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ABSTRACT

Antibody-drug conjugates (ADCs) are a new type of targeting antibodies that conjugate with highly toxic
anticancer drugs via chemical linkers to exert high specificity and efficient killing of tumor cells, thereby
attracting considerable attention in precise oncology therapy. Cetuximab (Cet) is a typical antibody that
offers the benefits of good targeting and safety for individuals with advanced and inoperable cutaneous
squamous cell carcinoma (cSCC); however, its anti-tumor activity is limited to a single use. Cisplatin
(CisPt) shows good curative effects; however, its adverse effects and non-tumor-targeting ability are
major drawbacks. In this study, we designed and developed a new ADC based on a new cytotoxic
platinum (IV) prodrug (C8Pt(IV)) and Cet. The so-called antibody-platinum (IV) prodrugs conjugates,
named Cet-C8Pt(IV), showed excellent tumor targeting in ¢SCC. Specifically, it accurately delivered
C8Pt(IV) into tumor cells to exert the combined anti-tumor effect of Cet and CisPt. Herein, metabolomic
analysis showed that Cet-C8Pt(IV) promoted cellular apoptosis and increased DNA damage in c¢SCC cells
by affecting the vitamin B6 metabolic pathway in tumor cells, thereby further enhancing the tumor-
killing ability and providing a new strategy for clinical cancer treatment using antibody-platinum (IV)

prodrugs conjugates.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’'an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A typical antibody-drug conjugate (ADC) comprises a mono-
clonal antibody linked to a cytotoxic drug via chemical linkers to
specifically deliver the toxic payload to specific tumor cells [1—4].
The high specificity and effectiveness of ADCs, with minimal
damage and toxicity to normal tissues, make them highly desirable
for cancer therapy. The major advantage of ADCs over traditional
chemotherapeutic drugs is their wide therapeutic window [5,6].
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However, ADCs also have some defects. First, ADCs comprises
cytotoxic medications connected to therapeutic monoclonal anti-
bodies through chemical bonds, and current linkers are generally
undesirable because of the difficulty in their chemical design with
tedious synthetic steps and high costs [7—10]. Second, apart from
ultra-high cytotoxicity, the current cytotoxic drugs carried by ADCs
mostly have a narrow therapeutic anticancer spectrum or limited
anticancer activity, displaying activity against only a single cancer
type or a small number of cancer types, and they are inefficient in
killing cancer cells by themselves [11—13]. Therefore, future
development of ADCs may focus on reducing costs by simplifying
the linker design and extending ADCs for broader therapeutic
applications.

The platinum compound is one of the most commonly used
classes of antineoplastic drugs in clinics, with a broad anticancer
spectrum for malignant tumors, such as lung cancer, colorectal
cancer, ovarian cancer, and head and neck squamous cell carcinoma
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[14,15]. Research has indicated that cisplatin (CisPt)-based combi-
nation chemotherapy is a commonly used medication for cuta-
neous squamous cell carcinoma (cSCC), exhibiting an impressive
overall response rate of up to 80% [16]. Although the combination
chemotherapy regimen demonstrates remarkable effectiveness in
treating inoperable or advanced cSCC, platinum-based drugs have
serious systemic side effects owing to the lack of cancer targeting,
resulting in difficulty in their accumulation at tumor sites [17].
Platinum (IV) drugs currently under study differ from traditional
platinum (II) drugs, such as CisPt, owing to their fewer toxic adverse
effects [18,19]. Platinum (IV) prodrugs have highly stable spatial
octahedral structures and are kinetically inert, which are their basic
characteristics. The lower propensity of platinum (IV) prodrugs to
interact with biomolecules, such as serum proteins, limits their side
effects; therefore, platinum (IV) drugs have lower systemic toxicity
than traditional platinum (II) drugs [20]. After entering the highly
reductive environment of tumors, platinum (IV) drugs are quickly
reduced to their platinum (II) counterparts, which can exert DNA
damaging effects [21—-25]. However, platinum (IV) drugs lack tu-
mor targeting ability, necessitating the use of drug delivery systems
to achieve excellent anti-tumor effects [26,27].

Cetuximab (Cet) is a monoclonal antibody of the chimeric
immunoglobulin G1 type that has high specificity for the epidermal
growth factor receptor (EGFR), possesses greater binding strength
than with epidermal growth factor, and results in the blocking of
ligand-induced EGFR phosphorylation [28,29]. In view of its good
tumor-targeting ability and excellent safety profile, Cet has been
employed in the therapy of various solid tumors that exhibit high
levels of EGFR expression, such as colorectal cancer, head and neck
squamous cell carcinoma, and cSCC, among others [30—32].
Moreover, Cet-based monotherapy is well tolerated by elderly pa-
tients with advanced ¢SCC [16]. Therefore, it is more desirable to
combine Cet with CisPt to achieve better therapeutic effects, owing
to the limited anti-tumor activity of Cet and the side effects of CisPt
in single-agent therapies for cSCC.

In this study, a new platinum (IV) prodrug, C8Pt(IV), was
designed based on CisPt with broad-spectrum antineoplastic
activity. Subsequently, a new ADC, namely Cet-C8Pt(IV), was
developed by conjugating Cet with C8Pt(IV) via amide bonds by
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide  hydrochloride
(EDCI) or N-hydroxy succinimide (NHS) chemistry [33—35]. The
amide bonds were used as linkers of C8Pt(IV) and Cet via simple
chemical conjugation to avoid the complicated linker design in a
typical ADC (Scheme 1). In addition, Cet-C8Pt(IV) was found to have
a better tumor-Kkilling ability than CisPt. Furthermore, metabolomic
analysis has shown that Cet-C8Pt(IV) promotes cancer cell
apoptosis by inducing greater DNA damage in human skin squa-
mous cell carcinoma A-431 cells [36]. Therefore, Cet-C8Pt(IV) has
shown better targeting ability in both A-431 cells and in an
orthotopic ¢SCC mouse model with high EGFR expression. This
study paves the way for the development of therapeutic options for
cSCC using antibody-platinum (IV) prodrugs conjugates.

2. Materials and methods
2.1. Reagents and chemicals

Cet was obtained from Merck KGaA (Darmstadt, Germany). CisPt
was obtained from Boyuan Chemical Company (Shandong, China).
Succinic anhydride (SA), 1-isocyanatooctane (C8-NCO), acetone,
hydrogen peroxide, ether, N,N-dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), EDCI, and NHS were obtained from
Aladdin (Shanghai, China). Unless otherwise specified, all chemicals
were acquired from commercial suppliers and utilized without
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Scheme 1. Schematic illustration of preparation of antibody-platinum (IV) prodrugs
conjugates of cetuximab (Cet)-C8Pt(IV) and possible anti-tumor mechanism of action.
(A) Preparation of Cet-C8Pt(IV) via a condensation reaction of Cet with C8Pt(IV). (B)
Possible mechanism of action of Cet-C8Pt(IV). Cet-C8Pt(IV) was injected into mice
bearing A431 tumors and accumulated in cutaneous squamous cell carcinoma (cSCC)
tumor tissues via tumor targeting. Cet-C8Pt(IV) exerted the anti-tumor effect by
causing DNA damage in tumors cells and inducing tumor cell apoptosis. EGF:
epidermal growth factor; EGFR: epidermal growth factor receptor.

additional purification. The cell culture vessels were obtained from
Corning Inc. (Corning, NY, USA). Dulbecco's modified Eagle's me-
dium (DMEM) containing 4.5 g of glucose, Roswell Park Memorial
Institute-1640 (RPMI-1640), trypsin-ethylenediamine tetraacetic
acid (EDTA) (0.25%), penicillin/streptomycin, and fetal bovine
serum were procured from Gibco (Grand Island, NY, USA). 4',6-
diamidino-2-phenylindole (DAPI), propidium iodide (PI), Alexa
Fluor® 488, and the terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) apoptosis assay kit were acquired
from Solarbio Science & Technology Co., Ltd. (Beijing, China). More
detailed information about materials and method are shown in the
Supplementary data.

2.2. Cell lines and animals

All the cells were supplied by the American Type Culture
Collection (ATCC; Manassas, VA, USA). Beijing Vital River Labora-
tory Animal Technology Co., Ltd. (Beijing, China) provided healthy
Kunming (KM) and BALB/c nude mice, which were raised in specific
pathogen-free animal rooms. The animal experiments conducted in
this study were carried out in accordance with the guidelines
reviewed and approved by the Laboratory Animal Center of the
Chinese PLA General Hospital, Beijing, China (Approval No.: 2021-
X17-21).

2.3. Synthesis of C8Pt(1V)

CisPt (500 mg, 1.65 mmol) was dissolved in H,02 (30% (m/V),
20 mL). The mixture was stirred at 40 °C overnight to a clear so-
lution. After cooling to room temperature, numerous needle-like
crystals were precipitated. The product, Pt(IV)-OH, was washed
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several times with acetone and dried in a desiccator. Subsequently,
Pt(IV)-OH (334 mg, 1 mmol) and succinic anhydride (100 mg,
1 mmol) were suspended in DMF (100 mL), and the mixture was
stirred at 50 °C for 24 h to a clear solution. The DMF was then
removed by rotary evaporation, the product (Pt(IV)-COOH) was
washed several times with acetone and ether, and the precipitate
was dried in a desiccator. Finally, Pt(IV)-COOH (434 mg, 1 mmol)
and C8-NCO (170 mg, 1.1 mmol) were suspended in DMF (30 mL),
then the mixture was stirred at 55 °C for 12 h to a clear solution.
Finally, the DMF was removed by rotary evaporation, the product
(C8Pt(IV)) was washed several times with acetone and ether, and
the precipitate was dried in a desiccator.

2.4. Synthesis of Cet-C8Pt(IV)

EDCI (1.6 mg) and NHS (1 mg) was added to a solution of
C8Pt(IV) (5 mg) in DMSO (200 pL). The mixture was incubated for
30 min at room temperature. The reaction mixture was added
dropwise to Cet in water (1.25 mg/mL, 40 mL). Next, the reaction
mixture was stirred for 8 h at room temperature. Then, the solution
was subsequently purified with Vivaspin 6 (three times, molecular
weight cut-off (MWCO) 30 kDa) to remove unconjugated C8Pt(IV).
Finally, Cet-C8Pt(IV) was prepared and stored until further use.

2.5. Pt release of Cet-C8Pt(1V)

Avolume of 5 mL of Cet-C8Pt(IV) with a platinum concentration
of 100 uM was moved into a dialysis bag (MWCO: 3.5 kDa) that had
been pre-swelled. The bag was subsequently placed in either
200 mL of phosphate-buffered saline (PBS) or sodium ascorbate
(NaVc) (200 mL, 10 mM NaVc) in a shaking culture incubator set at
37 °C. At different time intervals, 1 mL of the solution was extracted,
and an equivalent amount of a new solution was promptly intro-
duced into the incubation medium following the sampling process.
The platinum concentrations were measured by inductively
coupled plasma mass spectrometry (ICP-MS; Agilent Technologies
7,700 series; Santa Clara, CA, USA).

2.6. Cell uptake of Cet-C8Pt(1V)

A confocal laser scanning microscope (CLSM; LSM-800, ZEISS,
Oberkochen, Germany) was used to monitor the cellular absorption
of Cet-C8Pt(IV). Briefly, a cover glass was inserted into each well of a
24-well plate. A volume of 1 mL of media at a total of 1 x 10° A-
431 cells was added into each well and incubated at 37 °C for 12 h.
Next, cells were exposed to Cet-C8Pt(IV)@Cy5.5 (5 uM Pt) for 0, 0.5,
3, or 6 h. Cells were fixed in paraformaldehyde and washed with
cold PBS. DAPI was used to stain the nuclei. The cytoskeletons were
stained with actin (Beyotime Biotechnology Co., Ltd., Shanghai,
China). Subsequently, images were collected with CLSM (DAPI:
Aex = 405 nm and ke = 460 nm; Cy5.5: Aex = 673 nm and
Aem = 692 nm).

Flow cytometry was performed to examine the cellular inter-
nalization of Cet-C8Pt(IV). A-431 cells were seeded in 12-well
plates at a density of 3 x 10° cells/well and incubated for 12 h.
The cells were then exposed to Cet-C8Pt(IV)@Cy5.5 for 0, 0.5, 3, or
6 h, rinsed with PBS, and analyzed using flow cytometry (FCM;
Beckman Coulter, Brea, CA, USA).

2.7. Cell viability assays
A-431 cells were placed in 96-well plates with a density of

5 x 10° cells/well and incubated for 12 h. Subsequently, the cells
were exposed to PBS, CisPt, Cet, CisPt + Cet, C8Pt(IV), C8Pt(IV) + Cet,
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or Cet-C8Pt(IV) at varying concentrations from 0.000625 to 5 uM for
platinum for a duration of 48 h. The Cet concentration ranged from
0.015 to 120 pg/mL in the Cet, CisPt + Cet, and C8Pt(IV) + Cet
groups. The cells were subsequently cultured in a 10% 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution for a duration of 4 h, followed by measurement at a
wavelength of 570 nm. After 12 h, 100 pL of sodium dodecyl sulfate
(SDS) were introduced into each well of the 96-well plates. Subse-
quently, absorbance was determined using microplate reader
(SpectraMax M8; Molecular Devices, San Jose, CA, USA).

2.8. Apoptosis analysis

Cell apoptosis was evaluated using the annexin V-
fluorescein isothiocyanate (FITC) apoptosis detection kit (Elabs-
cience Biotechnology Co., Ltd.,, Wuhan, China), according to the
manufacturer's guidelines. Briefly, A-431 cells were seeded into 12-
well plates at a density of 3 x 10° cells/well. Following a 12-h in-
cubation period, the cells were exposed to PBS, CisPt, Cet,
CisPt + Cet, C8Pt(IV), C8Pt(IV) + Cet, or Cet-C8Pt(IV) (platinum at
5 uM and Cet at 120 ug/mL) for 24 h. Subsequently, the cells were
rinsed with PBS and subjected to a 15-min incubation with
annexin/PI reagent in a dark environment at 37 °C. Thereafter, FCM
was used to promptly measure the cells.

2.9. Western blot analysis

Radioimmune precipitation assay (RIPA) lysis buffer (P0013B,
Beyotime) was used to treat A-431 cells. Proteins from A-431 cells
were obtained by centrifugation at 12,000 r/min for 15 min. The
protein concentration was determined using a bicinchoninic acid
(BCA) assay (P0011, Beyotime). Equal quantities of proteins were
separated by SDS-polyacrylamide gel electrophoresis (PAGE) and
transferred onto polyvinylidene fluoride (PVDF) membranes. After
that, the membranes were blocked in Tris-buffered saline with
Tween 20 (TBS-T) with 5% non-fat milk for 1 h. Next, the mem-
branes were placed on a shaker at 4 °C overnight and incubated
with a primary antibody against EGFR (GB111504; Servicebio
Technology Co., Ltd., Wuhan, China). The PVDF films were then
washed three times for 30 min each time. The cells were then
incubated with horseradish peroxidase (HRP)-conjugated anti-
bodies (A0208, Beyotime) at room temperature for 2 h. A gel im-
aging system (Tanon 4800, Shanghai, China) was used to acquire
Western blot images. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (#5174; Cell Signaling Technology, Boston, MA, USA) was
used as a control for protein loading.

2.10. Metabolomics

Cells were cultivated in triplicate in the 6-well plates and
respectively treated with PBS, CisPt, C8Pt (IV), and Cet-C8Pt(IV) at a
concentration of 2.5 uM of platinum for 24 h. Next, the cells were
washed twice with 1x PBS and subsequently extracted using 500 puL
of ice-cold extraction solvent (water:methanol:chloroform
(100:180:120, V/V|V)). Following a thorough shaking for a duration
of 1 min, the Eppendorf tube was loaded with a combined volume of
150 pL water and subsequently subjected to centrifugation at 1,000 g
for 15 min at 4 °C. For metabolomic analysis, 400 pL of the super-
natant was moved into vials for liquid chromatography (LC)
(Thermo Fisher Scientific Inc., San Jose, CA, USA), then subjected to
centrifugation to remove moisture, and finally reconstituted to a
final volume of 40 pL. Ultra high-performance liquid
chromatography (UHPLC)-electron spray ionization (ESI)-orbitrap-
MS (Thermo Fisher Scientific Inc.) successfully identified all the
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metabolites. A compound discoverer (version 3.1) was used to
identify and quantify the data. MetaboAnalyst 5.0 (https://www.
metaboanalyst.ca/) was used for metabolic data statistics and
enrichment analysis.

2.11. In vivo biodistribution of Cet-C8Pt(I1V)

To generate mice with solid tumors of either 4T1 or A-431 cells,
BALB/c-nu mice were injected with 5 x 10% 4T1 or A-431 cells
subcutaneously in the right hip. Upon the tumor reaching
approximately 200 mm?> in size, mice with 4T1 tumors were
administered an intravenous injection of Cet@Cy5.5 at a dosage of
1 mg/kg. Upon reaching approximately 200 mm? of tumor volume,
mice bearing A-431 tumors were intravenously injected with either
Cet@Cy5.5 (1 mg/kg) or Cet-C8Pt(IV)@Cy5.5 (1 mg/kg). Subse-
quently, imaging was performed using Impact of Visual Impairment
after Stroke (IVIS) spectrum (PerkinElmer, Waltham, MA, USA) at 3,
6, 8, 12, 24, and 36 h after injection (excitation, 675 nm; emission,
720 nm). The mice were sacrificed 36 h after injection, and the
tumors and specific organs were extracted and imaged.

2.12. In vivo antitumor efficacy evaluation

On days 0, 3, and 6, five groups of mice with A-431 tumors were
randomly selected. These groups were then randomly administered
intravenous injections of PBS, Cet, CisPt, CisPt + Cet, or Cet-C8Pt(IV)
(3 mg/kg platinum or 10 mg/kg Cet). The tumor sizes and weights in
each group were measured every other day, and the tumor size (V,
mm?) was determined using the formula: V = (a x b%)/2, where a
represents the length of the tumor and b represents its width.

2.13. Statistical analysis

Data were displayed as the mean + standard deviation (SD).
Graphpad Prism 8 was used to analyze the data. Student's t-test and
one-way analysis of variance (ANOVA) were performed. Statistical
significance was determined at a significance level of “P < 0.05,
“P < 0.01, and **P < 0.001.

3. Results and discussion

3.1. Expression of EGFR in patient samples, cell lines, and mouse
models

To explore the ability of Cet to target skin squamous cell carci-
noma, bioinformatics analysis of the GSE98767 data-set in the Gene
Expression Omnibus (GEO) database was conducted. The GSE98767
dataset is a high-throughput sequencing dataset comprising 54
samples, including 9 samples from normal human keratinized
epithelial tissues and 45 samples from human skin squamous cell
carcinoma tissues. The limma package of R was used to examine the
differences between normal human keratinized epithelial tissues
and human skin squamous cell carcinoma tissues. First, EGFR was
significantly overexpressed in cSCC (Fig. 1A). Next, the expression of
EGFR was compared between tumor and normal keratinized
epithelial tissues. High expression of EGFR was evident in cSCC
tumors, with a significantly higher level than that in normal human
keratinized epithelial tissues (log2(fold change) = 2.729, P < 0.001)
(Fig. 1B). To verify the above bioinformatics analysis results, tumor
and adjacent normal tissues from patients with cSCC were sub-
jected to hematoxylin and eosin (H&E) and immunohistochemical
staining (Figs. 1C and D). These findings confirmed that tumor tis-
sues exhibited significant overexpression of EGFR, whereas normal
tissues did not. In addition, EGFR expression was detected in a cell
line derived from human skin squamous cell carcinoma, namely A-
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431. Sixty-nine kinds of normal cell lines and cancerous cell lines
were compared. The findings indicate that
A-431 cells exhibit significantly elevated expression of EGFR, sur-
passing the levels observed in other cell lines (Fig. S1). Subse-
quently, EGFR expression in A-431 cells was measured by Western
blotting. According to these findings, the level of EGFR expression
in A-431 cells was significantly higher than that in the mouse breast
cancer cell line 4T1 and the mouse squamous cell carcinoma cell
line SCC-7 (Fig. 1E). Finally, an orthotopic ¢SCC tumor model in
immunodeficient mice was established by subcutaneous injection
of A-431 tumor cells [37,38]. Tumors, adjacent skin tissues, and
muscle tissues were collected for immunofluorescence staining of
EGFR (red) in the tumor-bearing mice (Figs. 1F and G). Once again,
the findings demonstrated that EGFR was significantly expressed in
the tumors of mice bearing orthotopic cSCC tumors. These results
confirmed that EGFR was highly expressed in tumor tissues from
patients with cSCC, A-431 cell lines, and tumor tissues of mice with
orthotopic ¢SCC tumors, which is in accordance with the underly-
ing premise of Cet therapy.

3.2. Preparation and characterization of Cet-C8Pt(IV)

To obtain Cet-C8Pt(IV), CisPt was oxidized to Pt(IV)-OH. Sub-
sequently, succinic anhydride was used to functionalize Pt(IV)-
OH, resulting in the formation of Pt(IV)-COOH with a single
carboxyl substitution. Subsequently, Pt(IV)-COOH was linked to
C8-NCO to obtain C8Pt(IV) (Fig. 2A). Finally, Cet-C8Pt(IV) was
prepared via the condensation of the carboxyl groups on C8Pt(IV)
and the amine groups on Cet (Fig. 2B). Next, C8Pt(IV) was char-
acterized using nuclear magnetic resonance (NMR) (Figs. S2—S4),
high performance liquid chromatography (HPLC), and high-
resolution MS (Fig. S5). The drug-to-antibody ratio (DAR) is a
key characteristic of ADC drugs and represents the average
quantity of drugs conjugated to antibodies. DAR determines both
the efficacy and clearance rate of ADC drugs, which typically
ranges from O to 8, indicating that there were 0—8 conjugated
molecules per antibody [39—41]. Compared with Cet (m/
z = 152659.2), Cet-C8Pt(IV) displayed four major m/z peaks.
These peaks could be attributed to Cet conjugated with different
amounts of C8Pt(IV) (Figs. 2C and D). Furthermore, the ICP-MS
analysis revealed that the average DAR was 6.1. The drug-
release behavior of Cet-C8Pt(IV) was examined using ICP-MS
under various conditions. The findings indicated that the
release of platinum from Cet-C8Pt(IV) after 48 h of incubation in
10 mM of NaVc (HAA™) was 4.9 times greater than that in PBS
during the same period, indicating that Cet-C8Pt(IV) could
release platinum efficiently in a highly reductive tumor envi-
ronment in cancer cells (Fig. S6). In summary, the ADC drug Cet-
C8Pt(IV) was designed with an ideal DAR that could efficiently
release drugs into the tumor environment.

3.3. Anti-tumor activity of Cet-C8Pt(IV) in vitro

Intracellular uptake of Cet-C8Pt(IV) plays a role in its anticancer
activity. First, the platinum concentration in the tumor cells was
measured separately at 0.5, 3, and 6 h after treating the cells with
C8Pt(IV), a combination of C8Pt(IV) and Cet and Cet-C8Pt(IV). Ac-
cording to these findings, tumor cells treated with Cet-C8Pt(IV)
exhibited significantly elevated levels of platinum compared to
cells subjected to alternative treatments. The platinum concentra-
tion in these cells was observed to be as high as 6.83 and 6.58 times
greater than that of cells treated with C8Pt(IV) and a combination of
C8Pt(IV) and Cet, respectively (Fig. 3A). Subsequently, tumor tar-
geting of Cet-C8Pt(IV) by A-431 cells was confirmed via a
competitive inhibition experiment. A-431 cells were pretreated
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Fig. 1. The epidermal growth factor receptor (EGFR) was highly expressed in tumor tissues of cutaneous squamous cell carcinoma (cSCC) patients, A-431 cell line, and tumor tissues
of orthotopic ¢SCC tumor mouse models. (A) Differential expression analysis of high-throughput sequencing data between normal human keratinized epithelial tissues and human
skin squamous cell carcinoma tissues from GSE98767 data set in Gene Expression Omnibus (GEO) database. (B) Expression of EGFR in ¢SCC tumor tissues and human normal
keratinized epithelial tissues. (C) Hematoxylin and eosin (H&E) staining of human ¢SCC tumor tissues. (D) Immunohistochemical staining of EGFR in human ¢SCC tumor tissues. (E)
Expression of EGFR in different cell lines detected by Western blotting. (F, G) Immunofluorescence detection of EGFR expression in tumor (F) and adjacent muscle (G) tissues in

orthotopic ¢SCC mouse models. GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

with Cet and then treated with Cet-C8Pt(IV). The findings indicated
that the concentration of platinum in A-431 cells that were not
pretreated with Cet was 1.83 times greater compared to cells that
underwent Cet pretreatment. This suggests that Cet-C8Pt(IV)
effectively targets EGFR in tumor cells, demonstrating its poten-
tial for tumor eradication (Fig. 3B). Next, to measure the absorption
of Cet-C8Pt(IV) by A-431 cells, Cet-C8Pt(IV) was tagged with the
fluorescent dye Cy5.5 (Cet-C8Pt(IV)@Cy5.5), which was further
incubated with A-431 cells for 0, 0.5, 3, and 6 h. According to the
FCM findings, the fluorescence intensity of A-431 progressively
increased with the treatment time of Cet-C8Pt(IV)@Cy5.5. Specif-
ically, the A-431 cells exhibited a fluorescence intensity that was 3.1
and 1.9 times greater at 6 h compared to cells treated for 0.5 and
3 h, respectively (Figs. 3C and D). CLSM was used to visualize the
absorption of Cet-C8Pt(IV)@Cy5.5 by A-431 cells. The intensity of
red fluorescence in the A-431 cells treated with Cet-C8Pt(IV)@Cy5.5
increased with treatment time (Fig. 3E).

Subsequently, the antiproliferative activity of Cet-C8Pt(IV) was
tested in cancer cells. The MTT assay of Cet-C8Pt(IV) in A-431 cells
was performed. The results showed that CisPt at 5 uM had an in-
hibition rate of only approximately 27% of tumor cells in A-
431 cells, whereas a combination of CisPt (5 uM) + Cet (120 pg/mL)
had an inhibition rate of approximately 34% in A-431 cells. How-
ever, Cet-C8Pt(IV) at the same concentration had an inhibition rate
at approximately 86% on A-431 cells, which was 2.5 times higher
than that of CisPt (5 pM) + Cet (120 pg/mL) (Fig. 3F), indicating that
Cet-C8Pt(IV) was an effective antitumor agent. Apoptosis of A-
431 cells in the different treatment groups was assessed using
annexin V-FITC/PI dual staining. According to the findings, Cet-
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C8Pt(IV) at 5 uM resulted in an apoptosis rate as high as 83.9%,
whereas CisPt and C8Pt(IV) caused an apoptosis rate at 7.8% and
58.3%, respectively (Fig. 3G), indicating that Cet-C8Pt(IV) induced
more apoptosis than CisPt and C8Pt(IV) at the same platinum
concentration due to its compound selectivity caused by the anti-
body Cet-C8Pt(IV) conjugated with. These findings suggest that
Cet-C8Pt(IV) may play a role in cancer cell apoptosis. Finally, colony
formation experiments verified that Cet-C8Pt(IV) effectively sup-
pressed colony formation by A-431 cells (Fig. 3H). In summary, Cet-
C8Pt(IV) displayed the more efficient anticancer activity in vitro.

3.4. Metabolomic analysis of A-431 cells treated with Cet-C8Pt(IV)

To better understand the mechanism of Cet-C8Pt(IV) action, a
metabolomic study of A-431 cells treated with various medica-
tions was performed using LC/MS. Initially, the heat map showed
the metabolites of A-431 cells treated with PBS, CisPt, C8Pt(IV),
and Cet-C8Pt(IV) (Fig. 4A). The results indicated a clear and
notable distinction in the metabolites of A-431 when treated with
PBS compared to that with the other three medications. Next,
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of the metabolites in A-431 cells treated with PBS and
Cet-C8Pt(IV) was conducted. The findings indicated that the
synthesis of pantothenate and CoA, metabolism of glycine, serine,
and threonine, metabolism of vitamin B6, and metabolism of
arginine and proline were notably enhanced in the metabolites of
A-431 cells subjected to Cet-C8Pt(IV) treatment (Fig. 4B). Subse-
quently, KEGG enrichment analysis of the cell metabolites treated
with other drugs was performed. The results indicated that the
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four most significantly enriched pathways for metabolites in
CisPt-treated A-431 cells were primary bile acid biosynthesis,
taurine and hypotaurine metabolism, aminoacyl-transfer RNA
(tRNA) biosynthesis, and pantothenate and CoA biosynthesis
(Fig. S7). However, the four most significantly enriched pathways
for metabolites in A-431 cells treated with C8Pt(IV) were the
lysine degradation, glycine, serine, and threonine metabolism,
glycosylphosphatidylinositol (GPI)-anchor biosynthesis, and
vitamin B6 metabolism (Fig. S8). Based on the integrated analysis
of the metabolic pathways of cells with various treatments, Cet-
C8Pt(IV) and C8Pt(IV) in A-431 cells act differently from tradi-
tional platinum drugs, such as CisPt. Subsequently, Pantothenate
and CoA biosynthesis in cells exposed to Cet-C8Pt(IV) were found
to be closely related to DNA damage and oxidative stress, which is
likely one of the major pathways in cell killing [42—44]. However,
it is worth noting that nephrotoxicity and ototoxicity induced by
CisPt in patients are also associated with oxidative stress and a
poor redox state balance. After entering tumor cells, platinum-
based drugs can induce DNA damage via the formation of DNA
cross-links, leading to the halting of the cell cycle and ultimately
cell death [45—47]. In accordance with prior metabolomic studies,
cells treated with Cet-C8Pt(IV) and C8Pt(IV) exhibited a notable
enrichment in vitamin B6 metabolism. These results indicate that
vitamin B6 could aggravate CisPt-mediated DNA damage by pro-
moting the depletion of intracellular glutathione. Additionally,
vitamin B6 can increase the sensitivity of tumor cells to apoptosis
induced by various physical and chemical stresses, including
chemotherapeutics, to enhance their tumor killing effects [36].
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Furthermore, metabolomics was used to verify the DNA damage
induced by Cet-C8Pt(IV). The DNA damage indicator y-H2AX in
the A-431 cells with various treatments were investigated using
an immunofluorescence staining assay. The CLSM results indi-
cated that the red fluorescence intensity in A-431 cells treated
with Cet-C8Pt(IV) was notably greater than that in cells treated
with C8Pt(IV) or a combination of C8Pt(IV) and Cet (Fig. 4C). In
summary, we found via metabolomic analysis that Cet-C8Pt(IV)
exerted its cytotoxicity mainly through oxidative stress and DNA
damage.

3.5. Biosafety and biodistribution of Cet-C8Pt(IV) in vivo

Biosafety is a key parameter before a drug enters any clinic
[48,49]. ADCs have good targeting performance and exert better
cell killing effect than traditional cytotoxic drugs [1,50]. Herein, the
biosafety of Cet-C8Pt(IV) was investigated in healthy KM mice.
Briefly, the mice received different medications at a dose of 3 mg of
Pt/kg based on body weight and 10 mg/kg Cet. Given its poor water
solubility in vivo, C8Pt(IV) was excluded. Blood samples and organs
were harvested after 15 days of treatment. Biochemical blood
analysis showed almost no statistical difference between mice
treated with Cet-C8Pt(IV) and PBS, indicating the negligible sys-
temic toxicity of Cet-C8Pt(IV) (Fig. S9). In addition, examination of
the major organs in mice treated with different therapies revealed
no significant morphological alterations when comparing Cet-
C8Pt(IV) to PBS, confirming the safety of Cet-C8Pt(IV) through
H&E staining (Fig. S10).
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P < 0.0001. DAPI: 4',6-diamidino-2-phenylindole; CisPt: cisplatin; PBS: phosphate-buffered saline; FITC:
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Cet-C8Pt(IV) further exerted its anti-tumor effect by binding to
EGFR, which is overexpressed in tumor cells. Therefore, effective
tumor targeting can ensure sufficient drug efficacy. The tumor-
targeting performance of Cet-C8Pt(IV) was verified in vivo using
mouse models. First, the fluorescent dye Cy5.5 was used to label Cet
and Cet-C8Pt(IV), resulting in Cet@Cy5.5 and Cet-C8Pt(IV)@Cy5.5,
respectively. Subsequently, an orthotopic cSCC mouse model with
high EGFR expression based on A-431 cells and a triple-negative
breast cancer mouse model with low EGFR expression based on
4T1 cells were selected for subsequent studies. Fluorescence im-
aging using the IVIS small animal imaging system was used to
monitor the distribution of Cet@Cy5.5 and Cet-C8Pt(IV)@Cy5.5 in
mice after intravenous injection (Fig. 5A). The mice were
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euthanized 36 h after administration, and the biodistribution of
Cet/Cet-C8Pt(IV) in the tumors and primary organs was examined.
These findings indicated that the level of fluorescence intensity at
the site of the tumor was notably greater in mice with A-431 tu-
mors that received Cet treatment than in those with 4T1 tumors.
Moreover, the fluorescence intensity was significantly higher at the
tumor sites than in the heart, lungs, spleen, intestine, liver, and
kidneys of mice bearing A-431 tumors treated with Cet-C8Pt(IV)
and Cet (Fig. 5B). Additionally, at 3 h post-injection, strong fluo-
rescence was observed at the tumor site of mice bearing A-431
tumors, with average fluorescence intensities of 1.206 x 10° p/s/
cm?/srand 1.222 x 10° p/s/cm?/sr. Nevertheless, the fluorescence in
mice bearing 4T1 tumors was relatively weak (1.049 x 10° p/s/cm?/
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sr). In addition, the fluorescence in mice bearing A-431 tumors
remained high and unchanged over time, whereas the opposite
trend was observed in mice bearing 4T1 tumors (Fig. 5C). Lastly, the
ex vivo imaging was used to quantify and analyze the average
fluorescence in tumors and major organs. According to these
findings, the mean fluorescence strength at the tumor site in mice
carrying A-431 tumors receiving Cet treatment was only 1.7 times
higher than that in mice receiving Cet-C8Pt(IV) treatment, whereas
this was 3.1 times higher than that in mice bearing 4T1 tumors
(Fig. 5D). Taken together, Cet-C8Pt(IV) targeted EGFR-
overexpressing tumors in an orthotopic ¢SCC mouse model, accu-
mulated rapidly, and was retained for a long time at tumor sites to
exert its anti-tumor effect.

3.6. Anti-tumor ability of Cet-C8Pt(1V) in vivo

After exploring the biosafety and tumor targeting ability of Cet-
C8Pt(IV), its anti-tumor effect was further studied in a mouse
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model bearing A-431 tumors. When the tumors reached approxi-
mately 100 mm?, CisPt, Cet, CisPt + Cet, and Cet-C8Pt(IV) were
administered via the tail vein at doses of 3 mg/kg of platinum and
10 mg/kg of Cet on days 0, 3, and 6 (Fig. 6A). On day 10 after the first
treatment, the mice were euthanized and the tumor tissues were
collected (Fig. 6B). From the first day of treatment (day 0) and every
alternate day, the tumor volumes (Fig. 6C) and body weights (Fig. 6D)
were recorded. During drug treatment, mice treated with CisPt or
CisPt + Cet showed significant weight loss. The result showed that
after the treatment, mice treated with CisPt lost approximately 18.6%
of their initial starting body weight, whereas mice treated with
CisPt + Cet lost approximately 18.9%. However, mice treated with
Cet-C8Pt(IV) lost only approximately 8.6%, which was nearly equal to
Cet. Moreover, mice treated with CisPt and CisPt + Cet developed
marked scaling and hypothermia, whereas there were no apparent
differences in skin, body temperature, or living conditions between
those treated with Cet-C8Pt(IV) or PBS. These results demonstrate
that Cet-C8Pt(IV) has a favorable safety profile.
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Fig. 5. The in vivo biodistribution of cetuximab (Cet)-C8Pt(IV) in mice models bearing A-431 and 4T1 tumors, respectively. (A) Biodistribution of Cet@Cy5.5 in mice bearing A-431
and 4T1 tumors and Cet-C8Pt(IV)@Cy5.5 in mice bearing A-431 tumors via fluorescence imaging at different time points. (B) Ex vivo imaging of tumors and major organs (top-down:
heart, liver, spleen, lung, kidney, intestine, and tumor). (C) Quantification of fluorescence intensity in the tumors of mice bearing A-431 or 4T1 tumors at various time points. (D) The
average fluorescence intensity of tumors and major organs of mice bearing A-431 and 4T1 tumors treated with Cet@Cy5.5 and Cet-C8Pt(IV)@Cy5.5 at 36 h post administration.
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After the mice were euthanized, the tumors were collected. The
findings indicated a significant decrease in the average tumor
weight of mice administered Cet-C8Pt(IV) (0.04 g) compared to
those treated with PBS (0.344 g), CisPt (0.14 g), Cet (0.156 g), or
CisPt + Cet (0.08 g) (Fig. 6E). Further characterization of the plat-
inum drugs in the tumor tissues of mice administered CisPt,
CisPt + Cet, or Cet-C8Pt(IV) was possible using ICP-MS. According
to these findings, the platinum levels in the tumor tissues of mice
that received Cet-C8Pt(IV) were 19.9 and 10.5 times greater
compared to mice administered CisPt and CisPt + Cet, respectively
(Fig. 6F). In addition, mice treated with CisPt and CisPt + Cet
exhibited modest tumor shrinkage (tumor inhibition rates of
approximately 59.3% and 76.7%). In contrast, mice treated with Cet-
C8Pt(IV) demonstrated a notable suppressive effect on tumor
growth (tumor inhibition rate of approximately 87.8%), confirming
that the anti-tumor ability of Cet-C8Pt(IV) was significantly supe-
rior to that of CisPt and CisPt + Cet.

H&E and TUNEL staining further indicated that Cet-C8Pt(IV) had
a robust therapeutic effect, as evidenced by extensive nuclear
fragmentation and dissolution of tumor cells in mice treated with
Cet-C8Pt(IV), surpassing the effects observed in mice treated with
CisPt (Fig. 6G). Furthermore, TUNEL staining indicated a highly
significant increase in green fluorescence intensity (representing
DNA damage) in the tumor tissues of mice administered Cet-
C8Pt(IV) compared to those administered CisPt (Fig. 6H). Taken
together, Cet-C8Pt(IV) showed stronger anti-tumor activity in vivo
than CisPt.

4. Conclusion

Monoclonal antibodies and potent cytotoxic drugs are com-
bined in ADCs, which are considered as a promising group of
anticancer agents with targeted properties and anti-tumor ef-
fects. Cet has limited anti-tumor effects in patients who are
elderly and/or have advanced ¢SCC and who are unable to un-
dergo surgery and combined chemotherapy; however, platinum
drugs have considerable toxic side effects, and their effective
doses may exceed the maximum tolerated dose in these pa-
tients. Hence, ADCs are considered as the preferred treatment
option for tumors due to their excellent targeting ability, safety,
and anti-tumor activity. However, the synthesis of the linkers of
traditional ADCs is generally complicated, thereby resulting in
high costs. In addition, the payloads of current ADCs have strong
cytotoxic effects but with a relatively narrow therapeutic range.
A novel ADC drug (Cet-C8Pt(IV)) was designed and developed
using a platinum (IV) prodrug of CisPt, C8Pt(IV), as a payload
with high cytotoxicity. Notably, the synthesis was concise and
the conjugate was stable. In addition, payload C8Pt(IV) is
broadly applicable to multiple tumor types and has a strong
tumor-killing ability. Therefore, Cet-C8Pt(IV) enables the direct
delivery of the potent cytotoxic payload, C8Pt(IV), directly to
tumor cells, as Cet is bound with high affinity to EGFR overex-
pressed on c¢SCC cells. In the reductive tumor intracellular
environment, C8Pt(IV) can be chemically reduced to CisPt with
high toxicity, thereby increasing the antitumor activity effi-
ciently with a synergistic anti-tumor effect. Furthermore,
metabolomic analysis showed that Cet-C8Pt(IV) aggravated DNA
damage in cSCC cells via the vitamin B6 metabolism pathway. In
summary, Cet-C8Pt(IV) displayed a favorable safety profile and
induced a robust anti-tumor effect.
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