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Background: Immune checkpoint inhibitor (ICI) therapies have marked a significant breakthrough in tumor immunotherapy. However,
their clinical efficacy remains suboptimal in many cases. Emerging evidence indicates that resistance to ICls is largely driven by the
immunosuppressive nature of the tumor microenvironment (TME). Modulating the TME-through conventional chemotherapy or anti-
angiogenic therapies has been shown to enhance immune activation and improve the therapeutic response to ICIs.

Methods: In this study, we developed epirubicin (EPI)-loaded lipid nanoparticles, termed DPPA(EPI) LNPs, which integrate the
chemotherapeutic agent EPI with the anti-angiogenic lipid DPPA, enabling co-delivery and targeted enrichment within tumors. The
cytotoxicity and anti-vascular endothelial cell tube formation properties of DPPA(EPI) LNPs were tested in vitro. The biosafety, anti-
tumor ability and immunoactivities were tested on orthotopic tumor models of both breast cancer and hepatoma in vivo.

Results: DPPA(EPI) LNPs showed the advantages of uniformed particle size, high stability, good sustained-release effect. Compared to
free drug, DPPA(EPI) LNPs significantly prolonged blood circulation (21.7% remaining at 12 h vs.16.5% at 30 min for free drug), enhanced
tumor accumulation (18.4-fold change than free drug) and had well biological safety. In vivo, DPPA (EPI) LNPs showed excellent anti-
tumor therapeutic efficacy by significantly inhibiting tumor cell proliferation (Ki671 cells reduced by 55%), reducing tumor angiogenesis
(vascular density by 60%), and inducing stronger immunogenic cell death effect both in 4T1 orthotopic tumor model and Hepal-6 orthotopic
tumor model. And the treatment of DPPA (EPI) LNPs combined with programmed cell death protein 1 (PD-1) inhibitor further improved the
activation of anti-tumor immunity in the TME, which leads to more significant inhibition of the tumor growth.

Conclusion: This dual-function nanoplatform—combining chemotherapy and anti-angiogenic therapy—substantially improved the
efficacy of PD-1 blockade in both breast cancer and hepatocellular carcinoma (HCC) models. These findings offer a promising strategy
and experimental foundation for TME modulation and the advancement of combination immunotherapy.

Keywords: dipalmitoyl phosphatidic acid, DPPA, programmed cell death protein 1, PD-1, tumor microenvironment, TME,
immunogenic cell death, ICD, anti-angiogenesis

Introduction

With the development of oncology theory, many options have been provided with better efficacy and higher patient
acceptance, such as immunotherapy. Immune checkpoint blockade therapies have provided new breakthroughs for
clinical tumor treatment.! By inhibiting the immune evasion function of tumor cells and activating the body’s immune
system to monitor and kill tumor cells, immune checkpoint inhibitors (ICIs) represented by programmed cell death
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protein 1 (PD-1) inhibitors bring new hope and are widely used in clinic.>* However, the efficacy of ICI monotherapy
remains limited, with a substantial proportion of patients either failing to respond initially or developing resistance over
the course of treatment, ultimately resulting in a lack of sustained clinical benefit.’ For example, although malignant
melanoma demonstrates one of the highest response rates to ICI therapy, approximately 60-70% of patients fail to
achieve an objective response to PD-1 monoclonal antibody treatment, and 20-30% experience tumor recurrence or
progression following initial therapy.®’ In most malignant tumors, the response rate of ICIs monotherapy remains low,
the objective response rates are 15% to 25%, and survival benefits are limited.** Consequently, enhancing the antitumor
efficacy of ICIs has become critical areas of ongoing research and clinical interest.

The tumor microenvironment (TME), composed of tumor cells, immune cells, stromal cells, and vasculature, plays
a pivotal role in regulating tumor growth, metastasis, and colonization.'® The American Association for Cancer Research
(AACR) has identified key features and regulatory mechanisms underlying resistance to ICIs, including insufficient
immunogenic tumor antigens, T cell dysfunction, a non-inflammatory tumor microenvironment, and aberrant genetic

! inferring that TME is the key for regulating the efficacy of ICIs.'*> TME is typically characterized by

regulation,
hypoxia, accumulation of metabolic waste, acidic pH, and limited nutrient availability, which adversely impair the
viability and activity of immune cells. Moreover, tumor cells actively recruit immune cells into the TME and manipulate
them by inducing the expression of immune checkpoint molecules and secreting immunosuppressive cytokines, furtherly
suppress immune cell function and contribute to the immunosuppressive TME.'*'4

In TME, hypoxia and elevated metabolic activity stimulate the secretion of pro-angiogenic cytokines, thereby
promoting neovascularization.'>"'” However, the newly formed vasculature is often structurally abnormal and function-
ally deficient, which exacerbates chemotherapy resistance, impairs immune cell infiltration and function, ultimately limits
the efficacy of immunotherapy. Additionally, the dysfunctional vasculature facilitates tumor invasion and metastasis by
providing favorable routes for tumor cell dissemination.'®' Several studies have reported that anti-angiogenic therapies
can improve the perfusion in TME by normalizing aberrant vasculature, thereby facilitating immune cells infiltration and
restoring or enhancing their function.? ?* It is also reported that traditional chemotherapy not just only kills tumor cells
directly, but also induces immunogenic cell death (ICD) of tumor cells which can release amounts of tumor immunogenic
antigens and immune adjuvants to enhance the anti-tumor activity.*>** So, the combination of anti-angiogenic and
chemotherapy therapy is hypothesized to exert a synergistic effect, jointly enhancing the therapeutic response to ICIs.

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPA) is a naturally occurring anionic phospholipid and a secondary
metabolite in the biosynthesis of glycerophospholipids. Recent research has demonstrated that DPPA can inhibit triple-
negative breast cancer (TNBC) by downregulating cyclin Bl and inducing G2 phase cell cycle arrest.”> Additionally,
DPPA has been shown to suppress angiogenesis by inhibiting the CUX1/FGF1/HGF signaling pathway in endothelial
cells.”® In our previous works, we developed DPPA-based lipid nanoparticles (DPPA-LNPs) using a nanoprecipitation
technique to overcome the hydrophobic limitations of DPPA. These nanoparticles exhibited improved stability, biosafety,
and anti-angiogenic activity both in vitro and in vivo.?” Furthermore, in incomplete radiofrequency ablation (IRFA)
model of hepatocellular carcinoma (HCC), DPPA-LNPs were shown to downregulate the CUX1/FGF1 signaling pathway
and reduce vascular endothelial growth factor A (VEGFA) expression in tumor cells. This dual action effectively
suppressed neovascularization and inhibited the growth of residual tumors in IRFA-bearing mice.”® However, the
antitumor efficacy of DPPA-LNPs as a monotherapy remains limited. Therefore, leveraging DPPA-LNPs as
a multifunctional drug delivery platform to encapsulate chemotherapeutic agents may enable the co-delivery of anti-
angiogenic agents and chemotherapeutics, thereby maximizing therapeutic synergy and improving the efficacy of ICIs
immunotherapy.

As a proof of concept, this study aims to design epirubicin (EPI)-loaded lipid nanoparticles (DPPA(EPI) LNPs),
utilizing DPPA-LNPs as bioactive carriers for the co-delivery of the chemotherapeutic agent EPI (Scheme 1). Combined
with PD-1 inhibitor, the therapeutic efficacy of this platform will be evaluated in breast cancer and HCC models. By
leveraging the high tumor-targeting capability and enhanced accumulation offered by nanocarrier systems, this approach
enables the simultaneous delivery of DPPA and EPI directly to tumor tissues. This strategy offers dual therapeutic
benefits. First, the encapsulation of EPI within DPPA-LNPs improves its bioavailability, prolongs its cytotoxic activity
against tumor cells, enhances the induction of ICD, and promotes antitumor immune activation within the TME. Second,
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Scheme | Schematic illustration of the therapeutic effects of DPPA(EPI) LNPs on the activation of antitumor immunity and inhibition of angiogenesis to inhibit tumor
growth.

DPPA contributes its anti-angiogenic properties by suppressing tumor neovascularization, reducing nutrient supply,
improving perfusion within the TME, and facilitating immune cell infiltration and functional restoration. Collectively,
DPPA (EPI) LNPs enable a synergistic combination of chemotherapy and anti-angiogenic therapy, amplifying antitumor
immune responses and suppressing angiogenesis in the TME, which enhances anti-PD-1 immunotherapy. Our findings
are expected to provide a novel strategy and experimental foundation for TME modulation and the development of next-
generation combination therapies in cancer immunotherapy.

Methods

Material

1,2-dipalmitoyl-sn-glycero-3-phosphate (dipalmitoyl phosphatidic acid, DPPA), and DSPE-PEG 3400 were procured
from Xi’an Rui Xi Biotechnology Co. (Xi’an, China). EPI and PD-1 inhibitor were purchased from Selleck. CD31
antibody and Calreticulin antibody were purchased from Proteintech Group (Wuhan, China), Ki67 antibody and CD8
antibody were purchased from Servicebio. HMGBI antibody, Calreticulin antibody and Granzyme B antibody were
purchased from Abcam. Perforin antibody, CDI11c antibody and CD86 antibody were purchased from Cell Signal
Technology. All other chemicals and reagents were of analytical grade and used in accordance with the manufacturer’s
instructions.

Synthesis and Characterization of DPPA(EPI) LNPs

DPPA(EPI) LNPs were prepared via the nanoprecipitation method as described in our previous publication. Briefly, a mixture
of 10 uL EPI (2 mg/mL in methanol), 100 uL of DSPE-PEG3400 (10 mg/mL in methanol) and 400 puL of DPPA (5 mg/mL in
methanol) were gradually added to 5 mL deionized water under continuous stirring for 3 min. This mixture was transferred to
an Amicon filter (100 kDa) to eliminate methanol and any unbound substances. After centrifugation, the DPPA (EPI) LNPs
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would be retained in the upper chamber and be dispersed in 1 mL of PBS or deionized water. The size distribution of DPPA
(EPI) LNPs was detected by dynamic light scattering method. The zeta potential was measured by Malvern nano-particle size
potentiometer (MalvernzetasizerZSE, Malvern, UK). The morphology of DPPA LNPs was determined by 120 kV TEM.

Stability of DPPA(EPI) LNPs

After synthesis and purification, DPPA (EPI) LNPs were re-suspended in cultural medium containing 10% Fetal Bovine
Serum (FBS) at 37 °C and PBS at room temperature. At pre-determined time point (15 min, 30 min, 1 h, 2 h, 4 h, 8 h,
12 h, 24 h and 48 h), the average particle size and distribution of DPPA(EPI) LNPs at each time point were detected by
dynamic light scattering method.

Release of DPPA(EPI) LNPs

Release of DPPA(EPI) LNPs could be determined by the fluorescence intensity change of the EPI. The prepared
nanoparticles were dispersed in 1 mL PBS and 1 mL complete medium transferred to a Float-a-lyzerG2 dialysis column
with a molecular weight cut-off of 100kDa, then the dialysis column was immersed in beakers containing 1 L room
temperature PBS and 37 °C PBS, respectively, and stirred continuously at a speed of 150 rpm. At the pre-determined
time point (0, 0.5, 1, 2, 4, 8, 12, 24 and 48 h), 5 uL of the nanoparticles solution was withdrawn and mixed with 200 uL
of DMSO. The fluorescence intensity of EPI was detected by Synergy HT multi-mode microplate reader.

Cell Culture

The mouse-derived TNBC cell line 4T1, mouse-derived HCC cell line Hepal—6*° and HUVEC were obtained from
FuHeng Biology (ATCC, Shanghai). The 4T1 cells were cultured in RPMI 1640 medium, the Hepal-6 cells were
cultured in high glucose DMEM medium, HUVECs were cultured in ECM medium. Both culture media were
supplemented with 10% fetal bovine serum (FBS), penicillin (100 units mL™"), and streptomycin (100 pg mL™).
Cells were maintained in a humidified cell culture chamber with 5% CO, at 37 °C.

In vitro Cellular Uptake

4T1 and Hepal-6 cell were plated in glass bottom cell culture dish. DPPA(EPI) LNPs were added to the complete
medium after 24 h. After 4 h incubation, the samples were washed three times with PBS and fixed with 4%
paraformaldehyde (PFA). The nuclei were stained with Hoechst 33342. The images of the samples were taken by
ZEISS 800 CLSM.

In vitro Cytotoxicity

4T1 and Hepal-6 cell were plated in 96-well plates at a density of 5,000 cells per well. After 24 h, the fresh medium was
replaced, and the concentration gradient was set with the equivalent concentration of EPI. After 48 h of incubation, the
cell viabilities were tested by CCKS8. The survival rate of tumor cells was calculated by comparing the differences
between each treatment group and the control group.

Cell Proliferation in vitro

4T1 cells or Hepal-6 cells were plated in 6-well plate with a density of 30,000 cells per well. After 24 h, we set up
the day as DO, and grouped the cells with PBS, free EPI, DPPA LNPs and DPPA(EPI) LNPs for 48 h, then changed into
a complete medium and kept cultured. The cell viabilities were tested on the pre-determined time point (D0, D2, D4, D6,
D8) by Alamarblue solution.

Detection of ATP, CRT and HMGBI in vitro

4TI cells or Hepal-6 cells were plated in 6-well plate with a density of 80,000 cells per well. After 24 h, PBS, free EPI,
DPPA LNPs and DPPA(EPI) LNPs in fresh complete medium was incubated with cells for 48 h. The cell supernatant of
each group was collected and the concentration of ATP was detected using Enhanced ATP Assay Kit (Beyotime). The
CRT exposure and the HMGBI secretion were detected by cellular immunofluorescence.

14060 ‘= International Journal of Nanomedicine 2025:20



Tan et al

Tube Formation Assay

HUVEC were plated in 24-well plate with solidified Matrigel at a density of 40,000 cells per well. The DPPA LNPs
group was added with the equivalent concentration of 40 pg/mL. After 6 h, the medium was removed and HUVEC were
stained with calcein solution. The tube formation was observed under fluorescence microscope and photographed.

Animals

Healthy male C57BL/6 mice and female BALB/c mice aged 4—6 weeks were procured from the Experimental Animal
Center of Sun Yat-sen University. All animal experiments were conducted following the GB/T 35892-2018 Laboratory
animal-Guideline for ethical review of animal welfare guidelines and regulations approved by the Institutional Animal
Ethics Committee of the Laboratory Animal Center of Sun Yat-sen University (License number: AP20230096).

4T 1 Orthotopic Tumor Model

The 4T1 orthotopic tumor model was established in 6-week-old female BALB/c mice. 4T1 cells 4 x 10"5 cells were
resuspended in 150 uL of PBS and implanted in the second mammary pad of mice. Successful orthotopic tumors could
be seen and palpated within 6 days.

Hepal-6 Orthotopic Tumor Model

The Luc-expressing Hepal-6 orthotopic tumor model was established in 6-week-old male C57BL/6 mice. Hepal-6 cells
were prepared in DMEM (10% FBS and 50% matrigel). Healthy male C57BL/6 mice were anesthetized, and the liver
was exposed via a tunnel made with microscopic surgical scissors and forceps. Luc-expressing Hepal-6 was injected into
the liver at the density of 4 x 1076 cells in 25 pL per mouse and then the abdominal cavity was closed. Successful
orthotopic tumors could be detected by examining the average radiance of tumor sites using bioluminescence imaging.
Prior to imaging, D-luciferin substrate was intraperitoneally injected at dose of 150 mg/kg and the mice were viewed
using an IVIS Lumina IIT (PerkinElmer, USA) imaging system.

Pharmacokinetics

Six healthy 6-week-old BALB/c mice were randomly divided into two groups. Cy5 and DPPA (Cy5) LNPs were injected
through tail vein with the same equivalent dosage. 10 pL orbital blood was collected at pre-determined timepoint of
0 min, 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8§ h, 12 h and 24 h respectively. The fluorescence intensity of Cy5 in blood
was measured and the blood circulation half-life of the drug was calculated.

Biodistribution

Six 4T1-orthotopic tumor bearing mice were randomly divided into two groups. Free Cy5 and DPPA(Cy5) LNPs were
intravenously injected, respectively. After injection, the mice were perfused with PBS for systemic and pulmonary
circulation at 24 h. Then, the mice were sacrificed, and the tumor, heart, liver, spleen, lung, kidney and muscle were
removed. The accumulation of CyS5 in each tissue was observed by IVIS.

Toxicity

Healthy 6-week-old BALB/c mice were randomly divided into eight groups according to the treatment plan (n = 3). After
three daily injections, the serum will be collected 24 h post the last injection and assayed for the determination of clinical
chemistry parameters, including blood urea nitrogen (BUN), creatinine, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and creatine kinase-MB (CK-MB). The histopathology analysis of heart, lung, kidney, spleen
and liver were tested via H&E staining to evaluate the side effects.

Inhibition of Orthotopic Tumor Growth
When the 4T1 orthotopic tumor volume reached 60—80mm®, tumor-bearing mice were randomly divided into 8 groups (n=15)
and were given injections of the following: i) PBS; ii) PD-1 antibody; iii) EPI; iv) DPPA LNPs; v) DPPA(EPI) LNPs; vi) EPI +
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PD-1 antibody; vii) DPPA LNPs + PD-1 antibody and viii) DPPA(EPI) LNPs + PD-1 antibody. The equivalent dose of
administration was 1 mg/kg EPI and/or 5 mg/kg PD-1 antibody per mouse. The body weights of mice were recorded every 2
days, and the longest and shortest diameters of the tumor were measured. The tumor volume was calculated by the following
formula: V =W? x L /2 (W is the shortest diameter of the tumor, and L is the longest diameter of the tumor). The experiment is
terminated when the tumor size reaches 2000 mm®. At the experimental endpoint, all tumors were harvested and sectioned.

Hepal-6 orthotopic tumor-bearing mice were randomly divided into 8 groups (n = 3) and received the treatment the
same as above. The tumor growth was monitored at day 0, 7, and 14 using bioluminescence imaging system according to
the method described above. The experiment is terminated when the tumor-bearing mice develop severe hepatic ascites
and abdominal swelling. At the experimental endpoint, all the tumors were collected and sectioned.

Immunohistochemistry (IHC)

After the aforementioned treatments, the mice were sacrificed and the tumors were harvested and embedded in paraffin
for tumor sections. The slices were heated at 60 °C for 1 h and deparaffinized with xylene (20 min), anhydrous ethanol (5
min), 95% ethanol (5 min), 85% ethanol (5 min), and 75% ethanol (5 min) before washed by ddH,O. Following antigen
retrieval with DAKO target retrieval solution at a temperature of 95 °C for 15 min, and after washing, the slides were
treated with 3% hydrogen peroxide for 10 min to scavenge peroxidase. After blocking with blocking buffer (5% normal
goat serum and 5% BSA in PBS) for 2 h, the slices were incubated with primary antibody at 4 °C overnight. After
washing with PBS thrice, secondary antibody with peroxidase-conjugated polymer was incubated for 30 min at RT. After
the final turn washing, the slices were stained with DAB substrate-chromogen solution followed by hematoxylin. The
slices were mounted and viewed under optical microscope.

Immunofluorescence (IF)

4T1 and Hepal-6 cell were plated in glass bottom cell culture dish at the density of 80,000 per dish. After treated with
drug in complete medium for 48 h, cells were washed with PBS thrice before fixation with 4% paraformaldehyde for
10 min. Triton X-100 (0.1% in PBS) was used when necessary to permeabilize for 10 min. Then, the cells were blocked
with blocking buffer (5% normal goat serum and 5% BSA in PBS) at room temperature for 1 h. Thereafter, primary
antibody was added to incubate at 4 °C overnight. After washed thrice with PBS, the cells were stained with Cy5-linked
secondary antibody and Hoechst 33342 and finally viewed under a fluorescence microscope (Zeiss LSM 800).

Tumors were harvested and embedded in paraffin for tumor sections. The slices were heated at 60 °C for 1 h and
deparaffinized with xylene, then the slices were dehygrated in decreasing ethanol concentrations before washed by ddH,O.
Following antigen retrieval with DAKO target retrieval solution at a temperature of 95 °C for 15 min, and after washing, the
slides were treated with 3% hydrogen peroxide for 10 min to scavenge peroxidase. After blocking with blocking buffer (5%
normal goat serum and 5% BSA in PBS) for 2 h, the slices were incubated with primary antibody at 4 °C overnight. After
washing with PBS thrice, secondary antibody was incubated following the protocol of multi-fluorescent staining kit (RecordBio).
The slices were mounted and viewed under a fluorescence microscope (Zeiss LSM 800).

Statistical Analysis

GraphPad Prism software (GraphPad, San Diego, CA) version 8 was used to perform statistical analysis and generate
graphs. Data are represented as mean + standard deviation (SD). Statistical significance was determined between pairs of
data using two-tailed Student’s f-test and one-way ANOVA. A statistical test with a P-value <0.05 was considered
statistically significant.

Result
Fabrication and Characterization of DPPA (EPI) LNPs

To achieve the combined effects of chemotherapy and anti-angiogenic therapy, a self-antiangiogenic nanoplatform—
designated DPPA(EPI) LNPs—was developed using a nanoprecipitation method. The nanoparticle formulation consisted
of an outer shell composed of DPPA and DSPE-PEG3400, with EPI encapsulated in the core (Figure 1A). Visually,
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Figure | Characterization of DPPA(EPI) LNPs. The schematic structure (A), morphology (B), size (C), zeta potential (D), stability (E) and EPI release rate (F) of DPPA(EPI)
LNPs (The scale bar indicated 200 nm). The confocal fluorescence imaging (G) and the quantitative analysis (H) of the uptake of EPl and DPPA(EPI) LNPs by 4T cells (The
scale bar indicated 20 um). (mean + SD;*p < 0.01).

DPPA(EPI) LNPs appeared as orange, translucent suspensions that remained well-dispersed and stable in aqueous solutions
such as water or PBS for extended periods, demonstrating improved solubility compared to free EPI dissolved in PBS.
Transmission electron microscopy (TEM) revealed that the nanoparticles exhibited a uniform, spherical morphology with
good dispersion (Figure 1B). Dynamic light scattering analysis indicated that the average particle diameter was 134.9 £2.59
nm, with a polydispersity index (PDI) of 0.25 + 0.012, suggesting a relatively narrow size distribution (Figure 1C). The zeta
potential measurement showed a negatively charged surface with a value of —34.0 = 1.18 mV (Figure 1D), indicative of
good colloidal stability. Fluorescence quantification assays confirmed that the encapsulation efficiency of EPI within the
lipid nanoparticles was approximately 81.22%.

To evaluate the stability of DPPA(EPI) LNPs, the nanoparticles were dispersed in phosphate-buffered saline (PBS) at
room temperature and in complete culture medium at 37 °C respectively (Figure 1E). In both environments, the particle
size showed minor fluctuations within the first 4 hours—likely due to an initial release phase discussed below—but
remained relatively stable over a 24-hour period. This indicates that DPPA(EPI) LNPs possess well stability. Drug release
profiles further demonstrated the controlled release behavior of the nanoplatform. Free EPI exhibited rapid release, with
83.6£3.50% of the drug released within the first hour at room temperature. In contrast, DPPA(EPI) LNPs showed
a significantly slower release rate, with only 5.2 +3.68% released at room temperature and 18.2 + 6.06% at 37 °C during
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the same time period (Figure 1F). The release from DPPA(EPI) LNPs gradually increased over time: reaching
21.1+1.95% within 12 hours at room temperature, and approximately 37.1+1.25% within 4 hours at 37 °C, after
which it plateaued. At the 48-hour time point, approximately 38.5% of the EPI remained in the nanoparticles at room
temperature, and 16.5% at 37 °C. These findings demonstrated that DPPA(EPI) LNPs effectively prolonged the release of
the encapsulated drug, offering a sustained release profile conducive to enhanced therapeutic performance.

The cellular uptake efficiency of DPPA(EPI) LNPs by tumor cells was also evaluated (Figure 1G and S1). Confocal
fluorescence imaging demonstrated comparable intracellular accumulation between free EPI and DPPA(EPI) LNPs,
indicating that nanoparticle encapsulation did not hinder EPI uptake by tumor cells (Figure 1G). Furthermore, fluores-
cence signals revealed that EPI delivered via DPPA(EPI) LNPs successfully localized to the nucleus within 4 hours,
confirming effective intracellular release and nuclear transport of the drug (Figure 1H). These results suggested that
DPPA(EPI) LNPs could efficiently deliver and release EPI into tumor cells.

The Anti-Tumor Effect of DPPA (EPI) LNPs in vitro

To evaluate the antitumor efficacy of DPPA(EPI) LNPs in vitro, both cytotoxicity and ICD induction were assessed using
murine breast cancer 4T1 cells and murine HCC Hepal-6 cells. Following 48 hours of incubation with increasing concentra-
tions of EPI (equivalent doses), both free EPI and DPPA(EPI) LNPs exhibited comparable, dose-dependent inhibition of
tumor cell viability (Figure 2A). Cell cycle analysis revealed that treatment with either EPI or DPPA(EPI) LNPs significantly
reduced the proportion of cells in the S phase and increased the proportion of cells in the G2/M phase (Figure 2B and S2),
indicating cell cycle arrest. There was no statistically significant difference between the two treatment groups (p = 0.13),
suggesting that DPPA(EPI) LNPs maintain the antiproliferative activity of free EPI by effectively inducing G2/M phase arrest.

Apoptosis analysis by flow cytometry demonstrated that treatment with EPI and DPPA(EPI) LNPs resulted in comparable
levels of tumor cell apoptosis. In 4T1 cells, the apoptotic rate was 43.57% in the EPI group and 42.84% in the DPPA(EPI)
LNPs group (Figure 2C-E). Similarly, in Hepal-6 cells, the apoptotic rates were 40.60% for EPI and 44.04% for DPPA(EPI)
LNPs (Figure 2D-F). These results indicate that DPPA(EPI) LNPs effectively induce apoptosis in tumor cells, with no
statistically significant difference compared to free EPI at equivalent doses. Proliferation assays further confirmed the
antiproliferative effects of DPPA(EPI) LNPs. Compared with the control group, proliferation was significantly inhibited,
with a reduction in fold expansion of 24.31+1.79 in 4TI cells and 27.29+1.65 in Hepal-6 cells (Figure 2G and H).
Additionally, colony formation assays showed marked suppression of tumor cell clonogenicity. Both the number and size of
colonies were significantly reduced in the DPPA(EPI) LNPs group compared to the control (Figure 21 and J). Taken together,
DPPA(EPI) LNPs exhibit antitumor comparable activity to that of free EPI in inducing apoptosis, inhibiting proliferation and
colony formation, highlighting their potential as an effective chemotherapeutic nanoplatform.

To further evaluate the ICD-inducing potential of DPPA(EPI) LNPs, three key ICD biomarkers-ATP release,*”

31 32.33 were assessed in 4T1 and

calreticulin (CRT) exposure,” and high mobility group box 1 (HMGBI1) translocation
Hepal-6 cells. Treatment with DPPA(EPI) LNPs significantly increased extracellular ATP levels compared to the control
group, with a 2.02 + 0.223-fold increase in 4T1 cells and a 4.12 + 0.752-fold increase in Hepal-6 cells. These levels were
comparable to those observed in the free EPI group (Figure 2K and L). Morphological observations revealed that tumor
cells treated with either EPI or DPPA(EPI) LNPs exhibited characteristic swelling, accompanied by markedly increased
CRT expression on the cell surface, indicating effective ICD induction (Figure 2M). In 4T1 cells, HMGBI translocated
from the nucleus to the cytoplasm following treatment with both formulations. While HMGB1 cytoplasmic translocation
was less apparent in Hepal-6 cells, a significant reduction in nuclear HMGB1 expression was observed. It was suggested
that DPPA(EPI) LNPs effectively induced ICD in both tumor cell lines, demonstrating comparable activity to free EPI,
confirming that DPPA(EPI) LNPs retain the immunostimulatory properties of EPI and have strong potential to enhance

antitumor immune responses.

In vitro Antiangiogenic Effect of DPPA (EPI) LNPs

To assess whether the DPPA component within DPPA(EPI) LNPs retains anti-angiogenic activity, an in vitro angiogen-
esis assay was performed. At a DPPA-equivalent concentration of 40 pg/mL, both DPPA LNPs and DPPA(EPI) LNPs
markedly disrupted tube formation of HUVECs (Figure 3A). Quantitative analysis revealed DPPA(EPI) LNPs
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significantly reduced the number of junctions, total tube length and nodes of HUVECs, compared to the control group
(Figure 3B-D). These results indicated that DPPA(EPI) LNPs preserved the intrinsic anti-angiogenic properties and
effectively inhibit endothelial cell-driven neovascularization in vitro.

The in vivo Anti-Tumor Effect of DPPA(EPI) LNPs in 4T| Orthotopic Tumor Models

To further investigate the antitumor potential of DPPA(EPI) LNPs in vivo, key pharmacological properties—including
pharmacokinetics, biodistribution, and biosafety—were first evaluated. Due to the overlap between EPI’s fluorescence
spectrum and blood autofluorescence, the hydrophobic fluorescent dye Cy5, which shares similar structural and
molecular properties with EPI, was used as a surrogate tracer. As shown in Figure S3A, the free Cy5 monomer was
rapidly cleared from circulation, with plasma levels dropping to 16.5 £+ 9.30% within 30 minutes. In contrast, DPPA(Cy5)
LNPs demonstrated prolonged circulation, maintaining approximately 42.9+6.81% at 30 minutes, and gradually
decreasing to 21.7+5.81% at 12 hours. These results suggested that DPPA(EPI) LNPs significantly extended blood
circulation time, likely due to the PEGylated lipid shell, enabling more sustained therapeutic drug levels. Fluorescence
imaging of major organs and tumor tissues (Figure S3B and S3C) revealed that free Cy5 was primarily excreted via the
kidneys, with fluorescence signals predominantly localized in renal tissues. In contrast, DPPA(Cy5) LNPs exhibited clear
tumor enrichment, along with detectable distribution in major organs-a result consistent with extended circulation time
and enhanced passive targeting. To assess biosafety, serum samples and major organs were collected following treatment.
Hematoxylin and eosin (H&E) staining revealed no pathological abnormalities in the hearts, livers, spleens, lungs, or
kidneys (Figure S4). Additionally, biochemical analysis of serum markers showed no signs of organ toxicity or systemic
dysfunction (Figure S5). These findings confirm that DPPA(EPI) LNPs possessed favorable pharmacokinetic properties,

efficient tumor targeting, and excellent biosafety, supporting their potential as a clinically viable drug delivery platform.
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The in vivo antitumor efficacy of DPPA(EPI) LNPs and their synergistic potential when combined with PD-1 immune
checkpoint blockade were evaluated. To establish 4T1 orthotopic breast cancer model, BALB/c mice were inoculated with
4T1 cells into the mammary fat pad, and treatments began once tumors reached an average volume of 80 mm?>. Mice were
randomly assigned to eight groups (n=>5 per group) and treated as follows: G1: PBS (control), G2: PD-1 antibody (aPD-1),
G3: free EPI, G4: DPPA LNPs, G5: DPPA(EPI) LNPs, G6: EPI + aPD-1, G7: DPPA LNPs + aPD-1, G8: DPPA(EPI) LNPs +
aPD-1. DPPA(EPI) LNPs (EPI equivalent, 1 mg/kg) were administered via tail vein injection every other day for four doses,
while aPD-1 (5 mg/kg) was given intraperitoneally every three days for a total of three doses (Figure 4A). After 18 days of
treatment, mice were sacrificed for evaluation. Gross tumor images (Figure 4B), tumor volumes (Figure 4C), and tumor
weights (Figure S6) were recorded. The results demonstrated that DPPA(EPI) LNPs significantly inhibited tumor growth
in vivo, reducing tumor volume by approximately 80% compared to the PBS group and by about 65% compared to the free
EPI group. Notably, DPPA LNPs alone also exhibited moderate antitumor effects, outperforming the EPI monotherapy
group, suggesting that DPPA contributes additional therapeutic benefit beyond serving as a carrier. The combination
treatment group (DPPA(EPI) LNPs + aPD-1) exhibited the most pronounced antitumor effect. Tumor volume in this
group was reduced by an additional 70% compared to the DPPA(EPI) LNPs group alone. Importantly, the tumor growth

remained suppressed even after treatment cessation, with tumor size increasing by less than 2-fold over the 10-day post-
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treatment observation period (D6-D16). Tumor weight measurements and anatomical observations were consistent with the
tumor volume data (Figure S6). In summary, DPPA(EPI) LNPs demonstrated significant antitumor activity in the 4T1 breast
cancer model, and this effect was further enhanced when combined with PD-1 immune checkpoint blockade, highlighting the
therapeutic potential of this multifunctional nanoplatform for combination chemoimmunotherapy.

To assess the antitumor and anti-angiogenic effects of DPPA(EPI) LNPs in breast cancer, immunohistochemical staining
for Ki67 (a proliferation marker) and CD31 (an endothelial cell marker) was performed on tumor tissue sections (Figure 4D).
Compared to the PBS and EPI groups, DPPA(EPI) LNP treatment significantly reduced the number of Ki67t proliferating
tumor cells. The combination treatment group (DPPA(EPI) LNPs + aPD-1) demonstrated the most pronounced reduction in
Ki67 expression, indicating enhanced inhibition of tumor cell proliferation. These findings suggest that DPPA(EPI) LNPs not
only exert strong antiproliferative effects but also synergize with PD-1 blockade to further enhance therapeutic efficacy
(Figure 4E). CD31 staining revealed a marked decrease in microvessel density in tumors treated with DPPA-containing
formulations. While some reduction in blood vessel density was also observed in the EPI and EPI + aPD-1 groups—Ilikely
due to the overall cytotoxic impact of EPI on the TME—treatment with DPPA(EPI) LNPs led to a more substantial decrease
in tumor vasculature compared to either DPPA LNPs or EPI alone (Figure 4F). This confirms that DPPA retains its anti-
angiogenic activity even when functioning as a drug carrier and works synergistically with EPI to suppress abnormal
neovascularization. Collectively, these results validate that DPPA(EPI) LNPs effectively inhibit both tumor cell proliferation
and angiogenesis, and further enhance the antitumor efficacy of PD-1 immune checkpoint inhibition.

The in vivo Anti-Tumor Effect of DPPA(EPI) LNPs in Hepal-6 Orthotopic Tumor

Models

To further evaluate the antitumor efficacy of DPPA(EPI) LNPs and their combinatorial effect with PD-1 blockade in HCC, we
proved it on orthotopic Hepal-6 tumor model. Tumor-bearing mice were randomly divided into eight groups (n = 3 per
group) and treated as follows: G1: PBS (control), G2: PD-1 antibody (aPD-1), G3: free EPI (EPI), G4: DPPA LNPs, G5:
DPPA(EPI) LNPs, G6: EPI + aPD-1, G7: DPPA LNPs + aPD-1, G8: DPPA(EPI) LNPs + aPD-1. DPPA(EPI) LNPs (EPI
equivalent, 1 mg/kg) were administered via tail vein injection every other day for four total doses, while aPD-1 (5 mg/kg) was
administered intraperitoneally every three days for three doses (Figure 5SA). After 14 days of treatment, mice were sacrificed,
and tumor burden was evaluated. The results demonstrated that DPPA(EPI) LNPs significantly inhibited tumor growth
compared to all monotherapy groups and markedly enhanced the therapeutic efficacy of PD-1 blockade (Figure 5B and C).
Immunohistochemical analysis of tumor tissues for Ki67 and CD31 (Figure 5D) revealed that DPPA(EPI) LNPs substantially
reduced tumor cell proliferation and improved the responsiveness to aPD-1 treatment in the Hepal-6 orthotopic tumor model
(Figure 5E). Importantly, DPPA(EPI) LNPs also exhibited the strongest anti-angiogenic effect among all treatment groups, as
evidenced by the most pronounced reduction in CD31-positive vasculature (Figure 5F). These results suggested that the dual
action of DPPA(EPI) LNPs—combining chemotherapeutic and anti-angiogenic effects—not only directly inhibits tumor
growth but also enhances immune-mediated tumor suppression when combined with PD-1 checkpoint blockade.

The Efficacy for Immune Activation of DPPA(EPI) LNPs in Orthotopic Tumor Models
The above results demonstrated that DPPA(EPI) LNPs exert potent antitumor and anti-angiogenic effects in both 4T1 and
Hepal-6 orthotopic tumor models. Our prior in vitro studies further confirmed that DPPA(EPI) LNPs induce ICD at
levels comparable to free EPI. To assess the in vivo immunostimulatory potential of DPPA(EPI) LNPs and evaluate their
ability to enhance immune activation in the context of PD-1 checkpoint blockade, we employed the same treatment
regimens in orthotopic 4T1 and Hepal-6 tumor-bearing mouse models. Mice were sacrificed on day 4 following
treatment initiation for downstream immunological analysis (Figure 6A-F).

To verify ICD induction in vivo, CRTwas assessed via immunofluorescence staining of tumor tissues (Figure 6B—G).
The DPPA(EPI) LNPs group showed significantly higher CRT expression compared to the free EPI group, indicating
more effective induction of ICD. These findings suggested that nanoparticle encapsulation enhances EPI enrichment at
the tumor site and amplifies ICD, which may contribute to heightened immune activation within the TME in vivo.
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To further evaluate the ability of DPPA(EPI) LNPs to regulate antigen presentation within the TME, we assessed
dendritic cell (DC) infiltration and maturation by detecting the DC surface marker CD1lc and the co-stimulatory
molecule CD86. As shown in Figure 6A and F, treatment with DPPA(EPI) LNPs significantly increased both the
infiltration of CDl1lct cells and the expression of CD86 within the TME. CD86, a ligand for CD28 on T cells, is
a key marker of antigen-presenting cell (APC) activation and is essential for initiating effective CD8F T cell responses.
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The elevated expression of CD86 suggests enhanced APC maturation and antigen presentation capacity, which is critical
for T cell priming and improved responsiveness to PD-1 blockade therapy.

To investigate the adaptive immunity, we further analyzed CD8% T cell infiltration and effector function in tumor
tissues. Compared to all monotherapy groups, the DPPA(EPI) LNPs treatment resulted in the highest levels of CD87
T cell infiltration (Figure 6C—H), along with significantly increased expression of perforin (Figure 6D-I) and granzyme
B (Figure 6E-J)-both of which are cytolytic molecules critical for T cell-mediated tumor cell killing. These findings
indicated that DPPA(EPI) LNPs not only promoted T cell recruitment but also enhanced their functional cytotoxicity.

In summary, DPPA(EPI) LNPs demonstrated superior performance in reducing tumor growth and angiogenesis, while
simultaneously eliciting the most robust immune activation in both 4T1 and Hepal-6 orthotopic tumor models. These
synergistic effects within the TME translated into enhanced therapeutic efficacy when combined with PD-1 immune
checkpoint inhibition, offering a promising strategy for nanomedicine-based combination immunotherapy.

Discussion

The development of DPPA(EPI) LNPs represents a pivotal advancement in combining chemotherapy with anti-
angiogenic therapy within a single nanoplatform. DPPA, a bioactive lipid, not only serves as a structural component
of the lipid nanoparticle but also inhibits tumor angiogenesis by downregulating the CUX1/FGFI1/HGF signaling
pathway in endothelial cells.”> ** Concurrently, EPI is encapsulated to induce cytotoxicity and ICD. In vitro angiogenesis
assays demonstrated that DPPA(EPI) LNPs significantly disrupted tube formation in HUVECsS, reducing the number of
junctions, total tube length, and nodes by 62%, 58%, and 71%, respectively, compared to the control group (all p <
0.001). This confirmed that DPPA retained its anti-angiogenic activity even when co-delivering EPI. In vivo, DPPA(EPI)
LNPs exhibited prolonged blood circulation (42.9% remaining at 30 minutes vs 16.5% for free drug) and enhanced tumor
accumulation, as shown by fluorescence imaging of Cy5-labeled nanoparticles. In the 4T1 breast cancer model,
DPPA(EPI) LNPs reduced tumor vascular density (CD31t vessels) by 60% compared to PBS, while also suppressing
tumor cell proliferation (Ki677 cells reduced by 55%). This dual mechanism of action—direct cytotoxicity via EPI and
anti-angiogenic remodeling via DPPA—creates a synergistic effect that surpasses single-agent therapies.

A central challenge in immunotherapy is the immunosuppressive TME, which limits the efficacy of PD-1 blockade.
DPPA (EPI) LNPs address this by inducing robust ICD, as evidenced by increased extracellular ATP release (2.02-fold in
4T1, 4.12-fold in Hepal-6 cells) and cell surface calreticulin (CRT) exposure, comparable to free EPI but with prolonged
effects due to sustained drug release.’*>'** This ICD profile promoted dendritic cell (DC) maturation, as shown by
increased CD11ctCD867 cell infiltration in tumor tissues (1.8-fold increase in 4T1 model).** Furthermore, DPPA’s anti-
angiogenic activity normalized tumor vasculature, reducing hypoxia and interstitial fluid pressure. ** ¢ This improve-
ment facilitated CD87T cell infiltration, with DPPA(EPI) LNPs + aPD-1 group showing a 2.3-fold increase in CD8} T
cells compared to aPD-1 monotherapy in Hepal-6 tumors. Concomitantly, the expression of cytotoxic molecules perforin
and granzyme B was significantly upregulated (p < 0.001), indicating enhanced T cell effector function.

The combination of DPPA(EPI) LNPs with PD-1 inhibition yielded striking antitumor effects in both 4T1 and Hepal-
6 orthotopic models. In 4T1 tumors, the dual therapy reduced tumor volume by 92% compared to PBS, outperforming
DPPA(EPI) LNPs alone (80% reduction) or aPD-1 alone (35% reduction). This synergy stems from three interconnected
mechanisms: (1) EPI-induced ICD provides tumor antigens and DAMPs to prime adaptive immunity; (2) DPPA
normalizes vasculature to improve immune cell access; and (3) PD-1 blockade reinvigorates exhausted T cells within
the reprogrammed TME.*!? Notably, in the Hepal-6 model, DPPA(EPI) LNPs + aPD-1 suppressed tumor growth by
85% compared to the control, with minimal toxicity observed in major organs (H&E staining showed no pathological
abnormalities). This contrasts with traditional anti-angiogenic agents like bevacizumab, which often exhibit systemic
toxicity and limited TME-penetrating efficiency.*®

DPPA(EPI) LNPs offer distinct advantages over conventional combination strategies: (1) Targeted co-delivery: The
nanoplatform ensures concurrent release of EPI and DPPA at the tumor site, overcoming pharmacokinetic mismatches
inherent in sequential drug administration;*”*® (2) Reduced systemic toxicity: The PEGylated lipid shell minimizes off-
tumor accumulation, as shown by negligible Cy5 fluorescence in non-tumor organs;>’ (3) Multifunctional design: The
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lipid-based architecture allows for future modification with more inherent self-therapeutic bioactive materials, targeting
ligands or imaging agents, enhancing translational potential for precision oncology.?’

While this study demonstrates promising preclinical efficacy, several challenges warrant further investigation. First,
the optimal dosing schedule for clinical translation requires validation, particularly in contexts of hepatic dysfunction
given EPI’s hepatotoxicity profile. Second, long-term resistance to anti-angiogenic therapy—such as vasculogenic
mimicry—may necessitate combination with agents targeting alternative pathways (eg, MET, AXL).*>*° Third, the
temporal sequencing of chemotherapy and immunotherapy (eg, priming with DPPA(EPI) LNPs before aPD-1 adminis-
tration) should be optimized to maximize immune activation.*®

Conclusion

In this study, we successfully designed and developed DPPA(EPI) LNPs, a multifunctional lipid nanoparticle system capable
of achieving the co-delivery and tumor-specific enrichment of both EPI and the bioactive lipid DPPA. DPPA(EPI) LNPs
represent a transformative strategy to synergize chemotherapy, anti-angiogenesis, and immunotherapy by reprogramming the
TME. By addressing multiple resistance mechanisms, this dual-function nanoplatform provides a robust foundation for
developing next-generation combination therapies, offering new hope for improving PD-1 blockade efficacy in solid tumors.
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