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A B S T R A C T   

Transforming growth factor β (TGF-β) is a well-known key mediator for the progression and metastasis of lung 
carcinoma. However, cost-effective anti-TGF-β therapeutics for lung cancer remain to be explored. Specifically, 
the low efficacy in drug delivery greatly limits the clinical application of small molecular inhibitors of TGF-β. In 
the present study, specific inhibitor of Smad3 (SIS3) is developed into a self-carried nanodrug (SCND-SIS3) using 
the reprecipitation method, which largely improves its solubility and bioavailability while reduces its nephro-
toxicity. Compared to unmodified-SIS3, SCND-SIS3 demonstrates better anti-cancer effects through inducing 
tumor cell apoptosis, inhibiting angiogenesis, and boosting NK cell-mediated immune responses in syngeneic 
Lewis Lung Cancer (LLC) mouse model. Better still, it could achieve comparable anti-cancer effect with just one- 
fifth the dose of unmodified-SIS3. Mechanistically, RNA-sequencing analysis and cytokine array results unveil a 
TGF-β/Smad3-dependent immunoregulatory landscape in NK cells. In particular, SCND-SIS3 promotes NK cell 
cytotoxicity by ameliorating Smad3-mediated transcriptional inhibition of Ndrg1. Furthermore, improved NK 
cell cytotoxicity by SCND-SIS3 is associated with higher expression of activation receptor Nkp46, and suppressed 
levels of Trib3 and TSP1 as compared with unmodified-SIS3. Taken together, SCND-SIS3 possesses superior anti- 
cancer effects with enhanced bioavailability and biocompatibility, therefore representing as a novel therapeutic 
strategy for lung carcinoma with promising clinical potential.   

1. Introduction 

Lung cancer remains the second most common cancer and the 
leading cause of cancer death for decades, accounting for about 11.4% of 
total new cancer cases and 18% of cancer deaths globally in 2020 [1,2]. 
In the past decade, treatment of metastatic non-small-cell lung cancer 

(NSCLC) was revolutionized with the development of targeted therapies 
for specific gene mutations and immune checkpoint inhibitors (ICI) [3]. 
However, molecular alterations indicating that only around 30% of 
NSCLC patients would benefit from targeted therapy, and genomic se-
lection stress induced by targeted therapy may cause severe drug 
resistance owing to targeted gene mutations [4,5]. Although ICI 
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therapies greatly improve 5-year survival rate, their long-term dura-
bility remains to be evaluated. Meanwhile, the high costs and low 
accessibility of ICI have impeded its application in developing countries 
and rural areas [5,6]. Therefore, the development of a more 
cost-effective therapy with easy manufacturing process for mass pro-
duction is still in urgent need. 

TGF-β has been recognized as a key mediator for tumor progression, 
metastasis and recurrence by facilitating angiogenesis, epithelial-to- 
mesenchymal transition (EMT), and cancer immune evasion through 
the downstream Smad-mediated and non-Smad-mediated signalings, 
which may subsequently contribute to the failure of immunotherapies 
[7–9]. High expression of TGF-β is also correlated with poor survival in 
lung cancer patients, therefore serving as a potential therapeutic target 
for malignant lung carcinoma [10]. 

Among anti-TGF-β therapies, small molecule inhibitor is the most 
cost-effective candidate for blocking TGF-β signaling in cancer [11]. 
Albeit LY2109761, a dual inhibitor of TGF-β receptor type I and II 
(TβRI/II), shows promising pre-clinical results against metastatic cancer 
models, it induces severe drug resistance after long-term administration 
in both allograft and de novo skin carcinoma models [12]. Anti-TGF-β 
therapies are also notorious for their cardiac and skin toxicity, and the 
possibility of inducing autoimmune diseases [13,14]. Thus, targeting 
downstream signaling of TGF-β, such as transcriptional factors Smad2 
and Smad3, may reduce these side effects given the higher specificity. 
For instance, SIS3, a small molecule inhibitor of Smad3, can effectively 
suppress the progression of lung cancer by attenuating TGF-β-induced 
angiogenesis and immune evasion [15]. 

Despite its proven anti-cancer effects, SIS3 faces several pharmaco-
kinetic challenges, including low aqueous solubility, low bioavailability, 
and potential nephrotoxicity at high dose, which largely hinder its 
clinical application. As a hydrophobic small molecule drug, SIS3 was 
prepared by dissolving in organic solvent such as dimethyl sulfoxide 
(DMSO) before being diluted in aqueous buffer for administration. This 
may result in additional toxicity and higher risk of vascular embolism 
caused by drug precipitation [16]. Meanwhile, the bioavailability of 
small molecule drugs is also restricted by the relatively short half-life by 
both liver metabolic clearance and renal clearance due to their small size 
[17,18]. 

To overcome these limitations, the nanoparticle-based drug delivery 
system was adopted to improve the aqueous solubility and to enhance 
the permeability and retention (EPR) effect of tumor tissue, thereby 
increasing its tumor-targeting efficacy and extending its circulation half- 
life, while reducing its toxicity [19,20]. However, the low drug-loading 
capacity and encapsulation stability of nanocarrier-based nanodrugs 
may result in suboptimal delivery efficacy as well as additional immu-
nogenicity and toxicity, which remain to be the major barriers for 
clinical application of nanocarrier-based nanodrugs [21]. Notwith-
standing, the recently developed self-assembled carrier-free nano-
particles that are free from these limitations provide a new approach to 
improve drug delivery efficacy of SIS3 [22,23]. In the present study, we 
developed a self-carried nanodrug-SIS3 (SCND-SIS3), which substan-
tially improved the bioavailability, biodistribution and biocompatibility 
of SIS3, and exhibited superior anti-cancer effects by strengthening both 
anti-angiogenic effect and NK cell-mediated immune response (Scheme 

Scheme 1. Schematic of the enhanced anti-cancer effects of SCND-SIS3. Self-assembled nanodrug SIS3 was prepared by the reprecipitation method, which 
largely improved its aqueous solubility, bioavailability, biocompatibility, tumor targeting efficiency, and immune boosting effects. Specifically, the accumulation of 
SCND-SIS3 was reduced in kidney and circulation but markedly enhanced in tumor tissue compared with unmodified-SIS3 owing to the EPR effect. Thus, SCND-SIS3 
exhibits superior anti-cancer effect by suppressing angiogenesis, strengthening tumor killing efficacy and NK cell-mediated immune responses without inducing 
potential nephrotoxicity in vivo. Arrows in yellow indicate the change in accumulation of SCND-SIS3 in organs compared with unmodified-SIS3, and arrows in black 
indicate the alteration in therapeutic effects of SCND-SIS3 compared with unmodified-SIS3. 
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1). Thereby, SCND-SIS3 may serve as a novel and cost-effective 
tumor-targeting immunotherapy for lung carcinoma. 

2. Materials and methods 

2.1. SCND-SIS3 preparation and characterization 

SCND-SIS3 was prepared by using the well-adopted reprecipitation 
method [24]. Briefly, 1 mg/mL SIS3 solution dissolved in tetrahydro-
furan (THF) was quickly dropped into iced deionized water under 
vigorous stirring for 5 min. Dispersions of the SCND-SIS3 were then 
obtained by sonication for another 15 min under room temperature to 
ensure complete THF evaporation. 

The morphology of SCND-SIS3 was examined using Scanning Elec-
tron Microscope (Quattro S, Thermo Fisher Scientific) and Transmission 
Electron Microscope (Philips Tecnai 12). The size distribution and zeta 
potential of SCND-SIS3 were measured by Zetasizer Nano ZS (Malvern 
Panalytical). 

2.2. Tumor cell culture 

Luciferase-labeled LLC cells (CRL-1642, ATCC) were cultured in 
Dulbecco’s modified Eagle’s medium (Gibco, Thermo Fisher Scientific) 
supplemented with 10% fetal bovine serum (FBS). 

MTT assay was performed to evaluate the inhibitory effects of drugs 
on LLC cell viability and calculate IC50. LLC cells were seeded on a 96- 
well plate at the density of 1 × 104 cells/well and treated with 2.5, 5, 10 
and 20 μM unmodified-SIS3 or SCND-SIS3 for 20 hours. Then MTT so-
lution (Sigma-Aldrich) was added into each well to reach a final con-
centration of 0.5 mg/mL and incubated for another 4 hours. Then the 
cells were lysed with DMSO and absorbance at 490 nm was measured 
using a plate reading spectrophotometer (Bio-Rad Laboratories). 

An adenoviral Smad3 luciferase reporter construct pAd.CAGA12-luc 
was transfected into LLC cells seeded in 96-well plate at the density of 5 
× 103 cells/well. LLC cells were treated with unmodified-SIS3 or SCND- 
SIS3 for 3 hours prior to the stimulation of 5 ng/mL recombinant TGF-β 
(R&D Systems) for 24 hours. Then cells were lysed, and luciferase ac-
tivity was measured using the Luciferase Reporter Assay Kit (Promega 
Corporation). 

2.3. Bone marrow derived NK cell, peripheral blood isolated NK cell and 
NK-92 cell culture 

Bone marrow cells were isolated from the femurs from C57BL/6 mice 
with PBS containing 1% FBS as previously described [15]. These cells 
were cultured in MEM-α medium (Gibco, Thermo Fisher Scientific) with 
10% FPS supplemented with 1 ng/mL interleukin-7 (IL-7), 10 ng/mL 
Flt3 ligand (Flt3L), 30 ng/mL stem cell factor (SCF), 50 ng/mL IL-15 
(PeproTech) and 50 mM β-mercaptoethanol (Gibco, Thermo Fisher 
Scientific) to induce their commitment to NK cell lineage for 4 days. 
These immature NK cells were then transferred to MEM-α medium 
containing 10% FBS supplemented with 50 ng/mL IL-15, 20 ng/mL IL-2, 
and 50 mM β-mercaptoethanol to induce the maturation of NK cells for 
another week. 

Peripheral blood mononuclear cells were isolated from LLC-bearing 
mice by Percoll density gradient centrifugation (Sigma-Aldrich), and 
NK cells were then separated with NK cell isolation kit (Miltenyi Biotec). 

NK-92 cells were cultured in MEM-α medium (Gibco, Thermo Fisher 
Scientific) supplemented with 12.5% FBS, 12.5% horse serum, 50 mM 
β-mercaptoethanol (Gibco, Thermo Fisher Scientific), and 20 ng/mL of 
human rIL-2 (PeproTech). 

To knockdown Ndrg1 in BM-NK cells, 50 nM scramble sequence or 
Ndrg1-specific siRNA (si-Ndrg1, sense 5′-GCU-
GUGGUGGAAUGCAAUUTT-3’; anti-sense 5′-AAUUGCAUUCCACCA-
CAGCTT-3′) was transfected into BM-NK cells using lipofectamine 
RNAiMAX (Invitrogen) for 24 hours. 

2.4. Syngeneic mouse LLC model and treatments 

The syngeneic Lewis Lung Cancer model was established on male 
C57BL/6 mice through subcutaneous inoculation of 2 × 106 luciferase- 
labeled LLC cells on the flank of each mouse. Tumor bearing mice were 
randomly divided into 5 groups respectively receiving solvent (Ctrl), 0.5 
μg/g and 2.5 μg/g unmodified-SIS3, as well as 0.5 μg/g and 2.5 μg/g 
SCND-SIS3 via intraperitoneal injection every day. Tumor volume was 
measured every 6 days. Bioluminescence imaging was performed with 
IVIS Spectrum system (Xenogen, PerkinElmer) 15 min after intraperi-
toneal injection of D-Luciferin (Sigma-Aldrich). Studies were carried out 
by a protocol approved by Animal Ethics Experimental Committee at the 
Chinese University of Hong Kong. 

To evaluate the potential side effects of drugs, peripheral blood was 
collected from LLC-bearing mice receiving unmodified-SIS3 or SCND- 
SIS3 treatment. The number of white blood cells was counted and 
serum levels of creatinine, AST, ALT, MPO, and Troponin I were 
measured respectively with Creatinine LiquiColor Test, ALT/SGPT 
Liqui-UV Test, and AST/SGOT Liqui-UV Test (Stanbio Laboratory), MPO 
Colorimetric Activity Assay Kit (Sigma-Aldrich) and Mouse TnI ELISA kit 
(Life Diagnostics), following the manufacturers’ instructions. 

2.5. Pharmacodynamic study 

The in vitro pharmacodynamic study was performed with LLC cells 
pre-treated with 10 μM unmodified-SIS3 or SCND-SIS3. The accumula-
tion of drugs in LLC cells was measured 3 hours after treatment with 
confocal microscope (280 nm excitation) before drug removed. LLC cells 
were washed with PBS for 3 times and then cultured with fresh DMEM 
medium for another 3 hours. The drug retention effect was assessed 3 
hours after drug withdrawal with confocal microscope. 

Syngeneic mouse LLC model was established as previously described. 
When LLC tumor size reached 200 mm3, tumor-bearing mice were 
randomly divided into 3 groups respectively receiving solvent (Ctrl), 2.5 
μg/g unmodified-SIS3 and 2.5 μg/g SCND-SIS3 injection. Mice were 
harvested at 1, 3, 6 and 12 hours after drug administration, peripheral 
blood, kidney, tumor, and liver were collected. A total of 0.2 g tissue or 
0.5 mL serum were used for extraction with methanol using ultra-
sonication after dry pulverization. The drug concentration was then 
determined using a UHD Accurate-Mass Q-TOF LC-MS (Agilent) with 
HPLC column Acquity BEH C18 (2.1 × 50 mm; particle size: 1.7 μm). 
The area under the curve (AUC) of drug concentration over 12 hours was 
calculated using the linear trapezoidal rule. 

2.6. Immunofluorescence staining 

Immunofluorescence staining was performed with 5 mm PLP-fixed 
frozen sections. Frozen sections were thaw and dried at room temper-
ature for 30 min and blocked with 5% BSA/PBS for another 30 min. 
Then the slides were incubated with primary antibodies including Alexa 
488-conjugated anti-mouse CD31, Alexa 488-conjugated anti-mouse 
NK-1.1 (BioLegend), FITC-conjugated anti-mouse VEGF (Abcam), anti- 
mouse CD4 and anti-mouse F4/80 (eBioscience, Thermo Fisher Scien-
tific) overnight at 4 ◦C, followed by Alexa 594-conjugated anti-rabbit 
secondary antibody (Invitrogen, Thermo Fisher Scientific) for unconju-
gated primary antibodies, and mounted with DAPI-containing SlowFade 
Gold Antifade Mountant (Invitrogen, Thermo Fisher Scientific) after 
washed by PBS for 3 times. The slides were then analysed with fluo-
rescence microscope (Leica Microsystems). 

2.7. Western blot 

Tumor tissue were lysed using ultrasonication with ice-cold radio-
immunoprecipitation assay (RIPA, Santa Cruz Biotechnology) buffer 
supplemented with protease inhibitor cocktail (PIC, Thermo Fisher 
Scientific). The tumor homogenates were subjected to SDS-PAGE and 
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then electrophoretic transferred to nitrocellulose membranes. Primary 
anti-mouse antibodies including CD31 (BD Pharmaceutical), VEGF, 
NKp46, β-actin (Santa Cruz Biotechnology) and p-Smad3 (Abcam) were 
incubated with the membranes overnight at 4 ◦C. The membranes were 
subsequently incubated with IRDye 800-conjugated secondary antibody 
(Rockland Immunochemicals). Signals of target proteins were examined 
by Li-Cor/Odyssey infrared image system (LI-COR Biosciences) and 
analysed with ImageJ software. 

2.8. Cytokine assay and ELISA 

Matured BM-NK cells were pre-incubated with 10 μM unmodified- 
SIS3 or SCND-SIS3 for 3 hours before stimulated with 5 ng/mL recom-
binant TGF-β (R&D Systems) for 24 hours. Supernatant was collected for 
cytokine array test with Proteome Profiler Mouse Cytokine Array Kit 
(R&D system). 

To prepare tumor homogenates, tumor tissue was homogenized with 
chilled PBS supplemented with PIC (Thermo Fisher Scientific) and then 
centrifuged at 12,000 rpm for 10 min at 4 ◦C to collect supernatants. The 
prepared cell culture supernatants and tumor homogenates were 
measured for IFN-γ (R&D system), Granzyme B and Perforin (eBio-
science, Thermo Fisher Scientific) levels by ELISA. 

2.9. RNA sequence and analysis 

BM-NK cells pre-incubated with 10 μM SIS3 for 3 hours were stim-
ulated with 5 ng/mL recombinant TGF-β (R&D Systems) for another 3 
hours. Then cells were harvested as Ctrl group (no stimulation nor SIS3 
pre-treatment), T group (with TGF-β simulation but no SIS3 pre- 
treatment) and SIS group (with TGF-β simulation and SIS3 pre- 
treatment). Total RNA was isolated with Pure-Link RNA Mini Kit (Life 
Technologies, Thermo Fisher Scientific) followed by DNase (Life Tech-
nologies, Thermo Fisher Scientific) treatment. RNA concentration and 
quality was determined with 2100 Bioanalyzer (Agilent) and proceeded 
to library construction, which was then sequenced by Beijing Genomics 
Institute using DNBSEQ-G400 (MGI Tech). Low quality reads and 
adaptors were removed. The remaining reads were aligned to the mouse 
reference genome GRCm38 (mm10) using HISAT2. Then StringTie was 
used to reconstruct transcripts followed by annotation using Cufflinks. 
DEGs were analysed with DEseq2 and screened with the criteria of fold 
change ≥2 and adjusted p-value ≤ 0.01. Ensemble Gene Set Enrichment 
Analysis (EGSEA) was performed for pathway analyses using the Galaxy 
platform [25]. 

2.10. Quantitative real-time PCR 

Total RNA was extracted from NK cells with Pure-Link RNA Mini Kit 
(Life Technologies, Thermo Fisher Scientific) and RNA concentration 
was measured with Spectrophotometers Nanodrop (ND-2000, Thermo 
Fisher Scientific). 1 μg RNA was then reverse transcribed into cDNA. 
Real-time PCR was performed with SYBR Green supermix on CFX96 
Touch Real-Time PCR Detection System (Bio-Rad Laboratories). Primers 
used for real-time PCR are listed in Supplementary Table 1. The ratio of 
target gene to GAPDH was calculated as Ratio (target/GAPDH) = 2(Ct 

(GAPDH)- Ct (target)). 

2.11. Chromatin immunoprecipitations (ChIP) assay 

Matured BM-NK cells were pre-treated with 10 μM SIS3 for 3 hours 
before stimulated with 5 ng/mL recombinant TGF-β1 for 1 hour. NK cells 
were fixed with formaldehyde and ChIP assay was performed with 
SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology). 
Anti-phospho-Smad3 (Ser423/425) and normal rabbit IgG antibodies 
(Cell Signaling Technology) were used for immunoprecipitation. The 
cross-linked DNA fragments were then purified and predicted Smad 
binding site on the promoter region of Ndrg1 was analysed by PCR and 

gel electrophoresis with the primers: forward 5′-CTTACAGCTGACA-
CAGCGGG-3′, and reverse 5′-GAGTGGTAGCGTGGTGTGC-3’. 

2.12. Statistical analysis 

All data used in this study were analysed with GraphPad Prism 8.4 
software by one-way ANOVA for single-variable analysis or two-way 
ANOVA for two in-dependent variables analysis, followed by Tukey’s 
or Bonferroni multiple comparisons tests. 

3. Results 

3.1. Characteristics and pharmacodynamics of SCND-SIS3 

The SCND-SIS3 nanoparticles were prepared by the reprecipitation 
method and characterized with electron microscopes. As shown by the 
scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM) images (Fig. 1A and B), SCND-SIS3 was in the form of 
homogeneous monodispersed nanospheres of about 60 nm in diameter. 
Dynamic light scattering detected that the hydrodynamic diameter of 
SCND-SIS3 was 65 nm and the polydispersity index (PDI) value was 
0.224 (Fig. 1C), and Zeta potential measurement recorded a negative 
charge of − 19.6 mV (Fig. 1D). Most importantly, compared with 
unmodified-SIS3, SCND-SIS3 largely improved the aqueous solubility as 
determined by the Tyndall effect by shining a green light laser beam 
through the solution without visible precipitation and undissolved 
particles (Fig. 1E). In contrast, the unmodified-SIS3 barely dissolved in 
water with visible suspended particles, and most of the drug were 
precipitated in the bottom of cuvette (Fig. 1F). Nonetheless, both SCND- 
SIS3 and unmodified-SIS3 showed good solubility in DMSO as clear 
solution without precipitation and the Tyndall effect (Fig. 1G and H). 

The bioavailability of SCND-SIS3 was firstly evaluated by examining 
the in vitro pharmacodynamic properties of SCND-SIS3 in comparison 
with unmodified-SIS3 using the passive permeability and retention ef-
fects. Since both unmodified-SIS3 and SCND-SIS3 can be detected 
visually with the fluorescence emission spectrum at 470 nm under 280 
nm excitation, the accumulation of drugs in Lewis Lung Cancer (LLC) 
cells was measured with confocal microscope. As shown in Fig. 1I and J, 
although both drugs exhibited comparable accumulation in LLC cells 
after 3 hours incubation, the concentration of SCND-SIS3 in cells was 
much higher than that of unmodified-SIS3 3 hours after drug with-
drawal, indicating an enhanced drug retention effect of SCND-SIS3 in 
LLC cells. 

Then we performed pharmacodynamic study to examine the bio-
distribution of SCND-SIS3 and unmodified-SIS3 in vivo. LLC-bearing 
mice were harvested at 1, 3, 6, and 12 hours after receiving 
unmodified-SIS3 or SCND-SIS3, then drug concentrations in peripheral 
blood, kidney, tumor and liver were measured with LC-MS. Results 
shown in Fig. 1K demonstrated that the retention of SCND-SIS3 in cir-
culation was slightly elevated compared with unmodified-SIS3, which 
may be associated with the decreased excretion of SCND-SIS3 by renal 
clearance. The accumulation of SCND-SIS3 in tumor tissue was largely 
enhanced compared with unmodified-SIS3, showing a higher peak and a 
slackened decrease that indicated increased permeability and retention 
of SCND-SIS3 in tumor tissue. Meanwhile, the accumulations of the two 
drugs in liver were similar (Fig. 1K and L). These results suggested that 
the accumulation of SCND-SIS3 was markedly enhanced in tumor tissue 
compared with unmodified-SIS3. 

3.2. SCND-SIS3 treatment produces a better anti-cancer effects on lung 
carcinoma in vivo and in vitro 

To evaluate the anti-cancer effects, we examined the IC50 and EC50 
of unmodified-SIS3 and SCND-SIS3 in LLC cells. MTT results implied 
that SCND-SIS3 showed superior cancer-killing effect to unmodified- 
SIS3 at the dosages of 10 and 20 μM with much lower IC50 (5.95 μM 
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Fig. 1. Characteristics and pharmacodynamics study of SCND-SIS3 and unmodified-SIS3. Physicochemical characteristics of SCND-SIS3 were validated by (A) 
SEM images, (B) TEM images, (C) dynamic light scattering (DLS), polydispersity index (PDI) and (D) zeta potential. (E) The presence of Tyndall effect without visible 
precipitation and undissolved particles demonstrated the enhanced aqueous solubility of SCND-SIS3. (F) Unmodified-SIS3 showed poor aqueous solubility with 
visible suspended particles in the solution and precipitation in the bottom of the cuvette. (G-H) SCND-SIS3 and unmodified-SIS3 showed good solubility in DMSO. (I- 
J) Passive permeability and retention effects of SCND-SIS3 versus unmodified SIS3 in LLC cells. LLC cells were pre-treated with either 10 μM unmodified-SIS3 or 
SCND-SIS3 for 3 hours, and then drug accumulation was measured with confocal microscopy as the baseline (0 hr). After washing with PBS, LLC cells were cultured 
with fresh DMEM medium and drug retention effect was assessed 3 hours after drug withdrawal (3 hrs). Each bar represents the mean ± SD of three independent 
experiments; ***p < 0.001 compared to Blank; ##p < 0.01 as indicated. (K) Biodistribution of unmodified-SIS3 and SCND-SIS3 in peripheral blood, tumor, kidney, 
and liver at 1, 3, 6, 12 hours after drug administration analysed by HPLC-MS and (L) area under curve (AUC) calculated by trapezoidal approximation. Each bar 
represents the mean ± SD for groups of three mice. *p < 0.05, **p < 0.01, ***p < 0.001 compared to unmodified-SIS3. 
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for SCND-SIS3 versus 8.577 μM for unmodified-SIS3) (Fig. 2A and B). 
The EC50 was calculated as the half maximal effective concentration to 
inhibit Smad3 transcriptional activity via CAGA motif. Although the 
inhibitory effects of both drugs at 20 μM were similar, SCND-SIS3 
showed significant advantage over unmodified-SIS3 at dosages of 2.5, 
5 and 10 μM (Fig. 2C). Also, SCND-SIS3 had a lower EC50 at 11.09 μM 
than unmodified-SIS3 at 15.63 μM (Fig. 2D). Further analysis revealed 
that when comparing to unmodified-SIS3, SCND-SIS3 produced a better 
suppressive effect on LLC cell viability and metabolic activity, inducing 
a three-fold increase in cell apoptosis (Annexin V+ cells) at the dosages 
of 10 μM and 20 μM and promoting cell cycle arrest at G2/M phase 
(Supplementary Figs. S1A and B). Besides, we also evaluated the ther-
apeutic effects of both drugs on inhibiting Smad3 transcriptional activity 
in human NK-92 cells with luciferase reporter assay. As shown in Sup-
plementary Fig. S2A, treatment with SCND-SIS3 showed a better 
inhibitory effect on Smad3 transcriptional activity than unmodified- 
SIS3. Meanwhile, the EC50 for SCND-SIS3 was 5.638 μM, also lower 
than that of unmodified-SIS3 of 6.841 μM (Supplementary Fig. S2B). 
These data suggested that SCND-SIS3 manifested better anti-cancer ef-
fects on tumor cells and improved therapeutic effects on NK cells over 
unmodified-SIS3 in vitro. 

As determined by a dose-dependent study in syngeneic lung carci-
noma model established with luciferase-labeled C57BL/6-derived 
mouse lung carcinoma cell line (Luc-LLC), both unmodified-SIS3 and 
SCND-SIS3 at the dosage of 5 μg/g achieved similar inhibitory effects on 
tumor progression as 2.5 μg/g treatment, implying that 5 μg/g was 
approaching the efficacy plateau (Supplementary Figs. S3A and B). 
Therefore 2.5 μg/g was set as high dose and 0.5 μg/g as low dose to 
evaluate the anti-cancer effects of unmodified-SIS3 and SCND-SIS3. The 
therapeutic effects on tumor growth were examined by in vivo biolu-
minescence imaging. As shown in Fig. 2E and F, low dose (0.5 μg/g) 
SCND-SIS3 resulted in a 2-fold reduction in tumor cell activity compared 
with control (mice receiving drug solvent), which was comparable with 
the inhibitory effect achieved by high dose (2.5 μg/g) unmodified-SIS3 
treatment. In consistent with the bioluminescence imaging results, 
treatment with low dose SCND-SIS3 also achieved a 2.5-fold inhibition 
on the tumor volume and tumor weight compared with control, equiv-
alent to the therapeutic effect of high dose unmodified-SIS3 treatment 
(Fig. 2G and H). These results illustrated that SCND-SIS3 achieved 
comparable inhibitory effects on tumor growth as unmodified-SIS3 at 
only one-fifth dosage, suggesting SCND-SIS3 may show a 5-fold 
improvement in anti-cancer efficacy compared to unmodified-SIS3. 

We also examined the white blood cell counts, levels of serum 
creatinine, aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), myeloperoxidase (MPO), and troponin I to assess potential 
myelotoxicity, nephrotoxicity, hepatotoxicity and cardiotoxicity of 
unmodified-SIS3 and SCND-SIS3 in LLC-bearing mice. As shown in 
Supplementary Fig. S4, elevated serum level of creatinine was only 
detected in mice receiving high dose unmodified-SIS3, but not SCND- 
SIS3 treatment, implying nanonization may mitigate potential nephro-
toxicity of SIS3. 

3.3. SCND-SIS3 inhibits lung carcinoma by suppressing angiogenesis and 
promoting NK-mediated cytotoxicity 

It is well established that TGF-β promotes angiogenesis in tumor 
microenvironment via Smad3-mediated VEGF-A expression [26,27]. 
Therefore, we examined the anti-angiogenic effects of unmodified-SIS3 
and SCND-SIS3 in the LLC tumor tissue. As shown in Fig. 3A and B, 
unmodified-SIS3 at high dose but not low dose exhibited a significant 
inhibition on tumor angiogenesis. In contrast, low dose SCND-SIS3 was 
already effective in suppressing tumor angiogenesis, and the 
anti-angiogenic effect was additionally augmented by high dose treat-
ment. As previously reported, the disruption of Smad3 effectively re-
presses lung carcinoma progression by boosting NK cell-mediated 
immune responses [15]. Therefore, we also investigated the 

accumulation of NK cells in LLC-bearing mice receiving unmodified-SIS3 
and SCND-SIS3 treatments. When compared with mice without any 
treatment, the number of tumor-infiltrating NK cells was doubled in 
mice receiving either high dose unmodified-SIS3 or low dose 
SCND-SIS3, and it was quadrupled in mice receiving high dose 
SCND-SIS3 (Fig. 3A and C). These observations were consistent with 
immunoblotting results, such that high dose unmodified-SIS3 and low 
dose SCND-SIS3 achieves similar angiogenesis inhibition and enhanced 
NK cell accumulation, which were additionally reinforced by high dose 
SCND-SIS3 treatment (Fig. 3D). These therapeutic effects were tightly 
associated with the suppressed levels of p-Smad3 by high dose 
unmodified-SIS3, low dose SCND-SIS3, and the more potent high dose 
SCND-SIS3 treatment (Fig. 3D). These results evidenced that compared 
to unmodified-SIS3, SCND-SIS3 exerted superior anti-angiogenic and 
immune boosting effects by blocking Smad3 signaling. 

3.4. SCND-SIS3 treatment ameliorates TGF-β/smad3-mediated 
immunosuppression on NK cell-mediated cytotoxicity 

Being an integral part of innate immunity against cancer, NK cell 
exerts its cytotoxicity mainly through degranulation and plays immu-
noregulatory roles through chemokines and cytokines release [28]. To 
explore the therapeutic effects of unmodified-SIS3 and SCND-SIS3 on 
the immunoregulatory function of NK cells, we performed cytokine 
array analysis with supernatant from bone marrow-derived NK (BM-NK) 
cells treated with solvent control or either drug, with or without TGF-β 
stimulation. As shown in Fig. 4A–C, while chemokines CCL1 and CCL17 
were significantly induced by unmodified-SIS3, treatment with 
SCND-SIS3 largely promoted the production of interleukin-2 (IL-2) and 
CCL5 compared with the control group (Fig. 4A, B, and D). As CCL1, 
CCL5 and CCL17 are important chemokines for the recruitments of T 
helper (Th cell) cells, regulatory T (Treg) cells and macrophages in the 
tumor microenvironment [29–31], the infiltrations of CD4+ T cells and 
macrophages were also assessed in LLC-bearing mice. As demonstrated 
in Supplementary Figs. S5A and B, the accumulation of CD4+ cells was 
markedly enhanced by either high dose unmodified-SIS3 or SCND-SIS3 
treatment. Notwithstanding, the infiltration of macrophage was influ-
enced by neither unmodified-SIS3 nor SCND-SIS3 treatments (Supple-
mentary Figs. S5A and C). 

Besides regulatory cytokines and chemokines, we also detected cy-
tokines essential for NK cell-mediated cytotoxicity. According to ELISA 
results in Fig. 4E, although high dose unmodified-SIS3 and low dose 
SCND-SIS3 significantly elevated the levels of IFN-γ and granzyme B in 
the tumor microenvironment, high dose SCND-SIS3 treatment boosted a 
further 40% increase as compared with these two treatments. This 
finding was then validated on BM-NK cells. Even though unmodified- 
SIS3 mitigated TGF-β-induced suppression on IFN-γ and granzyme B 
productions, SCND-SIS3 generated an extra elevation in the productions 
of these two cytokines by BM-NK cells (Fig. 4F). These results demon-
strated the superior capability of SCND-SIS3 over unmodified-SIS3 in 
reinforcing NK cell-mediated cytotoxicity. 

To further explore the mechanisms underlying the regulations of 
SIS3 on NK cells differentiation, recruitment, activation and function, 
RNA-sequencing was performed on BM-NK cells under TGF-β stimula-
tion with or without SIS3 pre-treatment. For TGF-β stimulation without 
SIS3 pre-treatment, GO enrichment analysis in Supplementary 
Figs. S6A–B demonstrated that Smad protein complex assembly and 
TGF-β signaling were the highest enriched pathways, while cytokine 
production, lymphocyte proliferation, Type II interferon signaling and 
chemokine signaling pathway were largely blunted. In contrast, tran-
scriptional regulations and IFN-γ production were among the mostly 
enhanced pathways in SIS3 pre-treated BM-NK cells (Supplementary 
Fig. S6C). Due to the limited number of downregulated differentially 
expressed genes (DEGs) identified between SIS3 pre-treatment and TGF- 
β stimulated groups, only a few GO terms were enriched (Supplementary 
Fig. S6D), including myeloid leukocyte differentiation and apoptotic 
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signaling being among the most suppressed pathways induced by SIS3. 
As shown in Fig. 5A, the KEGG pathways enriched by the ensemble of 

genes set enrichment analyses (EGSEA) were ranked by the difference 

between fold changes of Ctrl-T (TGF-β stimulation versus blank control) 
comparison and T-SIS (SIS3 pre-treatment followed by TGF-β stimula-
tion versus TGF-β stimulation only) comparison. The NK cell-mediated 

Fig. 2. SCND-SIS3 manifests improved anti-cancer effect compared with unmodified-SIS3 in vitro and in vivo. (A) MTT assay detecting the viability of LLC 
cells treated with either unmodified-SIS3 or SCND-SIS3 for 24 hours. (B) Absolute IC50 calculated with MTT results. (C) Luciferase reporter assay examining Smad3 
transcriptional activity in LLC cells pre-treated with either unmodified-SIS3 or SCND-SIS3 for 3 hours followed by stimulation of 5 ng/mL TGF-β for 24 hours. (D) 
EC50 calculated with reporter assay results. Ctrl: no TGF-β stimulation nor drug treatment. (E) Bioluminescence imaging analysed by IVIS system in LLC-bearing mice 
28 days after treatment started, and (F) quantitative analysis of luminescent intensity. (G) Changes in the tumor volume after treatment with SCND-SIS3 or 
unmodified-SIS3 over the 28 days. (H) Tumor weight. Each bar represents the mean ± SD for groups of three independent experiments for in vitro studies or six to 
eight mice for in vivo studies. **p < 0.01, ***p < 0.001 compared to Ctrl; ##p < 0.01, ###p < 0.001 as indicated. 

Fig. 3. Treatment with SCND-SIS3 results in better inhibitory effect on LLC lung carcinoma by suppressing angiogenesis while enhancing NK cell- 
mediated immune responses. (A) Immunofluorescence staining of CD31, VEGF to detect angiogenesis, and NK1.1 to detect NK cell accumulation in tumor 
microenvironment. (B) Quantitative results of CD31+ and VEGF+ cells. (C) Quantitative analysis of NK1.1+ cells. Scale bar, 50 μm. (D) Western blotting detecting 
CD31, VEGF, p-Smad3 and NKp46 expression levels. Each bar represents the mean ± SD for groups of six mice. *p < 0.05, **p < 0.01, ***p < 0.001 compared to Ctrl; 
#p < 0.05, ##p < 0.01 and ###p < 0.001 as indicated. 
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cytotoxicity was ranked as the top differential KEGG pathway, followed 
by Erbb signaling, TGF-beta signaling and cell cycle, all of which are 
highly associated with TGF-β-induced suppression on NK cell-mediated 
immune responses [32–34]. The representative genes within the NK 
cell-mediated cytotoxicity gene set were further classified into 4 
sub-clusters, among which S1 was suppressed by TGF-β while restored 
by SIS3 pre-treatment (Fig. 5B). GO analysis revealed that S1 was highly 
enriched in G2M checkpoint and Interferon-γ response pathways, 

consisting of genes largely associated with NK cell activation and cyto-
toxicity, such as Ifng, Gzmb, Ncr1 (NKp46), Klrk1 (NKG2D), Ifngr1, Ifnar2 
and Lcp2 (Fig. 5B and C) [35,36]. While genes in S3 were uniquely 
upregulated by SIS3 pre-treatment, including several genes important 
for NK cell activation, such as Vav2, Sos1 and Syk [37]. GO analysis 
showed genes in S3 were highly enriched in mTORC1 signaling, protein 
secretion and IL-2-Stat5 signaling, all of which are tightly associated 
with TGF-β-induced inhibition on NK cell functions (Fig. 5B and C) [38]. 

Fig. 4. SCND-SIS3 promotes NK cell-mediated immune responses by regulating their cytokine and chemokine productions. (A) Cytokine array performed 
with supernatant of BM-NK cells stimulated with 5 ng/mL TGF-β for 24 hours after 3 hour-pre-treatment with 10 μM unmodified-SIS3 or SCND-SIS3. Cytokines 
highlighted in red frames were markedly enhanced by either unmodified-SIS3 or SCND-SIS3 treatment. (B) Heatmap of detected cytokines. (C, D) Expression levels of 
cytokines with highest fold-change induced by unmodified-SIS3 or SCND-SIS3 respectively. (E, F) ELISA detecting IFN-γ and granzyme B in tumor tissues or in BM- 
NK cells stimulated with 5 ng/mL TGF-β for 24 hours after 3 hour-pre-treatment with 10 μM unmodified-SIS3 or SCND-SIS3. Each bar represents the mean ± SD for 
groups of three independent experiments for in vitro studies or five to six mice for in vivo studies. *p < 0.05, **p < 0.01, ***p < 0.001 compared to Ctrl; #p < 0.05, 
##p < 0.01, ###p < 0.001 as indicated. 
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Volcano plot in Supplementary Fig. S7A showed that within the top 
DEGs between control and TGF-β group, including Ncr1 (NKp46), and 
Ccr2, one of the chemokine receptors responsible for NK cell infiltration 
[39], were largely down-regulated upon TGF-β stimulation. While 
Pmepa1, a negative feedback loop of TGF-β signaling [40,41], was the 
most significantly enhanced gene. Within the top DEGs induced by SIS3 
pre-treatment (Supplementary Fig. S7B), the most up-regulated genes 
were Ciart, Ddit3 and Nupr1, and the most down-regulated genes were 
Trib3 and Myc. 

As shown in Venn diagram (Supplementary Fig. S7C) and pairwise 
scatterplots (Supplementary Fig. S7D), DEGs that were (1) upregulated 
by TGF-β stimulation but suppressed by SIS3 pre-treatment, together 
with those that were (2) inhibited by TGF-β stimulation but restored by 
SIS3 pre-treatment, were screened as potential key mediators for the 

SIS3-induced immunoregulations on NK-mediated immunity. Four 
genes of interest were further selected according to their correlations 
with NK cell immune response, namely Ncr1, Ndrg1, Trib3 and Thbs1 
[42–45]. The expression fold changes of these genes were plotted in 
Fig. 5D. Then we validated the influence of unmodified-SIS3 and 
SCND-SIS3 treatments on the expression of these genes in peripheral 
blood-isolated NK cells from LLC bearing mice. Real-time PCR results in 
Fig. 5E demonstrated that SCND-SIS3 additionally elevated the levels of 
Ncr1 and Ndrg1, while further inhibited Trib3 expression in peripheral 
blood-isolated NK compared with unmodified-SIS3, consistent with the 
tendency observed in RNA sequencing results (Fig. 5D). 

Among these four genes that were significantly altered by SCND-SIS3 
treatment, Ndrg1 is less studied in NK cell-mediated immune response. 
Yet, it is identified to play a critical role in the degranulation process of 

Fig. 5. RNA-sequencing analysis on BM-NK cells treated with SIS3 under TGF-β1 conditions. (A) The ensemble of gene set enrichment analysis (EGSEA) from 
the KEGG pathways gene set collection. (B) Clustered heatmap of representative genes within the NK cell-mediated cytotoxicity gene set. Ctrl: untreated control; 
TGF/T: TGF-β stimulation; SIS: SIS3 pre-treatment followed by TGF-β stimulation. (C) Top ranked GO terms for each gene cluster as defined in Fig. 5B. (D) Fold- 
changes of selected DEGs in RNA-sequencing data and (E) the corresponding validation by real-time PCR in peripheral blood (PB)-isolated NK cells from LLC- 
bearing mice receiving solvent control (Ctrl), 2.5 μg/g unmodified-SIS3 or SCND-SIS3 treatment respectively. Each bar represents the mean ± SD for groups of 
three independent experiments for in vitro studies or three mice for in vivo studies; *p < 0.05, **p < 0.01, ***p < 0.001 compared to Ctrl; #p < 0.05, ##p < 0.01 and 
###p < 0.001 as indicated. 
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bone marrow-derived mast cells, thus it may also function in a similar 
pattern in NK cells [46]. To confirm our hypothesis, we silenced Ndrg1 
with short interfering RNA (siRNA) and then evaluated the productions 
of perforin and granzyme B by BM-NK cells. As shown in Fig. 6A, siRNA 
treatment successfully reduced the mRNA level of Ndrg1 to 25% of that 
in cells transfected with scramble sequence. Although silencing Ndrg1 
did not influence the mRNA levels of both perforin and granzyme B in 
BM-NK cells (Fig. 6A), it significantly reduced the protein levels of 
perforin and granzyme B to around 50% that of the scramble sequence 
group in BM-NK supernatant (Fig. 6B). This indicated that Ndrg1 reg-
ulates the degranulation process of NK cells instead of gene transcription 
of perforin and granzyme B. Furthermore, a predicted Smad binding site 
conserved among mouse and human Smad proteins was identified in the 
promoter of Ndrg1 (Fig. 6C and D) using JASPAR database (http:// 
jaspar.genereg.net) [47]. ChIP assay was then performed to validate 
the transcriptional regulation of Smad3 on the expression of Ndrg1. The 
binding of p-Smad3 to the promoter region of Ndrg1 was significantly 
promoted by TGF-β1 stimulation while repressed by SIS3 treatment, 
suggesting SIS3 attenuated TGF-β-induced suppression on Ndrg1 in a 
Smad3-dependent manner (Fig. 6E). 

4. Discussion 

Despite the success of various anti-TGF-β therapies developed for 
lung carcinoma, cost-effective therapies without causing severe toxicity 
or autoimmune disorders are still lacking [13,48]. One of the major 
obstacles that limit the therapeutic effects of anti-cancer drugs is the 
suboptimal drug delivery efficacy. It has been calculated that only 0.7% 
of injected dose can reach tumor tissue even when drugs were modified 
with nanoparticles, and the delivery efficiency in lung carcinoma is the 
lowest among all cancer types [49]. In the present study, we developed a 
novel SCND-SIS3, which effectively improved the aqueous solubility and 
bioavailability, reduced nephrotoxicity and most importantly, achieved 
comparable anti-cancer effects with only one fifth the dose of 
unmodified-SIS3. 

The drug delivery efficacy is largely determined by the physical 
characteristics of nanoparticles. According to SEM images and dynamic 
light scattering results, SCND-SIS3 is in spherical shape at the size of 65 
nm in diameter. Size less than 100 nm is preferable over larger nano-
particles, facilitating the escape of nanoparticles from phagocyte uptake. 
On the other hand, nanoparticles less than 10 nm are more easily 
extravasating from capillaries, inducing additional toxicity in other or-
gans, and leading to higher probability of renal clearance [49,50]. 
Thereby, the size of SCND-SIS3 sheltered it from phagocyte uptake and 
renal clearance without inducing additional toxicity. Another important 
advantage of self-carried nanodrugs over nanocarrier-based nanodrug is 
the solid structural stability, preventing nanodrugs from structural 
dissociation and losing the cargo under pressure [23]. Apart from 
physiological barriers, nanoparticles also face biological barriers such as 
mononuclear phagocyte system (MPS). MPS consists of liver, spleen, 
lymph nodes and some other organs [19]. According to our bio-
distribution study, the accumulation of SCND-SIS3 in liver was equiva-
lent with that of unmodified-SIS3, suggesting liver, the largest MPS 
organ, did not uptake more SCND-SIS3 compared with unmodified-SIS3. 
Meanwhile, the accumulation of SCND-SIS3 in kidney was significantly 
lower than that of unmodified-SIS3, resulting in a reduced nephrotoxi-
city and hence improved biocompatibility of SCND-SIS3 as detected by 
serum creatinine. 

In this study, we found that both unmodified-SIS3 and SCND-SIS3 
effectively inhibited LLC progression largely by augmenting NK cell- 
mediated cytotoxicity. As a vital cytokine for NK cell maturation, pro-
liferation and cytotoxicity, IL-2 is mainly produced by activated T cells. 
However, in the tumor microenvironment, the autocrine production of 
IL-2 is also important for NK cell immune response due to the dose- 
dependent effectiveness of IL-2 [51]. Therefore, SCND-SIS3 further 
boosted NK cell activation and function by improving autocrine IL-2 

production in the LLC tumor microenvironment. Meanwhile, 
SCND-SIS3 also up-regulated the production of CCL5, a potent chemo-
attractant for DC, cytotoxic T cell, macrophage and even NK itself [29, 
52–54]. On the other hand, unmodified-SIS3 induced a marked increase 
in the productions of CCL1 and CCL17, the chemokines important for the 
chemotaxis of T helper (Th) cells, regulatory T (Treg) cells and macro-
phages in the tumor microenvironment [30,31,55]. Although NK cell is 
not the major source of these chemokines in the tumor microenviron-
ment, the large fold change in CCL17 production by NK cells may 
encourage tumor immune evasion by enhancing the chemotaxis of Th2 
and Treg cells, which is evidenced by the 1.7-fold increase in CD4+ cells 
accumulation in the tumor microenvironment induced by high dose 
unmodified SIS3 compared with high dose SCND-SIS3 treatment. 

Importantly, the underlying mechanisms of SIS3 attenuating TGF- 
β-induced immunosuppression on NK cells was determined by RNA- 
sequencing. The NK-mediated cytotoxicity was identified as the top 
differential KEGG pathway by EGSEA analysis. Among this gene set, 
several genes essential for NK cell activation and effector function were 
substantially suppressed by TGF-β but ameliorated by SIS3 pre- 
treatment. These include Ncr1 (NKp46), Klrk1 (NKG2D), Ifng (IFN-γ), 
Gzmb (Granzyme B), Ifngr1 (IFN-γ receptor 1), Ifnar2 (IFN-γ receptor 2) 
and Lcp2 (Slp-76) [28,35,37,56]. Another 3 genes uniquely enhanced by 
SIS3 treatment, namely Vav1, Sos1 and Syk, also play essential roles in 
NKG2D-mediated NK cell activation. Specifically, upon binding to its 
ligand, NKG2D induces Vav1, Sos1 and Syk to form a complex, which 
triggers the phosphorylation of Slp-76 and subsequently initiates cal-
cium release and NK cytotoxicity against target cells [37]. According to 
DEG analysis, we identified 4 genes of interest, among which Ncr1 
(NKp46) and Ndrg1 were significantly decreased by TGF-β but restored 
by SIS3 treatment. As one of the essential activating receptors for NK 
cells, NKp46 is one of the key activation receptors for NK cell that me-
diates its cytotoxicity against cancer cells [45]. The changes in NKp46 
expression induced by TGF-β and SIS3 treatment were consistent with 
the in vivo results shown in Fig. 3D. In the present study, we found 
knockdown of Ndrg1 increased the degranulation rather than the tran-
scription of granzyme B and perforin in BM-NK cells, illustrating that 
Ndrg1 is a crucial mediator for the degranulation process of NK cells. 
Moreover, we identified Smad3 as a key transcriptional regulator for 
Ndrg1 by ChIP assay. Therefore, TGF-β inhibited the productions of 
granzyme B and perforin by NK cells through (1) Smad3-dependent and 
(2) T-bet-dependent transcriptional regulations, as well as by (3) 
Smad3/Ndrg1-dependent lytic granule releasing control [57–59]. 
Another two genes largely promoted by TGF-β stimulation but attenu-
ated by SIS3 treatment were Thbs1 and Trib3. Thrombospondin-1 
(TSP1), the protein encoded by Thbs1, is found to inhibit NK cells 
recruitment to the tumor microenvironment and diminish their cyto-
toxicity upon binding to CD47 [44]. Thus, SIS3 treatment effectively 
shields NK cells from the inhibitory effects of TSP1. Besides, previous 
studies found that Smad3-mediated Trib3 expression increases the 
acetylating of Smad3 while suppresses Smurf1, thus forming a positive 
feedback loop to reinforce the TGF-β/Smad3 signaling [42,43]. There-
fore, the inhibition of Smad3 activity by SIS3 can effectively block this 
positive feedback loop induced by TGF-β stimulation. In essence, 
SCND-SIS3 further rejuvenates NK-mediated cytotoxicity against cancer 
in the TGF-β rich tumor microenvironment through impeding 
TGF-β/Smad signaling by blocking the TGF-β1-Smad3-Trib3 positive 
feedback loop, thus effectively promoting NK cell activation and 
degranulation by restoring the expressions of NKp46 and Ndrg1, and 
enhancing NK recruitment and cytotoxicity through abrogating the 
negative regulations by TSP1 (Fig. 6F). 

In summary, a novel self-carried nanodrug SCND-SIS3 with higher 
cancer-killing capacity was developed in this study by improving the 
aqueous solubility and bioavailability, optimizing the biodistribution 
while reducing the nephrotoxicity. Mechanistic studies illustrated that 
compared to unmodified SIS3, SCND-SIS3 is more effective in sup-
pressing the TGF-β/Smad3 signaling, therefore resulting in a better 
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Fig. 6. Mechanisms of SIS3 treatment on NK cell immune response under TGF-β conditions in vitro. (A) mRNA levels of Ndrg1, perforin and Granzyme B 
determined by real-time PCR and (B) protein levels of perforin and Granzyme B measured by ELISA in BM-NK cells transfected with scramble sequence (scramble) or 
siRNA for Ndrg1 (si-Ndrg1). (C) Predicted transcriptional Smad binding site conserved between mouse and human in the promoter region of Ndrg1 gene with score 
calculated by JASPAR 2022. (D) Schematic illustration of predicted Smad3 binding site in the promoter of Ndrg1 gene. (E) ChIP assay validated that the physical 
binding of p-Smad3 to its predicted DNA binding site on Ndrg1 promoter is markedly enhanced by 5 ng/mL TGF-β stimulation while effectively inhibited by 5 μM 
SIS3 pre-treatment. M: marker. Each bar represents the mean ± SD of three independent experiments; **p < 0.01, ***p < 0.001 compared to Ctrl; ##p < 0.01 and 
###p < 0.001 as indicated. (F) Graphic summary of the therapeutic mechanisms of SIS3. SIS3 promotes NK cell-mediated immune response by enhancing the 
cytotoxicity of NK cells in both NKp46-and Ndrg1-dependent manners, alleviating the suppression of TSP1 on NK cell accumulation and cytotoxicity in the tumor 
microenvironment. Meanwhile, SIS3 further inhibits the immunosuppressive TGF-β1/Smad3 signaling by blocking the TGF-β1-Smad3-Trib3 positive feedback loop. 
This figure is created with biorender.com. 
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inhibition of angiogenesis and promotion of NK cell-mediated immune 
responses. Thus, SCND-SIS3 may serve as a safe and effective therapy 
with promising clinical potential for lung carcinoma. 
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[53] J.P. Böttcher, E. Bonavita, P. Chakravarty, H. Blees, M. Cabeza-Cabrerizo, 
S. Sammicheli, N.C. Rogers, E. Sahai, S. Zelenay, C. Reis e Sousa, NK cells stimulate 
recruitment of cDC1 into the tumor microenvironment promoting cancer immune 
control, Cell 172 (5) (2018) 1022–1037, e14. 

[54] A. Walens, A.V. DiMarco, R. Lupo, B.R. Kroger, J.S. Damrauer, J.V. Alvarez, CCL5 
promotes breast cancer recurrence through macrophage recruitment in residual 
tumors, Elife 8 (2019), e43653. 

[55] B. Kuehnemuth, I. Piseddu, G.M. Wiedemann, M. Lauseker, C. Kuhn, S. Hofmann, 
E. Schmoeckel, S. Endres, D. Mayr, U. Jeschke, D. Anz, CCL1 is a major regulatory 
T cell attracting factor in human breast cancer, BMC Cancer 18 (1) (2018) 1278. 

[56] Saïdi M.H. Soudja, C. Chandrabos, E. Yakob, M. Veenstra, D. Palliser, G. Lauvau, 
Memory-T-cell-derived interferon-γ instructs potent innate cell activation for 
protective immunity, Immunity 40 (6) (2014) 974–988. 
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