cat no. A8020) stock solutions were
prepared in ultrapure water. The above stock solutions were
used to prepare the DOX and PD0721 scFv standard solutions
(0-20 pug/ml and 0-1 mg/ml, respectively) in ultrapure water.
The concentration-absorbance standard curves of DOX and
BSA were constructed by measuring their absorbance at wave-
lengths of 480, 280 and 280 nm, respectively. The above curves
were utilized to determine the concentrations of PD0721 scFv
and DOX in the PD0721-DOX ADC. The PD0721 scFv/DOX
molar ratio was calculated using the following formula:
DAR=(DOX concentration/DOX molar mass)/(PD0721 scFv
concentration/PD0721 scFv molar mass).

Cell culture. DK-MG cells were purchased from the Otwo
Biotech (Shenzhen) Inc. (cat no. HTX3018). U-87MG ATCC
cells (glioblastoma of unknown origin) were purchased from the
Procell Life Science & Technology Co., Ltd. (cat no. CL-0238).
To verify the identity of U-87MG ATCC cells, short tandem
repeat profiling was performed (PC-H2023072421). The cells
were cultured in DMEM supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific Inc.; cat no. 10099-141C) at
37°C in a 5% CO, environment. Experiments were performed
using cells grown for four passages.

Cytotoxicity assay. DK-MG and U-87MG ATCC cells were
seeded into 96-well plates at a density of 1.5x10° cells/well and
cultured to the logarithmic growth phase. PD0721-DOX ADC,
DOX and PD0721 scFv were lyophilized to produce a powder,
weighed using an electronic balance at a precision of 1:100,000
and dissolved in PBS to achieve the corresponding concen-
tration. Subsequently, cells were treated with PD0721-DOX
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Figure 1. Design and synthesis of PD0721-doxorubicin antibody-drug conjugate. DOX:doxorubicin; ADC:antibody-drug conjugate; rt, room temperature.

ADC, DOX, or PD0721 scFv at varying concentrations (0, 5,
10 and 20 ug/ml). Following incubation for 24 h, cell viability
was assessed using a Cell Counting Kit-8 assay (Dojindo
Laboratories, Inc.; cat no. CK04).

Immunofluorescence staining. DK-MG and U-87MG ATCC cells
were seeded onto glass coverslips ata density of 1.0x10° cells/cover-
slip. Following attachment, cells were treated with 20 ug/ml
PD0721 scFv or PD0721-DOX ADC for 2 h. Subsequently, cells
were fixed with 4% paraformaldehyde (Absin Bioscience Inc.;
cat no. abs9179) for 15 min in room temperature, followed by
permeabilization with 0.1% Triton X-100 (Beijing Solarbio
Science & Technology Co., Ltd.; cat no. T8200) for 15 min. The
cells were then incubated with 2% BSA (Beijing Solarbio Science
& Technology Co., Ltd.; cat no. A8020) at 37°C for 30 min,
followed by incubation with FITC-H&L labelled goat anti-human
IgG (Abcam; cat no. ab6854) in the dark at 37°C for 1 h and DAPI
(1:500; Absin Bioscience Inc.; cat no. abs47047616) for 5 min
in room temperature. The cells were observed and images were
captured with confocal laser microscope (x630 magnification;
ZEN system software 3.0; Zeiss AG) and analyzed region-wide.

Process of drug entry into cells. DK-MG and U-87MG ATCC
cells were seeded on glass coverslips at a density of 1.0x10°
cells/coverslip. Upon attachment, cells were treated with
20 ug/ml PD0721-DOX ADC or DOX incubated for 1,3 and 6 h.
Subsequently, the cells were observed and images were captured

using confocal laser microscope (x200 magnification; ZEN
system software 3.0; Zeiss AG) and analyzed region-wide.

Flow cytometry. DK-MG and U-87MG ATCC cells were
seeded into 6-well plates at a density of 5.0x10° cells/well.
After reaching logarithmic-growth phase, cells were treated
with 20 pg/ml PD0721-DOX ADC, DOX, or PD0721 scFv
for 24 h. Subsequently, to distinguish between alive and
dead cells, the cells were stained with Annexin V-APC and
7-ADD (Annexin V-APC/7-AAD Apoptosis Analysis Kit,
Absin Bioscience Inc., cat no. abs50008) for 10 and 5 min,
respectively, at room temperature and away from light. Finally,
cell apoptosis was analyzed using a BD Accuri C6 Plus flow
cytometer (BD Biosciences) and the data were assessed using
FlowJo 10.6 software (FlowJo LLC). Apoptotic rate was calcu-
lated as the percentage of early + late apoptotic cells relative
to the control.

Statistical analysis. Data analysis was performed using
SPSS 26.0 software (IBM Corp.) and GraphPad Prism 8
software (GraphPad; Dotmatics). The results are expressed
as the mean + standard deviation and are representative of
three independent experiments. Differences between two
groups were analyzed using Student's t-test and correlation
analysis was performed using Pearson's correlation analysis.
P<0.05 was considered to indicate a statistically significant
difference.
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Figure 2. UV-Vis absorption spectra. (A) UV-Vis absorption is shown. Standard curves of (B) PD0721 scFv (280 nm), (C) DOX (480 nm) and (D) DOX
(280 nm). UV-Vis, ultraviolet and visible spectrophotometry; DOX, doxorubicin; ADC, antibody-drug conjugate; Dex T-10, dextran T-10; scFv, single-chain

antibody.

Results

Conjugation of PD0721 scFv with DOX. Strategies based
on ADC design were applied to enhance DOX targeting.
Therefore, compound 1 was oxidized to form linker 2
containing dialdehyde. The two aldehyde groups of linkers 2
were connected to DOX and N-PD0721. First, the amino group
of DOX and the aldehyde group of linker 2 underwent an
additional reaction followed by dehydration to form a carbon
nitrogen bond, eventually obtaining DOX derivative 4. In addi-
tion, the aldehyde group of DOX derivative 4 underwent the
same reactions as N-PD07121 to obtain compound 5. Finally,
the target compound 6 was obtained by reducing compound 5
with NaBH, (Fig. 1).

UV-Vis-mediated identification of PD0721-DOX ADC and
DAR of PD0721 scFv/DOX. The maximum absorbance of
DOX was ~470 nm, while that following DOX conjugation
with PD0721 scFv (red shifted) was ~490 nm, thus indicating
that PD0721 scFv and DOX were successfully conjugated
(Fig. 2A). Subsequently, the PD0721 scFv and DOX standard
curves at 280 and 480 nm were drawn (Fig. 2B and C).
The absorbance of PD0721-DOX ADC at a wavelength of
480 nm was inserted into the regression equation of DOX
standard curve. Therefore, the analysis revealed that DOX
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PDO0721-DOX ADC
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%
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Figure 3. DOX, PD0721-DOX ADC and PD0721 scFv induced cytotoxicity
in DK-MG and U-87MG ATCC cells. “P<0.01. DOX, doxorubicin; ADC,
antibody-drug conjugate; scFv, single-chain antibody.

concentration in the PD0721-DOX ADC was 2.7 mg/ml.
Since DOX also shows interference absorption at 280 nm,
the standard curve of DOX at 280 nm was also plotted.
Therefore, the regression equation of the DOX standard
curve was obtained at 280 nm (Fig. 2D). Based on the DOX
concentration of 2.7 mg/ml, the interference absorbance of
DOX at a wavelength of 280 nm was 1.06. After subtracting
the interference absorbance of DOX at 280 nm from that
of PD0721-DOX ADC at 280 nm, the resulting value was
then entered into the PD0721 scFv standard curve regression
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equation. Therefore, the concentration of PD0721 scFv in
PD0721-DOX ADC was estimated at 13.2 mg/ml. Based
on the concentration-absorbance standard curve, the DAR
of PD0721 scFv and DOX was calculated to be 9.23:1, thus
indicating that each PD0721 scFv molecule was conjugated
with ~9.23 DOX molecules.

PDO0721-DOX ADC promotes cytotoxicity in DK-MG cells.
To further validate the anti-GBM efficacy of PD0721-DOX
ADC, its effects on cytotoxicity of DK-MG and U-8§87MG
ATCC cells were investigated. PD0721-DOX ADC at
10 and 20 pg/ml significantly inhibited DK-MG cell prolif-
eration compared with U-87MG ATCC cells (all P<0.01;
Fig. 3). However, cells treatment with PD0721 scFv or DOX
alone did not exhibit significant differences in DK-MG and
U-87MG ATCC cell proliferation, thus indicating that the
developed PD0721-DOX ADC possessed particular targeting
activity, while maintaining toxicity. Therefore, in subsequent
experiments, the most effective dosage identified in the
preliminary studies was used, a 20-pg/ml concentration of
PD0721-DOX ADC, to ensure the most optimal experimental
conditions were achieved.

PDO0721-DOX ADC can specifically target
EGFRvIII. Microscopic analysis demonstrated that
EGFRvVIII-expressing DK-MG cells treated with PD0721
scFv or PD0721-DOX ADC emitted strong green fluo-
rescence compared with the U-87MG ATCC cells (not
expressing EGFRVIII), thus verifying the high specificity of
PDO0721 scFv for targeting EGFRVIII (Fig. 4). Additionally,
prominent red fluorescence was observed in DK-MG cells
after treatment with PD0721-DOX ADC, thus providing
additional evidence of the successful construction of the
PD0721-DOX ADC.

PDO0721-DOX ADC is well internalized by DK-MG cells.
Microscopic observation revealed an increase in red fluo-
rescence in the U-87MG ATCC cell lines compared with
that in the DK-MG cells after DOX treatment (all P<0.01;
Fig. 5A and B). However, a significant red fluorescence
was observed in DK-MG cells compared with U-87MG
ATCC cells following treatment with PD0721-DOX ADC,
especially at 1, 3 and 6 h after treatment (all P<0.001;
Fig. 5A and C), highlighting the excellent specificity of
PD0721-DOX ADC.
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PDO0721-DOX ADC promotes apoptosis in DK-MG cells. The
effect of PD0721-DOX ADC on inducing cell apoptosis was
further evaluated by flow cytometry. The results showed that
cell treatment with PD0721 scFv and DOX alone could not
cause significant differences between DK-MG and U-87MG
ATCC cells. However, PD0721-DOX ADC notably promoted
the apoptosis of DK-MG cells compared with U-87MG ATCC
cells (P<0.01; Fig. 6), thus suggesting that PD0721-DOX ADC
could exert a strong anti-GBM activity. The aforementioned
findings highlighted the targeting specificity of PD0721-DOX
ADC towards EGFRVIII and its potential as an anti-GBM factor.

Discussion

Chemotherapeutic drugs commonly exhibit strong cytotoxicity
against tumor cells. However, they can also cause damage to
normal cells (28). ADCs have the potential to enhance the
efficacy of chemotherapeutic drugs against tumor cells, while
minimizing their toxicity on normal cells (23,29). The present
study aimed to describe the construction of a PD0721-DOX
ADC through the chemical coupling of PD0721 scFv with

DOX. Furthermore, it aimed to investigate the targeting ability
and apoptosis-inducing potential of PD0721-DOX ADC in vitro
in DK-MG and U-87MG ATCC cells. The PD0721-DOX
ADC was developed via using a chemical method to couple
PD0721 scFv with DOX. The in vitro experiments verified
that the PD0721-DOX ADC was efficiently internalized
by GBM cells and exhibited excellent targeting ability
towards EGFRvIII-expressing DK-MG cells. Furthermore,
PD0721-DOX ADC could notably enhance cytotoxicity and
apoptosis in DK-MG cells compared with U-87MG ATCC cells.

Given the crucial role of EGFRVIII in GBM, in a previous
study of our laboratory, novel monoclonal antibodies were
generated and their efficiency was compared with that of
commercially available antibodies (24,25). Emerging evidence
has suggested that dextran is a high-molecular polysaccha-
ride compound formed by interconnecting glucose through
1,6-glycosidic bonds. Due to its non-toxicity, water solubility
and good biocompatibility, dextran has been used extensively
in the biomedical and pharmaceutical fields (30). Herein, Dex
T-10 was utilized as a linker for the preparation of PD0721-DOX
ADC. Following conjugation of PD0721 scFv with DOX, the
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UV-Vis spectrum analysis revealed a significant red shift in the
maximum absorption, primarily attributed to the presence of
two aldehyde groups in oxidized Dex T-10. The latter could
undergo condensation with the amino groups in DOX and
PDO0721 scFv, thus forming a covalent cross-linking structure,
known as the Schiff base (31). As a result, the molecular weight
and the degree of conjugation were increased. Therefore, the
UV-Vis absorption displayed a pronounced red-shift. The afore-
mentioned results verified the successful coupling of PD0721
scFv with DOX. Based on UV-Vis, the DAR of PD0721 scFv
and DOX was estimated to be 9.23:1.

In establishing the dosage parameters for the experiments,
the present study initially conducted a series of preliminary
tests to ascertain the effective dose range of the PD0721-DOX
ADC. Acknowledging the complexities involved in preparing
PD0721-DOX ADC samples, a concentration range was care-
fully selected, specifically 0, 5, 10 and 20 pg/ml, for thorough

investigation. Furthermore, in determining the optimal treat-
ment duration, the preliminary experiments revealed that the
PD0721-DOX ADC antibody gradually exhibited increased
cytotoxicity over time. Consequently, a different treatment
period in was chosen for experiments to more effectively
demonstrate the cytotoxic efficacy of PD0721-DOX ADC
against cancer cells. CCK-8 assays were carried out to assess
the cytotoxicity effect of PD0721-DOX ADC on GBM cell
lines. Therefore, PD0721-DOX ADC significantly inhibited
the proliferation of DK-MG cells compared with U-87MG
ATCC cells, thus indicating a particular cytotoxic effect of
PD0721-DOX ADC on DK-MG cells.

The mechanism of action of ADC includes two main
processes, namely its specifically binding to the target
and subsequent internalization of the antibody drugs (32).
Following internalization, ADCs are transported intracellu-
larly from the early to the late endosome and eventually reach
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the lysosomal compartment, where the cytotoxic payload is
released to promote cell death. (22) In the present study, the
immunofluorescence results detected green (PD0721 scFv)
and red fluorescence (DOX) on the surface of DK-MG cells. By
contrast, due to the absence of the EGFRVIII antigen on their
surface, U-87MG ATCC cells did not exhibit noticeable green
or red fluorescence, thus indicating that PD0721-DOX ADC
could directly target EGFRvIII-expressing cells. Further, the
cell internalization results demonstrated superior and faster
entry of PD0721-DOX ADC into DK-MG cells, compared with
U-87MG ATCC cells. To minimize experimental errors, an
Annexin V-APC/7-AAD apoptosis detection kit was utilized
to detect apoptosis in PD0721-DOX ADC-treated cancer cells.
The results demonstrated that PD0721-DOX ADC effectively
induced DK-MG cell apoptosis, thus supporting its potent
anti-GBM activity. Furthermore, the variations in DOX
levels between the two cell types may be attributed to various
factors, such as cell type distinctions and drug transporters,
which will be the focus of further comprehensive examination
and analysis.

However, the present study had some limitations. Firstly,
in vivo experiments and in vitro (co-cultivation of DK-MG and
U-87MG ATCC cells) should be performed to validate the
findings of the current study and provide additional insights
beyond the current in vitro verification. Although co-culture
of the two types of cells was attempted, difficulties were
encountered in distinguishing them under the microscope.
Despite these challenges there will be further exploration of
strategies and methodologies employed in the co-culturing of
the two cell types. Second, the experimental conditions should
be further optimized to enhance the targeting specificity and
anti-GBM effect of PD0721-DOX ADC in DK-MG cells.
However, PD0721-DOX ADC could offer a novel therapeutic
approach for malignant tumors and lays a foundation for the
clinical application of DOX.

In summary, in the present study a PD0721-DOX ADC
delivery system was constructed through conjugating PD0721
scFv with DOX using Dex T-10 to enhance the targeting
capacity of DOX against EGFRVIII. The results demon-
strated that PD0721-DOX ADC exhibited effective targeting
against the EGFRVIII antigen, while it could significantly
promote cytotoxicity and cell apoptosis. The findings hold
potential implications for the advancement of ADC and DOX
development and the treatment of GBM in clinical practice.
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