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ABSTRACT

Chemotherapy-induced immunogenic cell death represents a powerful mechanism to prime

systemic antitumor immunity. However, the therapeutic efficacy of conventional

chemo-immunotherapies is typically compromised by challenges such as transient immune

activation and rapid drug clearance from the tumor site. Herein, we developed chitosan-derived

macromolecular immune agonist-functionalized lecithin-podophyllotoxin nanoparticles (CLP-NPs).

Unlike traditional inert delivery vehicles, this platform uniquely integrates multivalent agonism with

superior bioadhesion, thereby enabling adhesion-mediated retention and sustained

multi-engagement with pattern-recognition receptors. By spatiotemporally synchronizing local

immunogenic cell death with persistent immune stimulation, this platform effectively converts

localized chemotherapy into a robust systemic anticancer immune response. Notably, in a murine

MC38 colorectal cancer model, the synergistic combination of CLP-NPs and anti-PD-1 checkpoint

blockade therapy elicited a complete regression rate of 83.3% and established potent and long-term

immunological memory against tumor recurrence. These findings establish CLP-NPs as a versatile

nano-strategy that bridges local cytotoxicity with systemic immune priming, offering a promising

translational framework for next-generation chemo-immunotherapies.

Keywords: chemo-immunotherapy, systemic immune response, immunogenic cell death,

multi-immune stimulation, STING activation

INTRODUCTION

Chemo-immunotherapy has emerged as a transformative modality in oncology by combining the

direct cytotoxic effects of chemotherapy with the capacity of the immune system to establish
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durable antitumor surveillance [1, 2]. Certain chemotherapeutic agents, such as anthracyclines and

oxaliplatin, can induce immunogenic cell death (ICD) in tumor cells, triggering the release of

damage-associated molecular patterns (DAMPs) and tumor-associated antigens (TAAs). These

endogenous adjuvants recruit and activate dendritic cells (DCs) to prime antigen-specific CD8" T

lymphocytes [3-6]. Nevertheless, the immune responses triggered by chemotherapy alone are

typically transient and localized, rendering them insufficient for complete tumor eradication and

long-term recurrence prevention [7-9].

To achieve robust antitumor chemo-immunotherapy, combination strategies integrating

chemotherapeutics with exogenous immune agonists have been extensively explored [10-13].

Agonists of pattern-recognition receptors (PRRs), such as Toll-like receptor (TLR), stimulator of

interferon genes (STING), and retinoic acid-inducible gene | (RIG-1), initiate strong innate immune

signaling cascades to enhance tumor immunogenicity [14-16]. When co-delivered with ICD-inducing

agents, these immune agonists augment antigen presentation and increase effector T cell infiltration

[17]. Critically, multi-valent constructs characterized by high-density ligands on a polymeric

backbone facilitate receptor clustering, which leads to high-avidity engagement and prolonged

signaling duration, thereby significantly augmenting the magnitude of adaptive immune responses

compared to monovalent ligands [18, 19]. However, strategies that spatiotemporally synchronize

multi-valent immune stimulation with localized chemotherapy to overcome the transience of

antitumor immunity remain less explored.

Podophyllotoxin (PPT) is a potent microtubule-depolymerizing agent with broad antitumor activity,

yet its clinical translation is hindered by poor aqueous solubility, systemic toxicity, and rapid

clearance [20, 21]. To address these limitations and augment the therapeutic potency, we developed
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tumor-adhesive chitosan-derived macromolecular immune agonist-functionalized lecithin-PPT

nanoparticles (CLP-NPs) for synergistic chemo-immunotherapy (Figure 1). Unlike conventional inert

chitosan-based carriers, the surface-coated CS-5BThi in CLP-NPs acts as a multi-valent immune

agonist to provide sustained innate immune stimulation. Meanwhile, the encapsulated PPT serves as

a cytotoxic agent to trigger tumor cell apoptosis and initiate ICD, with the lecithin component

ensuring stable drug loading. Notably, the cationic structure of CS-5BThi confers superior

bioadhesion to the nanoparticles, enabling the adhesion-mediated retention within the tumor

microenvironment. By facilitating the spatiotemporal coordination between local chemotherapy and

sustained immune activation, CLP-NPs orchestrate potent systemic innate and adaptive immune

responses. When combined with anti-PD-1 therapy, CLP-NPs achieved a complete tumor regression

rate of approximately 83.3% and established durable immunological memory, offering a versatile

and translational framework for advanced chemo-immunotherapies.
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Figure 1. Overview of CLP-NPs preparation and its action on cancer chemo-immunotherapy. (a)
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Schematic illustration of the preparation of CLP-NPs (R, Ry: fatty acid residues). (b) Overview of the
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mechanism of action for CLP-NPs in achieving robust and durable cancer chemo-immunotherapy.
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synergized by combination with immune checkpoint inhibitors, thereby offering the promising
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potential to achieve complete and durable cancer progression.
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RESULTS AND DISCUSSION

Design and characterization of multivalent CLP-NPs

To address the poor aqueous solubility and systemic limitations of PPT and to achieve a robust

cancer chemo-immunotherapy, we engineered a chitosan-derived multi-valent immune

agonist-functionalized lecithin-PPT nanoparticle using a solvent-injection technique (Figure S1,

Supporting Information). The macromolecular immune agonist (CS-5BThi) was synthesized by

tethering chitosan with benzothiazole-5-carboxylic acid as we previously reported [22]. Dynamic

light scattering (DLS) analysis and transmission electron microscopy (TEM) revealed that CLP-NPs

had a uniform hydrodynamic diameter of approximately 130 nm (Figure 2a-2b). Zeta potential

measurements demonstrated that LP-NPs exhibited a negative charge, while the incorporation of

CS-5BThi confers positive surface charges (Figure 2c). These results suggest the surface localization

of the chitosan-derived immune agonist, which may not only favor cellular uptake through

electrostatic interactions with negatively charged cell membranes but also enable multi-receptor

engagement. CLP-NPs demonstrated excellent colloidal stability in both water and phosphate buffer

saline (PBS), with negligible changes in particle size and polydispersity index (PDI) (Figure S2-S3).

However, rapid increase in particle size occurred upon incubation with 10% fetal bovine serum (FBS),

likely due to the adsorption of serum proteins by the surface CS-5BThi coating (Figure S4).

Ultraviolet-visible (UV-Vis) spectroscopy provided evidence of successful PPT encapsulation, as

CLP-NPs displayed a broad absorption peak around 280 nm along with a slight hypsochromic shift

compared to free PPT (Figure 2d). PPT loading was further validated by the characteristic

fluorescence spectra of PPT (Figure 2e). Encapsulation efficiencies were considerable for both PPT

(92.10 £ 0.43%) and chitosan derivative (88.57 + 2.58%) in CLP-NPs. To elucidate the molecular
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interactions involved in CLP-NPs assembly, Fourier transform infrared (FTIR) spectroscopy was

performed. As shown in Figure 2f, the phosphate group peak shifts from 1251 cm=! (lecithin) to 1238

cm™ (CLP-NPs), and the CS-5BThi-associated band (corresponding to N-H bending vibration) shifts

from 1598 cm™ to 1589 cm™! (CLP-NPs). These spectral changes are consistent with alterations in

local electronic environment (e.g., electrostatic interaction or hydrogel bonding formation) upon

nanoparticle formation.

The release kinetics of PPT from CLP-NPs were evaluated under physiologically relevant pH

conditions to simulate the tumor microenvironment and intracellular lysosomal compartments. As

shown in Figure 2g, CLP-NPs exhibited a pronounced pH-responsive release behavior, with markedly

accelerated PPT release under lysosomal pH (5.5) compared to physiological pH (7.4) and mildly

acidic pH (6.5). Over 72 h, cumulative PPT release reached approximately 85% at pH 5.5. This

behavior may be attributed to the enhanced protonation of CS-5BThi under acidic conditions, which

increases the electrostatic repulsion within the CS-5BThi chains, resulting in a loosened surface

coating. This structural destabilization facilitates increased permeability of the nanoparticle shell and

accelerates drug release in acidic environments. These data suggest that CLP-NPs can preferentially

release their payload following endocytic trafficking into acidic tumor lysosomes.

To assess cellular uptake, Cy5-labeled CS-5BThi was incorporated into CLP-NPs and incubated with

MC38 colorectal cancer cells. Time-lapse fluorescence analysis revealed pronounced and

time-dependent cellular internalization of CLP-NPs (Figure 2h). We next evaluated whether CLP-NPs

can achieve the co-delivery of CS-5BThi and hydrophobic cargo into the same cells. For this purpose,

Coumarin 6 (C6) was used as a hydrophobic fluorescent tracker to replace PPT, and the resulting

dual fluorescence-labeled Cy5-CLC6-NPs were examined for intracellular co-localization (Figure 2i).
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As shown in Figure 2j, the strong spatial overlap between C6 and Cy5 signals demonstrated the

efficient co-delivery of both functional components into individual cells, which is a prerequisite for

their synergistic therapeutic effects.
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Figure 2. Preparation and characterization of CLP-NPs. (a) Size distribution of LP-NPs, CL-NPs and

CLP-NPs. (b) TEM image of CLP-NPs. (c) Zeta potential of LP-NPs, CL-NPs and CLP-NPs (n = 3). (d)
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UV-vis absorption spectra of PPT, CL-NPs and CLP-NPs in water. (e) Fluorescence spectra of PPT,

CL-NPs and CLP-NPs in water. (f) FTIR spectra of CS-5BThi, lecithin and CLP-NPs. (g) Cumulative

release profiles of PPT from CLP-NPs at different pH conditions (n = 3). (h) Representative histogram

graphs of Cy5 fluorescence and the quantitative mean fluorescence intensity (MFI) in MC38 cells

after treated with Cy5-labeled CLP-NPs for different time (Cy5 was conjugated on CS-5BThi before

CLP-NPs construction; n = 3). (i) Schematic illustration of the cellular uptake of Cy5-CLC6-NPs (Cy5

was conjugated on CS-5BThi before CLP-NPs construction; C6 was incorporated into CLP-NPs to

substitute PPT). (j) Representative flow cytometry analysis of Cy5 and C6 fluorescence and the

guantitative co-localization of Cy5 and C6 within MC38 cells after treated with Cy5-CLC6-NPs (n = 3).

The data are presented as mean * SD.

CLP-NPs elicit robust cytotoxicity and amplified ICD

To evaluate the therapeutic potential of CLP-NPs, we initially compared their cytotoxicity against

MC38 colorectal cancer cells with that of free PPT and LP-NPs in vitro. As shown in Figure 3a,

although LP-NPs exhibited cytotoxicity comparable to free PPT, the CLP-NPs formulation

demonstrated significantly superior potency across multiple incubation durations. This enhancement

is likely due to the improved cellular internalization mediated by the positively charged CS-5BThi

moieties on the surface of nanoparticle. Moreover, these surface modifications may facilitate

endosomal escape and enable the release of PPT into the cytoplasm, where it can subsequently

translocate to the nucleus and exert it antitumor effects [23, 24]. Importantly, the empty CL-NPs

exhibited negligible cytotoxicity, confirming the excellent biocompatibility of the delivery system

(Figure 3b).

PPT exerts its antitumor effects by disrupting microtubule dynamics, ultimately inducing cell cycle
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arrest and apoptosis [25]. Flow cytometry analysis revealed that treatment with PPT, LP-NPs, and

CLP-NPs all induced G2/M phase arrest in MC38 cells, with CLP-NPs exhibiting the most pronounced

effect, arresting 35.32% of cells in the G2/M phase (Figure S5). Annexin V/PI staining confirmed that

PPT and LP-NPs induced comparable tumor cell apoptosis, while CLP-NPs triggered significantly

higher apoptosis rates, with approximately 20% of cells undergoing apoptosis following CLP-NPs

treatment (Figure 3c). It has been reported that mitotic arrest leads to chromosomal segregation

defects, making cells highly prone to DNA double-strand breaks in subsequent cell cycles [26]. To

evaluate DNA damage, we quantified the expression of YH2AX, a well-established marker of DNA

double-strand breaks. As shown in Figure 3d, treatment with PPT, LP-NPs, or CLP-NPs led to

significant nuclear fragmentation, with CLP-NPs eliciting the strongest YH2AX signal. These results

collectively demonstrate that CLP-NPs enhanced the tumor cell killing efficacy of PPT, amplifying its

cytotoxic effects through increased apoptosis and DNA damage.

Beyond direct cytotoxicity, certain chemotherapeutic agents can induce ICD in tumor cells, leading

to the release of DAMPs [27, 28]. These DAMPs activate antigen-presenting cells (APCs), facilitate

their maturation, and trigger the secretion of pro-inflammatory cytokines, thereby amplifying both

innate and adaptive immune responses [29]. CS-5BThi, a multi-valent immune agonist, has been

demonstrated with intrinsic immunostimulatory properties that can prime ICD and augment tumor

immunogenicity [22]. We hypothesized that the spatiotemporal synchronization of PPT-mediated

killing and CS-5BThi-mediated agonism would trigger an amplified ICD cascade. To evaluate the ICD

induction, we assessed three well-established markers, calreticulin (CRT), high-mobility group box 1

(HMGB1), and adenosine triphosphate (ATP), expressed by MC38 cells after treated with free PPT or

different nanoparticle formulations. Flow cytometry analysis revealed a moderate induction of CRT*
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cells after treatment with PPT or LP-NPs, likely due to the anti-mitotic effects of PPT. Notably, a

substantial increase in CRT* cells was observed following CLP-NPs treatment compared to PBS, PPT

and other treatment groups at equivalent component concentrations (Figure 3e). Consistently,

intracellular HMGB1 levels were significantly decreased in CLP-NPs-treated MC38 cells (Figure 3f),

indicating its active release and the robust induction of ICD. Moreover, extracellular ATP levels were

markedly elevated in the CLP-NPs group compared to other groups (Figure 3g). Intriguingly, the

remarkable effects of CLP-NPs on tumor cell ICD could not be replicated by a simple mixture of PPT

and CL-NPs, highlighting the structural necessity of the integrated nanoplatform (Figure S6). These

results confirm that the integration of PPT and CS-5BThi into CLP-NPs exhibited synergistic effects in

promoting ICD in tumor cells, thereby enhancing their immunogenic potential.

Emerging evidence highlights the pivotal role of the cyclic GMP-AMP (cGAMP) synthase

(cGAS)-stimulator of interferon genes (STING) pathway in coordinating antitumor immunity [30, 31].

DNA damage caused by chemotherapeutics can release cytosolic DNA fragments that activate cGAS,

leading to the production of cGAMP and downstream STING activation [32, 33]. This cascade

ultimately induces type | interferon (IFN-1) production and chemokine secretion (e.g., IFN-3, CXCL10,

CCL5) [34]. Given the DNA damage capacities of PPT, we next assessed whether CLP-NPs potentiate

CGAS-STING activation. As shown in Figure 3h, CLP-NPs treatment significantly upregulated

expression of Ifnf31, Cxcl10 and Ccl5 in MC38 cells, whereas both PPT alone and LP-NPs induced only

modest increase. These findings suggest that the incorporation of CS-5BThi into the nanoparticle

elicits substantial immunomodulatory effects, thereby augmenting the immunogenicity of tumor

cells and enhancing their susceptibility to immune attack.
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Figure 3. Tumor cell killing and immunogenic effects of CLP-NPs. (a) Cell viability of MC38 cells after

treated with different concentrations of PPT, LP-NPs or CLP-NPs for different time (n = 6). (b) Cell
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viability of MC38 cells after treated with different concentrations of CL-NPs (n = 6). (c)

Representative flow cytometry and quantitative analysis of late apoptosis of MC38 cells after

incubated with PPT, LP-NPs, CL-NPs, or CLP-NPs (n = 3). (d) Confocal laser scanning microscope

(CLSM) images and MFI analysis of the damaged DNA (yH2AX) in MC38 cells after treated with PPT,

LP-NPs, CL-NPs, or CLP-NPs (scale bar = 20 um; n = 3). (e) Representative histogram graphs of CRT

expression in MC38 cells and the percentages of CRT* MC38 cells after different treatment (n = 3). (f)

Representative histogram graphs of HMGB1 expression in MC38 cells and the percentages of

HMGB1* MC38 cells after different treatment (n = 3). (g) Concentrations of ATP in the supernatant of

MC38 cell cultures after different treatment (n = 3). (h) RT-gPCR analysis of the expression of Ifnf1,

Cxcl10 and Ccl5 in MC38 cells after different treatment (n = 3). Statistical significance was calculated

via two-way ANOVA test in a and one-way ANOVA test in c-h. The data are presented as mean % SD.

*p < 0.05, **p < 0.01, ***p < 0.001.

CLP-NPs stimulate global transcriptomic reprogramming and multi-valent innate immune

activation

DCs, as the most potent professional APCs, play a central role in bridging innate and adaptive

immunity [35]. Exposure to DAMPs and IFN-Is released from tumor cells during ICD would mature

DCs, characterized by upregulation of co-stimulatory molecules and secretion of pro-inflammatory

cytokines [36, 37]. To examine whether the ICD induced by CLP-NPs could modulate DC maturation,

bone marrow-derived dendritic cells (BMDCs) were co-cultured with the supernatants from MC38

cells pre-treated with different formulations. Flow cytometry analysis revealed that the supernatants

from CLP-NPs-treated tumor cells markedly increased the proportion of matured DCs (CD80*CD86%)

from 7.13% to 15.6% (Figure 4a).
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To further investigate the direct modulation of CLP-NPs on DCs and the underlying molecular

pathways, RNA sequencing analysis was performed on BMDCs treated with PBS, PPT, or CLP-NPs. As

shown in Figure S7, compared to PBS, PPT treatment induced 1,391 differentially expressed genes

(708 upregulated and 683 downregulated), while CLP-NPs treatment regulated 3,790 genes (1,556

upregulated and 2,234 downregulated) compared to the PBS group, highlighting the stronger

modulatory capacity of CLP-NPs. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

enrichment analysis of differentially expressed genes revealed that PPT had a limited effect on the

activation of the immune pathways in DCs. In contrast, CLP-NPs preferentially enriched genes

involved in the cytokine-cytokine receptor interaction and Toll-like receptor signaling pathways,

while also activating additional immune pathways, including TNF signaling pathway and JAK-STAT

signaling pathway (Figure 4b). Gene set enrichment analysis (GSEA) further demonstrated that

CLP-NPs significantly enriched pathways related to interferon-o. and interferon-y responses,

inflammatory response, and TNF-o. signaling via NF-kB compared to control cells (Figure 4c).

Heatmap analysis highlighted a robust induction of cGAS-STING-associated genes (e.g., ISGs and

IFNs), chemokines, and inflammatory cytokines in BMDCs treated with CLP-NPs (Figure 4d).

Consistently, western blot analysis of p-STING, p-TBK1, and p-IRF3 in BMDCs further validated that

CLP-NPs effectively primed the cGAS-STING pathway (Figure S8). Moreover, studies in murine

macrophages demonstrated that while CLP-NPs did not significantly alter polarization, they

effectively modulated effector functions by stimulating the secretion of pro-inflammatory cytokines,

such as IL6 (Figure S9). These results collectively suggest that CLP-NPs not only stimulate immune

cells but also elicit a comprehensive transcriptomic reprogramming. By integrating multifaceted

immunomodulatory capacities, the CLP-NPs platform effectively remodels the tumor

mater.scichina.com

Page 14 of 61



Page 15 of 61

oNOYTULT D WN =

SCIENCE CHINA Materials

microenvironment into a highly immunostimulatory niche, thereby supporting the generation of a

robust systemic antitumor immunity.
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Figure 4. Multi-valent immunostimulatory effects of CLP-NPs on DCs. (a) Representative flow

cytometry and quantitative analysis of mature BMDCs (CD80*CD86*) after co-culture with the
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supernatants from MC38 cells pre-treated with different formulations (n = 3). (b) KEGG pathway

enrichment analysis of differentially expressed genes in PPT (left) and CLP-NPs (right) groups. (c)

GSEA of indicated pathways in CLP-NPs-treated cells. (d) Heatmaps of the expression of different

genes after treatment. Statistical significance was calculated via one-way ANOVA test. The data are

presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

CLP-NPs exhibit prolonged tumor retention and durable antitumor immune protection

Efficient and sustained tumor retention of nanoparticles is critical for localized drug release and

durable immune activation. To evaluate the retention of CLP-NPs within tumor tissues, we labeled

CS-5BThi with a Cy5 fluorescent dye before nanoparticle construction and administered Cy5-labeled

CLP-NPs (Cy5-CLP-NPs) intratumorally into MC38 colorectal cancer-bearing mice. Notably, strong Cy5

fluorescent signals were still observed at the tumor sites three days post-injection of Cy5-CLP-NPs

(Figure 5a-5b). This sustained retention is attributed to the electrostatic anchoring between the

positively charged CS-5BThi motifs and the negatively charged tumor extracellular matrix and cell

membranes, which effectively facilitates the adhesion-mediated retention of the nanoparticles. Ex

vivo VIS imaging at 24 h post-injection further revealed that Cy5 fluorescence was predominantly

localized within the tumor tissues, with minimal distribution in major organs and tumor-draining

lymph nodes (TDLNs) (Figure S10). Furthermore, to examine whether CLP-NPs enhance sustained

intratumoral retention of hydrophobic drugs, PPT was substituted with Cy5 for CLCy5-NPs

construction. Following intratumoral administration, we found that CLCy5-NPs generated markedly

stronger and more persistent intratumoral fluorescence signals than free Cy5, highlighting the

capacities of nanoparticle architecture to prolong the retention of hydrophobic payloads within

tumors (Figure 5c¢-5d and S11). We next analyzed the cellular distribution of CLP-NPs within the
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tumor microenvironment, which is essential for their immunomodulatory activity. As shown in

Figure 5e, Cy5-CLP-NPs were internalized by both CD45-CD31- tumor cells and CD45* immune cells.

Further analysis revealed that CLP-NPs were effectively internalized by both CD11c* DCs and

CD11b*F4/80* macrophages. These results demonstrate that CLP-NPs hold the heterogeneous

cellular distribution characteristic, enabling broad interactions across tumor and immune

compartments.

Given the potent tumoricidal and immunostimulatory effects of CLP-NPs observed in vitro and their

favorable retention and biodistribution in vivo, we next evaluated their therapeutic efficacy in the

MC38 colorectal cancer model (Figure 5f). Mice bearing established tumors were treated with PBS,

free PPT, LP-NPs, CL-NPs or CLP-NPs, and tumor progression and survival were monitored. As

illustrated in Figure 5g-5h and S12, CLP-NPs treatment significantly suppressed tumor growth and

prolonged mice survival compared to all control groups. Notably, 66.7% of mice receiving CLP-NPs

achieved complete tumor regression, highlighting the superior therapeutic benefit of this

chemo-immunotherapeutic strategy. The mice exhibited negligible changes in body weight (Figure

5i). These results suggest that the co-delivery of PPT and CS-5BThi synergistically enhances

antitumor efficacy beyond that of either agent alone.

To investigate whether the local CLP-NPs treatment elicits systemic immune activation, we analyzed

T cell activation markers in peripheral blood. Flow cytometry analyses revealed a marked elevation

in CD69 expression on both CD3*CD8* and CD3*CD4* T cells in the CLP-NPs treatment group,

indicating robust activation of effector T cells (Figure 5j-5k). Additionally, ELISA results revealed

significantly increased serum levels of IL-12p70 in the CLP-NPs-treated mice, further suggesting the

induction of systemic antitumor immunity (Figures 5l). Furthermore, we assessed the durable
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immune protection induced by CLP-NPs. Mice with complete tumor regression were re-challenged

with MC38 tumor cells on day 90 post-treatment. Strikingly, none of the re-challenged mice

developed tumors, whereas naive controls developed progressive disease (Figure 5m and S13).

These findings demonstrate that CLP-NPs not only significantly controlled primary tumors but also

orchestrate a long-term immune memory that prevents disease recurrence, highlighting its profound

translational potential as a promising chemo-immunotherapeutic platform for refractory cancer

eradication.
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Figure 5. Tumor adhesion and chemo-immunotherapeutic effects of CLP-NPs. (a) Schematic

illustration of Cy5-CLP-NPs and representative fluorescence imaging of the whole body of MC38

tumor-bearing mice at indicated time points after Cy5-CLP-NPs administration. (b) Quantification of
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Cy5 fluorescent intensity in tumor sites after Cy5-CLP-NPs administration (n = 3). (c¢) Schematic

illustration of CLCy5-NPs and representative fluorescence imaging of the whole body of MC38

tumor-bearing mice at indicated time points after free Cy5 or CLCy5-NPs administration. (d)

Quantification of Cy5 fluorescent intensity in tumor sites after free Cy5 or CLCy5-NPs administration

(n = 3). (e) Histogram graphs of Cy5 fluorescence and percentages of Cy5-positive cells among

CD45-CD31" cells, CD45" cells, CD11c* cells, and CD11b*F4/80* cells in MC38 tumor tissues (blue lines:

PBS; orange lines: CLP-NPs treatment; n = 3). Cy5-CLP-NPs were intratumorally administrated into

MC38 tumor-bearing mice 24 h before the analysis. (f) Scheme for the antitumor studies on MC38

colorectal cancer-bearing mice. (g) Average tumor growth curves after indicated treatments (n = 6).

(h) Survival rate of mice after indicated treatments (n = 6). (i) Average body weight of mice after

indicated treatments (n = 6). (j) Percentages of CD69* cells among CD3*CD8* T cells in blood (n = 5).

(k) Percentages of CD69* cells among CD3*CD4* T cells in blood (n = 5). (I) Concentrations of IL-12p70

in the serum of MC38 colorectal cancer-bearing mice after indicated treatments (n = 5). (m) Average

tumor growth curves of re-challenged MC38 colorectal tumors (n = 4). i.t.: Intratumoral. Statistical

significance was calculated via multiple comparisons in d and e, two-way ANOVA test in g, the

log-rank test in h, one-way ANOVA test in i-l and t-test in m. The data are presented as mean % SD.

*p < 0.05, **p < 0.01, ***p < 0.001.

CLP-NPs combined with anti-PD-1 prime powerful antitumor efficacy

Programmed death receptor 1 (PD-1) is primarily expressed on T cells, while its ligand PD-L1

commonly upregulated on tumor cells and myeloid cells. The binding of PD-L1 to PD-1 can induce T

cell apoptosis, dysfunction, and exhaustion, thereby impairing tumor antigen-specific immune

responses and enabling tumor immune evasion [38, 39]. Although chemotherapy can induce ICD of
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tumor cells, releasing DAMPs to activate DCs and T cells, sustained antigenic stimulation may lead to

T cell exhaustion with the inhibitory receptor PD-1 upregulation [40]. Moreover, studies have shown

that certain chemotherapeutic agents can also enhance PD-L1 expression on tumor cells via DNA

damage response pathways, such as the JAK/STAT signaling cascade, thereby reinforcing an

immunosuppressive PD-1/PD-L1 axis [41, 42]. To investigate the impact of CLP-NPs treatment on the

PD-1/PD-L1 checkpoint pathway, we examined PD-1 expression on T cells isolated from splenocytes

co-cultured with the supernatants of MC38 cells pre-treated with CLP-NPs (Figure 6a). As shown in

Figure 6b, the supernatant from CLP-NPs-pre-treated MC38 cells markedly upregulated PD-1

expression on both CD3*CD4* T cells and CD3*CD8* T cells. Additionally, tumor PD-L1 expression

showed a slight increase post-CLP-NPs treatment (Figure 6c). These findings suggest that the

combined effects of PPT and CS-5BThi not only enhance tumor cell killing and immunogenicity but

also trigger compensatory upregulation of the immune checkpoint PD-1/PD-L1, potentially limiting

the duration of immune activation.

Immune checkpoint inhibitors (ICls) restore immune function by blocking specific inhibitory signals

that suppress T cell activation. For instance, anti-PD-1 blocks the interaction between PD-1 on T cells

and its ligand PD-L1 on tumor cells or myeloid cells, thereby reactivating T cell effector functions and

overcoming tumor immune evasion mechanism [43, 44]. Based on this, we evaluated the

therapeutic benefit of combining CLP-NPs with anti-PD-1 in the subcutaneous MC38 colorectal

cancer model (Figure 6d). As shown in Figure 6e-6h, CLP-NPs alone significantly suppressed tumor

growth, but their combination with anti-PD-1 produced the strongest efficacy, with 83.3% of mice

achieved complete tumor regression. No significant weight loss was observed in any group during

the treatment period.
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To further evaluate the antitumor immune response priming, multiparametric immune profiling was

conducted on day 12. As shown in Figure 6i, CLP-NPs + anti-PD-1 combination therapy significantly

increased the infiltration of mature DCs in tumors compared to either PBS or CLP-NPs treated mice,

suggesting the induction of local antigen processing, which is essential for the downstream adaptive

immunity priming. In TDLNs, CLP-NPs and anti-PD-1 combination treatment significantly increased

the proportion of both activated CD8* T cells and CD4* T cells (Figure 6j-6k). Furthermore, in the

spleen, the combination treatment significantly elevated the abundance of central memory T cells

(Tcm) and effector memory T cells (Tem) within both CD8* and CD4* T cell compartments (Figure 6l

and S14), indicating enhanced long-term immune surveillance and the establishment of durable

antitumor immune memory. In peripheral blood, although the Tcm levels among CD8* T cells

remained relatively stable after CLP-NPs and anti-PD-1 combination treatment, the proportion of

Tem significantly increased (Figure S15). This may be attributed to Tcm primarily residing in

secondary lymphoid organs, while Tem cells are more widely distributed in peripheral tissues [45]

Importantly, histological analysis revealed no significant pathology in major organs (heart, liver,

spleen, lung, and kidney) after CLP-NPs and CLP-NPs + anti-PD-1 treatments (Figure S16). In

summary, combining CLP-NPs and anti-PD-1 effectively overcomes compensatory checkpoint

upregulation, promotes DC infiltration, enhances functional memory T cells, and strengthens

systemic antitumor immune responses. This combinatorial strategy thus represents a promising

chemo-immunotherapeutic paradigm for a powerful and durable tumor control.
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after indicated treatments (n = 6). (g) Average body weight of mice after indicated treatments (n =

6). (h) Individual tumor growth curves in (e). (i) Percentages of CD80*CD86" cells among CD11c* cells

in tumor tissues (n = 5). (j) Representative flow cytometry analyses and percentages of CD69* cells

among CD8* T cells in TDLNs (n = 5). (k) Percentages of CD69* cells among CD4* T cells in TDLNs (n =

5). (I) Representative flow cytometry analyses and percentages of CD44*CD62L* Tcm and

CD44*CD62L Tem among CD8* T cells in spleen (n = 5). i.t.: Intratumoral. i.v.: Intravenous. Statistical

significance was calculated via t-test in b and ¢, two-way ANOVA test in e, the log-rank test in f, and

one-way ANOVA test in g, i-l. The data are presented as mean % SD. *p < 0.05, **p < 0.01, ***p <

0.001.

CONCLUSIONS

In summary, we have developed CLP-NPs as a spatiotemporally synchronized nano-platform to

achieve potent cancer chemo-immunotherapy. By integrating the chemotherapeutic agent PPT with

the multi-valent immune agonist CS-5BThi, CLP-NPs effectively bridge direct tumoricidal activity with

robust immune priming. The unique bioadhesive properties of this platform enable

adhesion-mediated retention, ensuring a prolonged presence within the tumor and facilitating

multi-valent engagement with PRRs for sustained immune activation. This strategy not only

enhances the therapeutic window of conventional chemotherapy but also successfully remodel the

tumor microenvironment, leading to durable tumor control and systemic antitumor immunity in a

murine colorectal cancer model. Given its modular design and exceptional therapeutic performance,

the CLP-NPs platform represents a promising translational framework for the development of

next-generation cancer therapies.
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