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Regulating the surface topography of CpG
nanoadjuvants via coordination-driven self-
assembly for enhanced tumor immunotherapy+
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Immunoadjuvants play a key role in enhancing the efficacy of therapeutic tumor vaccines for treating

malignant and recurrent cancers. However, due to the bottleneck in the rational design and mechanistic

understanding of novel adjuvants, currently available immunoadjuvants in clinical practice are very
limited. To boost adjuvant design and development, herein we propose a surface topography regulatory

strategy for constructing novel adjuvants with improved adjuvant properties. One of the licensed

adjuvants with a well-defined molecular mechanism of immune activation, cytosine—phosphate—guanine

oligodeoxynucleotides

(CpG ODNS),

was used as the material framework. We constructed

immunostimulatory CpG nanoparticles (CpG NPs) with different surface topographies by coordination-
driven self-assembly between CpG ODNs and ferrous ions. These self-assembled CpG NPs combine the
biological and physical activation abilities of innate immunity and can be used as adjuvants of tumor

antigens for malignant tumor immunotherapy. The experimental results showed that these CpG NPs

could rapidly enter innate immune cells and remold the tumor microenvironment (TME) to enhance

anti-tumor immunotherapy via (i) inducing proinflammatory cytokine production; (ii) promoting the

transformation of macrophages from immunosuppressed M2 types into immunoactivated M1 types; (iii)
amplifying the antigen presentation of mature dendritic cells (DCs), and (iv) activating T cells in tumor
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sites. Among the prepared nanostructures, pompon-shaped nanoparticles (NPP°) showed the strongest

adjuvant properties and anti-tumor immunotherapeutic effect as the adjuvant of ovalbumin in

DOI: 10.1039/d3na00322a

rsc.li/nanoscale-advances

1. Introduction

Tumor immunotherapy has revolutionized traditional cancer
therapies and made remarkable clinical advances in recent
years. As a new type of effective tumor immunotherapy, thera-
peutic tumor vaccines can activate or enhance the anti-tumor
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melanoma-bearing mice. Overall, this work provides an effective strategy for designing novel adjuvants
for activating the immunosuppressed TME to enable better cancer immunotherapy.

immune response of the body by expressing specific tumor
antigens and then killing and eliminating tumor cells under the
assistance of immunoadjuvants, showing great application
prospects in the treatment of malignant tumors.’* Most tumor
vaccines consist of one or more tumor antigenic components
and immunoadjuvants that enhance the magnitude, breadth,
and durability of the antigenic immune response.*® Therefore,
immunoadjuvants are key components in improving vaccine
effectiveness. However, due to safety concerns as well as the
difficulties in the research of adjuvant design and immunologic
mechanisms, the development of new adjuvants is very slow.”®
Clinically approved adjuvants are far from meeting the needs of
tumor therapy and vaccine development. Consequently, devel-
oping new, novel immunoadjuvants with high safety, excellent
properties and a clear immunologic mechanism is of great
significance for the development of therapeutic tumor vaccines
and the immunotherapy of malignant tumors.
Cytosine-phosphate-guanosine oligodeoxynucleotides (CpG
ODNi5) are one of the clinically licensed adjuvants with a well-
defined molecular mechanism of immune activation, attract-
ing extensive attention and continuous research in the field of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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immunotherapy.’®*® They can be recognized by toll-like
receptor 9 (TLR-9) on endo/lysosomal membranes and induce
the production of pro-inflammatory cytokines to successively
activate both innate and adaptive immunity.'*'> However,
owing to structural instability in the complex tumor microen-
vironment (TME), CpG adjuvants are currently only approved
for hepatitis B and SARS-CoV-2 vaccines and not for tumor
vaccines.'®” Thus, in order to broaden their application,
researchers have focused on improving the structural stability
and prolonging the half-life of CpG ODNs through skeleton
modification, protein/peptide binding or nanoparticle
preparation.'®* Nanoparticular adjuvants have the advantages
of enhancing the immune response and reducing tolerance
owing to their characteristics of small size and large specific
surface area.””*® With the in-depth study of nanoadjuvants,
researchers found that the surface topography of nano-
adjuvants can influence the adsorption of antigens and adhe-
sion with immune cells and is another key factor in determining
the efficacy of nanoadjuvants in addition to the composition
and particle size.>*?® Thus, constructing CpG-based nano-
particles (CpG NPs) with desirable surface topography is an
effective approach to improve the structural stability of CpG
ODNs and enhance their adjuvant properties.

Emerging evidence indicates that nanoadjuvants with
special surface topographies have unique performance advan-
tages.””?® Previous studies have reported that a gold nanostar
adjuvant system with surface modification of CpG ODNs
showed deep tumor penetration ability, induced a cascade
immune response and significantly inhibited tumor growth.>*
Compared to spheroidal nanostructures that accumulated
mostly in the center of the endosome, star-shaped nano-
structures accumulated primarily along the interior edges,
which achieved a higher level of toll-like receptor 9 (TLR9)
activation along with the enhanced secretion of pro-
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inflammatory cytokines and chemokines.®® Another study
found that the nanospiky surface of TiO, microparticles can
activate and amplify the innate immune response by placing
mechanical stress on the cells, stimulating potassium efflux and
inflammasome activation during the phagocytosis of immune
cells.”” These findings indicate that increased surface rough-
ness of nanoadjuvants contributes to enhanced immune activ-
ities, thereby advancing our understanding of the mechanisms
by which surface topography modulates immune responses.
However, these nanoadjuvants were fabricated based on rigid
nanoparticles and may have a significant impact on immune
responses. Therefore, the structure-activity relationship
between surface topography and immune activity of CpG-
framed nanoadjuvants still needs to be explored.

To understand the immunomodulatory capacity of surface
topographies of nanoadjuvants on immune cells for cancer
therapy, we designed a series of specific surface topographies
on self-assembled CpG nanoparticles (CpG NPs) ranging from
smooth to short plush to plush and finally to a spiky surface.
They were named spherical, urchin-, pompon- and burr-shaped
nanoparticles and denoted as NP*P, NP*f, NPP° and NP"" for
short, respectively (Scheme 1A). Due to the combination of
physical and biological cues, the designed CpG NPs are believed
to be able to modulate innate immune responses of the TME for
enhanced anti-tumor immunotherapy. First, we tested the
cytotoxicity, cellular uptake behavior and subcellular distribu-
tion of different nanostructures in RAW264.7 macrophages.
Then, the polarization of macrophages and maturation of
dendritic cells on different nanostructures were systematically
examined by the evaluation of cytokine secretion and cell
surface marker expression (Scheme 1B). Last, we assessed the
anti-tumor efficacy and immunosuppressive TME activation of
the obtained CpG NPs on a melanoma animal model by
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Schemel Schematicillustration of the designed CpG nanoparticles with different surface topographies for amplifying innate immune responses
and enhancing cancer immunotherapy. (A) The coordination-driven co-assembly process of CpG oligodeoxynucleotides and ferrous ions to
synthesize CpG nanoparticles. (B) Schematic of the designed nanostructures applied to activate innate immune cells and amplify immune
responses. (C) Schematic of the designed nanostructures used as an immunologic adjuvant to assist tumor antigens to enhance cancer

immunotherapy for melanoma.
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combining them with tumor model antigen ovalbumin (OVA)
(Scheme 1C).

2. Experimental section

2.1. Preparation and characterization of CpG NPs

Inspired by the one-pot synthesis method reported by Li's
team,*** we adopted a similar method to prepare CpG NPs with
different surface topographies. Concretely, for the preparation
of spherical CpG NPs, 10 uL CpG aqueous solution (100 uM) and
8 UL FeCl, aqueous solution (50 mM) were first added into 82 pL
pure water in a 200 pL PCR tube, immediately followed by
a quick vortex to make sure all the ingredients mixed thor-
oughly. Next, the mixture was allowed to stand at 95 °C for 2 h.
Finally, the product was obtained by cooling it to room
temperature. The other three CpG NPs were prepared in double
distilled water and Tris-HCI buffer solution (20 mM, pH = 7.4)
supplemented with 10 mM MgCl,, respectively. The concen-
trations of CpG strands and FeCl, in the reaction system are
shown in Table S1.7 The total volume of the reaction system was
set at 100 pL.

The product solution was deposited on a carbon-coated
copper grid and subjected to TEM imaging (120 kV) and SEM
imaging (2 kV) to characterize the surface topography. The
hydrodynamic size and distribution of the prepared nano-
particles were measured by dynamic light scattering on a Zeta-
sizer Nano ZS instrument (Malvern, UK). The characteristic
absorption spectra of free CpG ODN solution and the above
assembly solution were measured using a circular dichroism
spectrometer in a heating process (25-95 °C) and a thermostatic
process (95 °C) for 2 h, respectively.

2.2. Cell culture

RAW264.7 cells and Hacat used in the experiments were
purchased from the Shanghai Institute of Cell Biology, Chinese
Academy of Sciences (Shanghai, China). Cells were cultured in
high-glucose DMEM supplemented with 10% FBS and 1% P/S in
a 5% CO,, 37 °C incubator. BMMs were prepared by culturing
mouse bone-marrow cells isolated from Balb/c mice with a 100
ng mL ™' macrophage colony-stimulating factor (Biolegend) in
a cell culture medium for 7 d. BMDCs were prepared by
culturing bone-marrow cells from Balb/c mice with 10 ng mL™"
of granulocyte-macrophage colony-stimulating factor (Biol-
egend) in a cell culture medium for 7 d. BMDCs were also sorted
on a high-speed cell sorter based on DC marker CD11c on a BD
FACSAria. All the procedures and experiments were performed
in an endotoxin-free environment.

2.3. MTT assays

Cells were seeded in 96 well plates at 1 x 10 cells per well for
12 h and then were cultured with free CpG, free FeCl, and CpG
NPs at a series of CpG concentration gradients (0-10 000 nM)
for 24 h. To the cells, 20 pL of MTT in PBS solution (2 mg mL ")
were added and incubated for 4 h at 37 °C. After incubation, the
medium was removed and 100 pL dimethyl sulfoxide was added
to completely dissolve formazan. Finally, the absorbance was
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measured using a microplate reader (Tecan, Switzerland) at
a wavelength of 570 nm to calculate the cell survival rate. The
values represented the mean + SD of 5 replicates and were
plotted relative to the untreated cells.

2.4. Live/dead assays

To further determine cell viability, RAW264.7 cells were incu-
bated with free CpG, free FeCl, and CpG NPs at a dose of 1 nmol
sample per well (CpG equivalent of 1000 nM) for 24 h. After the
indicated times of treatment, cells were stained with calcein-AM
to identify live cells (green fluorescence) and ethidium homo-
dimer to exclude dead cells (red fluorescence). The results were
analyzed by fluorescence microscopy (CSU-W1-SoRa, Nikon).

2.5. Cellular uptake studies

RAW264.7 cells were cultured on a glass-bottom plate for 24 h,
and then the FAM-labeled free CpG and CpG NPs were added
and incubated with cells (CpG equivalent of 1000 nM) for 4 h in
the experiments. The cell nucleus was stained with Hoechst 33
258 and imaged with a confocal fluorescence microscope (CSU-
W1-SoRa, Nikon). To quantify the cellular uptake efficiency,
flow cytometry (CytoFLEX LX, Beckman Coulter) was used to
determine the green fluorescence intensity (corresponding to
the amount of free CpG or CpG NPs) in each cell.

2.6. Intracellular distribution of CpG NPs

RAW264.7 cells were seeded in a 4-chamber glass plate at
a density of 1 x 10* cells per well and subsequently incubated
with FAM-labeled CpG NPs (CpG equivalent of 1000 nM) for 0.5,
1, 2, 4 and 6 h at 37 °C. After rinsing with PBS buffer 3 times,
cells were fixed with paraformaldehyde for 15 min. The fixed
cells were washed with PBS buffer 3 times and subsequently
stained with a 1:1.5 mixed solution of Hoechst 33 258 (20 pg
mL ") and LysoTracker Red DND-99 (100 nM) for 40 min at 37 ©
C. Finally, the above cells were observed using a fluorescence
microscope fitted with the correct filter set. Multiple fluores-
cence images were collected from each sample group at each
time point for co-location parameter analysis. Co-localization
parameters were analyzed using the NIS-Elements analysis
software. To comprehensively display the fluorescence distri-
bution in cells, single cells in each test group were selected for
multi-layer scanning to obtain Z-stack images (step size, 1 pm).

2.7. Gene profiling

RAW264.7 macrophages were first incubated in a 24-well plate
with a density of 2 x 10 After cells adhered to the wall, culture
media were replaced with IL-4 containing culture media with
a concentration of 10 ng mL™'. After 20 h, free CpG, FeCl,
solution and CpG NPs were added to the cell culture media at
a dose of 1 nmol CpG strands per well and a dose of 400 nmol
FeCl, solution. After another 20 h, mRNA in the cells was
collected for reverse transcription and amplification with real-
time qPCR analysis. Expressions of genes related to M1 and
M2 macrophage subtypes were analyzed by quantitative real-
time RT-PCR using the indicated primers in Table S3.1 The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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data are presented as the fold change in gene expression
normalized to an endogenous reference gene and relative to the
untreated control.

2.8. Cell-surface marker analysis

Cell surface markers were analyzed by flow cytometry (BD
FACSAria). To this end, BMDCs were cultured with free CpG,
FeCl, solution and CpG NPs for 12 h. The cells were collected
and stained with anti-MHC-II (25-9-17, 1 : 200), anti-CD40 (3/23,
1:100), anti-CD80 (16-10A1, 1:100) and anti-CD86 (GL-1, 1:
100) antibodies. All the antibodies were obtained from Biol-
egend. The stained cells were fixed, quantified by flow cytometry
and analyzed with FlowJo software.

2.9. Animals

Balb/c mice were obtained from Beijing National Laboratory for
Molecular Sciences and housed on a 12 h day/12 h night
schedule (lights on from 19:00 to 07:00) at a constant temper-
ature (22 £ 1 °C) and humidity (60%). Studies were approved by
the Animal Care and Use Committee at the Institute of Chem-
istry, Chinese Academy of Sciences (No. 2022R0004). All the
animals received humane care and every effort was made to
minimize suffering in compliance with institutional and
National Institutes of Health guidelines.

2.10. Anti-tumor efficacy test

Balb/c mice (6 weeks, half male and half female) were subcu-
taneously inoculated with B16-OVA cells for tumor modeling
first. After 7 days, the tumor-bearing mice were intramuscularly
injected with PBS, free CpG, free FeCl,, and four types of CpG
NPs (1.32 mM FeCl, solution for free FeCl,, CpG equivalent of
3.3 uM for free CpG and CpG NPs) combined with OVA. The
injection was given every 4 days for a total of 4 injections. Tumor
volumes were monitored on days 0, 2, 4, 7, 10 and 14. After a 14-
day test, ratios of the tumor-infiltrating mature DCs (CD80 and
CD86), activated T cells (CD3 and CD8) and NK cells (KLRG1
and CD69) in melanoma in different treatment groups were
detected by flow cytometry.

2.11. In vivo biosafety evaluation

Balb/c mice (6 weeks, half male and half female) were intra-
muscularly injected with PBS, free CpG, free FeCl,, or self-
assembled CpG NPs at an equivalent dose of CpG strands (10
pg per mouse). The injection amount is 1.32 mM FeCl, solution
for free FeCl, and 3.3 uM equivalent CpG for free CpG and CpG
NPs in 100 pL solution, respectively. The body weight of mice
was monitored on days 1, 4, 6, 8 and 10. After 10 days, the
mouse spleens were taken out, photographed and weighed.
Then, the removed spleens were ground and utilized for
parameter detections, including CD11b, CD80, and CD86
secreted from DCs and CD3, CD4, CD8, CD44, CD62L, and IFN-
vy from T cells. The results were analyzed with flow cytometry
and Flow]Jo software.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.12. Statistics and reproducibility

A two-tailed t-test was used to analyze the difference between
sample and PBS groups, and a one-way analysis of variance
(ANOVA) among multiple groups with a confidence interval of
95%. All the data are presented as the mean =+ s.d. as indicated
in the experiments. P values were calculated using PRISM
software (GraphPad) and regarded as significant if less than
0.05. No animals were excluded from the analysis.

3. Results and discussion

3.1. Preparation and characterization of CpG NPs

CpG NPs were fabricated via a one-pot synthesis method based
on the co-assembly of CpG ODNs and ferrous ions. Briefly, the
solution of CpG ODNs and FeCl,-4H,0 was intensively mixed,
heated to 95 °C and left for 2 h, and then cooled to room
temperature to obtain the assembled CpG NPs. Various surface
topographies were obtained via the regulation of the concen-
tration of assembly materials and the ionic strength of the
assembly solvent (Table S17). We hypothesize that this is due to
a corresponding adjustment in the competition and balance of
intermolecular forces between the DNA-DNA base comple-
mentary pairing and the ferrous ion-DNA coordination.**?¢
Fig. 1A and B show the surface topography of different
samples under transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). The diameter distribution
of the obtained CpG NPs measured from the TEM results was
shown in Fig. 1C, which was 169 + 35 nm (NP*P), 114 4+ 22 nm
(NP"7), 217 + 30 nm (NPP°), and 325 + 65 nm (NP""), respec-
tively. Fig. 1D shows the dynamic light scattering (DLS) results.
Hydrodynamic diameters (Dy,) and polydispersity indices (PDIs)
of the CpG NPs in ultrapure water were measured as 173 nm
(0.20), 132 nm (0.39), 168 nm (0.55), and 216 nm (0.26),
respectively (Table S2t). Hence, the obtained CpG NPs have
similar sizes (~200 nm) and relatively narrow size distributions
in an aqueous solution. Zeta potential measurement shows that
the CpG ODNs were negatively charged while all the CpG NPs
were positively charged (Fig. S1t). Furthermore, to test the
structural stability of these nanoparticles in aqueous solutions,
we tracked their size changes in ultrapure water and PBS buffer.
As shown in Fig. S2,7 CpG NPs retained their nanoscale diam-
eters after 7 days of room temperature storage in both solutions.
Meanwhile, we monitored the conformational trans-
formation of CpG ODNs during the co-assembly process using
circular dichroism (CD) spectroscopy. Free CpG solution
showed two negative CD signals at 210 and 250 nm and two
positive signals at 220 and 275 nm (Fig. S3At), which corre-
spond to the characteristic absorption peaks of B-DNA confor-
mation.*”*® With an increase in temperature (from 25 °C to 95 °
C), the signal intensity of circular dichroism decreased gradu-
ally, but there was no deviation. The characteristic absorption
peaks of CpG ODNs were retained in the mixed solution of CpG
ODNs and ferrous ions, but the peak intensity dropped to
negative values. With an increase in temperature of the mixed
solution, the signal intensity decreased continuously, and splits
and deviations occurred (Fig. S3Bt). This was believed to be

Nanoscale Adv., 2023, 5, 4758-4769 | 4761
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Fig.1 Characterization of four structural DNA nanoparticles. (A) TEM images and (B) SEM images of the four structural DNA nanoparticles. Scale
bar: 200 nm. (C) Diameter distribution of DNA nanostructures measured from TEM images. (D) Hydrodynamic diameter distribution of DNA

nanostructures in an aqueous solution measured by DLS.

caused by the formation of CpG NPs and the reduction of free
CpG ODNs. The corresponding ultraviolet-visible spectral
results also showed the structural transformation of CpG ODNs
and confirmed the successful co-assembly of CpG NPs.

3.2. Cytotoxicity, cellular uptake and subcellular
distribution of CpG NPs

To explore the safe dose of CpG NPs for driving an anti-cancer
immune response, we tested the cytotoxicity of CpG NPs
toward RAW264.7 macrophages and human immortalized ker-
atinocytes (Hacat). First, RAW264.7 macrophages were incu-
bated with a gradient concentration (0-10 000 nM) of free CpG,
free FeCl, and CpG NPs for 24 h. As shown in Fig. S4A,f
macrophage viability decreased along with an increase in the
sample concentration. Over 90% of RAW264.7 macrophages
survived in all test groups at relatively low dosages (<500 nM) of
equivalent CpG strands; over 75% of cells survived even at the
higher dosage (2000 nM) of equivalent CpG strands. Subse-
quently, we tested the viability of Hacat incubated in the
gradient concentration (0-2000 nM) of the above samples.
Similarly, Hacat viability decreased slowly with an increase in

4762 | Nanoscale Adv, 2023, 5, 4758-4769

the sample concentration, and the cell survival rate was more
than 75% at a maximum concentration of 2000 nM (Fig. S4B¥).
According to these results, we adapted 1000 nM equivalent CpG
strands, where cell activity was more than 80% in all sample
groups, for the following cellular uptake and immune activation
experiment. Fig. S4Ct shows the live/dead cell-staining fluo-
rescence images of RAW264.7 macrophages after incubation
with CpG NPs at CpG equivalent 1000 nM for 24 h. The
proportion of living cells in all sample groups was above 90%
except for the pompon-shaped nanostructure (NPP°), further
confirming the safety of the selected dose of CpG NPs.
Cellular adhesion and internalization are the initial steps in
immune cell activation by CpG NPs. To understand the effect of
surface topography on the interaction between NPs and
immune cells, the cellular uptake efficiency of CpG NPs in
RAW264.7 macrophages was examined by confocal laser scan-
ning microscopy (CLSM) and flow cytometry. First, 6-carboxy-
fluorescein (FAM) labeled CpG ODNs were used to prepare
fluorescent CpG NPs. Then, RAW264.7 macrophages were
exposed to CpG ODNs/NPs in a serum culture medium at a safe
dosage of 1000 nM for 4 h. As shown in Fig. 2A and S5, FAM-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cellular uptake and subcellular distribution in macrophages of the four structural DNA nanoparticles. (A) Representative confocal fluo-
rescence images of RAW264.7 cells treated with free CpG and CpG NPs (CpG equivalent of 1000 nM) for 4 h. CpG strands were labeled with FAM
(green), and RAW?264.7 cells were stained with Hoechst (blue). Scale bar: 20 um. (B) Flow cytometry analysis of the cellular uptake efficiency of
free CpG and CpG NPs after 4 h of incubation. (C) Flow cytometry quantification of the DNA NP uptake by RAW264.7 cells after 4 h of incubation
(n = 3). Mean fluorescence intensity of the corresponding results in flow cytometry analysis. (D) Z-stack images at 45° view (step size, 1 um) of
cells incubated with different NPs for certain times (0.5, 1, 2, 4 and 6 h), followed by staining with either Hoechst (blue) or LysoTracker (red). Scale
bar: 10 um. (E) Pearson co-localization analysis of samples with LysoTracker at different incubation times in (D). Pearson's correlation coefficients
were calculated with NIS-Elements analysis software. Error bars were obtained by analysis of multiple cells. (F) Mander's overlap of different NPs
with LysoTracker at 4 h which was calculated using the percentage of overlapped fluorescent pixels. Statistical analysis was performed using
a one-way analysis of variance (ANOVA) comparison. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

labeled CpG ODNs/NPs (green fluorescence) were both observed
to accumulate within cells after 4 h of incubation. To quanti-
tatively estimate the amount of sample uptake by cells, we used
flow cytometry to measure the fluorescence intensity of intra-
cellular FAM labels. Fig. 2B and C show the mean fluorescence
intensity of the internalized samples after 4 h of incubation,
which are 914, 921, 24 132, 27 848, 37 865 and 14 366, respec-
tively. Notably, NPP® exhibited the highest fluorescence

© 2023 The Author(s). Published by the Royal Society of Chemistry

intensity among the four CpG NPs, revealing that NPP° signifi-
cantly increased the cellular uptake efficiency of CpG ODNs. We
speculated that NPP° has the optimal specific surface area for
cell adhesion and cell uptake. Furthermore, we used NanoLive
to observe the real-time cellular uptake behaviors of CpG NPs by
capturing a picture every 30 seconds within 2 h. To display the
cell uptake process, we next integrated them into a video with 6
frames per second. As shown in Video S1 and S2,} we found that
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a non-spherical surface structure is more likely to cause the
deformation and phagocytosis of macrophages. Together, the
self-assembled CpG NPs with desirable surface topography can
successfully improve the cellular uptake efficiency of CpG
ODNSs.

Previous studies have demonstrated that CpG ODNs can be
recognized by toll-like 9 receptors (TLR9) on endo/lysosomal
membranes after internalization and induce a cascade
immune response.*** To understand how the self-assembled
CpG NPs affect TLR9 recognition to activate immunity, we

View Article Online
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next tracked their subcellular distributions by CLSM. As
depicted in Fig. 2D and S7,T the green fluorescence intensity of
FAM-labeled CpG strands increased with the extension of the
incubation time of cells in samples. The overlap between FAM-
labeled CpG NPs (green) and LysoTracker-labeled lysosomes
(red) also changed with incubation time. To quantitatively
analyze the association between CpG NPs and lysosomes,
Pearson's correlation and Manders' overlap between them were
analyzed using the NIS-Elements analysis software (Fig. S8t). As
shown in Fig. 2E, Pearson's correlation values of samples
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Fig. 3 In vitro immune responses of macrophages and DCs on various nanostructures. (A and B) Cytokine secretion by RAW264.7 cells with
different treatments. (A) The relative gene expression of RAW264.7 cells induced by free CpG, free FeCl,, and four structural CpG NPs (CpG
equivalent of 1000 nM) for 20 h. The mRNA levels of M1 markers (TNF-a and IL-12b) were analyzed by the quantitative reverse transcription-
polymerase chain reaction (QRT-PCR). (B) The relative gene expression of RAW264.7 cells that were pre-induced by IL-4 (10 ng mL™) for 20 h
and then induced by free CpG, free FeCl,, and CpG NPs for another 20 h. mRNA levels of M2 markers (Arg-1 and Mrc-1) and M1 markers (TNF-
a and IL-12b) were first normalized to ACTB and then normalized to untreated controls. The data are shown as mean + SD (n = 3). (C) The flow
cytometry analysis (left) and mean fluorescence intensity (right) of MHC-II, CD40 and CD80 markers of DCs on different samples. n = 3 bio-
logically independent samples. Statistical analysis was performed using ANOVA comparison. *p < 0.05, **p < 0.01, ***p < 0.001, and ***¥p <
0.0001.
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increased with time during the first 4 h. After 4 h of incubation,
the correlation values of all CpG NPs were higher than the
correlation threshold of 0.5, indicating the successful co-
localization of CpG NPs and lysosomes.** To eliminate the
influence of fluorescence intensity changes on co-localization
parameters, we then used the Manders' overlap as an indi-
cator to assess the co-localization between CpG NPs and lyso-
somes. It ranges from 0 to 1; zero correlates to no overlap and
one correlates to complete overlap. As shown in Fig. 2F, after
incubation for 4 h, the co-localization levels between CpG NPs
and lysosomes were significantly higher than that between free
CpG ODNs and lysosomes. Thus, we speculate that the self-
assembled CpG NPs may facilitate immune activation via
enhancing cell internalization and interaction with TLR9 on
lysosome membranes.

3.3. Innate immune responses of CpG NPs

To evaluate the immune potency of the prepared CpG NPs, we
detected and compared the innate immune response levels
induced by CpG ODNs and CpG NPs. First, we incubated
RAW264.7 macrophages with the safe dose (1000 nM) of CpG
ODNs and CpG NPs for 20 h and then tested mRNA expression
levels of their secreted proinflammatory cytokines. As shown in
Fig. 3A, after treatment with CpG NPs, the expression levels of
tumor necrosis factor (TNF)-a and interleukin (IL)-12b secreted
by RAW264.7 macrophages were significantly higher than those
of untreated cells. As the typical markers of inflammatory
macrophages (M1 phenotype), expression levels of TNF-o. and
IL-12Db represent levels of immune activation. In comparison to
cells treated with free CpG and free FeCl,, CpG NP treated cells
secreted more proinflaimmatory cytokines. This is probably
caused by the stronger pro-inflammatory interaction due to the
enhanced uptake amount of CpG NPs into cells compared with
free CpG. Additionally, NPP°-treated cells secreted the most
amount of TNF-a and IL-12b, which was beyond 10 and 15 times
that of untreated cells, respectively. This is consistent with the
above cellular uptake results. Considering the immunosup-
pressive microenvironment in tumors, we next analyzed
macrophage polarization from the immunosuppressive M2 to
the immunostimulatory M1 phenotype in the presence of free
CpG, FeCl, and CpG NPs. Thus, RAW264.7 macrophages were
pre-induced to differentiate into the M2 phenotype by IL-4. As
revealed in Fig. 3B, after cells were treated with 10 ng mL ™" IL-4
for 20 h, the gene expression levels of arginase (Arg)-1 and
mannose receptor C type 1 (Mrc-1) were dramatically increased,
indicating their successful differentiation into the M2 pheno-
type. As expected, a noticeable up-regulation of proin-
flammatory cytokine (TNF-o. and IL-12b) expression was
detected after stimulation with our CpG NPs for another 20 h.
The expression levels of M2 markers (Arg-1 and Mrc-1) were also
tested, showing their over 95% inhibition after incubation with
CpG NPs (Table S4f). These results demonstrated that our
designed CpG NPs can facilitate macrophage polarization from
the immunosuppressive M2 to the immunostimulatory M1
phenotype, and their immune activation potency increased with
the increased amount of cellular uptake.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Dendritic cells (DCs) present the broadest range of foreign
antigens to T cells. Once the NPs are internalized by DCs, it will
induce the maturation of DCs and present them to naive helper
CD4" T cells and naive cytotoxic CD8" T cells in immune organs
and then activate them."** Thus, the expression levels of the
surface markers of mature DCs, major histocompatibility
complex class IT (MHC-II), CD40 and CD80, were tested via flow
cytometry. After incubation with different samples at a concen-
tration of 1000 nM, NPP°-treated DCs displayed extremely high
mean fluorescence intensity (MFI) of MHC-II, CD40 and CD80
compared to those treated with other samples (Fig. 3C). This
was probably caused by their enhanced cellular uptake amount.
This data indicated that self-assembled CpG NPs with specific
surface topography can significantly facilitate the maturation of
DCs, thereby promoting the presentation of antigen by activated
DCs to naive T cells. Together, our results suggested that the
innate immune response was successfully amplified by regu-
lating the surface topography of CpG NPs.

3.4. CpG NPs as a potent adjuvant for enhanced
immunotherapy

To investigate the therapeutic efficacy of the CpG NPs as adju-
vants of tumor antigens, melanoma-bearing mice were adopted
to evaluate the ability of the prepared CpG NPs to inhibit tumor
growth. Mice were first subcutaneously inoculated with B16-
OVA cells for the construction of a melanoma cancer model.
When the tumor volume reached ca. 100 mm?, free CpG, FeCl,,
and CpG NPs were mixed with OVA model antigen and injected
intramuscularly into the melanoma-bearing mice every 5 days,
respectively. Tumor volumes were monitored every certain day
as described in Fig. 4A. After a 17-day test, ratios of recruited
mature DCs, activated T cells and natural killer (NK) cells in
melanoma in different treatment groups were detected by flow
cytometry. Gating strategies for them are shown in Fig. S9-S11.7}
Analysis of DC maturation showed no obvious difference among
the experimental groups, except for a slight up-regulation
induced by NPP° (Fig. 4B). NK cells are an essential compo-
nent in the removal of tumors. As shown in Fig. 4C and D, in
contrast with free CpG and FeCl, treated groups, the numbers
of activated KLRG1" NK cells and CD69" NK cells were greatly
enhanced through the treatment of CpG NPs combined with
OVA. Specifically, the percentage of KLRG1" NK cells was
separately raised from 38.3% in the PBS-treated group to 79.6%,
67.7%, 83.8% and 79.4% in the four CpG NPs-treated groups.
Similarly, the percentage of CD69" NK cells was separately
raised from 26.7% in the PBS-treated group to 76.9%, 65.1%,
83.6% and 78.4% in the four CpG NP-treated groups. In addi-
tion, the NPP°-treated group had the highest fold increase with
more than two- and three-fold increases in the number of the
two NK cells, individually. Regarding activated T cells,
CD3'CD8" T cells were significantly increased in NP"", NPP°,
and NP""-treated groups, but there were no obvious changes in
PBS, free CpG, free FeCl, and NP*P-treated groups (Fig. 4E).
Similarly, melanoma-bearing mice treated with NPP° and OVA
revealed the highest percentage of activated T cells, about two-
fold higher than that by the PBS, OVA plus free CpG, FeCl, or

Nanoscale Adv., 2023, 5, 4758-4769 | 4765
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Fig. 4 Anti-tumor efficacy by the intramuscular injection of four structural CpG NPs on a melanoma model. (A) Schematic illustration of mice
subcutaneously inoculated with B16-OVA cells for tumor modeling first, followed by intramuscular injection of PBS, free CpG, free FeCl,, or CpG
NPs. Ratios of the tumor-infiltrating (B) DC maturation, (C) KLRG1* NK cells, (D) CD69* NK cells, and (E) CD8" T cells in the melanoma tumors
upon various treatments. (F) The tumor volumes of mice with different treatments. n = 6 biologically independent samples. (G) The significance
between the indicated groups on days 4—-17 was calculated by one-way ANOVA and is shown as a heat map. Data are presented as the mean +

SD. NS, not significant.

NP*P treated groups and 1.5-fold higher than that by the OVA
plus NP"" or NP"™ treated groups. Finally, as illustrated in
Fig. 4F, the injection of OVA and NPP° almost completely
blocked the tumor growth, whereas other treatment groups
were much less effective. The immunotherapeutic benefit of
OVA and NPP° was evident as early as 10 days after intramus-
cular injection and continued throughout the entire experi-
mental period (Fig. 4G). In conclusion, NPP° synergistically
worked with OVA to effectively promote DC maturation, activate
NK cells and T cells in the tumor site, and inhibit tumor growth
in melanoma-bearing mice.

4766 | Nanoscale Adv, 2023, 5, 4758-4769

3.5. Biosafety evaluation

To evaluate the clinical relevance of the prepared CpG NPs, their
in vivo biosafety was assessed in healthy mice with the admin-
istration of immunostimulatory doses (10 pug per mouse, 3.3 uM
equivalent CpG strands). Beforehand, the reactive oxygen
species (ROS) in human immortalized keratinocytes (Hacat)
were measured because the presence of ferrous ions would
generate hydroxyl radicals ('OH) in a weakly acidic
microenvironment.*** Hacat was incubated with free CpG, free
FeCl,, and CpG NPs (CpG equivalent of 1000 nM) for 24 h. As

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and 10. (C) Histopathological analysis of major organs (heart, liver, spleen, lung and kidney) of mice on day 10 post-injection. (D) After a 10-day
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the percentages of mature DCs, activated CD8* T cells (TCM and TEM), CD4/CD8 molecules on the surface of T cells, and IFN-y secreted from
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shown in Fig. S12,T there was a relatively obvious increase in
ROS levels in cells incubated with free FeCl, and four CpG NPs,
ranging from 13 500 to 15 000. Taking the average ROS level (11
320) of PBS-treated cells as a control group, the ROS levels of
free FeCl,-treated cells increased by 33.0% and those of four
CpG NPs-treated cells increased by 19.5%, 27.3%, 30.6%, and

© 2023 The Author(s). Published by the Royal Society of Chemistry

19.5%, respectively. The lower ROS levels of Hacat incubated
with CpG NPs indicated controllable ROS and low ferroptosis
probability in normal cells.

To further assess the in vivo biosafety of CpG NPs, healthy
mice were intramuscularly injected with PBS, free CpG, free
FeCl,, and self-assembled CpG NPs with an equivalent dose of
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CpG strands (Fig. 5A). The body weight of mice was monitored
after injection. As shown in Fig. 5B, the weight of mice in the
experimental groups and the control group exhibited the same
trend. All the mice continued to gain weight during the first six
days and then lost a little. Ten days after injection, major organs
(heart, liver, spleen, lung and kidney) were sectioned and
stained for histopathological analysis. As displayed in Fig. 5C,
hematoxylin and eosin (H&E) stained histologic sections of
mice treated with free CpG, free FeCl,, or CpG NPs showed no
difference from those treated with PBS. Moreover, there was no
significant difference between each group in the spleen weight
(Fig. 5D). The spleen, as the largest immune organ, contains
a large number of immune cells. It is the genesis center of
cellular immunity and humoral immunity and plays an
important role in anti-tumor efficacy. Therefore, mouse spleens
were subsequently ground for immunological analysis to
further evaluate the systematic immune safety of CpG NPs.
Activation markers expressed on the cell membrane, such as
CD11b, CD80, and CD86 secreted by DCs and CD3, CD4, CDS8,
and IFN-y secreted by T cells were determined by flow cytometry
based on the gating strategies shown in Fig. S13-S15f. As
depicted in Fig. 5E, the average percentage of mature DCs
increased from 15.9% in the PBS-treated group to 19.7%, 18.4%,
21.3% and 22.0% in the free CpG, NP*P, NPP° and NP""-treated
groups, respectively. The proportion of mature DCs was
marginally reduced in the other two groups. These negligible
changes indicated that CpG NPs have no adverse effect on the
immune system of healthy mice. As for activated T cells, except
for NPP°) no distinct changes can be observed in other groups.
As shown in Fig. 5F, the percentages of central memory T cells
(TCM), effector memory T cells (TEM) and interferon-gamma
(IFN-v) in the spleen of NPP°-treated mice increased slightly
and remained below 20%, 40% and 6%, respectively; the
percentages of CD4 and CD8 molecules on the surface of T cells
decreased by 7.3 and 4.1%, respectively. Overall, CpG NPs have
no adverse effects associated with autoimmune toxicity or
systemic toxicities. These results declared the good biosafety of
the prepared CpG NPs, providing their potential as therapeutic
vaccine adjuvants for effective tumor immunotherapy.

4. Conclusions

In summary, we successfully constructed CpG NPs with tunable
surface topographies by regulating the co-assembly conditions
between CpG ODNs and ferrous ions. Compared to free CpG
ODNs, the assembled CpG NPs exhibited enhanced cellular
uptake behaviors and amplified innate immune responses
(macrophage polarization and DC maturation). Significantly,
CpG NPs with a pompon-shaped nanostructure (NPP°) showed
higher cellular uptake efficiency and immunostimulatory
capacity than other nanostructures. Furthermore, when
combined with the tumor model antigen—OVA, NPP° showed
the strongest anti-tumor efficacy on a B16-OVA melanoma-
bearing mouse model, indicating the desired surface topog-
raphy for an optimal adjuvant effect. Ultimately, in vitro and in
vivo systematic toxicity assays indicated the favorable safety of
the CpG NPs for biological applications. Together, this study
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demonstrated that CpG NPs with specific surface topography
highly amplified the immune activation performance of the
TME, which holds great promise as an effective immunological
adjuvant in cancer therapy.
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