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Background: Hepatocellular carcinoma (HCC) is a serious global health concern, accounting for about 90% of all liver cancer
instances. Surgical treatment is a fundamental aspect of HCC management; however, the challenge of postoperative recurrence
significantly impacts mortality rates.

Methods: We have developed a pH and reactive oxygen species (ROS) dual stimulus-responsive drug delivery system (PN@GPB-
PEG NPs) loaded with chemotherapeutic paclitaxel (PTX) and indoleamine 2.3-dioxygenase (IDO) inhibitor NLG919, for HCC
chemoimmunotherapy. The physiochemical properties, such as particle size, zeta potential, morphology, and encapsulation efficiency,
were characterized. Furthermore, we investigated in vitro cytotoxicity, cellular uptake and immunogenic cell death in tumor cells
treated with our nanoparticles. In vivo biodistribution, antitumor effects and immune responses were assessed in an HCC mice model.
Results: PN@GPB-PEG NPs display pH-responsive properties with improved targeting abilities toward tumors and improved uptake
by HCC cells. Upon exposure to oxygen peroxide (H,O,), the sophisticated design allows for rapid release of therapeutic agents. In
this process, PTX induces immunogenic cell death (ICD), which activates the immune system to generate an antitumor response.
Simultaneously, NLG919 works to inhibit IDO, mitigating the immunosuppressive environment. This combination strategy leverages
the advantages of both chemotherapy and immunotherapy, resulting in a powerful synergistic antitumor effect. In a mouse model of
HCC, our nanoparticles effectively inhibited the growth of primary and recurrent tumors.

Conclusion: These encouraging results highlight the potential of our nanocarrier system as an innovative therapeutic approach to
address HCC primary tumor and postsurgical recurrence, providing hope for enhanced patient outcomes.
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Introduction
Hepatocellular carcinoma (HCC) remains a predominant form of liver cancer with relative 18% five-year survival rate.'~
The insidious HCC often results in patients being diagnosed at intermediate or advanced stages.® Despite notable
progress in surgical resection techniques, approximately 70% of patients experience HCC recurrence within 5 years.*
While other treatment modalities, including embolization and radiotherapy, are available, around half of HCC patients
undergo chemotherapy at some point during their treatment.” Recently anti-PD-1/PD-L1, anti-CTLA-4 and anti-LAG-3
antibodies have demonstrated significant potential for tumor treatment; nevertheless, only a small subset of patients with
HCC benefit from these immune checkpoint inhibitors.®

Importantly, some chemotherapeutic agents, such as mitoxantrone, doxorubicin, and paclitaxel (PTX), can eradicate tumor
cells with improved immunogenicity, termed as immunogenic cell death (ICD).” In the process, tumor cells can upregulate
calreticulin (CRT), high mobility group protein 1 (HMGB1) and adenosine triphosphate (ATP), etc., which can activate dendritic
cells (DCs) and following effector T cells. These activated T cells subsequently infiltrate tumor tissues to eliminate cancer cells.
However, these therapeutic agents potentially induce harmful immunosuppression and diminish CD8+ T cells- and natural killer
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cells (NKs)-mediated antitumor responses.®® Notably, the interferon gamma (IFN-y) mediated IDO overexpression plays a
crucial role in the immunosuppressive tumor microenvironment (ITME).'® For instance, IDO-mediated kynurenine (Kyn)
accumulation led to immunosuppressive DCs differentiation and regulatory T cells (Tregs) recruitment and expansion.''
Moreover, IDO upregulation can increase intratumoral tumor-associated macrophages (TAMs) and myeloid-derived suppressor
cells (MDSCs).'* These immunosuppressive cells, accompanied with anti-inflammatory cytokines and others, further weaken
local immune responses. Although IDO inhibition alone may not yield effective antitumor effectiveness, IDO inhibitors like
NLG919 significantly alleviate local immune suppression and restore antitumor immunity.'"*'*'* Therefore, it is crucial to
synergistically induce ICD while modulating the ITME, which may tackle the shortcomings of single-agent therapy, ultimately
achieving more efficient and favorable therapeutic outcomes.

It is challengeable to combine chemotherapeutic agents with immunomodulators with various pharmacokinetics,
suboptimal tumor-targeting, and significant side adverse effects.'” Nanotechnology offers promising avenues for the
simultaneous delivery of various therapeutic agents.'®2° In this study, we introduced a stimulus-responsive nanocarrier
(PN@GPB-PEG NPs) loaded with chemotherapeutic paclitaxel (PTX) and indoleamine 2.3-dioxygenase (IDO) inhibitor
NLG919 for HCC chemoimmunotherapy (Scheme 1). PN@GPB-PEG NPs were designed with significant responsive-
ness to changes in tumor microenvironmental pH and intracellular redox stimulus, thereby facilitating cellular uptake in
tumor cells and intracellular cargo release. To realize these properties, PN@GPB-PEG NPs were developed with a “core-
shell” structure. The “inner core” was polyacrylate derivatives composed of galactose, polyethylene glycol and phenyl
boronate (PGal-PEG-PPBP) that can co-encapsulate PTX and NLG919 (termed PN@GPB NPs). Galactose of PGal acts
as an effective ligand by binding to the asialoglycoprotein receptor (ASGP-R) present on HCC cells, facilitating targeted
delivery.?! The hydrophobic segments PPBP are designed to be cleaved in response to elevated levels of reactive oxygen
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Scheme | Schematic illustration of dual-stimulus responsive drug delivery system (PN@GPB-PEG NPs) for HCC chemoimmunotherapy. The nanocarrier can accumulate
into tumor, where PEG-shielding and galactose exposure promote cellular uptake in HCC cells in response to weak acidic environment. Subsequentially, intracellular reactive
oxygen species (ROS) triggered cargo release, which evoked a good synergistic antitumor effect of the immunogenic cell death through paclitaxel (PTX) and inhibition of
IDO activity by NLG919. Therefore, PN@GPB-PEG NPs boosted efficient antitumor immune responses meanwhile relieved immunosuppressive tumor microenvironment,
reducing primary tumor burden and postoperative recurrence.
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species (ROS) within tumor cells,”” while PEG enhances the colloidal stability. The “outer shell” composed of phenyl
boronic acid-PEG (PBA-PEG) was conjugated to the “inner core” through the formation of boronate ester bound that is
cleavable in acidic conditions, which is common in many tumors, allowing the “inner core” to be released specifically.
Our results demonstrated that PN@GPB-PEG NPs demonstrated high distribution in tumor tissues, effective cell uptake,
and the release of PTX and NLG919 within HCC cells. Consequently, the combination of PTX-triggered immunogenic
cell death (ICD) and NLG919-mediated IDO inhibition facilitated synergistic chemoimmunotherapy, significantly
suppressing primary tumor and reducing postoperative tumor recurrence. These data suggest that this nanoplatform
serves as a proof-of-concept for the application of chemoimmunotherapy aimed at inhibiting primary tumor and
preventing HCC recurrence.

Materials and Methods

Materials, Cells and Animals

PTX, NLG919, Nile red (NR), methacryloyl chloride, 2.2’-azobis(2-methylpropionitrile), and f-D-galactose pentaacetate
were acquired from Shanghai Energy Chemical Co., Ltd. 4-carboxybenzeneboronic pinacol ester, TEA, CH;0Na, PEG
(~2KDa), Poly(ethylene glycol) methacrylate (PEGMA), hydroxyethyl methacrylate, boron trifluoride diethyl etherate
were sourced from Shanghai Macklin Biochemical Technology Co., Ltd (China). DMAP and DCC were obtained from
Shanghai Aladdin Co., Ltd. Bide Pharmatech Co., Ltd. provided 2-(dodecylthiocarbonothioylthio)-2-methylpropionic
acid (Shanghai, China). Red blood cell lysis buffer, dialysis bag (MW, 3.5KDa), DNAse I and cell counting kit-8 (CCK-
8) were acquired from the Beijing Solarbio Science & Technology Co., Ltd. (China). Collagenase IV was sourced from
Beijing Psaitong Biotechnology Co., Ltd (China). Unless mentioned otherwise, other chemical regents were from
Sinopharm Chemical Reagent Co., Ltd.

Mouse Hepa 1-6 cells were sourced from ATCC (US) and cultured in DMEM supplemented with 10% FBS in a
humidified incubator with an atmosphere of 5% CO,.

Female C57BL/6 and Balb/c mice were obtained from Pengyue (Jinan, China). All experimental protocols were
conducted in line with guideline built by the Qingdao University Institutional Animal Care and Use Committee, which
has sanctioned all animal experiments in this study. Hepa 1-6 cells were injected subcutaneously into the left flank to
establish a hepatocellular carcinoma allograft mouse model.

Preparation of Nanoparticles

Polymer PGal-PEG-PPBP and PBA-PEG were synthesized and characterized as described in supporting information.
Next, PN@GPB-PEG nanoparticles were formulated through a straightforward dialysis technique. Specifically, 10mg
PGal-PEG-PPBP, 3mg PBA-PEG, 0.8mg PTX, and 0.4mg NLG919 were mixed in ImL DMSO, which was dialyzed
against 10mM PBS for 24h to obtain PN@GPB-PEG NPs. Using the same method, PN@GPB NPs were formulated
without PBA-PEG presence. Likewise, Nile red (NR) or 1.1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyaine iodide
(DiR) labelled nanoparticles were formulation using the same method.

Characterization of Nanoparticles
The sizes and surface charge were evaluated using the dynamic light scattering (DLS) technique (Nano ZS90 device,
Malvern Instruments, UK). The morphology was observed by transmission electronic microscope (TEM). Briefly,
nanoparticles were added onto a copper mesh, treated with 2% PTA, and observed by TEM (JEM-2100, JEOL, JP).
For stimuli-responsiveness investigation, the resultant nanoparticles were incubated with different pH buffers in the
presence or absence of ImM H,0,, for a duration of 2 hours. Size variations were analyzed using TEM and DLS
methods. For the determination of encapsulation efficiency (EE) and drug loading efficiency (DLE), the high perfor-
mance liquid chromatography (HPLC) technique was adopted as described in earlier studies.”*** In brief, PN@GPB-
PEG NPs (0.2 mL) and methanol (0.8 mL) were mixed, the concentrations of PTX and NLG919 were quantified at
A=227nm and A=274nm. The encapsulation (EE) and drug loading efficiency (DLE) were computed using the appropriate
formulas.
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EE (%):%XIOO%
2

WL 100%

DLE (%) =
w1 + w3
Where w;, w, and w; were the weight of loaded and feeded drugs, and nanocarriers.

In vitro release behavior was assessed by dialysis technique. Two-milliliter formulations were placed in a dialysis bag
(MWCO, 3500Da) and submerged in 50mL PBS (pH 7.4 or pH 6.5), with or without the presence of ImM H,0,. At
predetermined time points, samples (2mL) were taken from an external PBS and replaced with a fresh medium and
analyzed using the HPLC method as previously detailed.

In vitro Cellular Uptake Assay

To assess the cellular uptake, we conducted flow cytometry and confocal laser scanning microscopy (CLSM) analyses.
Tumor cells were plated in 6-well dishes and incubated with NR-labelled nanoformulations. After harvesting, tumor cells
were test by flow cytometry using PE channel. To optical observe cellular uptake, Hepa 1-6 cells were placed on a
confocal dish and NR labeled nanoparticles were introduced. After 4h incubation, these cells were stained with 4°,6-
diamidino-2-phenylindole (DAPI) and visualized using TCS SP8 CLSM (Leica, Germany).

Cytotoxicity Assay

The cytotoxic effects of these formulations on tumor cells were assessed using the standard CCK-8 assay. 1x10"4 tumor
cells were plated in a 96-well format and cultured overnight. Various nanomedicines were then introduced and incubated
for 24 and 48 hours. After CCK-8 solution addition, and the absorbance was measured using PerkinElmer multi-plate

reader. The cell viability was determined using the equation.

Cell viability (%) :w x 100%
A1—4o
Where A4,, A; and 4, were the absorbance of treated, control and blank wells, respectively.

For further cytotoxicity evaluation, live/dead staining was performed as described previously.>> Tumor cells were
treated with various nanomedicines, incubated with Calcein AM/PI solution (Beyotime, China), and observed using a
Ti2-U fluorescence microscopy (Nikon, Japan).

To evaluate proapoptotic effect of different formulations, Annexin V-FITC-PI staining was performed. 5x10"6 tumor
cells were plated in a six-well dish and incubated with various formulations for additional 12 hours. Tumor cells were
then collected, stained with Annexin-FITC-PI, and analyzed using flow cytometry.

Immunogenicity Assay
To explore immunogenic cell death, the levels of CRT, HMGB1 and ATP were assessed. Tumor cells were plated in a 6-
well dish and incubated for 24 hours. Various formulations (pH 7.4 or pH 6.5) were then introduced for 24 hours. These
cells were collected for CRT analysis meanwhile, the supernatants were reserved for HMGB1 and ATP detection.
Bone marrow-derived dendritic cells (BMDCs) from C57BL/6 mice were harvested from the femurs and tibias.
BMDCs were cultured in RMPI1640 medium supplemented with granulocyte-macrophage colony stimulating factor
(GM-CSF, 10 ng/mL) and then co-incubated with Hepa 1-6 cells pre-subjected to various treatments for 24 hours. After
anti-CD80, CD86, and MHC II antibody staining, these BMDCs were analyzed using flow cytometry.
Splenocytes were obtained from female C57BL/6 mouse and labeled with CSFE according to the manufacturer’s
instructions. The splenic cells were then incubated with the above BMDCs for additional 24 hours and analyzed by flow

cytometry.
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IDO Activity Assay

To assess the inhibition of IDO, Hepa 1-6 cells were initially treated with 10 ng/mL IFN-y for 24 hours to promote the
upregulation of IDO. Following incubation with various formulations, tumor cells were collected for an immunoblot
assay, while the supernatants were gathered for Kyn concentration analysis via HPLC, as outlined in our previous study."'

In vivo Imaging Assay

To assess in vivo biodistribution, 200pL DiR-labeled nanoformulations were administered to mice bearing Hepa 1-6 tumors
via tail vein. The mouse was monitored on a PerkinElmer in vivo imaging system (IVIS, US). After mice sacrifice, the major
organs (heart, liver, spleen, lung and kidney) and tumors were harvested and analyzed with IVIS at 48h.

In vivo Antitumor Effects

To assess in vivo antitumor effect, a Hepa 1-6 tumor bearing mouse model was developed. After inoculating the tumors
for 7 days, the mice were intravenously injected with different formulations at a dose of 2mg/Kg. Tumor dimensions and
body weight were recorded every 3 days. The tumor volume was determined using the following equation: Tumor
volume (mm?®) = longer diameter (L) x shorter diameter (W)?2. On the 15th day, tumor tissues were excised, weighed,
and fixed in 4% paraformaldehyde for further pathohistological evaluation. Furthermore, survival rates were calculated
based on the number of mice that survived following the cessation of treatment.

Hematoxylin-Eosin (HE) and Immunohistochemistry (IHC) Staining

To examine the histopathological alterations, tumors from various treatment groups underwent HE and IHC staining.
Tumor samples were sectioned and incubated with CRT, terminal-deoxynucleotidyl transferase mediated nick end
labeling (TUNEL), and Ki67 antibodies, followed by secondary antibody treatment and DAPI staining. Moreover,
tumor sections were processed for HE staining following standard protocols.

In vivo Immune Responses

To explore the immune responses, we processed tumor tissues and tumor draining lymph nodes (TDLN) into single-cell
suspensions. These cells were subsequently labeled with antibody combinations: DCs (CD11¢c-APC, CD80-FITC and
CD86-PE), MDSCs (CD11b-PE and Gr-1-APC), TAMs (F4/80-APC and CD206-PE), Tregs (CD4-FITC, CD25-APC,
and FoxP3-PE), activated T cells (CD8-APC and IFN-y-PE) and CD8+ T cells (CD3+CDS8-APC).

Anti-Postoperative Recurrence

To evaluate the effectiveness of PN@GPB-PEG NPs in preventing tumor recurrence, we established an incomplete tumor
resection model.?® Hepa 1-6 cells were inoculated into the axilla of C57BL/c mice and once the tumor volume was above
100mm?>, the tumor tissues were removed by surgery and subjected to different interventions. Tumor volume were
monitored every 3 days. Splenocytes were harvested and labelled for flow cytometry analysis.

Biosafety Evaluation
Healthy mice were randomly assigned to four groups and received different injections every 3 days for a total of five
administrations. Meanwhile, bodyweight was recorded. Finally, major organs were harvested for HE staining.

Statistical Analysis

All experiments were conducted at least three times, with results presented as mean + standard deviation (SD). Statistical
comparisons were carried out using one-way and two-way ANOVA tests. Kaplan—Meier curves were utilized to assess
overall survival across different groups. Statistical significance was defined as *P < 0.05, **P < 0.01, ***P < 0.001,
**#%p < 0.0001. Each experiment was repeated in triplicate.
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Results and Discussion

Synthesis and Characterization of Copolymers

The synthesis of PGal-PEG-PPBP was carried out using reversible addition-fragmentation chain transfer (RAFT)
polymerization (Figure S1A). "H NMR spectrum of the copolymer and immediate products were shown in Figure 1
and Figure S2—-S6. The key peaks for PGal-PEG-PPBP were observed at 3,.=7.6-7.3 (phenyl), 8,,=3.5-5.2 (galactose),
8=1.28 (-CH3), and 6,=0.78-1.1ppm (-(CH,),oCH3). In contrast, the disappearance of the peak at 6=2.04 signified the
removal of the acetate protecting group. The synthesis of the coating material, PBA-PEG, was carried out via an ester
formation reaction (Figure S1B). The typical peaks of 6,=3.6ppm (PEG), 6,,=6.55 and 6,=8.37ppm (PBA) confirmed the
successful synthesis PBA-PEG (Figure 1B).
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erythrocytes cultured with blank nanoparticles composed of PGal-PEG-PPBP and PEG-PBA. (D) In vitro cytotoxicity of blank nanoparticles composed of PGal-PEG-PPBP
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The biocompatibility of these copolymers was assessed by hemocompatibility tests. As shown in Figure 1C, the
nanomaterials with concentration ranging from 0.05 to 1mg/mL exhibited only slight hemolysis ratios. Additionally,
blank nanocarriers composed of PGal-PEG-PPBP and PEG-PBA displayed no significant inhibitory effects on Hepa 1-6
cells (Figure 1D). The results point to low inhibitory effects and good biocompatibility of the copolymers.

Characterization of Nanoparticles

The resultant nanoparticles were synthesized through a straightforward dialysis technique, as previously outlined.?” In an
aqueous environment, PGal-PEG-PPBP and PBA-PEG were able to create nanoassemblies (PN@GPB-PEG NPs) that
facilitated the inclusion of PTX and NLG919 into their hydrophobic cores. The particle size, zeta potential, and
morphology were initially assessed and the results were shown in Figure 1 and Table S1. PN@GPB-PEG NPs exhibited
an average diameter of 87.83 nm with PDI of 0.193. Transmission electron microscopy (TEM) images revealed
PN@GPB-PEG NPs with a spherical shape. PN@GPB NPs had a diameter of ~104 nm by DLS results. The observed
reduction in diameter by 18 nm could be attributed to the enhanced hydrophilicity of the PEG-PBA “outer shell”.
PN@GPB-PEG NPs displayed a surface charge of —3.73 mV, more positive than the —14.7 mV of PN@GPB NPs,
indicating the influence of PBA binding with galactose.?®

Subsequently, the EE and DLE were assessed by HPLC method. Table S2 showed that PN@GPB-PEG NPs achieved
EE of 69.5% and 55.6% for PTX and NLG919, comparable to that of PN@GPB NPs. Furthermore, both nanoparticle
formulations exhibited similar DLE values, approximately 4% for PTX and 1% for NLG919.

PN@GPB-PEG NPs were engineered to disassemble and facilitate cargo release respond to internal stimulus. We first
tracked diameter and appearance changes at various pH levels, with or without H,O, incubation. Over a period of 7 days,
the average diameter of PN@GPB-PEG NPs remained largely unchanged during storage (Figure 1I). In contrast, we
noted an approximately 11 nm increase in particle size in a mildly acidic environment (Figure 1H). Nonetheless, these
nanoparticles appeared to be relatively stable, as indicated by TEM images (Figure 1G) and their loading capacity
(Table S2). Noticeably, at pH 6.5, PN@GPB-PEG exhibited a diameter and zeta potential closely resembling those of
PN@GPB nanoparticles, implying the de-shielding of PEG under the weakly acidic conditions (Table S1). However, the
PN@GPB-PEG NPs displayed an irregular and swollen morphology under H,O, conditions, reaching a particle size of
approximately 700 nm, indicating their disassembly under ROS conditions (Figure 1G and H).

We further explore cargo release at different pHs with or without H>O,, and the results were shown in Figure 1J. Ata
neutral pH, a release rate of 30.1% for PTX was recorded over 72 hours, indicating that PN@GPB-PEG NPs maintain
satisfactory stability in circulation. In acidic conditions, a marginally higher PTX release was observed, likely due to
PEG detachment facilitating drug diffusion from the core. Conversely, H,O, treatment significantly enhanced PTX
release, showing a 1.675-fold increase compared to neutral conditions over the same period. This enhancement is
attributed to boronic esters cleavage in response to an oxidative stimuli, leading to the structural collapse, in line with
observed changes in size and morphology.”? Figure 1K exhibited that NLG919 release was improved upon H,O,
incubation. These findings indicate that ROS facilitates PTX and NLG919 release, whereas a low pH does not.

In vitro Cellular Uptake

To assess cellular uptake, PN@GPB-PEG NPs were labelled with Nile red (NR) and co-incubated with Hepa 1-6 cells.
The results are illustrated in Figure 2A and B. A comparison between NR@GPB-PEG NPs and NR@GPB NPs at pH 7.4
revealed that PEG shielding led to ~42% decrease in uptake by Hepa 1-6 cells, indicating that PEG coating hindered the
interaction between galactose and ASGP-R. As anticipated, incubation at pH 6.5 significantly enhanced NR@GPB-PEG
NPs uptake in Hepa 1-6 cells, suggesting that the acidic tumor microenvironment facilitated PEG detachment and
exposure of galactose. Moreover, the fluorescence intensity increased in a time-dependent manner. To evaluate ASGR-
dependent uptake in Hepa 1-6 cells, free galactose was added to blocking the receptor. As depicted in Figure 2C,
galactose pre-treatment markedly diminished the fluorescent intensity of NR@GPB-PEG NPs at pH 6.5. These findings
indicate that the increased cellular uptake is driven by interactions between galactose and ASGR. CLSM observations
shown in Figure 2D illustrated that a mildly acidic environment significantly promoted NR@GPB-PEG NPs
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received different treatments for 24h and 48h. (F) ICs, values of different nanoformulations. (G) Fluorescence microscopic images of live (green)/dead (red) staining of Hepa
1-6 cells treated with different PTX formulations. (H) Annexin V-FITC/PI staining of tumor cells treated with different preparations. *P<0.05, **P<0.01, ***P<0.00| and
*kP<0,0001.

internalization in tumor cells. Additionally, the fluorescence signals were distributed throughout tumor cells, likely
resulting from cargo release in response to intracellular ROS stimuli.

In vitro Cytotoxicity Assay

The CCK-8 assay was performed to assess the cytotoxic effects of various formulations on Hepa 1-6 cells, with the
findings illustrated in Figure 2E. The combination of PTX and NLG919 (PN) significantly reduced the viability of tumor
cells, likely due to the apoptosis-inducing properties of PTX rather than NLG919, as noted in a previous report.”’
Additionally, PN@GPB NPs markedly inhibited tumor cell proliferation compared to free drugs, attributed to the
enhanced cellular uptake mediated by galactose. The incorporation of PBA-PEG diminished these inhibitory effects.
Whereas PEG detachment and galactose exposure at pH 6.5 increased the cytotoxicity of PN@GPB-PEG NPs against
tumor cells. Interestingly, no visible difference in cell viability was observed between PN@GPB-PEG NPs at pH 6.5 and
PN@GPB NPs. At pH 6.5, ICs, values of PN@GPB-PEG NPs were 42.15 + 3.25 pug/mL for 24 hours and 7.21 + 0.14
pg/mL for 48 hours, which were comparable to PN@GPB NPs but lower than the values recorded at neutral pH
(Figure 2F). Overall, these findings indicated that PEG shielding and galactose exposure at pH 6.5 enhanced cellular
uptake and inhibited the proliferation of tumor cells.
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To visually assess inhibitory effects of PN@GPB-PEG NPs, calcein-AM and propidium iodide (PI) staining was
performed. Viable cells emitted green signals while red fluorescence indicated dead or late apoptotic cells (Figure 2G).
PN@GPB-PEG NPs at pH 6.5 and PN@GPB NPs treatment led to a significant presence of red signals, confirming their
capacity to induce cell death in tumor cells. Furthermore, Annexin-FITC and PI staining were performed to assess
apoptotic cell death. PTX induced apoptotic cell death, as indicated by an increase in total apoptotic percentage
(Figure 2H). The percentage of apoptotic cells improved 1.92-fold higher for PN@GPB NPs compared to free PTX &
NLGI19, and even exceeded that of the resultant nanomedicines. Conversely, PN@GPB-PEG NPs at pH6.5 raised the
percentage of apoptotic cells by 1.37-fold compared to pH 7.4, aligning with the CCK-8 findings.

Immunogenic Cell Death

Encouraged by the ability of PTX to enhance tumor immunogenicity, we further investigated the events of immunogenic cell
death (ICD), focusing on CRT exposure, HMGB1 and ATP release. As illustrated in Figure 3A—C, tumor cells treated with
PN@GPB-PEG NPs exhibited significant CRT upregulation. PN@GPB-PEG at pH 6.5 led to an increase in CRT levels in Hepa
1-6 cells, implying that galactose exposure and PEG detachment can enhance the immunogenicity of tumor cells. HMGBI
interacts with TLR4 receptor to facilitate the antigen presentation and maturation of dendritic cells, while ATP also enhances their
recruitment by activating P2RY2.'%*° Therefore, we simultaneously measured HMGB1 and ATP levels. Hepa 1-6 cells exposed
to PN@GPB-PEG NPs in an acidic environment exhibited elevated production of HMGB1 and ATP (Figure 3D and E). These
findings suggest that PN@GPB-PEG NPs improved immunogenicity of cancer cells in a mildly acidic environment.

Next, we assessed whether above tumor cells could activate dendritic cells (DCs) in vitro. As shown in Figure 3H-K,
all formulations containing PTX significantly enhanced the expression of CD80, CD86, and MHC I, indicating a marked
activation of DCs compared to the control group. This effect may be attributed to the synergistic action of PTX-induced
ICD and TLR4 activation on DCs.*!*> Among these formulations, PN@GPB NPs resulted in approximately 21%
maturation of BMDCs, which is 1.6 times greater than that observed with PN@GPB-PEG NPs. Furthermore, tumor
cells pretreated with PN@GPB-PEG NPs at pH 6.5 achieved a higher number of mature BMDCs, leading to a 1.2- to
1.36-fold improvement in comparison with pH7.4.

Activated BMDCs have the capability to engulf and present antigens to T lymphocytes.*® To investigate the activation
of naive T cells, carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled splenocytes were co-cultured with above
BMDCs. As illustrated in Figure 3L and M, PN@GPB NPs exhibited the most significant reduction in CFSE of
fluorescence intensity, with ~26% decrease compared to PN@GPB-PEG NPs at pH7.4. Interestingly, a mildly acidic
incubation resulted in a 1.1-fold increase in T cell proliferation relative to pH 7.4, suggesting efficient T cell response
initiation. It is important to highlight that all paclitaxel (PTX) formulations led to substantial T cell proliferation
compared to the control group, emphasizing their potential to promote T cell-mediated tumor immunity.

In vitro IDO Activity

Activated cytotoxic T lymphocytes concurrently produce IFN-y, which is crucial for T cell-based tumor immunotherapy.>*
However, IFN-y can also induce the expression of IDO1 in tumor cells, thereby negating antitumor immune responses.* It
seems reasonable to simultaneously combine chemotherapy with IDO inhibition. Although NLG919 incubation had no
significant effect on IDO expression (Figure 3F), these formulations significantly decreased the Kyn level (Figure 3G).
Moreover, PN@GPB-PEG NPs at pH 6.5 resulted in a greater reduction of Kyn compared to a neutral pH environment. These
findings confirm that PN@GPB-PEG NPs can effectively inhibit IDO activity.

In vivo Imaging Assay

To explore in vivo biodistribution, Hepa 1-6 tumor-bearing mouse model was established and intravenously injected with
DiR-labeled nanoparticles. Figure 4A showed that the fluorescent signals primarily displayed in the liver and spleen
rather than the tumor during the 48-hour observation period. In contrast, a distinct fluorescent signal was detected at the
tumor site 12 hours in DiR@GPB NPs and DiR@GPB-PEG NPs groups, with the signal intensity increasing over the 48-
hour period. These findings suggest that our nanocarrier significantly enhances the accumulation of loaded drugs in
tumors. DiIR@GPB-PEG NPs displayed higher accumulation in tumor area compared to non-PEG NPs (Figure 4A—C).
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Figure 3 In vitro immune activation. (A) Immunofluorescent staining of CRT (red) on Hepa 1-6 cells after various treatments. (B and C) Flow cytometry and analysis of
CRT exposure on Hepa -6 cells after incubation with different formulations. (D and E) Quantitative analysis of HMGBI and ATP release in the culture supernatant of Hepa
1-6 cells after different treatments. (F) Immunoblotting assay and semi-quantification of IDO expression in tumor cells treated with different formulations (a: control, b: PTX
+NLG919, c: PN@GPB NPs, d: PN@GPB-PEG NPs pH6.5 and e:PN@GPB-PEG NPs pH7.4). (G) Kyn level in Hepa 1-6 cells receiving different treatments. (H-K) CD86,
CD80 and MHC Il expression and analysis on BMDC:s after incubation with Hepa -6 cells. (L and M) The fluorescence recession and analysis of CFSE-labeled CD8+ T cells
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This indicates that the PEG-coating and detachment reduced liver clearance while increased tumor-specific distribution.
Moreover, DiR-labeled formulations showed no obvious distribution in TDLN. Together, our carrier demonstrated

excellent tumor-targeting capability.
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Figure 4 In vivo biodistribution and antitumor evaluation. (A) In vivo fluorescence images of mice received DiR labelled nanoparticles. (B and C) Ex vivo fluorescence
images and analysis of tumor and main organs (H: heart, Li: liver; (T) tumor, Lu: lung, (S) spleen, (K) Kidney, LN: tumor draining lymph node). (D) Therapeutic schedule of
Hepa |-6 tumor bearing mice. (E) Tumor growth curves of mice with different treatments. (F and G) Excised tumor weight and inhibition ratio in different treatment
groups. (H) Represents images of tumor from mice treated with different nanoparticles. (I) Survival curves of mice receiving different formulations. (J) HE, Ki67 and TUNEL
staining of Hepa 1-6 tumor tissues collected from different treatment groups. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.

In vivo Antitumor Effects

In vivo antitumor efficacy was tested in a Hepa 1-6 tumor-bearing C57BL/6 mouse model. Seven days post-tumor
implantation, the mice were intravenously administered with different preparations (Figure 4D). PN moderately sup-
presses tumor growth with a tumor volume of 819.7 mm? (~26%) in contrast to the saline group’s 1105.5 mm?®. PN@GPB
NPs demonstrated significant antitumor effects compared to PTX+NLG919, showing approximately 22% reduction in
tumor volume by the 15th day. Notably, PN@GPB-PEG NPs exhibited the strongest antitumor effects with 54.3%
decrease in tumor volume in comparison with PN@GPB NPs (Figure 4E). The representative images and tumor weights
are presented in Figure 4F—H, confirming the effective antitumor effects of PN@GPB-PEG NPs. Figure 41 showed that
PN@GPB-PEG NPs significantly extended survival compared to other reference formulations.
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To further evaluate pathohistological changes, tumors were processed for HE, Ki67 and TUNEL staining. The results
were shown in Figure 4J. Saline group displayed hypercellular region and nuclear polymorphism according to HE
staining. For comparison, PTX+NLG919 demonstrated a slight inhibitory effect in tumor growth, which may be
attributed to their weak tumor accumulation. On the contrast, PN@GPB NPs and PN@GPB-PEG NPs displayed serious
necrotic and apoptotic area characterized by a large void space and cytoplasmic karyorrhexis. Evidently, PN@GPB-PEG
NPs achieved the most apoptotic cells and lowest proliferation percentage, confirming the good antitumor ability of the
PEG-coated galactose nanocarriers.

In vivo Immune Responses
To explore in vivo immune responses, IHC staining and flow cytometry were carried out. PN@GPB-PEG NPs led to a
significant increase in CRT expression, suggesting a high number of tumor cells undergoing ICD (Figure 5A and B).
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Figure 5 In vivo immune responses. (A and B) CRT expression and analysis in tumor tissues obtained from different treatment groups. (C) Kyn level in tumors of Hepa |-6
tumor-bearing mice following different treatments. (D=G) Flow cytometry analysis of CD80 and CD86 expression on DCs (CDIIc” cells) in TDLNs. (H and 1) Flow
cytometry analysis of activated CD8+T cells (CD8+IFN-y+ cells) in TDLN. *P<0.05, **P<0.01, ***P<0.001 and ***P<0.0001.
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These DAMPs can be transported to TDLN to activate residual DCs.>>~¢ Alternatively, the DAMPs can in situ activate
DCs that subsequentially migrate to TDLN.?” Figure 5D-G showed that PN treatment resulted in 2.3-2.5-fold increase in
CD80 and CD86 expression compared to control group, suggesting PTX-mediated DC activation. PN@GPB-PEG NPs
demonstrated 2.23-fold higher DC maturity than PN@GPB NPs. Consequently, the percentage of IFN-y+CD8+ T cells
significantly increased after PN@GPB-PEG NPs treatment, showing 2.3-fold increase compared to PN@GPB NPs
(Figure 5H and I). These findings confirmed that the resultant nanomedicines had the capability to initiate adaptive
immune responses.

To assess intratumoral immune responses, CD8+ T cells and other immune cells were also examined. PN@GPB-PEG NPs
enhanced CD8+ T cell infiltration, with 2.2-3.1-fold increases than PN@GPB NPs and PTX+NLG919 (Figure 6A). This
suggested that PN@GPB-PEG NPs boosted immune responses against tumor. However, IDO can convert tryptophan to
kynurenine, promoting immune escape of tumor cells. Since NLG919 cannot inhibit IDO expression, the Kyn level was tested
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Figure 6 Intratumoral immune components analysis. (A-H) Representative flow cytometry profiles and quantitation assay of CD8+ T cells (CD8+), TAMs (F4/80*CD206"),
MDSCs (CDI1b*Gr-1") and Tregs (CD4*CD25"FoxP3") in tumor tissues after the indicated treatments. *p<0.05, *p<0.001 and **p<0.0001.
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using HPLC method."' PN@GPB-PEG NPs significantly decreased Kyn concentration (Figure 5C). As a result, Figure 6D
indicated that PN@GPB-PEG NPs decreased Tregs infiltration, showing ~90% reduction in comparison with the control group.
IDO can inhibit immune responses through promoting TAMs and MDSCs infiltration.”® PN@GPB-PEG NPs obviously
decreased TAMs’ and MDSCs’ infiltration (Figure 6B and C). These results collectively indicated that PN@GPB-PEG NPs
could intervene ITME with the reduction of Tregs, TAMs, and MDSCs.

Postoperative HCC Recurrence

From above results, PN@GPB-PEG NPs effectively enhanced immune responses and intervened ITME against primary
tumor. Nonetheless, the high recurrence rate remains a significant barrier for the long-term survival of patients after HCC
resection.>® Therefore, we further investigated whether PN@GPB-PEG NPs could inhibit postsurgical HCC recurrence.
Figure 7A showed that PTX formulations all reduced HCC relapse. Among these, PN@GPB-PEG NPs displayed the
smallest tumor volume. The spleens were also harvested for central (T ¢y, CD44 ' CD62L ") and effector memory CD8+ T
cells (Tpy, CD44'CD62L") analysis. PN@GPB-PEG NPs increased Tgy and Ty, proportion, 1.5~2.5-fold improve-
ments compared to reference formulations (Figure 7B—D). Therefore, the data indicated that our nanocarrier could boost
long-term immune memory and effectively reduced postoperative HCC recurrence.
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Figure 7 In vivo therapeutic efficacy against postoperative HCC recurrence. (A) Tumor growth curves after resection in different treatment groups. (B-D) Flow cytometry
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Biosafety Evaluation
The biosafety was assessed by body weight and histological evaluation. From Figures S7 and S8, we found no significant
differences in body weight or histological damage in major organs, further confirming the biocompatibility of our

nanocarrier.

Conclusion

To conclude, we developed a dual stimulus-responsive drug delivery system encapsulating PTX and NLG919 for
HCC chemoimmunotherapy. The results showed that our carrier demonstrated improved accumulated in tumors,
facilitated high cellular uptake in cancer cells, and released PTX and NLG919 intracellularly. The nanoformula-
tions promoted tumor immunogenicity and suppressed IDO activity, leading to effective immune responses and
ITME modulation. This combination greatly inhibited primary tumor growth and postoperative recurrence of
HCC. Our findings suggest that PTX and NLG919 co-delivery could be a promising strategy for HCC
chemoimmunotherapy.
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