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Abstract
There is increasing interest in depleting or repolarizing tumor-associated macrophages (TAMs) to
generate a pro-in�ammatory effect. However, TAMs usually display an immunosuppressive M2-like
phenotype in tumor microenvironment. Apparently, developing a macrophage targeting delivery system
with immunomodulatory agents is urgent. In the study, an e�cient siRNAs and CpG ODNs delivery
system (CpG-siRNA-tFNA) was prepared with nucleic acid stepwise self-assembled. The tFNA composed
of CpG ODNs and siRNAs showed a higher stability and an enhanced cellular uptake e�ciency. Moreover,
the CpG-siRNA-tFNA effectively reprogrammed TAMs toward M1 phenotype polarization with increased
pro-in�ammatory cytokines secretion and NF-κB signal pathways activation, which triggers dramatical
antitumor immune responses. Hence, we have developed an e�cient and reliable TAM-targeted
therapeutic with immunomodulatory agents for for clinical applications.

Introduction
Tumor-associated macrophages (TAMs) are mainly derived from monocytes in the blood circulation and
tissue-resident macrophages, which constitute up to 50% of cell populations in tumor mass [1, 2]. As an
important component of tumor microenvironment (TME), TAMs play a key role in tumor growth, invasion
and metastasis [3, 4]. According to different activation manners, TAMs are divided into classically
activated M1 phenotype and alternatively activated M2 phenotype [5]. Most studies have shown that M1
macrophages initiate pro-in�ammatory cytokine production, activate immune response and tumoricidal
activity [6, 7]. Conversely, M2 macrophages secrete anti-in�ammatory cytokine, suppress adaptive
immunity and facilitate tumor growth and progression [8, 9]. Of note, TAMs usually display an
immunosuppressive M2-like phenotype under the in�uence of the TME, such as hypoxia and acidity pH
[10-12]. In addition, clinical studies have further shown that the presence of TAMs in TME are related to a
poor prognosis in a variety of human cancers [13-15]. Thus, it is a potential therapeutic strategy to
reprogramme TAMs toward antitumoral M1 macrophages polarization for tumor eradication.

In recent years, TAMs have emerged as an attractive potential therapeutic target for cancer
immunotherapy. So far, a variety of immune modulators mediated TAMs-M1 reprogramming have been
applied to restore the antitumoral immunity, such as microRNA, cytosine-guanosine
oligodeoxynucleotides (CpG ODNs), small interfering RNA (siRNA), antisense oligodeoxynucleotide (ASO),
and small molecule inhibitor [16-21]. Among these, siRNA is a powerful molecular tool to knock down
speci�c gene expression in the �eld of gene therapy. It interferes with the expression of speci�c genes
with complementary nucleotide sequences by degrading mRNA after transcription within the RNA
interference pathway [22-24]. However, there are some drawbacks to hinder this free form of siRNA
therapeutic e�ciency, including low e�ciency of cellular uptake, poor stability, and short period of action
[25, 26]. Apparently, developing a delivery system that can effectively overcome these challenges and
speci�cally deliver siRNA to TAMs is urgent.
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DNA framework nucleic acid (FNA) is an emerging �eld of DNA-based nanotechnology with controllable
size and shape, including DNA origami, tetrahedra, triangle, Y-shaped and so on [27, 28]. Moreover, many
studies reported that self-assembled DNA FNA can e�ciently deliver various immune modulators into
cells due to its inherent biocompatibility, high biosecurity and low cost. For example, Zhang et al.
developed a DNA tetrahedron-based nanogels based on a crosslinking strategy for intracellular EGFR
siRNA delivery, which can e�ciently enter the cells and downregulation of the EGFR gene expression [29].
Ding et al. fabricated a versatile triangular DNA origami to co-deliver siRNA and chemo-drugs into target
cells for enhanced synergistic antitumor effect [30]. Shi et al. reported a novel spherical nucleic acid
conjugate with superior biocompatibility for siRNA delivery, which showed potent gene knockdown at
both mRNA and protein levels [31]. Sleiman et al. designed a �exible DNA “nanosuitcase” for siRNA-
encapsulating and release it in live cells on demand [32]. These self-assembled DNA FNA could
effectively deliver additional therapeutic components into cells with improved dispersity and stability, and
thus enhance the therapeutic e�cacy.

Here we explored a facile strategy of linking siRNAs and CpG ODNs to a tetrahedral framework nucleic
acid (tFNA) to combine targeted delivery to TAMs cells. As shown in Scheme 1A, six DNA strands with
complementary overhangs at the 3′ ends can self-assemble into a tFNA, which is different from
traditional DNA tetrahedral based four DNA strands assembly. We designed the tFNA contains a nick in
the middle position of each edge. The overhang at this nick is complementary to the siRNA (AS)-overhang
strands. Moreover, the siRNA (SS)-CpG strands also integrated to the tFNA by complementary base
pairing of sense strand and antisense strand of the siRNA. Speci�cally, the tFNA with controllable loading
density can simultaneously deliver siRNAs and CpG ODNs into cells. As is well known, CpG ODNs could
be e�ciently internalized by macrophages with toll-like receptor 9 (TLR9) dependent activation [33]. The
binding of TLR9 and CpG ODNs can trigger innate and adaptive immune responses [34]. As an
immunostimulatory TLR9 agonist, CpG ODNs are already in preclinical studies for melanoma [35].

Meanwhile, it is reported that PI3Kγ acts as a molecular switch turning on immunosuppression while
shutting down immune-stimulatory activities in TAMs [36]. In particular, most studies have shown that
PI3Kγ inhibition facilitate M2-like TAMs toward M1 phenotype polarization [37, 38]. Additionally, PI3Kγ
also restrains toll-like receptors (TLRs) mediated in�ammation and signaling pathway activation [39, 40],
we hypothesis that simultaneously inhibition PI3Kγ and activating TLRs could effectively reprogram
TAMs toward a more proin�ammatory phenotype and inhibit tumor progression. As shown in Scheme 1B,
the binding of CpG ODNs and TLR9 facilitated the uptake of the siRNA component into the cytosol for
e�cient gene silencing. As such, PI3Kγ inhibition effectively enhanced CpG ODNs activation function for
the NF-kB signaling pathway. At last, the combination of CpG ODNs immunostimulation and PI3Kγ
expression downregulation would effectively reprogramme TAMs toward M1 phenotype polarization and
exhibition a potent anticancer e�cacy.

Results And Discussion
Preparation and characterization of CpG-siRNA-tFNA
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CpG-siRNA-tFNA could be readily prepared using designed strand (Table S1), and the self-assembled
process was presented in Scheme 1A. In order to demonstrate stepwise assembly procedure, we
separately constructed tFNA, CpG-tFNA and CpG-siRNA-tFNA. The successful preparation of nucleic acid
nanostructures was con�rmed by gel electrophoresis. As showed in Figure 1A, a distinct band shift was
observed along with different strands introduced, indicating tFNA assembly nanostructure formation. For
different valence numbers CpG-tFNA nanostructures formation, CpG-overhang strands were added
together in different proportions. The gel electrophoresis analysis results were showed in Figure 1B. The
band mobility slightly decreased with the increasing of CpG-overhang strand number, which was
attributed to slight difference in each nanostructure molecular weight. Similarly, different valence
numbers CpG-siRNA-tFNA were constructed and analyzed by gel electrophoresis. As showed in Figure 1C,
the band mild movement was observed with the increasing of siRNA (SS)-CpG strand and siRNA (AS)-
overhang strand number. The results suggested these functional nucleic acid nanostructures have been
successfully synthesized. Moreover, that showed CpG and siRNA could be modi�ed to tFNA with
controllable density. Also, The CpG-siRNA-tFNA structure was imaged by atomic force microscopy (AFM),
the results were were shown in Figure S1.

Since DNA tFNA was reported to effectively resist nuclease degradation [41], we investigated the stability
of tFNA in 10% non-inactivated fetal bovine serum. We compared the stability of dsDNA and tFNA at 37°C
for different time periods. As shown in Figure 1D, the band of dsDNA almost disappeared with 3 h
incubation. On the contrary, the band of tFNA remained nearly unchanged after 3 h incubation. However,
we observed that the band of tFNA gradually moved down and diffused with incubation time extended,
especially after 24 h. The phenomenon re�ected the tFNA nanostructure suffered partial degradation.
Nevertheless, there still was strong band of tFNA after 24 h incubation. Therefore, the tFNA could resist
nuclease degradation and possessed a higher stability than dsDNA in fetal bovine serum.

Cell uptake and cytotoxicity of DNA tetrahedral nanostructures

Cellular uptake e�ciency of DNA tetrahedral nanostructures was investigated with a �uorescently labeled
CpG strand. Confocal imaging showed that CpG-tFNA group presented intense FAM �uorescence in the
cytoplasm (Figure 2A). In contrast, the CpG control group showed negligible �uorescence. The
phenomenon was consistent with �uorescence microscope imaging (Figure S2). The results suggested
that tFNA nanostructure was more readily taken up by cells, which might be also related to the higher
stability of tFNA and the ability of tFNA in driving the nanostructures into cells.

The viability of RAW264.7 cells exposed to different concentrations of CpG-tFNA and CpG-siRNA-tFNA
were evaluated with a standard CCK-8 assay. As shown in Figure 2B, there were no measurable effect on
cells metabolic activity and CpG-tFNA and CpG-siRNA-tFNA even both stimulated the growth of cells.
Moreover, CpG-tFNA and CpG-siRNA-tFNA both exhibited more signi�cant stimulation e�ciency along
with increasing nanostructures concentration, which attributed to the immunostimulatory activity of CpG
motifs.

Immunostimulation effects of CpG-siRNA-tFNA
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To evaluate the immunostimulatory activity of CpG-siRNA-tFNA, the secretion levels of proin�ammatory
cytokines (TNF-α, IL-6, and IL-12) in RAW264.7 cells were measured by ELISA. As demonstrated in Figure
3, CpG-tFNA showed signi�cantly increased immunostimulatory activity for the proin�ammatory
cytokines secretion compared with free CpG ODNs. The results were primarily attributed to the greatly
enhanced stability and cellular uptake e�ciency of CpG-tFNA. Moreover, the induction of
proin�ammatory cytokines level was further improved with increasing the number of CpG motifs per tFNA
nanostructure. More importantly, CpG-siRNA-tFNA showed much stronger immunostimulatory capability,
which induced dramatically higher amounts of the cytokines secretion. This phenomenon indicated the
proin�ammatory cytokines secretion was synergistically triggered by both CpG ODNs stimulation and
PI3Kγ inhibition. Silencing of PI3Kγ enhanced CpG ODNs mediated immunostimulatory activity in
RAW264.7 cells. These results also show the tFNA nanostructures possess special superiority that can
simultaneously carry siRNAs and CpG ODNs with high loading density. As such, qPCR results of the
proin�ammatory cytokine levels were consistent with the ELISA (Figure S3).

Macrophages polarization by immunostimulatory CpG-siRNA-tFNA

To validate the macrophages polarization markers, RAW264.7 were treated with LPS and IL-4 for 24h,
respectively. The western blot results (Figure S4B) con�rmed the expression of M1 marker (iNOS) and M2
marker (Arg-1). In addition, we observed the morphological changes in different types polarization of
macrophages (Figure S4A).

As is well known, the enhanced secretion of proin�ammatory cytokines is a major characteristic of M1
phenotype macrophages. And NF-κB are the major signal pathways participating in the expression of a
variety of cytokines after the stimulation of CpG-siRNA-tFNA. Therefore, we investigated the
macrophages phenotype transformation and NF-κB signal pathways activation. As showed in Figure 4A,
CpG-siRNA-tFNA induced iNOS expression and stimulated NF-κB p65 subunit phosphorylation in
RAW264.7 cells. More importantly, PI3Kγ inhibition increased CpG-inducible iNOS expression and CpG-
stimulated phosphorylated p65 expression levels.

Subsequently, we investigated whether PI3Kγ expression downregulation promoted M2 macrophages
toward M1 phenotype polarization. Macrophages were �rst induced toward M2 phenotype polarization
upon stimulation with IL4. Consistent with previous studies, IL4 induced a remarkably Arginase 1
expression (Figure 4B). Whereas, PI3Kγ knockdown evidently inhibited Arg1 expression and enhanced
CpG-stimulated iNOS expression. Further, we examined the macrophages phenotype switch based on
characteristic expression pro�les of surface markers by �ow cytometry.  As detected by �ow cytometry,
Figure 4C and 4D showed a dramatic increase in CD86 expression (a M1 marker) and very slight
increases in CD206 expression (a M2 marker) with CpG stimulation. In accordance with previous results,
PI3Kγ knockdown enhanced CpG-stimulated CD86 expression and reduced CD206 expression. These
results demonstrated PI3Kγ inhibition effectively reprogramme TAMs toward M1 phenotype polarization
and enhanced CpG ODNs activation function for the NF-kB signaling pathway in macrophages.

Antitumor effects of CpG-siRNA-tFNA
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In the current study, we chose 4T1 breast cells as the typical tumorous cells to analyze anti-tumor activity
of CpG-siRNA-tFNA treated macrophages. As showed in Figure 5A, RAW264.7 cells were cocultured with
4T1 cells in the Transwell system. CpG-stimulated macrophages revealed obvious anti-proliferative
effects on 4T1 cells. More importantly, CpG-siRNA-tFNA treated macrophages showed higher anti-
proliferative e�cacy with PI3Kγ knockdown. Moreover, cellular viability of 4T1 cells declined rapidly with
macrophages supernate concentration increasing (Figure 5B). Taken together, PI3Kγ inhibition further
stimulated higher amounts of immune cytokines secretion in macrophages, which strongly inhibited the
proliferation of 4T1 cells.

In this investigation, activity of caspase-3 also determined with the caspase-3 activity kit. In accordance
with previous results, the activity of caspase-3 was signi�cantly increased in the 4T1 cells incubated with
macrophages together with CpG-tFNA or CpG-siRNA-tFNA (Figure 5C).

To further quantify apoptosis of tumor cells, we used �ow cytometry to analyze the macrophages-
mediated apoptosis after incubation with CpG-siRNA-tFNA for 24h. Resules showed that the apoptotic
cell percentage obviously increased in CpG-tFNA and CpG-siRNA-tFNA groups compared with control
group (Figure 5D and 5E). Clearly, these resules prove CpG-siRNA-tFNA treated macrophages effectively
inhibit tumor cells proliferation and promote tumor cells apoptosis, which exhibit strong
immunostimulatory and antitumor activity.

Conclusions
In summary, the study fabricated an e�cient siRNAs and CpG ODNs delivery system (CpG-siRNA-tFNA)
based on nucleic acid stepwise self-assembled with controllable loading density and high delivery
e�ciency. Moreover, the CpG-siRNA-tFNA effectively reprogramme TAMs toward M1 phenotype
polarization with CpG ODNs immunostimulation and PI3Kγ expression downregulation. Furthermore,
CpG-siRNA-tFNA induce macrophages dramatically upregulating proin�ammatory cytokines together with
the activated NF-κB signal pathways, which triggers apparent antitumor immune responses for the
effective inhibition of tumor cells proliferation. Altogether, the results provide a rational basis for further
development of the CpG-siRNA approach to targe TAMs for clinical applications.

Materials And Methods
Materials

All DNA oligonucleotide sequences were synthesized and puri�ed by Sangon Biotechnology Co., Ltd.
(Shanghai, China). PI3Kγ siRNA were designed and synthesized by GenePharma Co., Ltd. (Shanghai,
China). All oligonucleotide sequences were showed in Table S1. Antibodies against PI3Kγ was purchased
from Santa Cruz Biotechnology, Inc. (CA, USA). Antibodies for iNOS, Arg-1, NF-κB p65 and phospho-NF-κB
p65 (Ser536) were obtained from Cell Signaling Technology (Danvers, USA). Antibodies against GAPDH
and β-tubulin were purchased from Bioworld Technology Co., Ltd. (Nanjing, China). The anti-CD16/32,
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anti-CD86 and anti-CD206 were obtained from BioLegend (San Diego, CA, USA). The horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG secondary antibodies were purchased from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). All ELISA kits were obtained from Bopei Biotechnology Co.,
Ltd. (Chongqing, China). Total RNA extraction kit was obtained from Promega (Madison, USA). The
caspase-3 activity kit was purchased Beyotime Biotechnology Co., Ltd. (Shanghai, China). A PrimeScript™
RT reagent kit and a SYBR® Premix Ex Taq™ reagent kit were purchased from TaKaRa Biotechnology Co.,
Ltd. (Dalian, China). All ssDNAs were dissolved in sterile water and stored at -20°C. PI3Kγ siRNA were
dissolved in DEPC water (Sangon, Shanghai, China).

Cell culture

The mouse breast cancer cell lines 4T1 and mouse macrophage cell line RAW264.7 were obtained from
the American Type Culture Collection (ATCC; Rockville, MD, USA) and cultured in RPMI 1640 medium
(Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA)
and 1% penicillin/streptomycin. All cell lines were incubated in an atmosphere of 5% CO2 at 37°C
according to ATCC guidelines.

Preparation of tFNA, CpG-tFNA and CpG-RNAi-tFNA

DNA self-assembly structures were prepared as reported previously. For tFNA, six different ssDNAs
mixtures of component oligonucleotides (S1, S2, S3, S4, S5 and S6) were combined in TM buffer (10 mM
Tris, 5 mM MgCl2), heated to 95°C for 2 minutes, then rapidly cooled to 4°C in a T100TM Thermal Cycler
(Bio-Rad, Hercules, CA, USA). Each ssDNAs strand �nal concentration was 1mM. The CpG-tFNA and CpG-
RNAi-tFNA were prepared in the same way.

Gel electrophoresis

Agarose gel electrophoresis was performed to con�rm the successful assembly of tFNA, CpG-tFNA and
CpG-RNAi-tFNA. The experiments were operated in 1 × TBE running buffer under the condition of 100 V
voltage. After nucleic acid stain (gold view) disposed, the gel was visualized with imaging system (Bio-
Rad, Hercules, CA, USA).

Stability analysis of tFNA

To test the nanostructures stability, tFNA and dsDNA were separately incubated with fetal bovine serum
of equal volume at 37°C for different time periods (0, 3, 6, 12 and 24h). The mixtures were then subjected
to 2% agarose gel.

Cellular Uptake

RAW264.7 cells were grown on glass cover slips in 24-well culture plates at a density of 5 ´ 105 cells/mL
and incubated at 37℃ for 24 h. They were then washed with sterile phosphate-buffered saline (PBS) and
changed into fresh RPMI 1640 medium. Next, cells were separately incubated with �uorescently labeled



Page 9/18

100 nM CpG and CpG-tFNA at 37℃. After culturing for 1 h, all cells were washed with pre-cold phosphate-
buffered saline (PBS) three times and then �xed with 4% formaldehyde (Solarbio, Beijing, China) for 20
min at room temperature. And cells nuclei were treated with DAPI for 10 min. Finally, all confocal images
were captured using a laser confocal microscope (Leica TCS SP8, Germany) and a �uorescence
microscope (Nikon ECLIPSE Ti-s, Japan).

Cellular cytotoxicity assays

RAW264.7 cells were seeded in 96-well plate with 5 ´ 103 cells per well in 100 μL and cultured for cell
adhesion. The medium was replaced by 100 μL fresh medium containing CpG-tFNA or CpG-RNAi-tFNA at
different concentrations. The cells were further incubated for 48 h at 37°C. Then the medium was
replaced by fresh culture medium and CCK-8 solution was added and incubated for 1 h. The absorbance
at 450 nm was measured using a Model 680 microplate reader (Bio-Rad, Hercules, CA, USA).

Real-time PCR

Total RNA was harvested from RAW264.7 cells and reverse transcribed into cDNA. Relevant in�ammatory
cytokines gene (Il-6, Il-12, Tnfa) expression were determine according to the manufacturer’s instruction.
The sequences of primers were provided in Table S2. The reactions were performed in a volume of 10 μL
using CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).

ELISA assay

RAW264.7 cells were seeded in a 6-well plate and cultured for cell adhesion. Then, the medium was
replaced by 2 mL fresh medium containing different concentrations CpG-tFNA or CpG-RNAi-tFNA for 24h.
The supernatants were collected and the levels of cytokines were determined by an ELISA assay as the
manufacturer’s protocol.

Western blotting

Whole protein from RAW264.7 cells were harvested with RIPA buffer containing proteinase and
phosphatase inhibitor cocktail. The protein concentration was measured by BCA assay. Protein samples
were separated on SDS-polyacrylamide gels and transferred onto polyvinylidene di�uoride (PVDF)
membranes. The membranes were blocked with 5% non-fat dry milk in Tris-buffered saline with 0.05%
Tween-20 (TBST) for 1 h followed by incubation at 4̊C overnight with the primary antibodies. HRP anti-
rabbit IgG were used as the secondary antibodies. The signals were analyzed using an enhanced
chemiluminescence detection system (Bio-Rad, Hercules, CA, USA).

Transwell assays

RAW264.7 cells and 4T1 cells were co-culture using the Transwell system (Millipore, Bedford, MA, USA)
with 3 μm pore-size. Then CpG-tFNA and CpG-RNAi-tFNA were added to the upper chamber. After
incubation for 48 h, the cell viability of 4T1 cells in the lower chambers was determined by a CCK-8 assay.
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Caspase-3 activity assay

A transwell system (3μm-pore polycarbonate �lter membrane) was performed to explore the antitumor
effect of CpG-RNAi-tFNA. RAW264.7 cells and 4T1 cells were respectively added to the upper and lower
chambers and cultured in RPMI 1640 medium containing 10% FBS for 24h. Then CpG-tFNA and CpG-
RNAi-tFNA were added to the upper chamber. After incubation for 24h, the 4T1 cells were collected and
the activity of caspase-3 was determined by the caspase-3 activity kit.

Apoptosis assay

4T1 cells were harvested with EDTA-free trypsin and washed with cold PBS for three times. Subsequently,
the cells were resuspended in 500 μL PBS and stained with 5 μL Annexin V-�uorescein isothiocyanate
(FITC) and 5 μL propidium iodide (PI) for 15 min in the dark at room temperature. Finally, the apoptosis of
4T1 cells were evaluated by FACScan �ow cytometer (BD Biosciences).

Flow cytometry

Brie�y, RAW264.7 cells were treated with CpG-siRNA-tFNA for 24h. Then, the cells were resuspended in
500 μL PBS and blocked with anti-CD16/32 for 10min at 4 °C. After washed with cold PBS, the cells were
incubated with anti-CD86 and anti-CD206 for 30 min in darkness. Finally, the expression of CD86 and
CD206 were evaluated by �ow cytometry.

Statistical analysis

Student’s t-test or one-way analysis of variance (ANOVA) was used to assess the differences between
treated and control groups. with GraphPad Prism 8. All quantitative results are presented as mean ± SD
(standard deviation) with at least three independent repetitive experiments.

Abbreviations
TAMs: tumor-associated macrophages; TME: tumor microenvironment; CpG ODNs: cytosine-guanosine
oligodeoxynucleotides; siRNA: small interfering RNA; ASO: antisense oligodeoxynucleotide; FNA:
framework nucleic acid; tFNA: tetrahedral framework nucleic acid; TLR9: toll-like receptor 9; TLRs: toll-like
receptors; PBS: phosphate-buffered saline; PVDF: polyvinylidene di�uoride.
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Figures

Figure 1

(A) Agarose gel electrophoresis analysis to con�rm self-assembly of the tFNA (Lane 1, S1. Lane 2, S1 +
S2. Lane 3, S1 + S2 + S3. Lane 4, S1 + S2 + S3 + S4. Lane 5, S1 + S2 + S3 + S4 + S5. Lane 6, S1 + S2 +
S3 + S4 + S5 + S6, tFNA). (B) Agarose gel electrophoresis analysis to con�rm the hybridization of CpG
ODNs to the tFNA (Lane 1, CpG-overhang. Lane 2, tFNA. Lane 3, tFNA with 1 CpG. Lane 4, tFNA with 2
CpG. Lane 5, tFNA with 3 CpG. Lane 6, tFNA with 4 CpG. Lane 7, tFNA with 5 CpG. Lane 8, tFNA with 6
CpG). (C) Agarose gel electrophoresis analysis to con�rm the hybridization of siRNA to the tFNA (Lane 1,
CpG-overhang. Lane 2, tFNA. Lane 3, tFNA with 1 siRNA. Lane 4, tFNA with 2 siRNA. Lane 5, tFNA with 3
siRNA. Lane 6, tFNA with 4 siRNA. Lane 7, tFNA with 5 siRNA. Lane 8, tFNA with 6 siRNA). (D)
Electrophoretic analysis of the stability of tFNA.
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Figure 2

(A) Confocal laser scanning microscopy images analysis the difference of cellular uptake between CpG
and CpG-tFNA. (B) Cell viability assay (CCK-8 assay) of RAW264.7 cells after treatment with different
concentration CpG-tFNA and CpG-siRNA-tFNA for 24 h. The error bars are standard deviations of three
repetitive measurements.
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Figure 3

Proin�ammatory cytokines (TNF-α, IL-6, and IL-12) secretions of RAW264.7 cells after being treated by
different immunomodulatory agents for 24 h. The error bars are standard deviations of three repetitive
measurements.
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Figure 4

(A, B) Western blot analysis proteins expression involved in NF-κB signal pathways and macrophages
markers in RAW264.7 cells. (C) Flow cytometry analysis the expression of CD86 and CD206 in RAW264.7
cells after treatment with different immunomodulatory agents for 24 h. (D) Statistical analysis of data.
The error bars are standard deviations of three repetitive measurements.
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Figure 5

(A) RAW264.7 cells were cocultured with 4T1 cells in the Transwell system and the cell viability was
assessed by the CCK-8 assay. (B) 4T1 cells were incubated with different concentration macrophages
supernate and cell viability was assessed by the CCK-8 assay. (C) The activity of 4T1 cells caspase-3 was
determined in vitro. (D) Cell apoptosis was detected by �ow cytometry at 24 h. (E) Statistical analysis of
data. The error bars are standard deviations of three repetitive measurements.
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