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Introduction
Lung cancer, also known as lung carcinoma, is a type of cancer with the highest inci-
dence and mortality world-widely (Dela Cruz et al. 2011). There are two main catego-
ries of lung cancer: non-small cell lung cancer (NSCLC) and small cell lung cancer, and 
NSCLC accounts for 85% of lung cancers (Sosa Iglesias et al. 2018).

Nowadays, lung cancer treatments include surgical resection, chemotherapy, radia-
tion, targeted therapy, immune therapy, and/or their combinations (Miller et al. 2016). 
Chemotherapy comprising 2 chemo drugs such as cisplatin, carboplatin, paclitaxel 
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(Taxol) and docetaxel (Taxotere) is often used to treat early stage lung cancer. However, 
drug resistance leads to therapeutic failure and results in tumor recurrence and progres-
sion (Kim 2016). In recent years, targeting immune checkpoints has become an effec-
tive strategy for anti-tumor immunotherapy. The development of immune checkpoint 
blocking (ICB) antibodies has become a hot spot in the global biopharmaceutical field. 
Ipilimumab (CTLA-4 monoclonal antibody), Pembrolizumab and Nivolumab (PD-1 
monoclonal antibody), Atezolizumab and Avelumab (PD-L1 monoclonal antibody) have 
been approved to treat tumors including lung cancer (Massarelli et al. 2014). Immuno-
therapy targeting PD1/PDL1 has reached notable success in recent years (Jiang et  al. 
2019; Huang et al. 2020). However, the number of patients showing clinical response to 
PD1/PDL1 treatment is limited. The major reason of PD1/PDL1 inhibitor resistance is 
the low rate of tumor T cell infiltration (Bonaventura et al. 2019). Promoting T cell infil-
tration in tumor microenvironment could overcome the resistance to PD-L1 blockade 
(Tang et al. 2016).

Chemokines are small proteins which bind to their receptors to regulate cell traffick-
ing (Luster 1998). The chemokine receptor CXCR3 is mainly expressed on CD4+ and 
CD8+ T cells. CXCR3 binds to its ligands CXCL9, CXCL10, and CXCL11 to regulate T 
cell migration (Groom and Luster 2011). Production of CXCR3 ligands by tumor cells 
recruits T cells and is associated with tumor suppression (Mikucki et  al. 2015; Harlin 
et al. 2009; Luster and Leder 1993; Fujita et al. 2009). In addition, the intra-tumoral activ-
ity of CXCR3 is required for anti-PD-1 therapy efficacy (Chow et al. 2019). Therefore, 
upregulation of CXCL9, CXCL10, CXCL11 and CXCR3 should benefit the anti-tumor 
effects. Poly (β-amino ester) (PBAE) constitutes a novel class of biodegradable cationic 
polymers with many desirable properties to formulate nanoparticle-based form for the 
development of site-specific drug and gene delivery systems (Potineni et  al. 2003). In 
this study, we utilized the PBAE nanoparticles containing plasmids encoding CXCL9, 
CXCL10, and CXCL11 to deliver these plasmids to tumor cells to induce chemokine 
expression, and investigated the potential anti-tumor effects of these nanoparticles.

Results
Preparation and characterization of PBAE/pDNA complex

First, we prepared the nanoparticles containing plasmids encoding CXCL9, CXCL10 
and CXCL11 by mixing PBAE polymer and plasmids (Fig. 1A). The chemical structure 
and FTIR spectra of PBAE was presented in Additional file 1: Fig. S1A, B. PBAE/pDNA 
complex was generated by the interaction of positive PBAE and negative DNA. To deter-
mine the best binding ratio of PBAE and plasmids, we mixed plasmids and PBAE with 
different ratios and the binding efficiency was determined by electrophoresis. There was 
no free plasmid DNA detected in mixtures with ratio 1:5, 1:10 and 1:15 (Fig. 1B), indicat-
ing at these ratios all the plasmids were completed mixed with PBAE. We also found the 
stability and cytotoxicity of the PBAE/pDNA complex increased with increasing PBAE. 
Considering the stability and biosafety, we used 1:10 ratio to generate the nanoparticles. 
These nanoparticles showed hydrodynamic diameters around 100 nm which was meas-
ured by Malvern Zetasizer apparatus (Fig.  1C). The average hydrodynamic diameter 
of PBAE/pDNA complex A in DMEM medium (10% FBS) was around 105 nm with a 
small polydispersity index (PDI) value less than 0.2, and the surface potential was about 
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14.5 mV. Scanning electron microscope (SEM) analysis revealed that the PBAE/pDNA 
complex exhibited a compact and spherical morphology with a rough surface (Fig. 1D). 
The hydrodynamic diameters of nanoparticles measured by dynamic light scattering 
(DLS) were also relatively larger than those observed by SEM.

Transfection of NPpCXCL9/10/11 induces CXCL9/10/11 expression in murine LLC

Next, we treated LLC cells with nanoparticles to monitor the expression of nanopar-
ticle plasmid-encoded proteins. Cloning vector pEGFP-N2 expressing enhanced green 
fluorescent protein (GFP) was used for examining the transfection efficacy of PBAE/
DNA complex. Lipofectamine 2000 was used as positive control to evaluate the trans-
fection efficacy of NPpCXCL9/10/11. As shown in Fig.  2A, B, in LLC cells treated 
with free pEGFP-N2 plasmids, there were minimal GFP-positive cells. LLC cells trans-
fected with pEGFP-N2 using Lipofectamine (LipopEGFP-N2) showed increased percent-
age of GFP-positive cells. In contrast, LLC cells treated with NPpEGFP-N2 displayed the 
most intensive GFP signal and the highest percentage of GFP-positive cells, indicating 
NPpEGFP-N2 exhibited the best efficiency to deliver plasmids. Consistently, we detected 
the highest protein levels of CXCL9, CXCL10 and CXCL11 in LLC cells treated with 
NPpCXCL9/10/11 when compared to cells treated with free pCXCL9/10/11 or transfected 
with pCXCL9/10/11 using Lipofectamine (LipopCXCL9/10/11) (Fig. 2C), indicating higher 
efficiency of NPpCXCL9/10/11 to deliver DNA into cells. Correspondingly, we observed 

Fig. 1  Preparation and characterization of PBAE/pDNA complex. A Polymer 446, a type of poly (beta-amino 
esters) (PBAEs), could deliver plasmid DNA efficiently. Here, PBAE 446 was used to bind and deliver plasmids 
encoding CXCL9, CXCL10, and CXCL11. B PBAE 446 was 100% effective at binding plasmid DNA at 5, 10, and 
15 w/w ratios of polymer to DNA, the ratio of 10 was selected for further study. C Nanoparticle hydrodynamic 
diameter. The PBAE/pDNA complex was formed at 10 w/w ratios of polymer to DNA. D Representative SEM 
(scanning electron microscope) images of PBAE/pDNA complex. Scale bar, 100 nm
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significantly increased levels of secreted CXCL9 (Fig.  2D), CXCL10 (Fig.  2E) and 
CXCL11 (Fig. 2F) in the cell culture supernatant of LLC cells treated with NPpCXCL9/10/11 
48 h post transfection. In addition, transfection of PBAE/pDNA complex to mouse liver 
cell line NCTC 1469 cells and Lewis lung carcinoma cells (LLC) did not cause obvious 
cell toxicity (Additional file 1: Fig. S2), suggesting the biosafety of these Nanoparticles. 
Taken together, these results indicated that nanoparticles could efficiently deliver the 
plasmids to LLC cells and induce chemokine expression.

LLC cells expressing chemokines promoted the invasion of T cells in vitro

Next, we examined whether the chemokine-expressing LLC cells affected invasion 
of T cells. Both CD4+ and CD8+ T cells expressed CXCR3, the receptor of CXCL9, 
CXCL10 and CXCL11 (Fig. 3A, B). Then we tested the invasion of T cells using Tran-
swell assay (Fig. 3C), where LLC cells were cultured in the lower compartment, while 
fluorescently labeled were cultured in the upper compartment. As CXCL9, CXCL10, 
CXCL11 together with their receptor CXCR3 mediated the invasion of T cells, trans-
fected LLC cells secreting CXCL9, CXCL10, and CXCL11 could induce the invasion of T 
cells to the microporous membrane and enter the lower compartment. In co-culture of 
T cells together with normal LLC cells or LLC cells treated with free plasmids encoding 

Fig. 2  NPpCXCL9/10/11 transfection induce expressions of CXCL9/10/11 in murine Lewis lung cancer (LLC) 
cells. LLC cells were transfected with PBAE/pDNA nanoplex containing pEGFP-N2, which encoding enhanced 
green fluorescence protein. The concentration of pEGFP-N2 was 2 μg/mL. FreepEGFP-N2 and Lipofectamine 
2000TM

pEGFP-N2 were set as controls. After 48 h transfection, the expression of GFP in LLC cells was examined 
by flow cytometry (A) and fluorescence microscope (B). LLC cells were transfected with PBAE/pDNA 
nanoplex containing pCXCL9, pCXCL10 and pCXCL11, the concentration of three plasmids was 0.67 μg/mL. 
After 48 h of transfection, the protein levels of CXCL9, CXCL10, and CXCL11 were examined by western blot 
(C). The concentrations of CXCL9 (D), CXCL10 (E), and CXCL11 (F) in the supernatant of LLC cells after 48 h of 
transfection. *p < 0.05, **p < 0.01, and ***p < 0.001
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CXCL9/10/11, there was minimal invasion of T cells to the bottom (Fig. 3D). In con-
trast, in the co-culture of T cells together with LLC cells treated with LipopCXCL9/10/11, 
we detected significantly increased T cells in the bottom, indicating there was invasion 
of T cells. In addition, in the co-culture of T cells together with LLC cells treated with 
NPpCXCL9/10/11, the T cells number in the bottom was significantly higher than that in the 
co-culture of T cells with LLC cells treated with LipopCXCL9/10/11. Interestingly, LLC cells 
expressing CXCL9/10/11 together induced stronger T cell invasion when compared to 
LLC cells expressing any single chemokine (CXCL9, CXCL10 or CXCL11) (Additional 
file 1: Fig. S3), indicating stronger invasion of T cells in response to triple chemokines 
but not to a single chemokine. Collectively, these results demonstrated that expressing 
chemokines CXCL9 CXCL10 and CXCL11 promoted the T cell invasion.

NPpCXCL9/10/11 exhibited anti‑tumor effects in vivo

We continued to assess the effects of NPpCXCL9/10/11 on tumor tissues in mice. We estab-
lished the LLC tumor model and administrated NPpCXCL9/10/11 to mice. The tumor 

Fig. 3  Chemokines released by transfected LLC cells promote the invasion of T cells in vitro. The expressions 
of CXCR3 on CD4 + T cells (A) and CD8 + T cells (B) were examined by flow cytometry. T cells were isolated 
from the spleen and stained with APC labeled anti-CXCR3 antibody. CXCL9, CXCL10, CXCL11/CXCR3 axis 
mediate the invasion of T cells. C Transwell system was used to measure the invasion of T cells. 1 × 105 
NPpCXCL9/10/11-transfected LLC cells and CFSE-labeled T cells were cultured in the lower and upper 
compartments, respectively. D Number of T cells in the lower compartment was examined 48 h later. Data 
are presents as mean ± S.D. *p < 0.05, **p < 0.01, and ***p < 0.001
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volume was monitored at different timepoints. The volume of tumor in mice without 
treatment increased in a time-dependent manner (Fig. 4A). Free pCXCL9/10/11 treat-
ment did not affect the tumor volume. In contrast, the tumor volume was significantly 

Fig. 4  NPpCXCL9/10/11 exhibits an efficient antitumor effect in the subcutaneous LLC tumor model. A 
Tumor growth curve. Subcutaneous LLC tumor model was established in C57BL/6 mice, and mice were 
intravenously treated with FreepCXCL9/10/11 or NPpCXCL9/10/11 every 3 days for 6 repeats when the tumor 
volumes reached about 50 mm3, the equivalent injection dose of pCXCL9, pCXCL10, and pCXCL11 was 15 μg 
per mice. The levels of CXCL9, CXCL10, and CXCL11 in the tumor tissues were examined by western blot (B) 
and ELISA (C) at the end of the anti-tumor study. D Tumor tissues were digested and the ratios of CD4 + and 
CD8 + T cells in the CD45 + tumor-infiltrating immune cells were examined by multi-color flow cytometry. 
A representative flow cytometry image was shown. The percentages of CD4 + T cells (E) and CD8 + T cells 
(F) in CD45 + cells were calculated. G Distributions of T cells were evaluated by (2) of CD3. ELISA results of 
cytokines production in the tumors from mice receiving indicated treatments (H: TGF-β; I: IL12p70; J: IFN-γ). 
Data represent means ± SD. n = 6 mice, **p < 0.01, ***p < 0.001
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decreased in mice treated with NPpCXCL9/10/11. Correlatively, we detected remarkably 
increased protein levels of CXCL9, CXCL10 and CXCL11 in tumor tissues (Fig.  4B, 
C) of mice treated with NPpCXCL9/10/11. Correspondingly, significantly increased CD4+ 
T cells (Fig. 4D, E) and CD8+ T cells (Fig. 4D, F) were observed in tumor tissues from 
mice treated with NPpCXCL9/10/11. Consistently, immunohistochemical staining dem-
onstrated obviously increased CD3+ T cells in tumor tissues of NPpCXCL9/10/11-treated 
mice (Fig.  4G). Furthermore, there was no significant difference in TGF-β (Fig.  4H), 
IL-12 (Fig. 4I) and IFN-γ (Fig. 4J) levels in tumor tissues between non-treated and free 
pCXCL9/10/11-treated mice. In contrast, NPpCXCL9/10/11-treated mice showed signifi-
cantly decreased TGF-β (Fig. 4H) while significantly increased levels of IL-12 (Fig. 4I) 
and IFN-γ (Fig. 4J) in tumors when compared to non-treated and free pCXCL9/10/11-
treated mice. There results showed that NPpCXCL9/10/11 treatment promoted T cell infil-
tration in tumors and exhibited anti-tumor activity.

Anti‑PD1 antibody significantly enhanced the anti‑tumor efficacy of NPpCXCL9/10/11

Programmed cell death protein 1 (PD1) is an inhibitory receptor expressed by T cells 
during activation, which significantly impairs the anti-tumor ability of T cells. Increas-
ing evidence has suggested that anti-PD1 antibodies could significantly enhance the 
anti-tumor effect of T cells (Jiang et  al. 2019). Therefore, we continued to investigate 
the potential effects of anti-PD1 antibody together with NPpCXCL9/10/11 on tumors. 
Consistent to previous report, we observed obvious expression of PD-1 on CD8+ T 
cells (Fig.  5A). Since NPpCXCL9/10/11 promoted the infiltration of T cells in tumors, we 
also detected markedly increased PD1 expression in tumors from mice treated with 
NPpCXCL9/10/11 (Fig. 5B). Both anti-PD1 antibody and NPpCXCL9/10/11 treatment decreased 
the tumor volume (Fig.  5C), and mice treated with NPpCXCL9/10/11 showed slightly 
reduced tumor volume when compared to mice treated with anti-PD1 antibody. Intrigu-
ingly, mice treated with the combination of anti-PD1 antibody and NPpCXCL9/10/11 
exhibited significantly reduced tumor volume when compared to mice with single treat-
ment. Correspondingly, mice treated with anti-PD1 antibody or NPpCXCL9/10/11 showed 
increased survival rate, while mice treated with the combination of anti-PD1 antibody 
and NPpCXCL9/10/11 displayed the highest survival rate (Fig. 5D). Collectively, these results 
showed NPpCXCL9/10/11 together with anti-PD1 antibody exhibited enhanced anti-tumor 
efficacy.

Discussion
In this study, we prepared nanoparticles containing plasmids expressing chemokines 
CXCL9, CXCL10 and CXCL11 and treated LLC cells with these nanoparticles. We 
found LLC cells treated with NPpCXCL9/10/11 started to express these chemokines and 
promoted T cell invasion in  vitro. In addition, we found NPpCXCL9/10/11 decreased the 
tumor volume in mice and promoted the infiltration of both CD4+ and CD8+ T cells 
into tumors and elevated levels of both IL-12 and IFN-γ in tumors. Finally, we found 
that NPpCXCL9/10/11 together with anti-PD-1 antibody displayed better anti-tumor effects. 
Therefore, our study demonstrated that overexpressing CXCL9, CXCL10 and CXCL11 
in tumors exerted anti-tumor activity, suggesting overexpressing these chemokines 
could be used as therapeutic strategy for cancer treatment.
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Cancer immunotherapy based on immune checkpoint blockade (ICB) has led to sig-
nificant and long-lasting clinical responses in patients with various cancers. However, 
the revolutionary achievement of ICB has been critically challenged by the observa-
tion that only a small proportion of patients show durable and continuous benefits 
from this therapy. The failure to attain durable clinical response might be caused by 
limited infiltration of immune cells into the tumor (Fares et  al. 2019). In contrast, 
sufficient infiltration of T lymphocytes into the tumor microenvironment could pre-
dict the responses to T cell-based immunotherapies (Zhang et  al. 2019). Therefore, 
researchers have focused on how to enhance T cell infiltration into tumor tissues to 
improve the efficacy of cancer immunotherapies (Oelkrug and Ramage 2014).

Chemokines, which are involved in the recruitment of lymphocytes, have been 
shown to affect specific T cell recruitment. CXCR3, the chemokine receptor 
expressed on T cells, has been shown to play a crucial role in the regulation of leuco-
cyte migration to inflammatory sites (Hamann and Syrbe 2000). CXCR3 binds to its 
ligand CXCL9, CXCL10 and CXCL11 (Müller et al. 2010). The use of CXCR3 ligands 
to attract T cells into tumor sites has been shown to be an effective anti-tumor 
strategy. For example, Zhang and colleagues described that combination of CXCL9 
expression and cisplatin enhanced the anti-tumor activity and augmented the inhi-
bition of angiogenesis in both colon and lung cancers in mice (Zhang et  al. 2006). 

Fig. 5  Anti-PD1 antibody significantly enhances the anti-tumor efficacy of NPpCXCL9/10/11 of the LLC 
model. A PD1 expression of CD8 + T cells was examined by flow cytometry. B PD1 expression in tumor tissues 
was examined by western blot. C Tumor growth curve. Mice bearing LLC tumors were treated with aPD1, 
NPpCXCL9/10/11, or the combination. The equivalent injection dose of pCXCL9, pCXCL10, and pCXCL11 
was 15 μg per mice, and the injection dose of aPD1 was 100 μg per mice. Data represent means ± SD. n = 10 
mice, **p < 0.01, ***p < 0.001. D Survival curve of mice bearing LLC tumors
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Intra-tumor injection of CXCL9 or CXCL10 reduced tumor growth and promoted 
mouse survival by enhancing the tumor infiltration of CXCR3+ mononuclear cells 
(Pan et al. 2006; Arenberg et al. 2001). Using tumor-selective oncolytic vaccinia virus 
expressing CXCL11, Liu et  al. demonstrated that expressing CXCL11 enhanced the 
therapeutic efficacy of the oncolytic viruses (Liu et  al. 2016). In the present study, 
we administrated nanoparticles containing plasmids expressing CXCL9, CXCL10 and 
CXCL11 to tumors, which resulted in enhanced infiltration of both CD4+ and CD8+ 
T cells in tumors and decreased tumor size. Together with anti-PD-1 antibody, these 
nanoparticles displayed better anti-tumor activity, which suggested CXCR3/ligands 
system should synergize with anti-PD-1 therapy (Han et al. 2019).

PBAE nanoparticles have been widely utilized for delivery of low molecular weight 
drugs, oligonucleotides and plasmid DNA (Potineni et al. 2003; Little et al. 2004; Lynn 
et al. 2001). Compared to other nanoparticles, the PBAE nanoparticles have a cationic 
charge due to protonation of the tertiary amines of the polymer backbone, which is 
essential for effective intracellular delivery, as it is one of determinants for initial interac-
tion between the delivery system and the cell surface (negatively charged) triggering the 
process of endocytosis (Potineni et al. 2003). In the present study, we also utilized these 
nanoparticles to deliver the plasmids encoding chemokines to cells or tumors. Com-
pared to traditional transfection reagent Lipofectamine, PBAE nanoparticles displayed 
significantly higher efficiency, especially in the mouse tumor model. Besides PBAE nan-
oparticles, other nanoparticles have also been utilized as novel approach to deliver drugs 
to treat multiple diseases including cancer (Patra et  al. 2018). Compared to conven-
tional drug delivery, nanoparticles preferably accumulate at the tumor area due to the 
enhanced permeability and retention effect of the tumor (Maeda et al. 2013). In addi-
tion, nanoparticles can be modified to function as targeting agents when loaded with 
tumor targeting agents (Salahandish et al. 2018), as well as to modulate pathophysiology 
of tumor microenvironment (Wilson and Hay 2011). In the present study, we generated 
the common nanoparticles, and it would be interesting to modify these nanoparticles to 
gain even higher efficacy of anti-tumor effects.

Conclusions
In the present study, we found that nanoparticles efficiently delivered CXCL9/10/11 
plasmid DNAs into cells and enabled the expression of these chemokines, which in LLC 
cells promoted infiltration of T cells in both in vitro and in vivo models. Nanoparticles 
displayed anti-tumor activity in mice, which was further synergized with anti-PD-1 
antibody.

Methods
Polymer synthesis

Polymer 446 was synthesized as described previously (Rui et al. 2020). Briefly, monomer 
B4 and S4 were mixed and stirred overnight at 90 °C. On the next day, the B4–S4 poly-
mer was dissolved in anhydrous tetrahydrofuran to a final concentration of 167 mg/mL. 
Then the polymer was incubated with 0.5 M monomer E6 at room temperature for 1 h. 
The polymer was washed with diethyl ether twice and subjected to vacuum desiccant 
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chamber to remove the solvent. The polymer was dissolved in DMSO and stored at 
− 20 °C.

Nanoparticle characterization

The diameter of nanoparticles was measured at the concentration of 1.0 mg/mL in PBS 
(pH 7.4) by DLS using Zetasizer NanoZS (Malvern PANalytical Products, Shanghai, 
China) at 25 °C. The morphology of nanoparticles was analyzed by SEM.

Plasmid construction

Murine CXCL9, CXCL10 and CXCL11 were amplified using mouse cDNA library as 
templates and cloned into pCDNA3.1 vector as described previously (Kumar et al. 2001).

Cell transfection

Lewis lung carcinoma (LLC) cells, a cell line in lung cancer research established from 
the lung of a C57BL mouse bearing a tumor resulting from an implantation of primary 
Lewis lung carcinoma, was widely used in lung cancer research. LLC cells were cultured 
in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco). For 
transfection, LLC cells (2 × 105 cells/well) were seeded in six-well plates for 24  h and 
then incubated with free plasmid pEGFP-N2, LipopEGFP-N2 or NPpEGFP-N2 at the dose of 
0.5  nM, and the expression of GFP was monitored using flow cytometry and fluores-
cence microcopy 48 h post transfection.

Western blot

Total proteins from cells and tumor tissues were extracted using RIPA lysis buffer and 
then subjected to western blot following standard protocols. Primary antibodies used in 
this study included: anti-CXCL9 (1:1000, Abcam), anti-CXCL10 (1:500, Abcam), anti-
CXCL11 (1:1000. Thermo Fisher), anti-β actin (1:2000, Abcam).

ELISA

The quantity of CXCL9, CXCL10, CXCL11 in cell culture supernatant of LLC cells and 
in homogenate of tumor tissues, the TGF-β, IL-12 p70 and IFN-γ in homogenate of 
tumor tissues were measured using specific ELISA kits (Abcam) following manufactur-
er’s instructions.

T cell invasion assay

T cell invasion was detected using 5.0 µm pore size Transwell plate (Costar, Cambridge, 
MA). T cells were purified from spleen using Pan T Cell Isolation Kit II (Miltenyi Bio-
tec). 1 × 105  T cells were placed in the top chamber of the Transwell, while LLC cells 
were seeded in the bottom of wells, and T cells were transfected as mentioned above. 
After 48 h incubation, the T cell numbers in lower chamber were counted.

Flow cytometry

CD4+ and CD8+ T cells were purified using CD4+ T Cell Isolation Kit and CD8+ T cell 
Isolation Kit (Miltenyi Biotec), respectively. Tumor tissues were harvested, minced and 
then digested with collagenase and DNase (Sigma-Aldrich, St. Louis, MO) to acquire 
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single cell suspension. Cells were suspended in staining buffer (2% FBS in PBS) and incu-
bated with fluorescent-labeled antibodies (working concentration at 0.5 μg/mL) on ice 
for 30 min. After wash, cells were subjected to BD LSR flow cytometry for analysis. The 
data was analyzed using FlowJo.

Mice LLC model

LLC cells were injected subcutaneously into one flank of C57BL/6 mice as described 
previously (Keane et  al. 2004). Tumor volume was measured at different timepoints. 
When tumor volumes reached about 50 mm3, mice were intravenously injected with 
free plasmids (15 µg/mouse), NPpCXCL9/10/11 (15 μg/mouse), anti-PD-1 (100 μg/mouse), 
or NPpCXCL9/10/11 together with anti-PD-1 every 3 days for 6 repeats. Animal studies 
were approved by Cangzhou Central Hospital.

Immunohistochemical staining

Tumor tissues were harvested, fixed and embedded in paraffin. The tissue blocks were 
cut into slides. The staining was performed following the standard protocol (Abcam).

Statistical analysis

The data were presented as mean ± standard deviation (SD). One or two-way analysis of 
variance (ANOVA) and appropriate post hoc test were used for analysis. When p < 0.05, 
the difference was considered as significant.

Abbreviations
NSCLC: Non-small cell lung cancer; ICP: Immune checkpoints; THF: Tetrahydrofuran; DLS: Dynamic light scattering; SEM: 
Scanning electron microscope; LLC: Lewis lung cancer; SD: Standard deviation; ANOVA: Analysis of variance; ICB: Immune 
checkpoint blockade (ICB); EPR: Enhanced permeability and retention.
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