
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t t p  : / /  c r e a  t i  
v e c  o m m  o n s .  o r  g / l  i c e  n s e s  / b  y - n c - n d / 4 . 0 /.

Yen et al. Journal of Nanobiotechnology          (2025) 23:124 
https://doi.org/10.1186/s12951-025-03129-z

Introduction
Lung cancer remains a significant contributor to cancer-
related mortality, with immunotherapies emerging as 
promising avenues for treatment. Specifically, immune 
checkpoint inhibitors (ICIs), such as programmed cell 
death-1 (PD-1)/programmed cell death ligand-1 (PD-
L1) inhibitors, have shown efficacy in reversing immune 
escape and eliciting antitumor responses. However, resis-
tance to monotherapy poses a challenge, limiting the 
benefits to only a subset of patients [1]. Transforming 
growth factor-β (TGF-β), known for its role in immune 
homeostasis, also plays a crucial role in facilitating 
immune evasion [2–4] and metastasis [5]. Substantial 
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Abstract
Immune checkpoint inhibitors (ICIs) have revolutionized lung cancer treatment, yet resistance remains a challenge. 
Co-inhibition of PD-1/PD-L1 and TGF-β shows promise but faces limited efficacy and systemic toxicity. We 
developed gelatinase-responsive nanoparticles (GPNPs) delivering anti-PD-1 antibody (αPD-1) and TGF-β receptor 
I inhibitor galunisertib (Gal). GPNPs effectively inhibit tumor progression without observed side effects. Immune 
profiling by cytometry assay reveals robust recruitment of both activated and exhausted tumor-infiltrating 
lymphocytes (TILs) and macrophages. Transcriptomic analysis indicates extracellular matrix modulation, supported 
by reduced collagen deposition and αSMA expression. Fate mapping demonstrates attenuation of Pdgfrα+ 
fibroblast transition to αSMA myofibroblasts, potentially reversing “immune-exclusive” status. This study validates 
GPNPs as a promising lung cancer immunotherapy platform, offering mechanistic insights for clinical translation 
and therapeutic enhancement.
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studies suggest that concurrent targeting of PD-1/PD-L1 
and TGF-β pathways could enhance antitumor efficacy 
by overcoming immune checkpoint protein binding and 
improving cytotoxic T lymphocyte (CTL) infiltration [6–
10]. Despite the potential advantages, challenges such as 
limited drug penetration and systemic side effects hinder 
the clinical application of this combinative strategy [11, 
12].

Previously, we described gelatinase-stimulated 
nanoparticles composed of methoxy poly (ethylene gly-
col) (mPEG), gelatinase-cleavable peptide Pro-Val-Gly-
Leu-Iso-Gly (PVGLIG), and poly (ε-caprolactone) (PCL) 
(mPEG-PVGLIG-PCL). This nanoparticle system allows 
for targeted drug delivery and prolonged retention at 
gelatinase-rich tumor sites, potentially reducing nonspe-
cific release and associated side effects [13]. Further, the 

core-shell structure allows for the simultaneous loading 
and delivery of both hydrophobic and hydrophilic drugs, 
facilitating a synergistic effect. In this study, by incorpo-
rating both αPD-1 antibody (αPD-1) and TGF-β recep-
tor I inhibitor galunisertib (Gal, LY2157299) onto these 
nanoparticles (referred to as GPNPs), we aim to address 
both immunotherapeutic resistance and treatment-
related side effects.

Using a lung cancer syngeneic murine model with poor 
immunogenicity [14, 15], we hypothesize that GPNPs can 
disrupt the collagenous extracellular matrix (ECM) bar-
rier and improve immunotherapeutic efficacy. We profile 
immune- and ECM-associated transcriptomic signatures 
using cytometry-based techniques and RNA sequenc-
ing, respectively, to elucidate the mechanisms underlying 
these effects. Additionally, we trace the lineage and fate 

Fig. 1 Schematic illustration of systemic αPD-1/Gal-loaded gelatinase-responsive nanoparticle (GPNP) injection to enhance tumor immunotherapy 
through modulation of the tumor microenvironment. GPNPs, consisting of αPD-1, Gal, and gelatinase-responsive nanoparticles, were administered sys-
temically. Upon arrival at gelatinase-rich tumor microenvironments, GPNPs underwent enzymatic degradation, leading to activated immune cell reflux 
and transcriptomic alterations, including extracellular matrix (ECM) remodeling, epithelial-to-mesenchymal transition (EMT), suppression of fibroblast-to-
myofibroblast transition (FMT), and modulation of immune crosstalk
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of fibroblasts, the main contributors to ECM and colla-
gen production, using a transgenic murine model (Fig. 1).

This study aims to contribute insights into the advance-
ment of gelatinase-responsive nanoparticle-based drug 
delivery strategies, with the objective of overcoming 
immunotherapeutic resistance and augmenting treat-
ment outcomes in lung cancer.

Results
Fabrication and characterization of GPNPs
Methoxy-PEG-PVGLIG-PCL was synthesized through 
an amidation reaction (Fig.  2A and Fig. S1A). GPNPs 
were then formulated by loading αPD-1 and Gal onto 
mPEG-PVGLIG-PCL using the double emulsion method 
(Fig.  2A). Transmission electron microscopy (TEM) 

Fig. 2 Fabrication and characterization of Gelatinase-Responsive Nanoparticles (GPNPs). (A) Schematic illustration of GPNP preparation. (B) Transmission 
electron microscopy (TEM) image showing the round-shape morphology of GPNPs. (C) Size histogram of the size distribution of GPNPs measured by dy-
namic light scattering (DLS). (D)In vitro drug release profiles of GPNPs. (E) Stability assessment of GPNPs over time, measured by changes in sizes and zeta 
potentials using DLS method. (F) Cell viability assay conducted on Lewis lung carcinoma (LLC) cells after incubation with different formulations of GPNPs 
for 24–48 h. (G) Quantification of interferon-gamma (IFNγ) secretion in drug-containing medium from a co-incubation system of cytokine-induced killer 
(CIK) and H1299 cells (at a ratio of 10:1). (H)In vivo targeting capability evaluation of nanoparticles carrying DiR near-infrared dye. PBS, phosphate buffer 
saline; αPD-1, anti-PD-1 antibody; Gal, TGF-β receptor I inhibitor galunisertib; GPNP, gelatinase-responsive nanoparticles

 



Page 4 of 17Yen et al. Journal of Nanobiotechnology          (2025) 23:124 

revealed the spherical morphology of GPNPs (Fig.  2B). 
GPNPs exhibited a neutral surface charge (0.1136 ± 0.158) 
and hydrodynamic diameters of 224.67 ± 2.40 nm, with a 
low polydispersity index (0.29 ± 0.04) (Fig. 2C). The load-
ing capacity of αPD-1 and Gal was 11.37 ± 0.30% and 
4.32 ± 0.11%, respectively, with corresponding encapsula-
tion efficiencies of 75.68 ± 1.04% and 47.50 ± 0.12%. Over 
40% of αPD-1 and 15% of Gal in GPNPs were released 
within 50  h (Fig.  2D). No significant changes in sizes 
and zeta potentials were observed over time, indicating 
the stability of GPNPs (Fig. 2E and Fig. S1B). Cell viabil-
ity and IFNγ secretion assays demonstrated that GPNPs 
with different formulations exhibited minimal cytotox-
icity (Fig. 2F) but enhanced immune function (Fig. 2G). 
Interestingly, the killing assay showed no superior effi-
cacy at a ratio of 20:1 in the αPD-1/Gal group compared 
to the GPNP group (Fig. S1C, D). The targeting capability 
of the carrier was confirmed by the aggregation of DiR-
loaded nanoparticles at tumor sites within 40 h (Fig. 2H 
and Fig. S1E).

Antitumor efficacy and toxicity evaluation of GPNPs
Subsequently, we evaluated the antitumor efficacy of 
GPNPs in a subcutaneous Lewis lung carcinoma (LLC) 
murine model. Mice were treated when the tumor vol-
ume reached approximately 100  mm3 (Fig.  3A). GPNPs 
were administered once a week for a total of two doses. 
Tumors in mice treated with saline and αPD-1 exhibited 
aggressive growth. GPNPs induced substantial inhibition 
of tumor growth, while a modest delay in tumor growth 
was observed in mice treated with αPD-1/Gal (Fig.  3B-
D). Moreover, 60% of the treated mice survived 18 days 
after the initiation of GPNPs treatment, whereas αPD-1/
Gal treatment conferred minimal survival benefits 
(Fig.  3E). In an A549-harboring BALB/c nude mice 
model (Fig. S2A), with combination of CIK cells (Fig. 
S2B), the GPNP-treated group showed delayed tumor 
growth (Fig. S2C) and prolonged survival (Fig. S2D), sug-
gesting immune-boosting capabilities. Given the criti-
cal role of long-term immune memory in determining 
immunotherapeutic efficacy, we conducted a reseeding 
assay using the LLC murine model. A decrease in tumori-
genesis incidence and a reduction in tumor growth rate 
in mice previously treated with GPNPs were observed 
(Table S1 and Fig. S3).

During the treatment, we monitored the body weights 
of mice, and no significant weight changes were observed 
(Fig. 3F). At the end of the regimens, major organ speci-
mens were excised from the mice and stained with 
hematoxylin and eosin (H&E, Fig. S4A), revealing no dis-
cernible histological alterations. Moreover, no significant 
differences in serum biomarkers related to cardiac (Fig. 
S4B), liver (Fig. S4C), and renal (Fig. S4D) function were 
detected among the groups. However, a slight increase 

in cardiac biomarkers was observed in the αPD-1 group 
(Fig. S4B), indicating a potential heightened risk of car-
diac disease induction.

These findings collectively indicate that the adminis-
tration of GPNPs effectively enhanced the anti-tumor 
response and promoted the development of long-term 
immunity.

Immune signatures in TME
Given the demonstrated capability of GPNPs to exhibit 
prominent antitumor efficacy in vivo, the context of 
tumor heterogeneity remained poorly understood. 
Hence, we investigated the immunophenotyping signa-
tures using flow cytometry to elucidate the landscape 
of the tumor microenvironment (TME, Table S2). Both 
GPNPs (p = 0.0051) and αPD-1/Gal (p = 0.0151) treat-
ments facilitated the infiltration of CD8+ T cells compared 
to the control (Fig. S5A). GPNPs treatment increased 
the ratio of both early activated CD38+CD8+(Fig.  4A) 
and CD69+CD8+ (Fig. S5B) T cells relative to αPD-1/Gal 
(p = 0.0136, p = 0.2537), αPD-1 (p = 0.0106, p = 0.0127), 
or the control (p = 0.0113, p = 0.0295). Interestingly, 
GPNPs treatment also increased the ratio of dysfunc-
tional T cells, PD-1+CD8+ T cells, relative to αPD-1/
Gal (p = 0.0126), αPD-1 (p = 0.0155), or the control 
(p = 0.0256) (Fig. 4B).

In addition to its effects on CD8+ T cells, GPNP treat-
ment increased the infiltration of CD4+ T cells relative to 
αPD-1/Gal (p = 0.0083), αPD-1 (p = 0.0165) or the control 
(p = 0.0114) (Fig.  4C). GPNPs treatment increased the 
ratio of immunosuppressive Treg (p = 0.0215) (Fig.  4D) 
and PD-1+ Treg (p = 0.0112) (Fig. S5C) compared to the 
control (p = 0.0215 and p = 0.0112, respectively) and to 
αPD-1 (p = 0.0311 and p = 0.0137, respectively). However, 
activated CD69+ Treg increased after GPNPs treatment 
compared to the control (p = 0.032) (Fig. S5D).

Aside from lymphoid cells, GPNPs treatment affected 
monocyte/macrophage (Mo/Mf) populations. αPD-1/
Gal treatment decreased type I macrophages (M1) rela-
tive to αPD-1 (p = 0.0033) and the control (p = 0.0086) 
(Fig. S5E). GPNPs treatment decreased the ratio of type 
II macrophages (M2) relative to αPD-1 (p = 0.0006) 
(Fig.  4E). As a measurement for evaluating the domi-
nant role of macrophages, higher M1/M2 ratio was dis-
covered in αPD-1 group when compared with αPD-1/
Gal (p = 0.0007) and the control (p = 0.0305). (Fig. S5F). 
Although GPNP group did not obtain a better M1/M2 
ratio compared to the control, it showed a superior M1/
M2 ratio when compared with αPD-1/Gal group with 
higher pro-inflammatory M1 ratio and lower anti-inflam-
matory M2 ratio.

To comprehensively understand the immune composi-
tion, we simultaneously screened a total of 41 immune-
associated markers by using cyTOF. More than 37 
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clusters were identified (Table S3) and could be charac-
terized as Mo/Mf, T cells, B cells, dendritic cells (DCs), 
myeloid-derived suppressor cells (MDSCs) and their sub-
types (Fig. 4F). In general, Mo/Mf occupied the majority 
of the immune infiltration population (Fig. S6A). Com-
pared to other regimens, GPNP treatment demonstrated 
a distinct phenotypic T cell profile within the tumor, 
characterized by the highest proportion of CD8 + T cells 

and the lowest percentage of CD4 + regulatory T cells 
(Fig. 4G and Fig. S6B). In Mo/Mf, PD-L1+CD38+CD206+ 
M2 macrophages and PD-1+CD38+MHCII-/lowCD206+ 
M2 macrophages were nearly absent in GPNP group.

Consistent with our results obtained by flow cytome-
try, the tumor after GPNP treatment showed an increase 
in activated CD8+ T cells (Fig.  4H) and total T cells 
(Fig.  4I), including Ly6C+CD38+CD69+PD-1+CD8+ T 

Fig. 3 In vivo therapeutic efficacy of gelatinase-responsive nanoparticles (GPNPs) in the Lewis lung carcinoma (LLC) model. (A) Treatment regimen: 
C57BL/6 mice were subcutaneously implanted with LLC cells (2 × 106) and intraperitoneally administered with different formulations once the tumor 
reached ~ 100 mm3. The weekly dosages of αPD-1 and Gal were 10 mg/kg and 150 mg/kg, respectively. In the αPD-1/Gal group, Gal was administered 
three times a week. GPNP and saline were administered once a week. (B) Tumor growth curves following different treatment (n = 6 per group). (C) Tumor 
specimens of group αPD-1/Gal and group GPNP at the end of the regimens in the Lewis lung carcinoma (LLC) model. (D) Individual tumor volume 
changes in each mouse across different treatment groups (n = 6 per group). (E) Kaplan-Meier curves for survival of mice (n = 6 per group). (F) Body weight 
changes with different regimens (n = 6 per group). NS, normal saline; αPD-1, anti-PD-1 antibody; αPD-1/Gal, anti-PD-1 antibody and TGF-β receptor I 
inhibitor galunisertib; GPNP, gelatinase-responsive nanoparticles
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cells. In addition, the results of cyTOF showed that the 
expression of PD-1+ in T cells (Fig. 4J) and CD8+T cells 
(Fig.  4K) in the GPNP group was significantly higher 
than that in the other groups, which was also consistent 
with our flow cytometry results. It is worth mentioning 
that we also found a population of PD-1-CD4+ memory 
T cells (Fig.  4L), which were highly expressed in the 
GPNP group, suggesting that CD4+ T cells may play a 
major role in the effect of GPNP treatment on immune 
memory. The proportions of Treg cells (Fig. 4M) and M2 
cells (Fig. 4N) showed a similar trend in cyTOF and flow 
cytometry results.

In general, the disparities between groups mainly 
focused on M1, M2 and CD8+ T cells, especially when 
integrated with functional markers, including activation 
(CD38, CD69), immune checkpoint (PD-1, PD-L1).

Further, we performed bulk mRNA sequencing (RNA-
seq) to evaluate transcriptomic differences of TME 
between tumors treated with and without nanoparticles. 
When analyzing the differential gene expression between 
the αPD-1/Gal and GPNP groups, we excluded the 
GPNP-3 data to mitigate the aberrant pattern observed 
in the GPNP group (Fig. S7A). Comparing αPD-1/
Gal group with GPNP group, two up-regulated genes 
(Ccl21d, Atn1) and 40 down-regulated genes were uncov-
ered (|log2Fc| > 1, FDR < 0.05) (Fig. S7B). Among these 
genes, αPD-1/Gal up-regulated Ccl21d, while Slc7a2, 
Cxcl5, Il1rn, Cxcl2, Cxcl12, and Ccl11 were preferably 
up-regulated in GPNP group. Sfrp2, Slc7a2, Cdh11 and 
Fbln7, which involved in macrophage reprogramming, 
were also differential expressed (Fig. 5A, B).

Fig. 4 GPNPs elicit distinct immune profile in LLC tumor-bearing mice. Flow cytometry results of (A) CD38+ Cytotoxic T lymphocytes (CTLs), (B) PD-
1+CTLs, (C) CD4+ T cells, (D) CD25+CD127-/dim Treg cells, (E) M2 in TME after different treatments. (F), tSNE plot showing cell clusters with corresponding 
identity, (G) Histogram displaying cell proportion of T cells in each group. Proportion of (H) CD8+Teff, (I) total T cells, (J) PD-1+T cells, (K) PD-1+CD8+T cells, 
(L) PD-1-CD4+ Tem, (M) Treg, and (N) M2 per group according to cyTOF. CTLs, Cytotoxic T lymphocytes; Treg, regulatory T cells; M2, alternatively activated 
macrophages; Teff, effector T cells; Tem, effective memory T cell; NS, normal saline; αPD-1, anti-PD-1 antibody; αPD-1/Gal, anti-PD-1 antibody and TGF-β 
receptor I inhibitor galunisertib; GPNP, gelatinase-responsive nanoparticles; ns, not significant, p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 5 RNAseq analysis of αPD-1/Gal vs. GPNP treatment. (A) The volcano map of differentially expressed genes. The red dots of significant genes were 
up-regulated and the blue dots were down-regulated. (B) Heatmap of genes related to chemokines, macrophage reprogramming, cardiomyopathy, 
TGF-β signaling engagement and collagen deposition. (C) Go enrichment histogram. The abscissa is the percentage of genes and the ordinate is the 
corresponding enriched GO terms. (D) Scatter plot of KEGG enrichment. The vertical axis represents the name of the pathway, and the horizontal axis 
represents the rich factor. The size of the dots indicates the number of differentially expressed genes in the pathway, and the color of the dots corresponds 
to different P value ranges. αPD-1/Gal, anti-PD-1 antibody and TGF-β receptor I inhibitor galunisertib; GPNP, gelatinase-responsive nanoparticles
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Fig. 6 (See legend on next page.)
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ECM modification in TME
By conducting bulk RNAseq analysis, we observed that 
GPNP treatment exerted a discernible impact on ECM 
remodeling. Specifically, genes associated with collagen 
deposition, including Col1a1, Col1a2, Col12a1, Col3a1 
and Col5a2, were significantly up-regulated in the GPNP 
group (Fig.  5B). Additionally, there were notable differ-
ences in the expression of genes related to the TGF-β 
signaling pathway (Pmepa1, Sfrp2 and Cdh11) as well as 
cardiomyopathy-related genes (Sfrp21 and Eef1a2), when 
compared to the control group receiving only the drug 
(Fig. 5B).

Gene Ontology (GO) enrichment revealed that the 
42 genes were significantly associated with chemotaxis, 
immune response, cell adhesion, negative regulation of 
cell growth, extracellular matrix organization, collagen 
fibril organization, negative regulation of cell growth, 
negative regulation of cell migration, neutrophil che-
motaxis, non-canonical Wnt signaling pathway, cellular 
response to fibroblast growth factor stimulus, chemo-
kine-mediated signaling pathway, cellular response to 
IL-1, cellar response to tumor necrosis factor and posi-
tive regulation of canonical Wnt signaling pathway 
(Fig.  5C). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment showed that 5 pathways were 
involved, including chemokine signaling pathway, protein 
digestion and absorption, and cytokine-cytokine receptor 
interaction (Fig. 5D).

To our best knowledge from the above findings, the 
synergy effect of αPD-1 and Gal were more likely to be 
correlated to the degradation of extratumoral collagen. 
Therefore, we decided to further investigate through sin-
gle-cell RNA sequencing (scRNAseq) and fate mapping 
model in an attempt to rationalize the chaos of ECM in 
TME.

Single-cell transcriptomes of a GPNP-treated tumor 
were obtained from a total 10,726 cells with mean 33,559 
reads/cell and median 2,939 genes/cell. Unbiased clus-
tering of cells identified 16 main clusters and could be 
categorized into 5 major cell types, including cancer-
associated fibroblasts (CAF, 78.53%), tumor-associated 
macrophages (TAM, 10.48%), T cells (8.87%), endo-
thelial cells (1.65%) and granulocytes (0.47%) (Fig.  6A-
D) [16]. Marker genes were identified and displayed by 
clusters (Fig. S8). To better understand the heterogeneity 
of each cell type, regarding the lack of general consen-
sus on the definite classification [17], manual annota-
tion was performed based on the expression of specific 

cellular markers. Cells in cluster 0 expressed high levels 
of Tm4sf1, Fosb, Hspb8, Bag3, Dnajb1, Dnajb4, Errfi1 and 
Serpine 1 were identified as migratory CAF. Cluster 2 was 
classified as proliferative CAF since the broad expression 
of proliferation-associated genes (Ube2c, Birc5, Ccna2, 
Cnb1, Ccnb2, Cdc20, Cenpa, Tpx2, Racgap1, Hmmr, Plk1, 
Cenpe, Cenpf, Prc1, Top2a, Anln, Cks1b, H1f0). With high 
expression of Cd274 (alias PD-L1) and IFN-related genes 
(Igtp, Gbp2, Ifit3, Ifit1, Iigp1, Irgm1, Isg15, Ifit2), cluster 
4 was categorized as immunomodulatory CAF. While 
high-expression genes in cluster 5 were mostly involved 
in nucleic acid metabolism (Pclaf, Rrm2, Tk1), cluster 6 
engaged more in proteolysis activity (Igfbp4, Cfh, Fn1). 
Cluster 14, in particular, highly expressed collagen gene 
family (Col1a2, Col5a2, Col6a2, Col15a1, Col14a1, 
Col12a1, Col6a3, Col1a1, Col3a1, Col6a1, Col5a3, 
Col5a1, Col4a2) and other ECM-modifying genes (Dcn, 
Fbln2, Lox, Postn, Serpina3n, Mfap5, Sod3, Timp3, Thbs4, 
Adamts2, Ctsk, Osmr, Serpine2, Cygb, Abi3bp, Cilp, 
Antxr1, Colec12, Mrc2, Loxl2, Dpt, Spon1, Lum, Inhba, 
Loxl1, Igfbp7, Ltbp2, Fn1, Serpinb2, Bmp1, Nid1, Spp1) 
and was therefore designated as matrix remodeling CAF. 
Of note, no significant myofibroblast-related gene expres-
sion (i.e. Acta2) was observed in GPNP-treated tumor. 
Cluster 7, cluster 10, cluster 11, cluster 12, cluster 13 
and cluster 15 were defined as CD4 T cells (Cd28, Cd3d, 
Cd3e, Cd3g, Cd4, Cd69, Ctla4, Icos, Pdcd1, Tnfrsf9), M1 
(Cd68, Fcgr3, Msr1 Cd14), M2 (Csf1r, Mec1, Msr1), CD8 
T cells (Cd28, Cd3d, Cd3e, Cd3g, Cd8a), endothelial cells 
(Pcam1, Cdh5, Kdr, Tspaan7, Edn1) and granulocytes 
(Itgam, Cd80, Fcgr3), respectively, with their unique gene 
signatures.

Among all clusters, cluster 14 revealed particular signa-
tures in accordance with bulk sequencing results (Col1a2, 
Col5a2, Cxcl12, Cxcl5, Postn, Sfrp2, Gas1, Ccl11, Ctsk, 
Serpine2, Cyp1b1, Sfrp1, Col12a1, Bgn, Pmepa1, Saa3, 
Col1a1, Spon1, Col3a1) and was further analyzed to 
explore its potential role in GPNP-treated tumor. The GO 
enrichment analysis showed upregulated genes in ECM 
remodeling cluster enriched in 13 cellular components, 
44 molecular functions and 385 biological processes. Cel-
lular components of upregulated genes mainly located 
at collagen-containing ECM, basement membrane and 
secretory granule (Fig. S9A). Molecular functions, on the 
other hand, focused on ECM binding, PDGF binding, 
chemokine binding, proteoglycan binding, cell adhesion 
molecule binding, Smad binding, oxidoreductase activ-
ity and metallopeptidase (Fig. S9B). Enriched biological 

(See figure on previous page.)
Fig. 6 scRNAseq analysis of GPNP-treated tumor. (n = 1) (A) Percentage of 16 clusters identified by Seurat package. (B) Percentage of 16 clusters. (C) tSNE 
of 5 major cell types (fibroblast, macrophage, T cell, endothelial cell and granulocyte) based on SingleR package. (D) Percentage of 5 major cell types, 
including fibroblasts (78.53%), macrophages (10.48%), T cells (8.87%), endothelial cells (1.65%) and granulocytes (0.47%). (E) Scatter plot of cluster 14 GO 
enrichment regarding matrix remodeling. NS, normal saline; αPD-1, anti-PD-1 antibody; αPD-1/Gal, anti-PD-1 antibody and TGF-β receptor I inhibitor 
galunisertib; GPNP, gelatinase-responsive nanoparticles
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processes included matrix remodeling (collagen depo-
sition, proteolysis, protein phosphorylation) (Fig.  6E), 
immune crosstalk (chemokine, leukocyte, monocyte/
macrophage, complement) (Fig. S10), cellular behavior 
(cell growth, proliferation, apoptosis, secretion, adhesion, 
motility) (Fig. S11), metabolic effects (oxygen, hormone, 
retinoid, lipid), homeostasis (coagulation) and signaling 
crosstalks (TGF-β pathway, BMP pathway, Wnt pathway) 
(Fig. S12). KEGG enrichment analysis showed connec-
tion with ECM-receptor interaction, protein digestion 
and absorption, cytokine-cytokine receptor interaction, 
complement and coagulation cascades, focal adhesion, 
proteoglycans in cancer, phagosome, IL-17 signaling, 
chemokine signaling, TNF signaling, relaxin signaling 
and TGF-β signaling pathways (Fig. S13). Similar to the 
results from GO enrichment assay, Reactome enrichment 
analysis displayed correlations with ECM organization, 
PDGF signaling, cell motility, regulation of insulin-like 
growth factor (IGF) transport and uptake by IGF binding 
proteins (IGFBPs), complement cascade, IL-6 signaling, 
chemokine, o-glycosylation, laminin interaction, coagu-
lation, eNOS activation, and lipoprotein regulation. (Fig. 
S14).

Contribution of fibroblasts in collagen deposition and 
fibroblast fate mapping
To verify the alterations in ECM indicated by transcrip-
tomic assays, we performed Masson’s trichrome analy-
sis of tumor tissues and observed high level of collagen 
deposition, especially perivascular area, in the control 
group while αPD-1/Gal and GPNPs groups were stained 
almost negative (Fig.  7A). The phenomenon confirmed 
the ECM remodeling transcriptomic alterations in RNA 
sequencings. Thus, we hypothesized that the collagen 
barrier confined the infiltration of immune cells and 
brought about the discrepancy between the efficacy of 
different treatments.

Fibroblasts were the major component in extracellu-
lar matrix and, to a great extent, contributed to collagen 
formation once activated [18]. In light of the hints from 
Masson’s trichrome staining and RNA sequencing, we 
sought to explore the underlying mechanism of collagen-
associated transformation induced by fibroblasts after 
therapeutic interventions. To understand the extent of 
fibroblast-to-myofibroblast transition, we performed 
immunohistochemistry and observed overwhelming 
expression of αSMA, a myofibroblast-specific marker, 
in the control group in comparison with GPNP group 
(Fig. 7B).

Moreover, we selected Pdgfrα as the target regard-
ing its implication as progenitors in fibroblast lineage 
and the results from RNAseq.  To disclose the lineage 
potency, we established a Pdgfrα-Cre; Rosa26-CAG-LSL-
tdTomato (Pdgfrα-Cre/TdT) transgenic murine model for 

fate mapping assay, where Pdgfrα+cells could be traced by 
permanent tdTomato fluorescence driven by Cre recom-
binase transcription (Fig.  7C). The model was further 
validated by genotypic assay and fluorescence examina-
tion (Table S5 and Fig. S15 A-D). At day 14 from tumor 
formation, we discovered co-localization of pdgfrα and 
αSMA in NS and αPD-1 groups (Fig.  7D), confirming 
the existence of fibroblast activation and fibroblast-to-
myofibroblast transition (FMT) activity in TME. Con-
versely, we did not observe pdgfrα-αSMA co-expression 
in neither αPD-1/Gal- nor GPNP-treated group (Fig. 7D), 
suggesting that both of the treatments could stabilize 
fibroblasts by similar mechanism and the difference was 
too subtle that could only be revealed in transcriptomic 
level as evidenced by our RNA sequencing results. Inter-
estingly, co-localization of pdgfrα and vimentin existed 
in αPD-1/Gal group but not in GPNP group (Fig.  7D). 
Besides, pdgfrα co-localization with laminin and fibro-
nectin were observed, respectively, in αPD-1 group 
(Fig. 7D).

Discussion
Our study developed a biocompatible gelatinase respon-
sive nanocarrier loaded with αPD-1 and TGF-β recep-
tor I inhibitor. The nanoscale delivery system was able 
to effectively target tumor without apparent systemic 
loss. Prominent antitumor efficacy, long term memory 
and safety profile were demonstrated in immunologi-
cally “cold” LLC syngeneic murine model [14] and A549 
murine model. Applying GPNPs in lung cancer treatment 
allowed remodeling of TME (both immune system and 
ECM), arousing potent anti-tumor immune response and 
creating an immune-permissive environment (Fig. S16).

To interrogate the immune profile within TME sub-
jected to GPNP treatment, we employed the analysis of 
flow cytometry and cyTOF. From the results, GPNPs 
treatment increased the ratio of both early activated 
CD38+CD8+ (Fig. 4A) and CD69+CD8+ T cells (Fig. S5B), 
suggesting a higher proportion of activated cells medi-
ating cytotoxic activity, potentially contributing to the 
superior efficacy of GPNP treatment. In addition, there 
is an increased ratio of PD-1+CD8+ T cells (Fig.  4B, K) 
after GPNP treatment. PD-1 expression on CD8+ T cells 
is often associated with dysfunction and results in an 
exhausted signature within the tumor microenvironment. 
However, PD-1+CD8+ T cells have also been reported to 
exhibit equivalent functionality to PD-1-CD8+ T cells 
[19]. Therefore, the role of PD-1+CD8+ T cells as either 
proponents or suppressors of antitumor activity war-
rants further investigation. The up-regulation of the 
CD4+ T cell proportion (Fig.  4C) simultaneously pres-
ents a perplexing aspect, as it leads to an increase in both 
CD4+ T helper cells that promote antitumor responses 
and CD4+ Treg cells (Fig.  4D) with immunosuppressive 
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effects. Upregulation of Ly6C was also observed in 
CD8+T lymphocytes (Fig. S6, Table S3) in the TME of the 
GPNP group. Ly6C expression was marked as a memory 
marker correlated with CD8+ T cells IFNγ production 
after stimulation [20]. However, the role of PD-1 expres-
sion in activated Ly6C+CD8+ T cells remained unclear. 
Notably, PD-L1+CD38+CD206+ M2 macrophages and 
PD-1+CD38+MHCII-/lowCD206+ M2 macrophages were 
nearly absent in GPNP group (Fig. S6, Table S3). PD-L1 
was mainly expressed on M2 macrophages and its overex-
pression was proved to suppress tumor infiltrating CD8+ 
T cell function [21]. On the other hand, MHCII-/low mac-
rophages were considered to be functionally impaired 
since the loss of antigen presenting connection with 
T cells and their PD-1 expression could be negatively 

associated with phagocytic potency against tumor cells 
[22]. Accordingly, our result highlights the quiescence of 
the immunosuppressive PD-L1+CD38+CD206+ M2 and 
PD-1+CD38+MHCII-/lowCD206+ M2 subsets might be the 
key to conquer “cold tumor” status.

To deepen our understanding of TME alterations, 
we conducted RNAseq analysis, revealing insights into 
both immune response and ECM dynamics within the 
GPNP-treated cohort. The immune-related differen-
tially expressed genes were predominantly enriched in 
cytokines and macrophage reprogramming within the 
tumor microenvironment. Ccl21d-encoded CCL21 pro-
tein, secreted by invasive tumors, was described to be 
involved in promoting tumor immune evasion by creat-
ing a tolerant stromal microenvironment [23]. Ccl21 was 

Fig. 7 Collagen deposition and fate mapping of Pdgfrα+ cells. (A) Collagen deposition of each treatment. (blue: collagen) (B) αSMA staining in NS 
and GPNP group. (C) Gene background of Pdgfrα-tracing murine model. (D) Co-localization of pdgfrα and fibroblast markers (αSMA, vimentin, laminin, 
fibronectin) in different group at day14. NS, normal saline; αPD-1, anti-PD-1 antibody; αPD-1/Gal, anti-PD-1 antibody and TGF-β receptor I inhibitor galu-
nisertib; GPNP, gelatinase-responsive nanoparticles
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also known to be a secondary lymphoid chemokine that 
attracted leucocytes except Tregs [24] while Ccl11 was 
reported to attract Tregs and promote epithelial-mes-
enchymal transition (EMT), which might provide a clue 
to the difference in Treg percentage of αPD-1/Gal group 
and GPNP group in TME [25, 26]. Cxcl5, Cxcl2, Cxcl12 
were known to direct and activate migration of immune 
cells in solid tumors, including neutrophils and CD8+ 
T cells and Slc7a2 and Il1rn worked as the upstream 
strain of those CXC chemokines [27], demonstrating that 
not only CD8+ T cells but neutrophils might hold great 
importance in enhancing GPNP therapeutic efficacy. 
Sfrp2 could promote M1 polarization as well as macro-
phage migration [28]. Slc7a2 and Fbln7 could prevent 
M2 activation and differentiation [29, 30]. Cdh11, on the 
other hand, could prevent impaired monocyte-to-macro-
phage differentiation and phagocytic function [31]. In all, 
higher expression of Sfrp2, Slc7a2, Cdh11 and Fbln7 in 
GPNP group secured macrophage production, promoted 
a shift to M1 and prevented M2 activation, which was 
consistent with our cytometry results with higher per-
centage of M1 and relatively lower percentage of M2. For 
ECM dynamics, in GPNP group, we discovered a highly 
expressed gene Pmepa1 that could sequester TGF-β 
signaling downstream Smad proteins from active par-
ticipation, suggesting that our GPNP might have a better 
efficiency in TGF-β inhibitor delivery (Fig. 5B) [32]. Sfrp2 
and Cdh11 were both engaged in TGF-β-induced fibro-
blast-to-myofibroblast transition (FMT). MMP12 took 
part in macrophage-to-myofibroblast transition (MMT) 
and was correlated with suppression of lung cancer 
growth, angiogenesis and metastasis [33–35]. Myofibro-
blasts were the main source of collagen in ECM, which 
were derived from fibroblasts or contributed by macro-
phages. Ctsk and MMP12 encoded a collagenolytic lyso-
somal cysteine protease and macrophage-secreted matrix 
metalloprotease, respectively [36, 37]. Both genes were 
of importance for collagen degradation. Interestingly, 
we also found upregulation of a serial of fibrillary colla-
gen genes (Col1a1, Col1a2, Col12a1, Col3a1, Col5a2) in 
GPNP group.

As for GO enrichment analysis, Wnt signaling was 
proved to be required for TGF-β-mediated fibrosis [38]. 
As we looked into the genes (COL1A1, SFRP1, SFRP2, 
PTK7) enriched in this term, we found that all 4 genes 
were significantly upregulated in GPNP group relative 
to αPD-1/Gal group. SFRPs were reported to modulate 
ECM and suppress tumors by downregulating Wnt sig-
naling [39]. PTK7 was also proposed as a Wnt signaling 
inhibitor [40]. The results might be able to serve as a hint 
for the alteration in ECM and superior GPNP efficacy.

Further results of scRNA-seq revealed more infor-
mation related to ECM remodeling. And interest-
ingly, IGFBPs were reported to associated with drug 

sensitization in lung cancer cells [41]. Of note, both GO 
and Reactome analysis exhibited enrichment in PDGF 
signaling, a pathway strongly associated with fibroblast 
activation, proliferation, migration and transition [18]. 
This inspired us to further investigate with the following 
fate mapping model.

The subsequent Masson’s staining results further cor-
roborated the findings from RNA and scRNA sequenc-
ing, indicating that GPNPs exerted a stimulatory effect on 
immune cell infiltration by modulating the collagen bar-
rier. Additionally, fibroblast pdgfrα was chosen as the tar-
get for constructing a tracer mouse model. We observed 
co-expression of pdgfrα and vimentin in the αPD-1/Gal 
group but not in the GPNP group. Vimentin was a type 
III intermediate filament protein participated in cytoskel-
eton network formation, which was crucial for cellular 
invasion and metastasis, especially mesenchymal-origin 
cells EMT activity. Through binding with phosphory-
lated ERK and Rho kinase, vimentin could modify actin 
and initiate MAPK cascades [42]. The phenomenon 
might indicate nanoparticular prolonged and sustained 
release characteristics could better restrict tumor mobil-
ity. Besides, pdgfrα co-localization with laminin and 
fibronectin were observed, respectively, in αPD-1 group 
(Fig.  7D). Both laminin and fibronectin were the major 
adhesive glycoproteins and were reported to induce inte-
grin-dependent tumor cell invasion [43–45], supporting 
αPD-1 treatment as a potential promotor of invasiveness 
and migration in immune-resistant tumor.

Considerable attention has been directed towards 
investigating the efficacy of TGF-β inhibition in the 
context of cancer PD-1/PD-L1 immunotherapy, yield-
ing promising outcomes [6, 7, 10, 46–56]. For instance, 
Castiglioni et al. elucidated that concurrent blockade of 
TGF-β and PD-L1 facilitates the expansion and differen-
tiation of stem cell-like CD8 T cells, thereby sustaining 
treatment efficacy [46]. However, this study predomi-
nantly focuses on immune cells, overlooking the intricate 
interplay between immune cells and the TME. More-
over, the requirement for oral administration of insoluble 
TGF-β inhibition raises concerns regarding drug absorp-
tion reliability and prolonged latency attributable to 
digestive system dynamics. Recent studies by Zhou et al. 
have demonstrated that targeting mitochondrial metabo-
lism with albumin-based carriers can effectively block the 
PD-L1 and TGF-β pathways, showing promising poten-
tial to enhance tumor sensitivity to radiotherapy and che-
motherapy [55, 56]. However, these approaches often lack 
a deeper investigation into transcriptomic alterations 
within the tumor microenvironment, which could pro-
vide additional insights into the molecular mechanisms 
underlying treatment response. Additional challenges, 
such as unintended systemic side effects, underscore the 
necessity for safer and more efficient delivery methods, 
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coupled with a deeper comprehension of the underly-
ing mechanisms. Our study not only delves into immune 
profiles but also elucidates alterations in transcriptomic 
signatures within the TME. Furthermore, we investi-
gate the transition of fibroblasts, pivotal contributors to 
collagen, a primary component of the TME and critical 
contributor of immunotherapeutic resistance [15]. Lever-
aging our gelatinase-stimuli nanoparticles, we effectively 
demonstrate heightened efficacy without observable off-
target toxicity.

We acknowledge the presence of both biological and 
technical limitations in this study. Firstly, the sample size 
in each group is relatively small due to ethical consider-
ations aimed at minimizing animal sacrifice, which may 
introduce bias. Secondly, while preclinical models are 
invaluable tools, they may not entirely reflect the com-
plexity of clinical scenarios. In an effort to mitigate this 
limitation, we employed CIK cells and A549-harbering 
lung cancer model in this study, aiming to emulate the 
clinical setting as closely as possible. Thirdly, it’s impor-
tant to note that our immune profiling data may not 
encompass all immune cell types, and our transcriptomic 
profiling may not be exhaustive due to technical con-
straints. To address this, we employed cyTOF and scRNA 
sequencing methodologies to maximize our exploratory 
capabilities. Hence, it is evident that further studies are 
warranted to overcome these limitations and provide 
a more comprehensive understanding of the subject 
matter.

In conclusion, this study supports the role of gelatin-
ase-stimulated nanoparticles in enhancing the synergy 
of TGF-β and PD-1 inhibition. It also reveals changes in 
immune profiles and transcriptomic signatures within 
the TME, thereby providing insights into the underly-
ing mechanisms. We believe this study presents a viable 
strategy for effectively integrating tumor immunotherapy 
with nanotechnology.

Materials and methods
Chemical and reagents
N-hydroxylsuccinimide functionalized methoxypolyeth-
yleneglycol (mPEG-NHS, PEG average Mn 5,000) and 
polycaprolactone-amine (PCL-NH2, PCL average Mn 
10,000) were purchased from Ruixi biological Techonol-
ogy (Xian, China). Dichloromethane (DCM) and poly-
vinyl alcohol (PVA) were purchased from Macklin 
(Shanghai, China). Peptide PVGLIG was obtained from-
ChinaPeptides (Shanghai, China). Mouse (clone: RMP1-
14) and human anti- programmed death-1monoclonal 
antibody (αPD-1) were purchased from Bio X Cell (USA) 
and Innovent Biologics (Jiangsu, China), respectively. 
Galunisertib (Gal, TGF-β receptor I inhibitor) was pur-
chased from TargetMol Chemicals (USA). DiR iodide 
was purchased from Bridgen (Beijing, China).

Cell lines
Mouse Lewis lung carcinoma (LLC) cell line, human 
A549 lung adenocarcinoma cell line and human NCI-
H1299 lung adenocarcinoma were purchased from the 
Cell Bank of Shanghai Institute of Biochemistry and Cell 
Biology and were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM, Basalmedia, Shanghai, China contain-
ing 10% fetal bovine serum (FBS, Lonsera, Shanghai, 
China) and 100U ml-1 penicillin/streptomycin (Beyotime 
Biotechnology, China). All cells were incubated at 37℃ 
with 5% CO2 humidified atmosphere.

Fabrication and characterization
The mPEG-PVGLIG-PCL copolymer was synthesized via 
ring-open polymerization and twice amidation as pre-
viously described [13] and validated by proton nuclear 
magnetic resonance spectroscopy (1HNMR, Bruker, Ger-
many). Galunisertib and αPD-1 were loaded on the carri-
ers by double emulsion, referring as GPNPs. Briefly, 5 mg 
copolymer and 1  mg Gal were first dissolved in 0.5  ml 
DCM. After adding αPD-1, the mixture was emulsified 
immediately by sonication with Microson XL2000 (Miso-
nix, USA) in 1.5 ml 5% PVA (w/v) solution, followed by 
secondary emulsification in 4  ml 1.5% PVA (w/v) solu-
tion. The resultant was gently stirred at room tempera-
ture to remove organic solvent. Hydrodynamic size and 
zeta potential of GPNPs were measured by dynamic 
light scattering (DLS) using Zetasizer Nano ZS90 (Mal-
vern Instruments, UK). The morphology of the particle 
was visualized by transmission electron microscope 
(TEM, Model Tecnai 12, Philips, Holland). Drug loading 
and encapsulation were testified by Micro BCA protein 
assay kit (Thermo Scientific, USA) and 1200 series HPLC 
(Agilent Technologies, USA) (column: Agilent Eclipse 
XDB-C18, 4.6 mm*150 mm, 5 μm; column temperature 
40℃; flow rate: 1.5mL/min; mobile phase: water: ACN 
70:30; injection volume: 6ul). 1 mL of GPNPs were sealed 
in dialysis bag (14,000Da) and immersed in pH 7.0 PBS 
at 37℃. At predetermined time points, the media was 
drawn out and replaced with the same volume of PBS. 
The amount of drug release was examined by HPLC 
and BCA protein assay kit. Particle physiostability was 
observed by measuring the hydrodynamic diameter and 
surface charge every 3 days. Particles were stored at 4℃ 
before use and the experiment was replicated at least 3 
times and averaged.

Cytotoxicity
The cytotoxicity was evaluated by CCK-8 Cell Counting 
Kit (Vazyme, Jiangsu, China) according to the manufac-
turer’s instructions. Briefly, LLC and H1299 cells were 
seeded in the 96-well plates at a density of 5 × 103 cells 
per well and incubated at 37℃. Upon fully attached, 
the cells were incubated with fresh medium containing 



Page 14 of 17Yen et al. Journal of Nanobiotechnology          (2025) 23:124 

different concentration of GPNPs at 37℃ for another 
24–48 h. Then, the absorbance at 450 nm was measured 
after adding 10 µl CCK-8.

Isolation and preparation of CIKs
Blood collection was carried out in accordance with the 
guidelines verified and approved by the Ethics Commit-
tee of Drum Tower Hospital (2021-027-02). All patients 
provided informed consent. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from healthy donor 
using Ficoll density gradient and suspended in AIM-V 
(Gibico, USA). Non-adherent lymphocytes were col-
lected 2 h later and cultured with AIM-V containing 10% 
fetal bovine serum (FBS, Gibico, USA), 100 ng/ml OKT-3 
(eBioscience, USA), 300U/ml rhIL-2 (PeproTech, USA) 
and 10ng/ml rhIL-15 (PeproTech, USA). The medium 
was replaced by fresh AIM-V + 10% FBS containing 300 
U/ml IL-2 and 10ng/ml IL-15 every 2–3 days.

Killing assay
Human H1299 or murine LLC cells were stained with 
CFSE for 10  min and incubated in 37℃ avoid lights. 
Then CIK cells expanded from human PBMCs or spleno-
cytes of treated mice were incubated with CFSE-labeled 
tumor cells at an effector-to-target ratio (E: T) of 10:1 and 
20:1 in drug-containing medium at 37 °C for 24 h. Cells 
were collected ant stained with PI at 4 °C in darkness for 
20 min 6 h later. After washing for twice, the cells were 
suspended in FACS buffer before flow cytometry analysis 
with BD Accuri C6 (BD Biosciences, USA). Flow cytom-
etry analysis was performed using FlowJo V10.

IFNγ secretion
The detection of IFNγ was accomplished by using BD™ 
Cytometric Bead Array (CBA) Human IFNγ Kit (BD Bio-
sciences, USA) following the manufacturer’s instructions. 
Briefly, 105 H1299 cells were incubated with medium 
containing 106 CIKs and different formulations of drugs 
for 24  h and the supernatant was analyzed with BD 
Accuri C6 (BD Biosciences, USA). Flow cytometry analy-
sis was performed using FlowJo V10.

Animal experiments
6-to-8-week-old female C57BL/6, BALB/c nude mice 
and Pdgfra-Cre and Rosa26-CAG-LSL-tdTomato with 
C57BL/6 background were obtained from GemPhar-
matech (Nanjing, China). All animal experiments in this 
study were approved by the Ethics Committee of Drum 
Tower Hospital and the procedures were carried out in 
compliance with guidelines by the Ethics Committee of 
the Affiliated Drum Tower Hospital of Nanjing Univer-
sity Medical School (2023AE01083). Efforts were made to 
minimize animal suffering.

Lewis lung carcinoma syngeneic model
C57BL/6 mice were injected subcutaneously with 5 × 106 
LLC cells. Tumor sizes were monitored with a digital cal-
iper every 2 to 3 days. The model was established when 
tumor volume reached ~ 100 mm3.

 
Tumor volume = length × width2

2

Biodistribution
Particles were loaded with DiR by double emulsion. 
Following collection by centrifugation, DiR-labeled 
nanoparticles were washed and suspended with saline 
before injected into murine model intraperitoneally or 
intravenously. The mice were anesthetized and scanned 
(excitation/emission = 740/780) at different time intervals 
with IVIS Lumina III System (PerkinElmer, USA). Major 
organs (spleen, kidney, liver, lung, and heart) were har-
vested for imaging after sacrifice under anesthesia.

Therapeutic efficacy
LLC-bearing C57BL/6 mice were randomized into 4 
groups treating with different regimens for 2 weeks: 
saline group, αPD-1 group (10  mg/kg, once a week), 
αPD-1/Gal group (10 mg/kg αPD-1, once a week; 50 mg/
kg Gal, thrice a week), GPNP group (dose equivalent 
to 10  mg/kg αPD-1 and 150  mg/kg Gal, once a week). 
Tumor volumes was recorded every 2 to 3 days and the 
survival time was observed.

Toxicities
The weights of the mice from different group were 
observed every 2 to 3 days. Major organs of the mice 
treated with different regimens were harvested and 
fixed in 4% paraformaldehyde (PFA). The tissues were 
routinely embedded with paraffin and sectioned with 
microtome (Leica Biosystems, Germany). The slices were 
stained with hematoxylin and eosin (H&E) and observed 
with microscope.

Reseeding assay
Tumors after being treated with saline or GPNPs were 
excised and cut into ~ 3  mm×3  mm×3  mm sizes and 
placed in the petri dish. Healthy mice were anesthetized 
and embedded subcutaneously with prepared tumor 
pieces. Tumoregenesis and tumor growth were observed.

A549 cell-derived xenograft (CDX) model
BALB/c nude mice were randomized and injected subcu-
taneously with 107 A549 cells. Tumor sizes were moni-
tored with a digital caliper every 2 to 3 days. The model 
was established when tumor volume reached ~ 100 mm3.
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Adoptive cell transfer
CDX models were randomized into 5 groups treating 
with different regimens: saline group, CIK group (107 CIK 
cells.), CIK cells (107 CIK cells.) + αPD-1 group (200 µg, 
once a week), CIK cells (107 CIK cells) + αPD-1 + Gal 
group (10  mg/kg αPD-1 and 150  mg/kg Gal, once a 
week), CIK cells (107 CIK cells.) + GPNP group (dose 
equivalent to 10 mg/kg αPD-1 and 150 mg/kg Gal, once 
a week). 40,000 U human recombinant IL-2 were given 
intraperitoneally thrice a week for 2 consecutive weeks 
after T cells transfer. Tumor volumes were recorded 
every 2 to 3 days and the survival time was observed.

Tumor harvest
Established LLC tumors were excised from mice, minced 
and digested with 1  mg/ml type IV collagenase (Gibco, 
USA) in RMPI 1640 using gentleMACS Dissociator 
(Miltenyi Biotec, Germany). After incubated at 37℃ 
with frequent agitation for 1  h, cells were lysed with 
ACK lysis buffer (Biosharp, Anhui, China) for removing 
red blood cells and washed thrice. Single-cell suspension 
was obtained after filtration through 70-µm nylon cell 
strainers.

Immune profiling
For mass cytometry, cells were incubated with 0.25nM 
194Pt (Fluidigm) for 5  min on ice to discriminate dead 
cells before stained with blocking solution and surface 
antibody cocktail (Table S2). After fixation and perme-
ation with 250nM Ir overnight, cells were stained with 
intracellular antibodies (Table S2). Cells were rinsed 
and subsequently analyzed with Fluidigm Helios CyTOF 
(USA). For flow cytometry, cells were stained with Zom-
bie NIR Viability dye (Biolegend, USA) to distinguish 
dead cells and stained with indicated antibodies (Table 
S2) for 30  min on ice in darkness. Cytofix/Cytoperm 
Fixation and Permeabilization Kit (BD Biosciences, USA) 
was adopted for CD206 staining. Cells were then rinsed 
and analyzed with BD FACS Aria III (BD Biosciences, 
USA). Flow cytometry analysis was performed using 
FlowJo V10.

Masson’s trichrome stain
The study of connective tissue, muscle and collagen 
fibers was performed using Masson’s Trichrome Stain 
Kit (Solarbio, Bejing, China) according to the manufac-
turer’s protocol. Upon completion of staining, the slides 
were dehydrated, coverslipped and observed under 
microscope.

Fate mapping
Mice (C57BL/6 background) carrying Cre recombi-
nase under Pdgfra (Tg(Pdgfra-cre)1Clc/J) promot-
ers (Jackson Laboratory, USA) were crossed with 

tdTomatoflox (Rosa26tm1Cin(CAG-LSL-Cas9-tdTomato)/
Gpt) reporter mice (GemPharmatech, Jiangsu, China). 
LLC-bearing syngeneic models were established, and 
mice were randomized into 4 groups with different regi-
mens for 2 weeks: saline group, αPD-1 group (200  µg, 
once a week), αPD-1+Gal group (200  µg αPD-1, once a 
week; 50  mg/kg Gal, thrice a week), GPNP group (dose 
equivalent to 200  µg αPD-1 and 150  mg/kg Gal, once a 
week). Tumors and major organs were resected from the 
mice and immediately frozen in optimal cutting medium 
(O.C.T.). Sections were cut by cryotome (Thermo Sci-
entific, USA). After washing with PBS, the specimens 
blocked with 5% BSA and permeabilized with Triton 
X-100. The slices were stained with primary antibody 
at 4℃ overnight followed by incubation with second-
ary antibody in the dark for 1 h. The sections were then 
counter-stained with DAPI before mounting with cov-
erslip. The fluorescence was observed via LSM710 laser 
scanning confocal microscopy (Leica, Germany).

mRNA sequencing
Total RNA was extracted from the sample by TRIzol 
Reagent (Invitrogen) and RNeasy Mini Kit (Qiagen). 
After quantification and qualification by Qubit (Invitro-
gen), spectrophotometer, Agilent 2100 Bioanalyzer (Agi-
lent Technologies, USA) and agarose gels.2 µg total RNA 
per sample with RIN value above 6 was used for library 
construction. Sequencing libraries were generated using 
VAHTS mRNA seq v2 Library Prep Kit for Illumina fol-
lowing manufacturer’s instructions. Briefly, mRNA was 
purified by poly T oligo attached magnetic beads and 
fragmented using fragmentation buffer. First strand 
cDNA was synthesized followed by the second. After 
repairing cDNA ends, adding adenylated tails and ligate 
adapters, the samples were amplified by PCR. Using 
Qubit HS quantification, Agilent 2100 Bioanalyzer/
Fragment Analyzer 5300 for quality control, the librar-
ies were construct with the size around 350 bp and were 
sequenced on Illumina NovaSeq platform according to 
the manufacturer’s instructions. Differential expression 
analysis was performed by DESeq2 package. Differen-
tially expressed genes were identified with absolute fold 
change ≥ 2 and false discovery rate < 0.05.

Single-cell RNA sequencing (scRNAseq)
Libraries were prepared by SeekOne Digital Droplet 
Single Cell 3’ library preparation kit (SeekGene, Bei-
jing, China) followed by the manufacturer’s instruc-
tions. Briefly, cells were mixed with reverse transcription 
reagents before adding to the sample well of SeekOne DD 
Chip S3. Barcoded hydrogel beads (BHBs) and partition-
ing oil were dispensed into corresponding wells in Chip 
S3. After emulsion droplet was formed, reverse tran-
scription was accomplished at 42℃ for 90 min followed 
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by inactivation at 80℃ for 15 min. The resulting cDNA 
was purified from broken droplet and amplified by PCR 
reaction and then modified (washed, fragmented, end 
repaired, A-tailed) before ligated to sequencing adap-
tor. Index PCR was performed to amplify DNA contain-
ing cell barcode and unique molecular index (UMI). The 
final indexed sequencing libraries were quantified and 
sequenced by Illumina NovaSeq 6000 with PE150 read 
length or DNBSEQ-T7 platform with PE100 read length. 
Genes were clustered and analyzed using Seurat pack-
age. Cellular identification was performed by SingleR 
package.

GO, KEGG and reactome enrichment analysis
Enrichment assay was performed by clusterProfiler. Pad-
just < 0.05, >1 and false discovery rate (FDR)< 0.05 were 
adopted for clustering during functional annotation.

Protein-protein network construction
Upregulated genes were imported into String database 
with the research species set as mus musculus. Protein 
relationships were obtained, and the interaction network 
was processed by Cytoscape.

Statistical analysis
SPSS Statistics 23 (IBM, USA) and Graphpad Prism 8.0 
(USA) were used for data processing. Similar variances 
between groups were compared statistically. Data are 
presented as mean ± deviation (S.D.) unless indicated 
otherwise. p < 0.05 for statistical significance.
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