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KEY WORDS Abstract Triple-negative breast cancer (TNBC) is a highly aggressive malignancy predominantly
managed via chemotherapy. Our clinical sample analysis revealed a significant correlation between
elevated CD24 expression in TNBC tumor cells and patient survival rates. We developed a novel
antibody—drug conjugate (ADC), named HNO3, consisting of an antibody with engineered cysteines
for site-specific conjugation with a low toxic nitric oxide (NO) precursor as its payload through a novel

Bioorthogonal chemistry;

Triple-negative breast
cancer;

Antibody-nitric oxide

donor conjugate; Pt(IV)-mediated bioorthogonal self-cleavable linker. HNO3 specifically targets tumor cells expressing
Site-specific conjugation; high levels of CD24, concurrently generating cisplatin and releasing NO upon activation. HN03 also ex-
CD24; hibited potent in vitro and in vivo antitumor activity. It significantly reduced tumor growth at various
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doses, prevented tumor metastasis, with markedly lower toxicity than traditional chemotherapy agents.
We found that a key mechanism of its action involved inducing apoptosis and endoplasmic reticulum
stress, substantially decreasing the number of M2-type macrophages. Overall, HNO3 stands out as a

promising therapeutic option for TNBC, offering a targeted treatment with reduced side effects and
the potential for improved outcomes. Furthermore, using Pt(IV) in the linker and an NO precursor as
the payload enhances the versatility of the Antibody-NO donor Conjugate (ANC), offering new avenues
for the design of the next generation of ADCs.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Triple-negative breast cancer (TNBC) is a highly invasive subtype
of breast cancer characterized by the absence of estrogen receptor,
progesterone receptor, and human epidermal growth factor re-
ceptor 2 (HER2) expression'. TNBC is associated with a high
recurrence rate, high metastasis rate, poor prognosis, and high
mortality>. To date, chemotherapy remains the primary treatment
for TNBC. Nevertheless, the good response of TNBC to chemo-
therapy agents cannot hide the associated toxic effects, and the
disease frequently becomes resistant to these drugs following
extended therapy®. Notably, individuals with TNBC exhibit an
elevated response rate to platinum-based medications combined
with other drugs, indicating that combination or synergistic ap-
proaches are promising strategies. Besides, effectively directing
chemotherapy agents to specific tumor sites is imperative and
necessitates immediate attention within the realm of drug inves-
tigation for this particular condition’.

Antibody—drug conjugates (ADCs) represent a rising class of
targeted therapeutics. They consist of a monoclonal antibody
covalently attached to a small bioactive molecular payload via a
linker®’. In contrast with small-molecule drugs, ADCs exhibit
precise targeting capabilities, and thereby have reduced off-target
toxicity. Furthermore, ADCs demonstrate superior tumor-killing
effects over simple antibody drugs. Consequently, ADCs have
garnered significant attention from researchers in the field of
antitumor drugs and are at the forefront of global innovative drug
development®. Till March 2024, 15 ADCs have received approval
for marketing globally; they include various antigens, such as
CD33, CD30, CD22, CD79b, c-MET, HER2, Nectin-4, TROP2,
BCMA, and TF. Additionally, more than 100 ADCs are at
different stages of clinical development®.

Classical ADC antitumor drugs consist of three essential
components: 1) an antibody, 2) a linker ensuring the stability of
ADCs in the circulatory system and regulating the release of
small-molecule drugs upon reaching the target site (it can be
categorized as “cleavable” and “noncleavable”), and 3) payloads,
which exert a cytotoxic effect upon reaching the tumor site. Each
component plays a crucial role on the stability, safety, and efficacy
of the entire molecule'®'3,

Although significant advancements have been made in the
development of ADCs, several challenges remain to be addressed.
First, site-specific conjugation is crucial. As ADCs are bio-
pharmaceuticals, their drug-like properties are intimately linked to
the drug-to-antibody ratio (DAR)'®. Site-specific conjugation
strategies can substantially enhance the stability of the conjugate
and improve the overall pharmacological properties of the entire
ADC molecule'. Second, linkers with enhanced stability,

improved selectivity, and innovative chemical structures need to
be developed. These properties are vital for reducing the toxic side
effects associated with ADCs'®. Last but not least, there is room
for improving the payload. Beyond the highly toxic drugs
currently employed, the potential of using endogenous regulatory
molecules to exert pharmacological effects warrants
exploration'>!”.

Nitric oxide (NO) is a signaling molecule involved in
numerous physiological and pathological processe'®'?. In recent
years, the role of high levels of NO in tumor biology has gained
considerable interest, particularly its implications in the initiation,
progression, and metastasis of tumors?’. Research has indicated
that elevated NO levels can trigger apoptosis in tumor cells,
impede tumor cell proliferation, hinder tumor metastasis, and
overcome multidrug resistance in tumors. Furthermore, NO en-
hances the efficacy of radiotherapy, chemotherapy, and immuno-
therapy®'. Notably, the NO donor drug RRx-001 has exhibited
antitumor effects by downregulating the CD47/SIRP« axis in the
tumor immune system, while also demonstrating a favorable
safety profile. These findings suggest that NO holds great potential
for tumor therapy*>%.

In view of the benefits of ADCs—including precise targeting,
high selectivity, and well-established technology—we developed a
new type of ADC, the antibody-nitric oxide conjugate (ANC).
This first-generation ANC, combining a nitric oxide (NO) donor
with a monoclonal antibody through a linker with a disulfide bond
that responds to the redox environment of the tumor, demonstrated
promising antitumor efficacy?*?>. This innovative approach
gained widespread attention and was featured in Hepatic Cell
News (Volume 3.11 | Mar 29, 2019).

Upon further consideration, we concluded that the disulfide
bond structure type of the linker used in the first-generation ADCs
could be improved. Compared with tumor microenvironment-
responsive activation, prodrug activation through the cleavage of a
bond by bioorthogonal catalysis is one of the more advantageous
methods currently available®®. In our previous works, we
discovered that Pt(II) could catalyze the cleavage of propynyl
protecting groups, whereas Pt(IV) could not. Furthermore, Pt(IV)
could be selectively reduced to Pt(II) at the tumor site?’. Pt(IV)
complexes exhibit enhanced kinetic inertness and stability
compared to Pt(II) compounds like cisplatin, allowing them to
remain intact during systemic circulation and minimize off-target
effects. Interestingly, the unique reducing environment of tumor
cells, characterized by elevated levels of reducing agents such as
glutathione (GSH) and ascorbic acid (Vc), facilitates the selective
reduction of Pt(IV) to its active Pt(II) form. This reduction occurs
preferentially in tumor cells due to their higher reductive capacity,

ensuring localized activation of the cytotoxic Pt(II) species®.
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Additionally, the generated Pt(Il) can catalyze bioorthogonal re-
actions, such as the release of NO, further enhancing therapeutic
efficacy through synergistic effects®*®. Thus, the tumor-specific
reduction of Pt(IV) to Pt(Il) is a key mechanism underlying the
targeted action of Pt(IV) prodrugs.

Therefore, in this study, we integrated Pt(IV) into the linker
design to develop a linker that can be activated through an inte-
grated bioorthogonal self-catalyzed bond cleavage. Moreover, Pt
(II) also possesses potential antitumor activity, and thereby can
play a dual role. Additionally, our clinical analysis of TNBC
samples revealed a high expression of CD24 at tumor sites, and
this protein was closely associated with patient survival rates.

This paper reports the design of a novel generation of ADC
drug that incorporates the aforementioned strategies. This
approach entails the combination of an anti-CD24 monoclonal
antibody for site-specific conjugation with a propynyl-protected
NO precursor as the payload through a Pt(IV) chemotherapeutic
prodrug as a linker. First, we closely analyzed clinical samples to
confirm CD24 as an intervention target for TNBC. Next, we
developed and synthesized the ANC HNO3, and conducted
detailed in vitro analysis of its bioorthogonal activation and ac-
tivity. We also confirmed its ability to release NO and be inter-
nalized. Subsequently, we evaluated the effectiveness of HN03
against TNBC using various animal models and investigated its
apoptotic-inducing mechanism.

2. Results and discussion
2.1. CD24 expression in TNBC

CD24 is a highly glycosylated protein with a small protein core
that is linked to the plasma membrane via a glycosyl-
phosphatidylinositol anchor. CD24 is primarily expressed by im-
mune cells but is often overexpressed in human tumors. In cancer,
CD24 regulates cell migration, invasion and proliferation. Its
expression is associated with poor prognosis and it is a cancer
stemness marker’".

To assess the viability of CD24 as a therapeutic target for
TNBC, we performed a comparative analysis using data from the
cancer genome atlas (TCGA) and genotype-tissue expression
(GTEx) databases and the gene expression profiling interactive
analysis online bioinformatics tool (http://gepia.cancer-pku.cn).
The findings are presented in Fig. 1. Our primary objective was to
compare the expression of CD24 in tumor tissues and normal tis-
sues. We found that 18 of the 33 analyzed tumor types demon-
strated increased CD24 expression. We observed this upregulation
in various high-incidence cancers, including breast cancer, colo-
rectal cancer, liver cancer, lung cancers (lung adenocarcinoma and
lung squamous cell carcinoma), and ovarian cancer. Notably, breast
cancer showed the most pronounced upregulation of CD24 (Fig.
1A and B). Additionally, in TNBC, CD24 expression was found
to be significantly higher than that in normal breast cells as well as
in ER"/PR™" (abbreviated as HR™"), or HER2" breast cancer tis-
sues*. This finding underscores the potential of CD24 as a mo-
lecular target in TNBC treatment strategies.

Moreover, we investigated the relationship between CD24
expression levels and the overall survival period of patients. We
found that patients with higher CD24 levels consistently experi-
enced shorter overall survival periods than those with lower CD24
levels (Fig. 1C). This finding suggests that elevated CD24 expres-
sion serves as a prognostic indicator for patients with breast cancer.

To better represent the clinical scenario of patients, we collected
and analyzed clinical samples, including 22 cases of TNBC, 19
cases of paracancer tissue, 10 cases of normal breast tissue, 3 cases
of HER2™ breast cancer, and 3 cases of HR™ breast cancer. Fig. 1D
and E, and Supporting Information Fig. S1 illustrate the immuno-
histochemistry (IHC) analysis results. Our analysis revealed that
CD24 was relatively highly expressed across various breast cancer
subtypes, particularly in TNBC, where more than 90% of the
samples showed moderate to high positive expression. In contrast,
normal tissues and paracancer tissues exhibited relatively low
CD24 expression. These findings align with the those of the data-
base analysis and corroborate the observations of other research
groups, reinforcing the notion that CD24 is highly expressed in
TNBC tumor tissues, making it a potential surface marker and a
promising target for TNBC treatment®>3*,

Therefore, to develop our ANCs, we strategically designed
antibodies specifically targeting CD24 to enhance the efficacy and
specificity of the treatment, minimizing off-target effects.

2.2.  Design and synthesis of the linker and payload moieties

Current literature extensively documents that, while oxycisplatin
exhibits robust stability in circulation, it can be reduced to
cisplatin in the reductive environment of tumor sites. Given the
ongoing clinical studies on various oxycisplatin derived drugs, we
chose to attach the oxidized cisplatin axial ligand to a long-chain
structure, serving as a connecting arm in the ANCs>>~7,

Furthermore, O’-protected diazeniumdiolates have shown
promising potential in the selective release of NO, and the prop-
argyl protection mechanism is particularly effective for bio-
orthogonal activation. These compounds can release a high
concentration of NO through a Pt-mediated bioorthogonal chemi-
cal reaction. Thus, our design consisted in integrating the NO
donor to the oxidized cisplatin chain to obtain a conjugated small-
molecule component. Supporting Information Figs. S2 and S3
depict the synthetic pathway of these molecules. Briefly, we ob-
tained oxycisplatin (1) from cisplatin using a standard method™°.
We coupled N-Boc-protected 1,8-octanediamine with maleimide to
obtain compound 3, which contains a warhead capable of reacting
with thiols, then coupled it with succinic anhydride to yield the
carboxylic acid compound 4. Then, we obtained diazeniumdiolate
2 by reacting N-Boc-piperazine with NO gas under high pressure
followed by 02-protection to separately yield the Oz-propargyl (5a)
or -propyl (5b) protected derivatives®®. Further reaction with suc-
cinic anhydride yielded the corresponding carboxylic acid de-
rivatives 6a and 6b. Then, to facilitate coupling with oxidized
platinum 1, we synthesized the active esters 7a and 7b.

Subsequently, we successively coupled 7a with oxidized plat-
inum 1 and the carboxylic acid linker 4 to construct the coupled
small-molecule S. To facilitate the investigation of its in vitro
stability and kinetic properties, we mimicked the conjugation with
an antibody by capping the warhead of small-molecule S with
acetylcysteine, resulting in the formation of CS. Furthermore, to
assess the impact of cisplatin and NO on the activity of the small
molecule, we synthesized analog S1, which bore an O*-propyl
rather than O*-propargyl group. S1 could not be deprotected to
release NO. In addition, we synthesized the O*-propyl analog S2
which did not contain the Pt(IV) moiety. We conjugated S1 and S2
were conjugated with an antibody to use as negative controls.
Similar to CS, we synthesized CS1 and CS2.

We discovered that CS exhibited favorable stability in rat
plasma within a 4-h period (Supporting Information Fig. S4). This
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Figure 1

Clinical data analysis of CD24 expression and its correlation with patient prognosis. (A) Gene expression profile of CD24 in tumor

samples and paired normal tissues (dot plot). Each dot represents a sample. In red are the cancer types with elevated CD24 expression levels
relative to normal tissue. The y axis is log, (TPM + 1). T: tumor tissue; N: normal tissue. Breast cancer is framed in yellow. (B) Box plot of CD24
expression levels in tumor tissue and normal tissue of patients with breast cancer. (C) Kaplan—Meier curves of breast cancer patients with high
and low CD24 expression levels. Dotted lines represent 95% confidence intervals. *P < 0.05. (D) Representative CD24 immunochemistry images
of tumor tissue and paired normal tissue of TNBC patients. Scale bar: 50 pm. Other samples are in the Supporting Information (E) Statistics of
samples with different CD24 expression levels. Each dot represents the positive rate of one sample. n = 22.

finding forms the foundation of indicating the stability of ANC in
circulation and ensures its safety. Additionally, we confirmed its
bioorthogonal catalytic kinetic characteristics in bioreductants and
determined its approximate half-life (17 h) (Supporting Informa-
tion Fig. S5). This result suggests that the small-molecule CS can
be activated and reduced to cisplatin within the tumor microen-
vironment, thereby facilitating the subsequent bioorthogonal
release of NO.

2.3.  Rational design and preparation of HNO3 from site-direct
mutant cG7-SV and small-molecule S

With the conjugated small molecule in hand, we designed the
corresponding monoclonal antibody. The site-conjugated product
can be prepared via the addition reaction of the maleimide ring
carried by small-molecule S with cysteine at the mutation site of
the antibody c¢G7-SV. According to the research of previous
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reports (Patent No. W02024129756), we preliminarily selected
LC-V211C, HC-A114C and HC-S239C as candidates for muta-
tion design of CD24 antibody cG7. First, the Molecular Operating
Environment (MOE) was used to analyze the surface residue
exposure of the three sites*®. The residue exposure levels were
16.77% for LC-V211C, and 51.31% for HC-A114C, and 25.44%
for HC-S239C. Among these, the residue exposure level of HC-
A114C was notably higher (>40%), which could potentially
lead to the shedding of the loaded drug during blood circulation™.
Therefore, we chose to proceed with the mutation regimen tar-
geting LC-V211C and HC-S239C. We produced homology
models of the mutant antibody cG7-SV and its progenitor cG7
using MOE (Supporting Information Fig. S6A). The modeling
results revealed that these two mutations within the constant re-
gion of the antibody did not change the solvent exposure level at
that location and negligibly affected its overall structural integrity
(Fig. S6B). Furthermore, compared with the three commercially
available antibodies MabThera®, Herceptin®, and Keytruda®,
these mutations did not significantly alter the surface hydropho-
bicity or charge characteristics of the antibody, nor did they
compromise its stability in aqueous environments (Fig. S6B and
S6C). These findings, combined with our prior laboratory in-
vestigations of the internalization rate and antigen-binding effi-
cacy of cG7-SV, assert that this antibody variant is suitable for
ADC development.

We obtained monoclonal antibody c¢G7-SV at high purity
through a series of purification steps after fermentation of N54
engineered cells cotransfected with the corresponding plasmids.
As shown in Supporting Information Fig. S7, we purified cG7-SV
purified using protein A chromatography and ultrafiltration. So-
dium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) showed that ¢cG7-SV had a molecular weight of
approximately 150 kDa, with smaller forms at 50 kDa and 25 kDa,
consistent with IgG antibody characteristics. Subsequently, we
linked small-molecule S to cG7-SV via a maleimide linker after
exposing thiol groups using tris (2-carboxyethyl) phosphine hy-
drochloride (TCEP) and keeping them free with dehydroascorbic
acid (DHAA). This resulted in the site-specific conjugate HN0O3
(Fig. 2A). A BCA assay confirmed its concentration, showing an
89.3% recovery rate. Supporting Information Fig. S8 depicts the
SDS—PAGE results after each step.

The hydrophobicity of ADCs typically increases with DAR.
Hydrophobic interaction chromatography—high-performance
liquid chromatography (HIC—HPLC) separates compounds and
conjugates by hydrophobicity (with longer retention times for
higher hydrophobicity). ADCs with small molecules coupled at
various positions show multiple peaks and have DARs of 0—S8,
while site-specific ADCs theoretically show a single peak. Size-
exclusion chromatography—HPLC (SEC—HPLC) separates by
molecular weight, assessing purity. cG7-SV (naked antibody) and
HNO03 (ANC) had similar molecular weights, with SEC—HPLC
retention times of 7.732 min (96.96% peak) and 7.734 min
(100% peak), respectively. In HIC—HPLC, naked anti-cG7-SV
had a retention time of 12.315 min (100% peak), while that of
HNO03 was 14.058 min (100% peak), indicating that the latter was
more hydrophobic and homogenous. We determined the Pt content
using inductively coupled plasma mass spectrometry (ICP—MS)
and then calculated the DAR of the ADCs. The calculated
conjugation ratio of cG7-SV to S was 3.82, which was very close
to the theoretical value DAR = 4.

Flow cytometry showed that HNO3 could effectively bind to
various cell lines (MDA-MB-468, SK-OV-3) with different levels

of CD24, and also had a high level of binding to EMT-6-hCD24
and CHO-S-hCD24 cells overexpressing human CD24. However,
it hardly bound to MDA-MB-231 and wild-type CHO-S cells with
low CD24 expression, as shown in Fig. 2B and Supporting In-
formation Fig. S9. This result suggests that HNO3 retains the
targeting ability of the parent antibody cG7-SV, and confirms that
these cells can be used for subsequent experiments.

To confirm the importance of the warhead molecule S in
HNO3, we prepared control conjugates HN03-A and HN03-B by
conjugating the cG7-SV antibody with the control small molecules
S1 (O*-propyl analog with Pt moiety) and S2 (O*-propyl analog
without Pt moiety). The schematic structures and characterizations
of control conjugates HN03-A and HN03-B appear in Supporting
Information Fig. S10.

2.4.  Invitro bioevaluation of HNO3

To evaluate the activation of HN03, we measured intracellular NO
levels, which indicate that the prodrug has released cisplatin and
NO in tumor cells. We incubated MDA-MB-468 cells with HN03,
HNO03-A, HN03-B, cG7-SV (all at 250 nmol/L), and CS (1 pmol/
L, four times the antibody molar amount). Using the DAF-FM-DA
probe, we found that HNO3 significantly increased intracellular
NO, evidenced by distinct green fluorescence (Fig. 2C and D).
This indicates that tumor cells uptake HN03, which then releases
NO.

To ensure the HNO3 payloads are released at the tumor cells
and assess its plasma stability, which is related to systemic toxicity
in ADC drugs, we incubated 10 pmol/L HNO3 in human plasma
for 72 h and assessed its ability to bind to tumor cells and release
NO by flow cytometry. HNO3 (100 nmol/L) stably bound to
MDA-MB-468 cells over 72 h (Fig. 2E and F). Similarly, NO
levels, measured using the DAF-FM-DA probe, barely changed
over 72 h. DAF-FM DA binds to NO and emits green fluores-
cence, which we analyzed using fluorescence microscopy and flow
cytometry, respectively*’. These results indicate that the linker and
drug are stable in human plasma, which ensure the stable delivery
of HNO3 to the target.

To understand the intracellular behavior of HN03, we tracked
its distribution relative to lysosomes in MDA-MB-468 cells over
time. We marked HNO3 with green fluorescent antibodies and
lysosomes with red fluore-antibodies (Fig. 2G). Confocal micro-
scopy revealed that at + = 0, HNO3 was bound only to cell sur-
faces. After 0.5 h of incubation at 37 °C, intracellular HNO3
fluorescence increased, and by 3 h, HNO3 was notably colocalized
with lysosomes. These results indicate that HNO3 is transported to
lysosomes after internalization and its payloads are released
through lysosomal degradation.

Subsequently, we assessed the in vitro antitumor activity of
HNO3. The cytotoxicity of monoclonal antibodies alone is limited,
and free small molecules can hardly target tumor cells, which
limits their antitumor activity. In the conjugate HN03, the CD24
antibody delivers the toxic drug to tumor cells, theoretically
enhancing the antitumor effect. Through prior validation, we
demonstrated that the conjugate HNO3 can selectively bind to and
internalize into breast cancer cells via CD24 antibody targeting,
with intracellular HNO3 successfully activated to release elevated
levels of NO. Building on these findings, we aim to validate
whether the design of HNO3 effectively integrates the functional
properties of antibodies and small molecules to achieve potent
inhibition of breast cancer cells. Additionally, we seek to establish
that the structural integrity of HNO3 is critical for its specific anti-
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Figure 2  In vitro characterization of HNO3 internalization, plasma stability, and NO release. (A) Schematic diagram of the structure of
HNO03. (B) Variation curves of cell surface fluorescence intensity (flow cytometry) scent of HN0O3 and cG7-SV on the cell surface after incubation
in human plasma for various durations. Date are shown as mean £+ SD (n = 3). (C) Intracellular fluorescence intensity (detected using the
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breast cancer effects. To confirm this hypothesis, we first
compared the inhibitory effect of HNO3 on TNBC cell prolifera-
tion with that of the naked antibody c¢G7-SV and the small-
molecule CS through MTT experiments (Fig. 3A). At 1000
nmol/L, the conjugate HNO3 inhibited over 90% of the growth of
MDA-MB-468 and EMT-6-hCD24 cells, with ICs, values of 216
and 382.8 nmol/L, respectively, outperforming the naked antibody
and small molecule. However, it did not affect MDA-MB-231 and
CHO cells. These results indicate that for TNBC cells with high
expression levels of CD24, such as MDA-MB-468, the inhibitory
effect of HNO3 on proliferation is dose-dependent, and the con-
jugate HNO3 exhibits better antitumor proliferation capability
than the naked antibody ¢G7-SV and small-molecule CS, thereby
selectively targeting tumor cells with high expression levels of
CD24, thus demonstrating good CD24-targeting of HN03.

Moreover, the control conjugate HN03-A (O°-propyl analog
with Pt moiety) and HN03-B (O*-propyl analog without Pt moi-
ety) both had partial structural deletion, so theoretically the anti-
tumor activity was limited. The small-molecule part of HNO03
exhibited a markedly superior antiproliferative effect to that
exhibited by the control conjugates HN03-A (without NO donor)
and HNO3-B (lacking Pt prodrug) on MDA-MB-468 and EMT-6-
hCD24 cells (Fig. 3C). It achieved over 90% inhibition with ICs
values of 206 nmol/L. on MDA-MB-468 cells and 298.9 nmol/L
EMT-6-hCD24 cells. This result underscores the necessity of both
the Pt(IV) linker and NO donor in the prodrug S for selective
antitumor activity. However, its impact on CHO-S-hCD24 cells, a
normal hamster ovarian cell line overexpressing human CD24,
was relatively low (under 20%), highlighting that the antitumor
effectiveness of HNO3 is influenced by the tumor microenviron-
ment with limited effects on normal cells. The anti-tumor effect of
HNO3 is not only required by its targeting of CD24 on the surface
of breast cancer cells. It also depends on the activation of HN03’s
payload release mechanism by the high concentration of reducing
substances in the tumor microenvironment.

Our literature review revealed that NO could promote protein
nitrosylation and DNA damage, leading us to hypothesize that
HNO03 induced tumor cell apoptosis by stimulating endoplasmic
reticulum (ER) stress*'. To evaluate the apoptotic effect of HN03,
we incubated EMT-6-hCD24 cells with HNO3 (1 pmol/L), cG7-
SV (1 umol/L), and CS (4 umol/L) for 72 h. We quantified
apoptosis by counting annexin V-positive cells through flow
cytometry (Fig. 3B). HNO3-treated cells had an apoptosis rate of
approximately 30%, while those of the cG7-SV- and CS-treated
cells were below 20%. These findings indicate that HNO3 had a
more potent apoptotic effect than cG7-SV and CS. To explore the
apoptosis pathway, we quantified proteins related to ER stress
using Western blot. As shown in Fig. 3D, HNO3 concentration-
dependently increased the expression of proteins such as
p-PERK, p-elF2«, DDIT3, Bax, and Caspase 3, and decreased
Bcl-2 expression. The antibody ¢G7-SV slightly upregulated the
expression of ER stress-related proteins, while CS has a certain
activation effect on the expression levels of apoptosis-related

proteins. In summary, HNO3 appears to induce downstream
endogenous cell apoptosis through the p-PERK—p-elF2a—DDIT3
pathway, potentially relying on the combined action of ¢cG7-SV
and the small-molecule CS (Fig. 3E).

2.5.  Invivo bioevaluation of HNO3

Based on in vitro experimental data, we established a human
TNBC cell xenograft model by inoculating MDA-MB-468 cells
into the right front limb axilla of BALB/c nude mice (Fig. 4A).
When the tumor volume reached 100 mm?>, we randomly divided
the mice into the following groups: Saline group, HN03-H group
(10 mg/kg), HNO3-L group (5 mg/kg), cG7-SV group (10 mg/kg),
CS group (0.28 mg/kg), and cisplatin group (5 mg/kg). Consid-
ering the potent toxicity of the chemotherapeutic agent cisplatin,
we administered it as the positive control at a dose of 5 mg/kg****.
In contrast, given the low toxicity profile of the unconventional
payload NO and its relatively high in vitro 1Csy, we evaluated the
conjugate at two dose levels: 5 mg/kg and 10 mg/kg. For com-
parison, the control monoclonal antibody ¢G7-SV and the small
molecule CS were administered at equimolar concentrations
corresponding to the higher dose group. The mice received the
treatment twice a week, and we recorded tumor volume every two
days. The tumor growth curves (Fig. 4B) show that the tumor
volume increased rapidly in the saline group, with an average
tumor volume of approximately 1400 mm® on Day 23, signifi-
cantly larger than in the various treatment groups. The HNO3 high
dose and cisplatin both significantly inhibited the growth rate of
tumor tissue. The HNO3 low dose had a less pronounced inhibi-
tory effect than the high dose but was still more effective than
c¢G7-SV and CS. These results indicate that the conjugate HN03
exhibits a superior antitumor effect to cG7-SV and CS.

Next, we assessed the antitumor efficacy of HNO3 at various
doses in a mouse model with cisplatin as a positive control
(Supporting Information Fig. S11). After 25 days, all treatment
groups had lower tumor weights than the saline control group (P
< 0.001), indicating the effectiveness of the treatments. Cisplatin
demonstrated notable tumor suppression, with an average tumor
weight of approximately 690 mg with a tumor inhibition rate of
60.87% (Fig. 4C and D). We used this as a benchmark for the
efficacy of HNO3. The low-dose HNO3 treatment resulted in an
average tumor weight of approximately 820 mg. Notably, the
high-dose HNO3 group exhibited the most significant reduction in
tumor weight, averaging around 600 mg, with a tumor inhibition
rate of 65.91%. Thus, the antitumor activity of HNO3 is dose-
dependent, which is pivotal in evaluating its therapeutic window.
Besides, high-dose HNO3 slightly surpassed the tumor suppres-
sion achieved by cisplatin (albeit nonsignificantly). By contrast,
the naked antibody and small-molecule drug CS showed lower
efficacy, with tumor weights of approximately 1010 and 1190 mg,
respectively, and inhibition rates markedly lower than the high
dose of HNO3 (P < 0.001).

DAF-FM-DA probe) in MDA-MB-468 cells treated with HN03 (250 nmol/L), cG7-SV (250 nmol/L), or CS (1 umol/L). Statistical analysis of
mean fluorescence intensity: *P < 0.05; ***P < 0.001. The results were analyzed by one-way ANOVA. Data are shown as mean + SD (n = 3).
(D) Fluorescence microscopy images of MDA-MB-468 cells treated with HNO3 (250 nmol/L), cG7-SV (250 nmol/L), CS (1 pmol/L), HN03-A
(250 nmol/L), and HN03-B (250 nmol/L) in the presence of DAF-FM-DA to reveal NO. Scale bar: 50 pm. (E) NO release in MDA-MB-468 cells
treated with HNO3 incubated in plasma at 37 °C for 0 or 72 h. (F) Binding capacity of HN03 to MDA-MB-468 cells after incubation at 37 °C for
0 or 72 h in plasma, detected by flow cytometry. (G) Colocalization analysis of HNO3 (green) and lysosomes (red), marked with nuclei in blue.

Scale bar: 50 um.
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Figure 3  HNO3 inhibits proliferation of CD24™" breast tumor cells and induces endoplasmic reticulum stress-induced apoptosis. (A) Inhibition
curves of HNO3, cG7-SV, and CS on the proliferation of MDA-MB-468, EMT-6-hCD24, MDA-MB-231, and CHO-S cells. The results were
analyzed by one-way ANOVA. Date are shown as mean £+ SD (n = 3). (B) Proportion of annexin V—positive cells after administration of HN03
(1 pmol/L), ¢cG7-SV (1 pmol/L), and CS (4 pmol/L) determined by flow cytometry. The right figure shows the quantified results. **P < 0.01;
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Figure 4  In vivo tumor inhibitory effect and safety of HN03 in a mouse tumor model (n = 8). (A) Timeline of tumor model establishment and
treatment. Nude mice received an injection of 1 x 10’ MDA-MB-468 cells and, after 10 days, when the tumor reached 100 mm?>, they received a
twice-weekly tail vein injection of the treatment. (B) Tumor volume growth curves. Data are shown as mean + SD. (C) The final tumor weights in
each treatment group. *P < 0.05; **P < 0.01; ***P < 0.001 vs saline groups or between indicated groups. " P < 0.001 vs. cisplatin group. The
results were analyzed by one-way ANOVA. Date is shown as mean £ SD. (D) The tumor inhibition rate in each group. Compared with cisplatin
group: **P < 0.01; ***P < 0.001; NS: not significant. The results were analyzed by one-way ANOVA. Date are shown as mean £ SD. (E) Body
weight curves of each treatment group. Date are shown as mean £ SD.

Further observation of the body weight (Fig. 4E) and general
health of mice revealed an interesting safety profile. Cisplatin, a
widely studied chemotherapy agent, is also a common positive
control in mouse tumor models. Although its anticancer effect is
well recognized, the clinical side effects of nephrotoxicity**,
neurotoxicity®, ototoxicity*®, gonadal toxicity, gastrointestinal
toxicity, muscular atrophy and anemia similar to those in the
mouse model cannot be ignored. The complex mechanism of
toxicity is most intuitively reflected in mouse models with rapid
weight loss and decreased activity. Despite the similar tumor in-
hibition rates of cisplatin and high-dose HNO3, after 13 days of
continuous administration, cisplatin-treated mice exhibited signs
of toxicity, such as reduced weight gain, decreased activity, and
diminished appetite. In contrast, mice treated with HNO3, irre-
spective of the dose, along with those in the ¢cG7-SV and CS
groups, showed no significant adverse effects, with a stable in-
crease in body weight, indicating that HNO3 had a potentially
safety profile than cisplatin.

In summary, the conjugate HNO3 effectively inhibited the
growth of TNBC subcutaneous tumors, with a significantly better
inhibitory effect than the naked antibody and precursor drug.

Furthermore, HNO3 exhibited fewer side effects and better safety
than cisplatin.

To investigate whether HNO3 could inhibit other types of
breast tumors expressing high CD24 levels, we injected EMT-6-
hCD24 cells into the fourth mammary fat pad of BALB/c mice,
establishing a mouse mammary carcinoma in situ model over-
expressing human CD24. We first conducted a preliminary
experiment, which yielded results close to our expectations
(Supporting Information Figs. S12 and S13): compared with the
control (phosphate-buffered saline [PBS]), both HN03 doses
inhibited tumor growth without affecting body weight. However,
the tumor inhibition effect was different within groups, while the
tumor inhibition was relatively uniform in mice treated with
HNO3 and doxorubicin (DOX; HN03 + DOX). Therefore, we
optimized the protocol and carried out the formal experiment.
When the tumor volume reached 60 mm®, we randomly divided
the mice into the PBS group, HN03-H group (10 mg/kg), HN0O3-L
group (5 mg/kg), and DOX group (3 mg/kg). Anthracyclines,
particularly doxorubicin (DOX) as a representative agent, serve as
first-line therapeutics for breast cancer due to their potent anti-
cancer efficacy. However, their clinical application is often limited

##%P < (0.001. The results were analyzed by one-way ANOVA. Date are shown as mean + SD (n = 3). (C) Inhibition curves of HN03, HN03-A,
and HNO3-B on the proliferation of MDA-MB-468, EMT-6-hCD24, and CHO-S-hCD24 cells. The results were analyzed by one-way ANOVA.
Date are shown as mean £ SD (n = 3). (D) Expression changes of p-PERK-p-elF2a-DDIT3 pathway and downstream apoptosis-related proteins
in EMT-6-hCD24 cells after treating with HNO3 (0.25, 0.5, and 1 pmol/L), cG7-SV (1 umol/L) and CS (4 pmol/L), obtained by Western blotting
(n = 3). (E) Schematic diagram showing how HNO03 induces endoplasmic reticulum stress and apoptosis.
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Figure 5

In vivo evaluation of antitumor effects of HN0O3 on EMT-6-hCD24-transplanted mice (n = 6). (A) Timeline of tumor model

establishment and treatment. BALB/c mice received a 1 x 10° EMT-6-hCD24 injection and, after 7 days, when the tumor volume reached
60 mm?, the intraperitoneal treatment injections started. (B) Tumor volume growth curve. Data are shown as mean + SD. (C) Photograph of
tumors in each group. (D) The final tumor weights in each group. Compared with PBS group: *P < 0.05; **P < 0.01; NS: not significant. The
results were analyzed by one-way ANOVA. Data are shown as mean £+ SD. (E) Body weight curves for each group. Data are shown as

mean + SD.

by significant cardiotoxicity*’**®. Based on preliminary experi-
mental data and established dosing protocols for intraperitoneal
administration in murine breast cancer models, DOX was
administered at 3 mg/kg weekly*®*°. Concurrently, HNO3 was
evaluated at two dose levels, 5 and 10 mg/kg, to assess its ther-
apeutic potential. We administered HNO3 twice a week, DOX
once a week (based on preclinical dosing levels and frequency),
and recorded tumor volumes every two days (Fig. SA).

As shown by the tumor growth curve and final tumor weight
histogram (Fig. 5B—D), the PBS group exhibited rapid tumor
volume growth, with an average tumor volume of approximately
500 mm> on the 20th day, significantly larger than all treatment
groups. Meanwhile, the positive control drug DOX achieved a
44.8% tumor inhibition rate (P < 0.05), establishing a compara-
tive standard (Supporting Information Fig. S14). However, the
treatments showed variable efficacy among individual mice, as
detailed in the Supporting Information This variability un-
derscores the nuanced response at lower dosages. Nevertheless,
the HNO3 high dose markedly surpassed both the low-dose
treatment and DOX, with a significant tumor inhibition rate of
67.9% (P < 0.01). The individual tumor growth curves clearly
display the uniform and pronounced inhibitory effect of the high-
dose regimen on tumor growth (Fig. S14F), highlighting the potent
antitumor activity of HNO3 in this model. This sequential analysis
reflects the dose-dependent efficacy of HNO3, positioning the
high-dose treatment as a highly effective therapeutic strategy
against breast cancer, with clear potential advantages over tradi-
tional chemotherapy.

By further monitoring the body weight of BALB/c mice and
weighing major organs (Fig. SE), we found that, contrary to the
DOX and PBS groups, the weight of the HNO03-treated mice

increased steadily and major organ weights were stable. By
contrast, mice in the DOX group exhibited slow weight gain,
significantly lower than the other groups (Fig. S14). Additionally,
during the preliminary experiment, the DOX group underwent a
sharp body weight drop and a dramatically higher death rate than
group X, suggesting that this treatment method has severe side
effects in animals. Mice in the PBS group showed reduced
appetite and weight loss after 13 days of treatment, likely due to
the rapid tumor growth affecting their normal physiological
activities.

Considering the high invasiveness of this type of breast cancer
and the side effects such as metastasis to the lung observed in
clinical treatment with DOX, we performed HE staining of the
lung tissues of mice in each group of the preliminary experiment.
We observed significant heterogeneous areas in the lungs of mice
in the DOX group, primarily around pulmonary vessels (Sup-
porting Information Fig. SISA—S15D), consistent with the path-
ological characteristics of lung metastasis. By contrast, the high-
dose HNO3 group displayed no such features, despite better
tumor inhibition effects. Notably, the HN03 + DOX group, while
showing relatively uniform tumor inhibition, showed no lung
metastasis. This confirms that HNO3 has can inhibit metastasis
formation, which we hypothesize is due to the high concentration
of NO inhibiting epithelial—mesenchymal transformation. In the
third in vivo experiment, we preliminary verified this point by
quantifying E-cadherin expression in tumor tissues from the PBS
and HNO3-H groups (Fig. S15E).

To comprehensively assess the safety profile of HNO3 and
elucidate its therapeutic advantages over control conjugates,
antibody—drug combinations, and small molecule therapies, we
conducted an in situ anti-tumor efficacy study using the EMT-6-
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hCD24 breast cancer model (Fig. 6). The experimental design
incorporated multiple control groups, including cisplatin, mono-
clonal antibody cG7 (parent antibody of ¢G7-SV), cG7-HL2 (a
first-generation antibody-NO donor conjugate utilizing HL2
payload), control conjugate HN03-A, and the combination therapy
of cG7-SV with CS. Dosing regimens were established at 10
mg/kg for HNO3 and control antibodies/ADCs, 0.28 mg/kg for
isomolar CS in combination therapy, and 4 mg/kg for cisplatin.

The c¢G7-HL2 conjugate, synthesized through a methodology
consistent with our first-generation ANC HNO1, exhibited char-
acteristic peaks at 9.308, 9.766, 10.306, and 10.907 min corre-
sponding to DAR values of 2, 4, 6, and 8, respectively, as
determined by HIC—HPLC analysis. Quantitative assessment via
area normalization revealed a DAR of 4.24 for cG7-HL2, com-
parable to that of HNO3 (Supporting Information Fig. S16A).
Comparative analysis of plasma stability demonstrated that both
c¢G7-HL2 and HNO3 maintained robust target cell binding ca-
pacity and NO release efficacy following 72-h plasma incubation,
indicating comparable circulatory stability (Fig. S16B and S16C).
However, HNO3 exhibited superior anti-proliferative activity
against EMT-6-hCD24 cells relative to cG7-HL2 (Fig. S16D,
Supporting Information Fig. S17).

As shown in Fig. 6A—D, HN03 demonstrated remarkable anti-
tumor efficacy, achieving tumor growth inhibition comparable to
cisplatin (88.90% inhibition rate, average tumor weight of 258
mg), with complete tumor eradication observed in two subjects.
c¢G7-HL2 exhibited moderate activity, while HN03-A and cG7-SV
+ CS showed limited efficacy.

To characterize the preliminarily pharmacokinetic profile and
systemic toxicity of HNO3, we implemented a comprehensive
serum analysis protocol, incorporating pharmacokinetic parameter
assessment and biochemical marker evaluation of liver function
(ALT, AST), renal function (CREA, UREA), and hematological
toxicity (WBC, PLT). The results showed that an extended half-
life of ~5 days (7528 min) for HNO3 in BALB/c mice, repre-
senting significant improvement over the ~ 3-day half-life of first-
generation ANC HNO1 (Fig. 6E). While cisplatin administration
resulted in progressive weight loss and significant elevations in
hepatic (ALT, AST) and renal (CREA, UREA) markers, HN03-
treated animals maintained physiological parameters comparable
to saline controls, demonstrating favorable safety margins (Fig.
6F). Furthermore, HNO3 mitigated the acute neutropenia
commonly associated with commercial ADCs (including
Trodelvy® and Enhertu®), maintaining WBC and PLT counts
within normal ranges while sustaining potent anti-tumor activity.

In addition, the addition of high concentration of NO in our
design not only plays an anti-tumor role, but also promotes the
increase of intracellular cyclic guanosine phosphate (cGMP)
levels by activating soluble guanylate cyclase (sGC), leading to
vascular smooth muscle cell relaxation and vascular dilation.
Studies have shown that by releasing NO in the tumor area, pro-
moting the vascular normalization of the tumor microenvironment
helps to increase the sensitivity of tumor cells to drugs, which
promotes the invasion of Pt drugs at the tumor site.

The therapeutic efficacy of HNO3 is further enhanced by its
NO-mediated mechanisms, which extend beyond direct anti-tumor
effects. Through sGC activation and subsequent cGMP elevation,
HNO03 may induces vascular smooth muscle relaxation and pro-
motes tumor vascular normalization, potentiating drug delivery
and enhancing tumor cell sensitivity to platinum-based therapeu-
tics®®. ICP—MS analysis of tumor tissue revealed that HNO3
facilitated > 2-fold greater platinum accumulation compared to

the control conjugate (Supporting Information Table S1), vali-
dating our molecular design strategy and demonstrating effective
NO-mediated enhancement of drug delivery.

Collectively, these findings demonstrate the superior safety
profile and therapeutic potential of HNO3 across multiple di-
mensions, macroscopic tumor inhibition and weight maintenance,
and microscopic evaluation of organ function and hematological
parameters. These results underscore HN03’s potential as a novel
ADC platform that optimizes therapeutic delivery while mini-
mizing off-target effects, representing a significant advancement
in targeted cancer therapy.

2.6.  Exploration of synergistic mechanism

We collected tumor tissue from three mice in the PBS and HN03-
H groups from the above experiments and sent them for tran-
scriptome sequencing to investigate differences in gene expres-
sion. Due to objective constraints in the sequencing conditions, the
tumor tissues submitted for analysis were relatively large in-
dividuals from each group. Principal component analysis did not
clearly distinguish the two groups of samples (Supporting Infor-
mation Fig. S18), but one HN03-H sample (HN03-3), which had
undergone prominent tumor inhibition, showed significant differ-
ences with the PBS group.

We identified and counted respectively the number of upre-
gulated and downregulated genes based on significant differential
criteria (more than 2-fold change in gene expression and g-value
<0.05). Compared with the PBS group, the HN03-H group had
three significantly upregulated genes and nine significantly
downregulated ones (Fig. 7A). The volcano plot of differential
genes displays the SYMBOL names of the top 10 differentially
expressed genes (Fig. 7B). The similarity-based clustering anal-
ysis of genes in the PBS and HNO3-H groups revealed that sample
HNO03-3, which had undergone significant tumor inhibition,
formed a distinct cluster, while the PBS group formed another
cluster. HN03-1 and HN03-2, which showed relatively less tumor
inhibition, grouped together. Overall, we found 12 differentially
expressed genes (Fig. 7C). Among these, Car6, Ddit3, and Trib3
were upregulated, while Sema3e, Argl, Wfdc17, Ccl6, Ccl9,
Strp4, Lyz1, Rgs13, and Retnla were downregulated. Notably, the
downregulation of Argl and Retnla is associated with the
regression of M2 macrophage phenotype in the tumor. M2 mac-
rophages promote tumor development. The upregulation of gene
DDIT3 is associated with breast tumor cell apoptosis and DNA
damage caused by ER stress, which is consistent with the
apoptosis pathway verification results of the above in vitro anti-
tumor activity experiments. Other genes are related to the inhi-
bition of tumor epithelial—mesenchymal transition and other
antitumor factors. For example, the most significantly down-
regulated CCL6 gene can not only inhibit the recruitment of M2
macrophages, but also inhibit tumor metastasis through the
CCL6—CCRI axis®".

Tumor-associated macrophages come in two main types: M1
(classical) and M2 (alternative). M2 macrophages release anti-
inflammatory factors, aiding tumor growth and immune suppres-
sion®%. CD206 is a key marker for M2 macrophages. Using the
Cy3 dye, we labeled M2 macrophages in tumor tissues (Fig. 7D)
and observed that there were more M2 macrophages in the tumor
tissues of the PBS and DOX groups than those in the HNO3 group.
The tumor inhibition effect of the HNO3 low-dose group was
worse than that of the HNO3 high-dose group, and M2 macro-
phage infiltration was more in the PBS and DOX groups than that



A novel ANC candidate HNO3 for the treatment of TNBC 5377

Figure 6  In vivo evaluation of HN03 on EMT-6-hCD24-transplanted mice (n = 5). (A) Body weight curves for each group. Data are shown as
mean + SD. (B) Tumor volume growth curve. Data are shown as mean + SD. (C) The final tumor weights in each group. Compared with saline
group: **P < 0.01; NS: not significant. The results were analyzed by one-way ANOVA. Data are shown as mean £ SD. (D) The tumor inhibition
rate in each group. Compared with cisplatin group: *P < 0.05; NS: not significant. The results were analyzed by one-way ANOVA. Data are
shown as mean + SD. (E) Plasma pharmacokinetic curve of HNO3 in BALB/c mice. (F) Liver function (ALT, AST), renal function (CREA,
UREA) and hematotoxicity (WBC, PLT) index of each group. *P < 0.05; **P < 0.01; ***P < 0.001; NS: not significant. The results were
analyzed by one-way ANOVA. Data are shown as mean + SD.
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Figure 7  Effects of HNO3 administration on tumor transcriptome, protein expression, and immune cell infiltration. “Control” represents the
control sample, “Treatment” represents the treated sample, and “Up/Down” indicates the upregulation or downregulation of genes the treated
sample compared with the control. (A) Counts of upregulated and downregulated genes in the treated sample compared with the control sample.
(B) Volcano diagram of differentially expressed genes. The size of the dots represents the degree of significance of genetic differences. (C)
Differential gene clustering map. The log;o(FPKM + 1) value was used for clustering. High-expression genes appear in red and low-expression
genes appear in blue. (D) Panoramic scan of immunofluorescence staining of M2 macrophages in tumor tissue sections of each group (n = 2). The
CD206 protein, an M2 macrophage marker, was labeled with the red Cy3 dye. The below graphs of HNO3-H group and the above graphs of
HNO3-L group: scale bar: 100 um, others: scale bar: 200 pm. (E) ER stress- and apoptosis-related protein expression levels in tumor tissues in
each group, obtained by Western blotting. (F) Quantification of the protein expression bands. The results were analyzed by one-way ANOVA.
Compared with PBS group: *P < 0.05; **P < 0.01; ***P < 0.001. Data are shown as mean £ SD.
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in the HNO3 groups. Additionally, the HNO3-L group had more
M2 macrophages and larger tumors than the HN0O3-H group. This
result aligns with transcriptome sequencing, suggesting that HN03
reduces M2 macrophage infiltration in tumors. Further analysis of
M1-type macrophage infiltration showed that all groups except
HNO03-H had similar M1-type macrophage infiltration levels in
tumor tissues, while the HN03-H dose group displayed high local
infiltration (Supporting Information Fig. S19). Therefore, we
speculate that HNO3 can affect the infiltration of M2-type mac-
rophages in tumors, and the change of infiltration depends more
on phenotype transformation than on direct killing.

Transcriptome sequencing revealed an upregulation of the ER
stress- and DNA damage-related gene DDIT3 in the HN03-H
group. In vitro experiments also indicated that HNO3 induces
tumor cell apoptosis through ER stress. Therefore, HNO3 likely
induces tumor cell apoptosis in mice by stimulating ER stress. As
shown in Fig. 7E and F, the Western blot analysis of EMT-6-
hCD24 tumor tissue samples showed significantly higher expres-
sion of ER stress-related proteins (p-PERK, p-elF2«, DDIT3) and
the proapoptotic protein Bax in the HNO3-H group than in the
PBS group. Conversely, the expression of the antiapoptotic protein
Bcl-2 was lower in the HNO03-H group, confirming the presence of
ER stress-induced apoptosis. The HNO3-L group exhibited
slightly elevated ER stress-related protein levels, but no significant
differences in apoptosis-related proteins, possibly explaining its
weaker antitumor effect. The DOX group showed some differ-
ences in apoptosis-related proteins, albeit less pronounced than
those in the HNO3-H group. In summary, HNO3 induces endog-
enous cell apoptosis through the p-PERK—p-elF2a—DDIT3
pathway in vivo, with a more significant effect at higher doses.

ADCs represent a groundbreaking advancement in the treat-
ment of TNBC, combining antibody targeting specificity with
small molecule cytotoxicity to precisely eliminate target cells®>>.
Despite their promise, the high cytotoxicity of traditional ADC
payloads often causes off-target toxicity and limit the therapeutic
window™*. In response, researchers have shifted focus toward low-
toxicity payloads and increased DAR, striving to match or surpass
the efficacy of conventional ADC™. Inspired by the promising
effects of elevated NO levels in tumor biology and based on our
previous work, we developed a novel ANC®. In this work, we
refined the structure of the linker, optimizing its activity while
minimizing toxicity.

CD24 is a surface marker for various tumor cells and was
suspected to be associated with tumor development. Our bioin-
formatics analysis confirmed the high CD24 expression in breast
cancer, particularly in TNBC, making it a potential prognostic tool
for breast cancer patients. In this work, immunohistochemistry
analysis revealed elevated CD24 levels in TNBC patient tissue
samples, reinforcing CD24 as a promising target for TNBC
treatment’’.

Site-specific conjugation technology became a significant trend
in ADC drug development; it allows the design of drugs with
uniform coupling sites and DAR values, thereby improving
pharmacokinetic properties and therapeutic indices>®. Employing
an innovative engineered cysteine site-specific conjugation tech-
nology, the maleimide ring on the small molecule was conjugated
to the mercaptan bond at the cysteine mutation site of the antibody
by addition reaction, we designed an ADC specifically targeting
TNBC cells overexpressing CD24. We developed a CD24 site-
specific mutant monoclonal antibody, cG7-SV, with excellent
antigen targeting ability and selectivity for CD24-positive tumor
cells. We chose two specific mutation sites, heavy chain serine 239

(HC-S239) and light chain valine 211 (LC-V211), confirmed that
the mutant antibody ¢G7-SV retained the structural and functional
integrity of its parent antibody using molecular dynamics
simulations.

Leveraging engineered cysteine site-specific conjugation
technology, integrating a bioorthogonal self-activation strategy,
and utilizing the gaseous signaling molecule NO as the payload,
are the innovative features of this work. Accordingly, we suc-
cessfully prepared the ADC drug HNO3 and characterized its
physicochemical and biological properties. HIC—HPLC and
SEC—HPLC results indicated that HNO3 was more hydrophobic
than the naked antibody, without being susceptible to aggregation
in aqueous solutions or antibody structure disruption. HNO3
exhibited good uniformity, consistent with typical site-specific
conjugates. Quantitative analysis confirmed a DAR of 3.82,
aligning with the theoretical design allowing the coupling of four
small molecules. Cellular binding experiments demonstrated that
HNO3 effectively targeted CD24" TNBC cell lines, including
MDA-MB-468, and other CD24™" cells, showcasing its remarkable
selectivity.

To explore the in vivo anticancer effects of HN03, we established
a human TNBC MDA-MB-468 cell xenograft model. High and low
doses of HNO03 (10 and 5 mg/kg) both inhibited tumor tissue growth,
surpassing the antitumor effect of the naked antibody cG7-SV (10
mg/kg) and the small-molecule CS (0.28 mg/kg) administered
alone. The antitumor rate of the positive drug cisplatin (5 mg/kg)
was slightly lower than that of the high HNO3 dose, albeit not
significantly. Notably, cisplatin caused significant weight loss in
mice, indicating toxicity, while HNO3 administration resulted in
stable weight gain, suggesting good tolerance.

Considering the excellent CD24 targeting ability of HN03, we
extended our investigation to an in situ breast cancer model
overexpressing human CD24 (EMT-6-hCD24 cells) to assess its in
vivo efficacy. With a 67.9% tumor reduction rate and tumor
metastasis inhibition, the high HNO3 dose exhibited antitumor
effects superior to those of the positive control drug DOX. Be-
sides, neither the high nor the low HNO3 doses significantly
affected body and organ weight. Transcriptome sequencing of
tumors from the HNO3-H group revealed significantly down-
regulated M2-type macrophage marker genes and upregulated ER
stress-related indicator genes. Subsequent validation through
immunofluorescence and Western blot testing confirmed the
ability of HNO3 to induce a phenotypic shift in macrophages,
significantly reducing M2-type macrophage infiltration in tumor
tissues. This finding aligns with previous research on the impact of
the parental antibody ¢G7 on immune cell infiltration. Addition-
ally, HNO3 consistently induced ER stress and apoptosis in tumor
cells in vivo, with higher HNO3 doses enhancing its antitumor
activity and uniformity, suggesting a broader therapeutic window.

However, it is essential to note that this study solely assessed
the antitumor effect of HNO3 and conducted preliminary explo-
ration of its antitumor mechanism. Further research is warranted
to investigate systemic toxicity, pharmacokinetic properties, and
impact on the survival of tumor-bearing mice. Since the antibody
used for HNO3 is of the IgG1 subtype, it may exert its antitumor
activity by inducing antibody-dependent cell-mediated cytotox-
icity, complement-dependent cytotoxicity, and antibody-
dependent cellular phagocytosis. Subsequent studies should
explore these effects and consider their retention or removal based
on the strength of in vivo antitumor efficacy and systemic toxicity.
Given the promising outcomes of combining PD-1 monoclonal
antibodies with chemotherapy as neoadjuvant therapy and the
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potential complementary role of the PD-1 pathway in CD24-
positive TNBC, adjusting the dosing regimen to explore the
therapeutic efficacy of HNO3 in combination with PD-1 mono-
clonal antibodies are worth considering.

TNBC is one of the most challenging subtypes of breast cancer;
it lacks ideal molecular targets, has limited treatment options, and
often displays high recurrence rates™. Here, we developed a
novel ANC bearing a bioorthogonal self-cleavable linker, named
HNO03. As the first bioorthogonal ANC, it specifically targets
TNBC cells expressing CD24. The exceptional selectivity and
safety of HNO3 not only enhance tolerability but also improve
prognosis and quality of life. Additionally, incorporating Pt(IV) as
a bioorthogonal self-cleavable linker enhances the expandability of
the payload, offering novel perspectives for the design of other
ADCs. In fact, our research group also used Herceptin® to
randomly conjugate small-molecule S and conduct a simple MTT
verification, and found that it inhibited the proliferation of human
epidermal growth factor receptor-2 (HER-2)-positive tumor cell
lines. Furthermore, the mechanistic insights gained from this study
reveal how HNO3 utilizes ER stress to induce apoptosis, improving
our understanding of effective TNBC targeting. Furthermore,
exploring the tumor microenvironment would help further enhance
the effectiveness of HN03. In summary, this study paves the way
for the future of TNBC treatment. The innovative design, good
safety profile, and synergistic mechanism of HN03 position it as a
leader in effective TNBC treatment options. The potential to
improve patient outcomes, coupled with its ability to selectively
target CD24-expressing TNBC cells, underscores the significance
of this research, and sets the stage for further clinical development,
ultimately bringing a brighter future for TNBC patients.

3. Conclusions

In conclusion, we designed a site-specific conjugate HN03, con-
sisting of a cysteine-engineered CD24 antibody and a bio-
orthogonal catalysis-based NO donor mediated by Pt(IV). With
good antigen-binding ability and plasma stability, HNO3 specif-
ically targets CD24-positive TNBC cells, and can be internalized
to release cisplatin and high levels of NO. It significantly inhibits
the growth of subcutaneous and in situ transplanted tumors with
good safety, and induce the polarization phenotypic trans-
formation of tumor infiltrating M2 macrophages.

4. Experimental
4.1.  Study approval

All animal experiments and animal care performed in accordance
with guidelines of the Provision and General Recommendation of
Chinese Experimental Animals in China. The experimental protocols
were approved by the Animal Research and Care Committee of China
Pharmaceutical University (No. 2023-04-003) and in compliance
with the National Institutes of Health guidelines for the ethical
treatment of animals. All the clinical samples used in the paper meet
the ethical requirements of Nantong Third People’s Hospital, Affili-
ated Nantong Hospital 3 of Nantong University (EL2024004).

4.2.  Analysis of database

The GEPIA platform (available at http://gepia.cancer-pku.cn) is
an advanced tool that integrates RNA sequencing data from

TCGA and GTEx databases. This integration allows for efficient
comparison of gene expression in tumor and normal tissues.
Additionally, it offers insights into the correlation between gene
expression and patient survival in various cancers. On visiting the
GEPIA website, one can choose the “Expression DIY” module. By
selecting “profile” from the menu, inputting “CD24” as the gene
of interest, setting the log,FC to 1, and adjusting the g-value to
0.01, users can generate a specific box plot. Furthermore, the
platform facilitates survival analysis. By selecting the “survival
analysis” module, entering “CD24”, choosing “overall survival”,
setting a 50% group cutoff, and focusing on “BRCA” (breast
cancer), users can conduct a detailed survival analysis based on
TCGA breast cancer data.

4.3.  Immunohistochemistry

Tissue samples from TNBC (triple-negative breast cancer) pa-
tients, who provided informed consent for the experiment, were
initially fixed in 4% paraformaldehyde for 24 h. Subsequently,
these samples were embedded in paraffin and sectioned into 5 pm
slices. The slices were then baked at 60 °C and placed in a tissue
tank. They underwent a xylene soak followed by hydration,
ensuring the samples remained moist throughout the process. The
sections were fully immersed in EDTA antigen repair solution
(Beyotime P008S5), heated to maintain a gentle boil for 15—20 min.
Once cooled to r.t, the sections were sequentially soaked in double
distilled water and PBS. To quench endogenous peroxidase ac-
tivity, the sections were treated with a 3% hydrogen peroxide
solution, followed by a PBS soak. A hydrophobic barrier was
drawn around the tissue using an immunohistochemistry pen.
Inside this barrier, 5% goat serum (diluted in PBS) was applied to
completely cover the tissue, and the sections were blocked at r.t
for 1 h. After discarding the blocking solution, a mouse anti-
human CD24 antibody (1:1000 Proteintech 67627) diluted in 1%
goat serum was applied as the primary antibody and incubated
overnight at 4 °C. The sections were then washed in PBST so-
lution with shaking and dipping. A HRP-labeled goat anti-mouse
IgG antibody (1:1000 Proteintech SA00001-1), diluted in 1% goat
serum, served as the secondary antibody and was incubated for 3 h
at r.t, followed by another PBST wash. DAB staining solution
(Beyotime P0202) was added to the sections, protected from light
for 3 min, and then gently rinsed with tap water. Hematoxylin
staining solution (Sangon Biotech E607317) was applied for
counterstaining for 1 min, followed by a gentle tap water rinse.
Subsequently, the sections underwent gradient dehydration using
ethanol and xylene, from low to high concentrations, were dried,
and then mounted with neutral resin. The prepared slides were
examined and photographed using an upright microscope. The
resulting immunohistochemistry images were analyzed for posi-
tivity using ImageJ software.

4.4. Design of ¢cG7-SV

A chimeric antibody targeting CD24, named c¢G7, had been pre-
viously developed, demonstrating effective targeting capabilities.
For the purpose of crafting antibody—drug site-directed conju-
gates, it was necessary to modify and mutate cG7. The initial step
involved conducting homologous modeling of ¢G7 using the
“antibody modeler” function within the MOE (Molecular Oper-
ating Environment) software. This process included an analysis of
the antibody’s solvent exposure and amino acid residues using
MOE’s “Properties” module. Additionally, the distribution of
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hydrophobic and charge properties on the antibody’s surface was
examined using the “Patch Analyzer” module. Guided by the
simulation results from MOE, specific mutations were introduced
into the ¢cG7 antibody. At position 239 of the ¢G7 heavy chain, a
serine (TCA) was mutated to cysteine (TGC) using overlap-PCR.
Similarly, in the light chain, a valine (GTC) at position 211 was
mutated to cysteine (TGC). These modifications resulted in the
creation of cG7-SV, a CD24 monoclonal antibody with strategically
engineered cysteine residues, optimizing it for ADC development.

4.5.  Purification of cG7-SV

The collected fermentation broth supernatant and the reagents
required for purification were filtered through a 0.22 um filter
membrane and placed on ice for later use. The Protein A column
was slowly rinsed with double distilled water and PBS. The
loading flow rate was controlled so that the supernatant flowed
through the protein A column at a rate of 1 mL/min, and the
effluent was collected to prevent the antibody from hanging on the
column. After loading, rinsed the column with PBS to remove
impurities. Add eluent for elution, collect the outgoing eluate and
immediately neutralize it with neutralization solution to pH 7.0, 4
°C storage. Rinse the column with PBS, double distilled water, and
20% ethanol sequentially, and finally fill the column with 20%
ethanol and store at 4 °C. The collected eluate was ultrafiltered and
concentrated with an ultrafiltration tube with a molecular weight
cut-off of 50 kDa, and the solution system was replaced with PBS
for short-term storage at 4 °C or long-term storage at —80 °C.

4.6. Antigen-binding capacity of cG7-SV

The enzyme strip was activated by UV lamp irradiation, and the
antigen (hCD24-GST) was diluted to 0.5 pg/mL with NaHCO;
buffer. Added 100 pL of diluted CD24 antigen per well and coated
overnight at 4 °C. The antigen was discarded, the microplate was
put into an ELISA plate washer and washed with PBST shaking,
200 pL of 5% skim milk was added to each well, and the plate was
blocked at 37 °C for 2 h. Washed with PBST, added 100 pL of
gradient concentrations of cG7 and ¢G7-SV as primary antibodies
(0.008—2.5 nmol/L, diluted with 2% skim milk), set up 3 repli-
cates at each concentration, and set up 2.5 nmol/L human IgG1
unrelated antibody as an isotype control, and incubated at 37 °C
for 2 h. Washed with PBST and added 100 pL of HRP-goat anti-
human IgG antibody (1:20,000, Proteintech SA00001-17, diluted
with 2% skim milk) per well and incubated at 37 °C for 1 h.
Washed with PBST, added 100 pL of TMB chromogenic solution
per well, and reacted at r.t in the dark for 15—20 min until obvious
blue appears. Stop solution was added to each well, absorbance at
450 and 630 nmol/L. were read with a microplate reader (ODys(,
ODg30), and the values of ODys50—0ODg3¢ were calculated, and the
ECs5o was plotted and calculated by Prism 9.0 software.

4.7.  Internalization of cG7-SV

Pipetted 100 pL of cG7-SV and added 7.5 pL of NaHCO3 solution
to adjust the pH to 8.5—8.9. Added 6.35 pL of Protonex™ Red
600 SE dye (AAT Bioques 21208, 10 times the molar amount of
antibody), mixed and reacted at 37 °C in the dark for 1 h. Used a
50 kDa ultrafiltration tube, 4 °C, 3000x g centrifugation, washed
with PBS to remove excess dye, stored at —80 °C for later use.
MDA-MB-468 cells were seeded at a density of 5 x 10’ in
confocal dishes and cultured for 24 h. Replaced with fresh

medium, add fluorescently labeled antibody at a final concentra-
tion of 250 nmol/L, and incubated at 4 °C and 37 °C for 1 h,
respectively. The culture was discarded, washed twice with 2 mL
of pre-chilled PBS, 200 pL of PBS was added, observed and
photographed using a confocal microscope, and the images were
processed and analyzed using ZEN 2012 software.

4.8.  Preparation of HNO3

Pipetted 0.5 mg of ¢cG7-SV into a 2 mL EP tube, added 3.33 pL of
TCEP (TOPSCIENCE T7087, 10 times the molar amount of
antibody), pipetted and mixed well, and shook the reaction at 37
°C for 1 h. TCEP was removed by ultrafiltration at 4 °C, 3000x g
with a 10 kDa ultrafiltration tube. Added 4 pL of DHAA
(TOPSCIENCE T4917, 12 times the molar amount of antibody),
mixed and shook at 27 °C for 4 h in the dark. Ultrafiltration was
carried out with a 50 kDa ultrafiltration tube at 4 °C, 3000x g to
remove DHAA. Added 3.33 pL of linker-drug S (10 times the
molar amount of antibody), mixed and shook at 27 °C for 1 h in
the dark. Ultrafiltration at 4 °C, 3000x g with a 50 kDa ultrafil-
tration tube to remove excess linker-drug S. The BCA kit deter-
mined the conjugate concentration and calculated the recovery,
and was cryopreserved at —80 °C. HN03-A and HN03-B were
prepared by the same method as above, and the conjugate small
molecules were S1 and S2, respectively. The preparation method
of ¢cG7-HL2 was referred to HNO1%*.

4.9.  Analysis of HNO3

The purity of the HNO3 was analyzed by SEC—HPLC (molecular
exclusion chromatography) under the following detection condi-
tions: liquid chromatograph model Agilent-1220, HNO3 concen-
tration of 4 mg/mL, injection volume of 10 pL, mobile phase of
20 mmol/L PBS, flow rate of 1 mL/min, detector wavelength of
280 nm, column temperature of 25 °C, column model TSKgel-
G3000SWx (TOSOH). HIC—HPLC (hydrophobic chromatog-
raphy) was used to detect the hydrophobic properties of the con-
jugate, and the specific experimental conditions were as follows:
chromatograph model Agilent-1220, antibody concentration of 4
mg/mL, injection volume of 5 pL, flow rate of 0.4 mL/min,
gradient elution, detector wavelength 280 nm, column temperature
27 °C, column model TSKgel Butyl-NPR (TOSOH). The analytical
method of HN03-A, HN03-B and cG7-HL?2 is the same as above.

4.10. Binding and internalization

MDA-MB-468 cells in good logarithmic condition were collected
and aliquoted at 2 x 10’ per tube. At 4 °C, centrifuge at 400xg,
discard the supernatant, dilute HNO3 or cG7-SV to 100 nmol/L in
L-15 complete medium, and add 250 pL per tube of cells for
resuspension. Cells were placed in a 37 °C incubator, incubated
for 0/10/30/60/120 min, removed and placed on ice to terminate
internalization. The supernatant was discarded by centrifugation,
washed twice with 500 pL of FPBS, 250 pL of FITC-goat anti-
human IgG antibody (1:100, Proteintech SA00003) was added as a
secondary antibody, and incubated at 4 °C for 1 h. Centrifuge
discard the supernatant, wash 2 times with 500 pL of FPBS
resuspend, add 350 pL of PBS to resuspend, and detect the fluo-
rescence intensity of the FITC channel using flow cytometry. The
mean fluorescence intensity (MFI) of each group of samples was
plotted and analyzed using Flowjo software.
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4.11.  Detection of NO release

MDA-MB-468 cells with good logarithmic growth status were
seeded in 24-well plates at a density of 5 x 10° and cultured until
the confluence reached about 80%. Discarded the medium, washed
2 times with PBS, prepared the DAF-FM-DA probe (Beyotime
S0019) working solution according to the instructions, and co-
incubated with the cells at 37 °C for 20 min. On the one hand,
the probes were discarded, PBS washed twice, fresh
medium was replaced, HNO3 (250 nmol/L)/CS (1 pmol/L)/cG7-
SV (250 nmol/L) was added, and the culture continued at 37 °C
for 8 h. Cells were digested and collected, the supernatant was
discarded by centrifugation, resuspended in PBS for 2 washes, and
finally resuspended with 350 puL of PBS, and the fluorescence in-
tensity of the FITC channel was detected by flow cytometry. Plot
analysis was performed using FlowjoV10 and Prism 9.0 software.
On the other hand, the probes were discarded, PBS washed twice,
fresh medium was replaced, HN03 (250 nmol/L)/CS (1 pmol/L)/
c¢G7-SV (250 nmol/L)HN03-A (250 nmol/L)/HN03-B (250 nmol/L)
was added, and the culture continued at 37 °C for 5 h, washed 2
times with PBS, and observed by fluorescence microscopy.

4.12.  Plasma stability

Collect human anticoagulant blood, centrifuge for 5 min at r.t, and
take the upper layer of plasma for later use. The conjugate HN03
is diluted to 10 pmol/L in plasma and incubated at 37 °C for O or
72 h. Plasma-incubated samples are diluted to 100 nmol/L with
PBS, and changes in the binding ability of HNO3 to tumor cells
are detected by flow cytometry. Plasma-incubated samples were
diluted to 250 nmol/L. with complete medium, and NO release of
HNO03 was detected by DAF-FM-DA probe. The processing pro-
cedures for other samples are the same as those for HN03.

4.13.  Intracellular distribution

MDA-MB-468 cells with good logarithmic growth status were
seeded in confocal dishes at a density of 5 x 10° and cultured for
24 h. Replaced the fresh medium, added HNO3 at a final con-
centration of 250 nmol/L, incubated at 37 °C, and washed with
pre-chilled PBS with shaking. Added 100 pL of fixative solution
(FCMACS FMS-FP0050), incubated at r.t, and washed with PBS.
Added 100 pL of permeabilization solution, incubated at r.t, and
washed with 2 mL of FPBS with 5% goat serum. Added 1 mL of
glycine blocking solution (0.3 mol/L, dissolved in PBS), blocked
at r.t, and washed with FPBS. Added 150 pL of mouse anti-human
Lamp-1 antibody (1:50, Santa Cruz Bio Sc-18821, FPBS dilution),
incubated at r.t, and washed with PBS. Added a total volume of
150 pL of Alexa 488-labeled goat anti-human IgG (1:50,
YERSEN 33126ES60) and Cy3-labeled goat anti-mouse IgG
antibody (1:20, Proteintech SA00009-1), protected from light,
incubated at r.t, and washed with PBS. DAPI staining solution
(YERSEN 40728ES03) was added, incubated at r.t, and washed
with PBS. Confocal microscopy was observed and images of cells
under DAPI, AF488 and Cy3 channels were taken, and the images
were processed using ZEN 2012 software.

4.14.  Binding of HNO3 to target cells
MDA-MB-468 cells were obtained from Shanghai Cell Bank of

China, CAS, Using L-15 medium (10% serum), At the time of 37
°C, culture in 100% air conditions; MDA-MB-231, CHO-S were

obtained from Shanghai Cell Bank of Chinese Academy of Sci-
ences, CHO-S-hCD24 cells for laboratory overexpressing human
CD24 modified cells, using DMEM medium (10% serum). At the
time of 37 °C, culture at 5% CO,; EMT-6, SK-OV-3 cells were
obtained from Shanghai Cell Bank, CAS, EMT-6-hCD24 cells
were laboratory overexpressing human CD24 modified cells,
using RPMI-1640 medium (10% serum). At the time of 37 °C,
And were cultured in 5% CO,. The cells with good log phase state
were digested with trypsin and collected in 2 x 10° cells per tube.
The cells were centrifuged at 4 °C, 400x g for 5 min, the super-
natant was discarded, HN0O3 at 100 nmol/L as primary antibody,
250 pL per tube was resuspended, and incubated on ice for 1 h.
The supernatant was discarded by centrifugation, washed twice
with 500 puL of FPBS, added 250 pL. Alexa Fluor488-goat anti-
human IgG antibody (1:200, YERSEN 33126ES60) as second-
ary antibody and incubated at 4 °C for 1h. The supernatant was
discarded by centrifugation, washed twice in 500 puL of FPBS,
resuspended with 350 pL. PBS, and the fluorescence intensity of
FITC channels was measured using flow cytometry. The mean
fluorescence intensity (MFI) of each group was drawn and
analyzed using Flowjo software.

4.15.  Inhibition of cell proliferation

MDA-MB-468 cells were diluted to a density of 4 x 10* with
L-15 medium with 5% serum, SK-OV-3 cells were diluted to a
density of 3 x 10* with RPMI-1640 medium with 2% serum,
MDA-MB-231 cells, CHO cells, and CHO-S-hCD24 cells were
diluted to a density of 2 x 10* with DMEM medium with 2%
serum, and EMT-6-hCD24 cells were diluted to a density of 1.5 x
10* RPMI-1640 medium with 2% serum. Each of the six cells is
seeded into 96-well plates at 100 puL per well and cultured over-
night. HN03/cG7-SV/CS wasdiluted with medium and filtered and
sterilized, with a maximum dosing concentration of 1 pmol/L for
HNO03 and cG7-SV and 4 pmol/L for CS, both diluted down by a
4-fold concentration gradient. Added to a 96-well plate containing
tumor cells, 90 pL per well, set up a blank control (containing
medium only) and a negative control (containing medium and
cells) at the same time, and cultured for 72 h. Add 10 puL of MTT
solution (5 mg/mL, PBS dissolve, Sangon Biotech A600799) to
each well, protected from light, and continued to culture for 4 h.
Took out the 96-well plate, aspirated the medium with a 1 mL
syringe, added 150 pLL of DMSO per well, and shook for 10 min at
r.t. The absorbance at 570 nm and 630 nm was determined by
microplate reader, with ODs;0—ODg3 as the net absorption value,
and the inhibition curve was plotted and the 1Csy was calculated
using Prism 9.0 software. And the inhibition rate (%) was calcu-
lated as Eq. (1):

Inhibition rate = (Negative control — Sample) / (Negative control
— Blank control) x 100% (D)

4.16.  Induction of apoptosis

EMT-6-hCD24 cells with good logarithmic growth status were
seeded at 6 x 10* and cultured in 6-well plates for 24 h. Discarded
the medium, diluted HN03/cG7-SV/CS with DMEM medium
with 2% serum to the indicated concentration, added to a 6-well
plate, and continued to culture for 72 h. Collected the cell su-
pernatant from the 6-well plates into a 1.5 mL EP tube,
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centrifuged at 4 °C, discarded the supernatant, and collected the
floating cells. Simultaneously collected the cells in the 6-well
plates with EDTA-free trypsinization and mixed with the cells
in the corresponding supernatant. Collected cells were centrifuged
with PBS at 4 °C, 400x g for 3 min, and resuspended for 2 washes.
Discarded PBS, resuspend with 100 pL binding buffer per tube of
cells, then added 5 pL of Annexin V-FITC (YEASEN
40302ES20), mixed gently, and incubated at r.t for 15 min,
keeping out of light during the whole process. 400 pL of binding
buffer was added to each tube to mix, the fluorescence intensity of
the FITC channel was detected by flow cytometry, and the pro-
portion of FITC-positive cells was counted by FlowjoV10 soft-
ware, and significance analysis was performed by Prism 9.0
software.

4.17.  Induction of apoptosis and inhibition of metastasis
pathway

EMT-6-hCD24 cells with good logarithmic growth status were
seeded at a density of 1 x 10° and cultured in 6-well plates for 24
h. Discarded the medium, diluted HN03 (250 nmol/L/500 nmol/L/
1 pmol/L)/HNO3-A (1 pmol/L)/cG7-HL2 (1 pmol/L)/cG7-SV (1
pmol/L)/CS (4 pmol/L) with medium containing 2% serum to the
indicated concentration, added to a 6-well plate, and continued to
culture for 48 h. The 6-well plate is placed on ice, washed twice
with PBS per well, and then 120 pL of RIPA lysate (containing
1% cocktail and PMSF, YEASEN 20201ES60) is added. Cells
were lysed, the supernatants were collected. Otherwise, RIPA
lysate was added to tumor tissues (150 pL/20 mg), and then ho-
mogenized by tissue grinder at 4 °C and 60 Hz, and supernatant
was collected by centrifugation (12,000xg). Add 5 X loading
buffer (reduced) to prepare samples.

Polyacrylamide gels were prepared, with a gel concentration of
12% and a stacking gel concentration of 5%. Samples were
transferred from the gel to the PVDF membrane by wet transfer at
200 mA for 90 min. The PVDF membrane was immersed in TBST
containing 5% skimmed milk powder, the PVDF membrane was
blocked at 37 °C for 1 h. Diluted rabbit anti p-PERK (1:1000,
ABCLONAL AP1501), p-eIF2« (1:1000, ABCLONAL AP0692),
DDIT3 (1:1000, ABCLONAL A21902), Bax (1:1000,
ABCLONAL A19684), Caspase3 (1:1000, Proteintech 19677-1-
AP), Cytochrome C (1:1000, ABCLONAL A4912), Vimentin
(1:20,000, HUABIO ET1610-39) and mouse anti-human Bcl-2
(1:1000, ABCLONAL A20777), GAPDH (1:50,000, Proteintech
60004-1-Ig), B-actin  (1:20,000, Proteintech 66009-1-Ig),
E-Cadherin (1:1000, HUABIO EMO0502) with TBST containing
2% skimmed milk powder and incubated with PVDF membrane
overnight at 4 °C. PVDF membranes were washed with TBST
shaking at r.t, HRP-goat anti-rabbit IgG (1:10,000, Proteintech
SA00001-2) or HRP-goat anti-mouse IgG (1:40,000, Proteintech
SA00001-1) were added, and incubated for 1 h at r.t. Prepared the
super ECL detection reagent (YEASEN 36208ES60) according to
the instructions, evenly add dropwise to the PVDF film, and
immediately used the exposure instrument for detection.

4.18.  Nude mouse xenograft model

Four-week-old female BALB/c nude mice were purchased from
the Animal Experiment Center of Yangzhou University and kept
in an SPF environment, and the environmental standards were
based on the national standard of the People’s Republic of China
GB14925-2010. MDA-MB-468 cells with good logarithmic

growth status were collected by digestion, centrifugation at 4 °C,
400x g for 3 min, and PBS resuspension washed 2 times. Adjusted
the cell density to 1 x 107 with PBS, aspirated 100 pL of tumor
cells with a syringe, punctured the needle parallel to the subcu-
taneous part of the nude mouse, inoculated the tumor cells into the
subcutaneous part of the axillary of the right forelimb of the nude
mouse, and slowly withdrew the needle to prevent cell exudation.
The length (L) and width (W) of tumors and the weight of animals
were measured every two days, and 8 tumors were randomly
divided into groups when the tumor volume V reached 100 mm?.
The tumor volume was calculated as Eq. (2):

V= (x W) 2)

Experimental group: normal saline (saline) group, HN03-H
group, HNO3-L group, cG7-SV group, CS group (4 times the
molar amount of antibody for administration), cisplatin group, 8
animals in each group, tail vein injection. The tumor size was
measured every two days, the nude mice were euthanized after the
end of administration, the tumor tissue and liver, spleen, kidney
and other organs were weighed, and the tumor inhibition rate was
calculated, and Prism 9.0 software was used for plotting and
statistical analysis. Tumor inhibition rate was calculated as Eq.

3):

Tumor inhibition rate% = (Tumor weight of normal saline group-
tumor weight of experimental group) / (Tumor weight of
normal saline group) x 100% 3)

4.19.  BALB/c mouse mammary orthotopic model

Five-week-old female BALB/c nude mice were purchased from
the Animal Experiment Center of Yangzhou University and kept
in an SPF environment, and the environmental standards were
based on the national standard of the People’s Republic of China
GB14925-2010. EMT-6-hCD24 cells with good logarithmic
growth status were collected by digestion, centrifugation at 4 °C,
400x g for 3 min, and PBS resuspension washed 2 times. The skin
of the BALB/c mice were cut open to reveal the fourth pair of
mammary pads. Using forceps, the mammary pad tissue was lifted
and a needle was inserted to implant the tumor cells. The needle
was slowly withdrawn and the area was sealed with glue to pre-
vent cell leakage. The length (L) and width (W) of tumors and the
weight of animals were measured every two days, and 8 tumors
were randomly divided into groups when the tumor volume V
reached 60 mm°. The formula for calculating tumor volume was
shown in Eq. (2) (see 4.18).

Experimental group 1: PBS group, HN03-H group, HN03-L
group, DOX group, 6 animals in each group, peritoneal injection.
The tumor size was measured every 2 days, the mice were
euthanized after the end of administration, the tumor tissue and
heart, lung, spleen and other organs were weighed, and the tumor
inhibition rate was calculated, and Prism 9.0 software was used for
plotting and statistical analysis. Tumor inhibition rate was calcu-
lated as Eq. (3) (see 4.18).

Experimental group 2: Saline group, Cisplatin group, cG7-SV
+ CS group, HNO03-A group, cG7-HL2 group, HNO3 group, 5
animals in each group, tail vein injection. The tumor size was
measured every 2 days. Blood was collected 2 days after the
endpoint of dosing, and serum biochemical parameters were
measured, including liver function: alanine aminotransferase
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(ALT), aspartate aminotransferase (AST); renal function: creati-
nine (CREA), urea nitrogen (UREA); hematotoxicity: white blood
cell count (WBC), platelet count (PLT). Mice were euthanized
after the end of administration, the tumor tissue were weighed, and
the tumor inhibition rate was calculated. The content of Pt in
tumor and serum was detected by ICP—MS. Prism 9.0 software
was used for plotting and statistical analysis.

4.20.  Pharmacokinetic analysis in BALB/c mice

HNO3 was labeled to Biotin by SiteClick Biotin Antibody La-
beling Kit (Thermofisher, Cat# S20033, USA). Five BALB/c mice
were injected i.v. with 10 mg/kg of HNO3-Biotin. Blood was
collected via tail top from mice at different points in time post-
injection. The samples were left at 4 °C for 1 h. Serum was ob-
tained by centrifuging the samples at 10,000x g for 5 min at 4 °C,
after which serum samples were stored at —80 °C. Enzyme-linked
immune sorbent assay (ELISA) was employed to detect the
HNO03-Biotin concentrations in serum. Prism 9.0 software was
used for plotting and statistical analysis.

4.21. RNA sequencing

Mice were sacrificed and immersed in absolute ethanol, and tumor
tissue was stripped in ultra-clean table. Tumor tissue of each group
was divided into 300 mg tumor, placed in 2 mL frozen storage
tubes, numbered and flash frozen in liquid nitrogen, and sent to the
company for transcriptome sequencing. PCA analyze, screening
of differentially expressed genes and other methods were used to
analyze the sequencing results.

4.22.  Immunofluorescence

The in situ tumors were fixed in 4% paraformaldehyde for 24 h,
embedded in paraffin and made into 5 pm sections. The slices were
baked in a 60 °C drying oven and placed in a tissue tank, soaked
with xylene for 2 times, and then hydrated, and the samples were
kept moist throughout the process. The sections are completely
submerged in EDTA antigen repair solution (Beyotime P0085),
heated and kept in a slightly boiling state for 15—20 min. After
cooling to r.t, soak in double distilled water and PBS sequentially.
Soaked the sections with 3% hydrogen peroxide solution to
depleted the original peroxidase in the tissue, and then soaked them
with PBS. Drew a hydrophobic closure circle around the tissue
with an immunohistochemistry pen, and 0.3% PBST (Triton
X-100) was added to the circle, incubated at r.t for 15 min, and was
washed with TBST. Added 5% goat serum (PBS dilution) dropwise
into the circle to completely cover the tissue, and blocked at r.t for
1 h. The blocking solution was discarded, and the rabbit anti-
mouse CD206 antibody (1:500, 81525-1-RR) was diluted with
5% goat serum as primary antibody and incubated at 4 °C over-
night. TBST (0.1% Tween 20) washed for 5 min Cy3-labeled goat
anti-rabbit IgG antibody (1:50, YEASEN 33108ES60) was diluted
with 5% goat serum as secondary antibody and incubated for 1 h at
r.t. TBST washed for 5 min. Add a drop of DAPI Fluoromount-
GTM (YEASEN 36308 ES) to the slice, cover the cover glass.
The slices were scanned panoramic using NanoZoomer S60.

4.23.  Statistical analysis

Analysis of normally distributed data was done using parametric
tests (i.e., unpaired 2-tailed student’s z-test, one-way ANOVA) and

for data not normally distributed, nonparametric tests (i.e.,
Mann—Whitney test or Kruskal—Wallis test followed by Dunn’s
multiple comparisons tests). Data are presented as mean =+ stan-
dard deviation (SD). All statistical analysis was done using
GraphPad Prism 9 software, unless stated otherwise. P values less
than 0.05 were considered statistically significant.
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