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Unmethylated cytosine—phosphate—guanine (CpG) oligodeoxynucleotides (ODNs), which were thera-
peutic DNA with high immunostimulatory activity, have been applied in widespread applications from
basic research to clinics as therapeutic agents for cancer immunotherapy, viral infection, allergic diseases
and asthma since their discovery in 1995. The major factors to consider for clinical translation using CpG
motifs are the protection of CpG ODNs from DNase degradation and the delivery of CpG ODNSs to the
Toll-like receptor-9 expressed human B-cells and plasmacytoid dendritic cells. Therefore, great efforts
have been devoted to the advances of efficient delivery systems for CoG ODNs. In this review, we outline
new horizons and recent developments in this field, providing a comprehensive summary of the nano-
particle-based CpG delivery systems developed to improve the efficacy of CpG-mediated immune
responses, including DNA nanostructures, inorganic nanoparticles, polymer nanoparticles, metal-
organic-frameworks, lipid-based nanosystems, proteins and peptides, as well as exosomes and cell mem-
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brane nanoparticles. Moreover, future challenges in the establishment of CpG delivery systems for immu-
notherapeutic applications are discussed. We expect that the continuously growing interest in the devel-
opment of CpG-based immunotherapy will certainly fuel the excitement and stimulation in medicine

rsc.li/biomaterials-science research.

and cancer.*™ Extensive basic research, as well as clinical

trials, provides significant evidence of translational potential
of using CpG ODNs as therapeutics."* Discussion of CpG
ODNs for the prophylaxis or treatment of tumors, allergies,

1. Introduction

1.1. A brief insight into the mechanism of CpG-induced
immune activation

Investigation of cytosine-phosphate-guanine (CpG) oligodeox-
ynucleotides (ODNs) as therapeutic agents gained great atten-
tion since 1995 when Krieg et al. first discovered that CpG
motifs in bacterial DNA could trigger the direct activation of B
cells both in vitro and in vivo." Five years later, Hemmi et al.
published their celebrated proof-of-principle experiment eluci-
dating the mechanism of CpG activation.” Unmethylated CpG
ODNs, which are frequent in the genomes of bacteria but rare
in vertebrate genomes,® are able to activate the immune
system and thus have shown great potential for the therapy of
a wide variety of diseases, such as infection, allergies, asthma
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and infectious diseases can be found in several reviews pub-
lished in the last decade.””>* CpG ODNs are known ligands
for Toll-like receptor (TLRs)-9 (TLRY), which are loaded within
the endosomal compartment in the B cell and plasmacytoid
dendritic cell (pDC) intracellular compartments.**™>® TLRs are
a family of pattern recognition receptors composed of a cyto-
plasmic Toll/interleukin-1 receptor area and an extracellular
leucine-rich repeat, connecting through a transmembrane
domain.?” TLRs consist of ten different TLR subtypes (TLR1 to
TLR10), among which TLR9 plays a critical role in CpG ODN-
induced immunostimulation (Fig. 1).>**' Binding of CpG
ODNs to TLRY dimers results in allosteric changes of TLR9
cytoplasmic signaling domains, leading to signaling adaptor
molecule recruitments.*” TLR9 combines with myeloid differ-
entiation factor88 (MyD88) to activate CpG-mediated effects
via signal-transducing proteins, including mitogen-activated
kinases or interferon (IFN) regulatory factors, members of the
interleukin (IL)-1 receptor-associated kinase (IRAK) family.**°
These result in nuclear factor-kappa B (NF-xB) transcription
factor activations, cytokine productions or co-stimulatory
molecule expressions in human B cells and pDCs.**?” CpG
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Fig. 1 Schematic illustration of CpG ODN-TLR9 cell signaling. CpG
ODNs enter into endosomal vesicles containing TLR9 receptors. The
interaction between CpG ODNs and TLR9 triggers an intracytoplasmic
activation signal. This signaling cascade begins with the recruitment of
the myeloid differentiation primary response gene 88 (MyD88) to the
Toll/interleukin-1 receptor domain of TLR9. Subsequently, the IL-1
receptor-activated kinase (IRAK) and tumor-necrosis factor receptor-
associated factor 6 (TRAF6) complex becomes activated. This activation
leads to the stimulation of inhibitor of nuclear factor-xB (NF-kB) kinase
(IKK) complexes, ultimately resulting in the upregulation of transcription
factors, including NF-kB and activating protein-1 (AP1).
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motifs, as adjuvants,®®**° can also
enhance antigen presentation,” trigger immunostimulatory
responses that induce the proliferation, maturation, and differ-
entiation of various immune cells (e.g. natural killer cells, T
and B lymphocytes, macrophages), as well as increase cytokine
productions (e.g. interleukin-6 (IL-6), interleukin-10 (IL-10),
interleukin-12 (IL-12), tumor necrosis factor-a (TNF-a), inter-
feron-a (IFN-at), and interferon-y (IFN-y)).*"** As a result, CpG
ODNs can be applied either as stand-alone molecules or as
adjuvants to other therapies.>®

To date, four different categories of CpG ODNSs, based on
their differences in sequences, secondary structures, and
immune effects,'® have been explored (Table 1): the A-, B-, C-
and P-type CpG ODNs.**** A-type (also known as D-type) CpG
ODN is characterized by the palindromic structure composed
of poly G motifs with a phosphorothioate (PS) backbone at
each end and phosphodiester backbone at the sequencing
center.”>*® The PS modification is able to protect the CpG
ODNs against DNase degradation,*” and the poly G tails form
intermolecular tetrads that lead to high molecular weight
aggregates, which enhance cellular uptake. Although this type
of CpG activates the TLR9 of pDCs and elicits IFN-a, it rarely
induces B cell multiplication.®> B-type (also known as K-type)
contains a linear structure consisting entirely of a PS
backbone.*®*° B-type CpG triggers the activation and prolifer-
ation of B cells, but it shows a poor ability to induce IFN-o
with pDCs.>® C-type CpG includes not only a PS bridge but
also the CpG motif and the palindrome linked by phosphodie-
ster bonds. This class of CpG ODN, with an immunostimula-
tory quality between the A and B classes, exhibits the capabili-
ties to induce the IFN-a production of pDCs and B cell
proliferation.>>” Lastly, the P-type CpG ODNs, which have two
palindromic motifs on their phosphorothioate backbones,
possess high ability for IFN-a production and NF-xB
activation.>

immunotherapeutic
40

1.2. The advantages of CpG nanomedicine

In recent years, nanoparticle (NP)-mediated delivery has
emerged as a new direction to deliver CpG ODNs (Fig. 2).
Naked CpG ODNSs are susceptible to nuclease degradation,
which limits their half-life. Moreover, to be effective, CpG
ODNs need to be delivered to the cytoplasm of the cells, thus
requiring cell internalization and endosomal escape.
Therefore, incorporating or conjugating CpG ODNs into or
onto NPs engenders a number of potential advantages to maxi-
mize the immune responses, which, depending on the NP and
the formulation parameters, include controlling the pharma-
cokinetics of CpG ODNSs, protecting CpG ODNs from prema-
ture degradation, increasing the accumulation of the drug at
the target site, enhancing uptake into target cells, and provid-
ing an opportunity for the co-delivery of allergen/antigen and
CpG ODNs to the same antigen-presenting cells (APCs). The
advantages of NP-based CpG delivery include: (1) protection of
CpG ODNs from DNase degradation; (2) improved cellular
uptake of CpG ODNS; (3) extended circulation lifetime of CpG
ODNs inside the body; and (4) targeted delivery of CpG ODNs

This journal is © The Royal Society of Chemistry 2024
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Table 1 Properties of different types of CpG ODN
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Mainly
stimulated
Types Sequences cell types Functions
Type-A (type- ODN1585: 5-GGGGTCAACGTTGAGGGGGG-3' pDCs TNF-a, IFN-a, IL-12, IP10 secretion
D) ODN2216: 5-GGGGGACGATCGTCGGGGGG-3'
ODN2336: 5-GGGGACGACGTCGTGGGGGGG-3'
Type-B (type-K) ODN1668: 5-TCCATGACGTTCCTGATGCT-3’ B-cells IL-6, IL-10, IL-12 secretion; antibody
ODN1826: 5-TCCATGACGTTCCTGACGTT-3’ production
ODN2006 (ODN 7909): 5"-
TCGTCGTTTTGTCGTTTTGTCGTT-3'
ODN2007: 5-TCGTCGTTGTCGTTTTGTCGTT-3'
ODN BW006: 5-TCGACGTTCGTCGTTCGTCGTTC-3'
ODN D-SL01: 5“TCGCGACGTTCGCCCGACGTTCGGTA-3'
Type-C ODN2395: 5-"TCGTCGTTTTCGGCGCGCGCCG-3' pDCs; Intermediate between types-A and -B
ODN M362: 5" TCGTCGTCGTTCGAACGACGTTGAT-3' B-cells
ODN D-SL03: 5"TCGCGAACGTTCGCCGCGTTCGAACGCGG-3'
Type-P ODN21798: 5-"TCGTCGACGATCGGCGCGCGCCG-3' pDCs Higher IFN-a secretion than type-C CpG
Polymers

et organic framev,,()rkS

Fig. 2 Schematic illustration of different carriers for CpG delivery.
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to specific tissues with the help of modified NPs.>* Therefore,
with a wide spectrum of NP systems, it is expected that the
delivery efficacy and immune activation of CpG ODNs can be
substantially enhanced. The development of nanotechnology
for CpG delivery has only recently started, but is occurring at a
fast pace due to inspiration and adaptation from successes in
the treatments of various disease targets. This review presents
a comprehensive overview of NP-based CpG delivery systems
that are being developed to enhance the efficacy of CpG ODN-
mediated immune responses. Both in vitro and in vivo experi-
ments suggested that such NP-based CpG delivery systems
exhibited significant potential in human medicine.
Considerable attention is paid to the synthesis and design of
powerful nanoformulations that facilitate CpG delivery. In par-
ticular, we also discuss novel nanoplatforms that co-delivered
antigen and CpG ODNSs, and multifunctional nanoparticles
that combined CpG-based immunotherapy with other treat-
ment modalities. Additionally, we provide a brief outlook on
current challenges and speculate the future direction of nano-
material-based CpG delivery systems.

2. DNA nanostructure-based CpG
delivery

Through the design of Watson-Crick base-pairing, DNA has
been proved as a powerful scaffold to establish molecularly
accurate designer DNA nanodevices.”” Benefitting from high
biocompatibility and excellent structural programmability,
self-assembled DNA nanostructures have emerged as promis-
ing candidates to serve as efficient nanocarriers for drug
delivery.”®™° Recent research has indicated that DNA nano-
carriers can also be efficiently utilized for CpG delivery.*>** In
the design of the DNA nanostructures, the secondary structure
of CpG ODNs is an important factor influencing the immune
response. 5-Terminal secondary structures showed greater
influence on the immunostimulatory activity than those at the
3end.®" Specifically, the immune function of CpG ODNs is
minimized greatly in the presence of secondary structures at
the 5-end flanking sequence. The demand for an open 5-end
indicates that the receptor responsible for immune stimu-
lation reads CpG ODNs from this end. Recent research
suggested that nonmodified CpG ODNs with nuclease-resist-
ant G-quadruplex structures had a greater advantage in terms
of increasing the expression of IL-6, which could contribute to
efficient CpG transport into endosomes by improving the cel-
lular uptake and stability of nucleotides.®> A lot of different
DNA nanostructures have been applied for CpG transportation,
such as polypod-like DNA, dendrimer-like DNA, DNA tetrahe-
dra, DNA origami, DNA particles based on rolling circle ampli-
fication, and DNA hydrogel.

2.1. Polypod-like DNA nanostructures

Polypod-like DNA nanostructure-based CpG delivery platforms
have been well established. The DNA polypod nanoassemblies
were designed in polypod-like structures consisting of
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different numbers of CpG motifs. The polypod-like CpG DNA
can be used to investigate the systematic information on the
relationship between the design and structural and biological
properties of such branched DNA assemblies, providing a new
approach to increasing the potency of CpG DNA as an adju-
vant. Nishikawa’s group has conducted a series of works in the
area of DNA assembly-based CpG delivery. In 2008, Nishikawa
and Takakura prepared Y-shaped CpG ODNs using three
ODNs. These Y-shaped CpG ODNs stimulated larger amounts
of IL-6 and TNF-a from macrophage cells than conventional
single- and double-stranded CpG.*’ Furthermore, the same
group reported on the polypod-like DNA structures containing
CpG motifs. DNA nanoassemblies composed of three to eight
pods were synthesized, with sizes of about 10 nm in diameter.
Among them, polypodna with six or eight pods induced
greater secretion of TNF-a and IL-6 from RAW264.7 cells.®
Moreover, the immune activity of polypod-like CpG nano-
structures was also evaluated in vivo, which was consistent
with the in vitro result indicating that CpG-hexapodna induced
high plasma IL-12p40 production.®® In addition, Caruso and
colleagues developed DNA microcapsules made of >4 million
copies of Y-shaped CpG arranged into 3D nanostructures to
enhance the immunostimulatory activity and serum stability of
CpG. The nanocapsules stimulated up to 20-fold and 10-fold
enhancements in proinflammatory cytokine IL-6 and TNF-a
secretion in macrophage cells as compared with CpG alone.®®
Recently, Caruso’s group synthesized uniform DNA-based par-
ticles with different morphologies via the supramolecular
assembly of different DNA building blocks (plasmid DNA and
Y-shaped DNA) and tannic acid (Fig. 3A). The particles enabled
the efficient codelivery of CpG and the antigen ovalbumin,
which could act as vaccines by inducing a good level of anti-
body production and T-cell responses.®”

2.2. Dendrimer-like DNA nanostructures

Dendrimer-like DNA nanostructures, by connecting Y-shaped
DNA that is composed of three short DNAs, with attractive
characteristics including high biocompatibility, customized
sizes, and excellent mechanical stability, are appealing for
CpG delivery applications. Nishikawa’s group designed dendri-
mer-like DNA through Y-DNA monomer ligase. The dendri-
mer-like CpG ODNs were effective in inducing greater amounts
of the proinflammatory cytokines IL-6 and TNF-a in TLR9-posi-
tive macrophage cells as compared with conventional CpG or
with its component Y-shaped CpG, suggesting that the for-
mation of a dendritic structure can potentially increase the
immune activity of CpG ODNs.%® In addition, self-assembled
CpG dendrimers could also be fabricated through the facile
annealing procedure of properly designed ODNs without the
DNA ligase process. These complicated CpG dendrimers were
very effective in inducing the release of TNF-o from RAW264.7
cells.®® Recently, CpG DNA dendrimeric nanoparticles were
also modified with TAT peptide to further enhance cell intern-
alization and immune responses.”® In order to study the struc-
ture-function relationship that dominates vaccine activity,
Mirkin’s group also utilized DNA dendrons as the delivery

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Schematic representation of the assembly of DNA-TA particles: loading of CaCOs particles with DNA (yDNA or plasmid DNA); cross-
linking by TA; and removal of the CaCO3 template core to yield DNA-TA particles.” Copyright 2023, Wiley-VCH. (B) Scheme illustrating the transder-
mal therapeutic mechanism of our doxorubicin-loaded tetrahedral framework nucleic acid immune adjuvant targeting malignant melanoma.®°
Copyright 2022, American Chemical Society. (C) TLR9 activation by CpG and DNA-based disk for CpG delivery. Activation assays of RAW264.7 incu-

bated with Cy5-labeled disk functionalized with two CpG molecules at different distances.®
Schematics of intertwining DNA-RNA nanocapsules/neoantigen nanovaccines for synergistic tumor immunotherapy.®®

Nature.

nanoplatform for CpG vaccine design. It could be found that
the DNA dendron containing the single CpG sequence as the
stem was verified to be the most effective design for cellular
adjuvant delivery, while adjuvant multivalency and adjuvant
hybridization significantly inhibited the cellular uptake due to
the small size of the DNA dendron.”

2.3. DNA tetrahedra

DNA tetrahedra, which are easily self-assembled from four or
six oligonucleotides, show promising efficacy in immobilizing
nucleic acids in defined orientations and spacing on the DNA
tetrahedra surfaces.’®’>”’> DNA tetrahedra were effective in
increasing the potency of CpG motifs to enter into the macro-
phages and induce cytokines from macrophages. Fan and col-
laborators appended unmethylated CpG motifs to the multi-
valent DNA tetrahedra.”® These three-dimensional DNA nano-

This journal is © The Royal Society of Chemistry 2024
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structures could be noninvasively and efficiently taken up by
macrophages without the help of transfection agents, which
activated downstream pathways to induce the secretion of
various high-level proinflammatory cytokines such as IL-6,
IL-12, and TNF-a after recognization by TLR9. A similar
system, consisting of DNA nanoassemblies for antigen and
CpG delivery, has also been described, with precise regulation
of the spatial arrangement and valency of each element. The
assembled antigen-CpG-DNA nanocomplexes induced long-
lasting and strong immune responses compared with antigen
and CpG mixtures.”” In addition, the DNA tetrahedron could
also perform as the pivotal nanocarrier for CSF-1R small inter-
fering RNA (siRNA) and CpG delivery, which could induce
M2 macrophages to the antitumor M1 phenotype, and release
Recently, Lin
and coworkers constructed an immunostimulatory DNA tetra-

proinflammatory cytokines to kill cancer cells.”®

Biomater. Sci., 2024,12, 2203-2228 | 2207
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hedra vehicle to potentiate immuno-chemotherapy, in which
the CpG ODNs and immunogenic cell death-inducers acted as
an adjuvant to enhance the immunotherapy and doxorubicin
employed as the chemotherapy drug.”® Similarly, Liu’s group
lately developed skin-penetrating DNA tetrahedra to transder-
mally deliver the chemotherapeutic agent doxorubicin into
melanoma to trigger the immunogenic death of tumor cells
and expose tumor antigens, which with the aid of CpG ODNs
incorporated in the DNA tetrahedra could stimulate systemic
tumor-specific immune activities for efficient non-invasive
skin cancer therapy (Fig. 3B).%°

2.4. DNA origami

DNA origami applies various short ‘staple’ strands to hybridize
with domains on the viral-genome-derived DNA scaffold,
folding it into accurate super architectures.”>®" Compared
with other DNA nanostructures, DNA origami can precisely
regulate the number and location of CpG ODNSs, and can effec-
tively prevent the enzymatic degradation of CpG. Liedl and
Bourquin measured the immune response triggered by hollow
DNA origami tubes linked with 62 CpG sequences.®” The DNA
origami functionalized with CpG overhangs activated a strong
immune response, characterized by the production of IL-6 and
IL-12p70 cytokines and the activation of immune cells. These
decorated origami tubes could trigger higher immunostimula-
tion levels than the Lipofectamine-CpG system. After that,
Bastings’s group also studied the effects of spatial patterns on
the immunostimulation of CpG-motifs on the DNA origami
nanoparticles. When the adjacent CpG distance was posi-
tioned to be 7 nm, which matched the active dimer structure
of the receptor, a high immunostimulatory property could be
achieved (Fig. 3C).*> More recently, Bathe’s group investigated
the immune activation of 3D wireframe DNA origami covered
with CpG. When displaying multivalent CpG-containing
ssDNA oligos, the wireframe DNA origami functionalized with
multivalent CpG ODNs induced a robust immune response as
evidenced by enhancements in the production of type I and
type III IFNs. The CpG spatial organization and number each
contributed to the TLR9 signaling magnitude.®*

2.5. DNA particles based on rolling circle amplification

In addition to DNA hybridization-induced nanostructures, the
immune-stimulating capability of DNA particles based on
rolling circle amplification was also investigated. Through an
enzymatic rolling circle amplification method specifically
based on a template encoded with the CpG sequence, the self-
assembled DNA nanomedicine is composed of long-chain
single-stranded DNA repeatedly containing interval CpG
sequences. Tan and coworkers developed self-assembled
immuno-nanoflowers consisting of long DNA integrated with
tandem CpG via rolling circle amplification. The CpG-nano-
flowers were demonstrated as potent immunostimulators by
inducing immune cell proliferation, which subsequently
secreted immunostimulatory cytokines such as TNF-a, IL-6
and IL-10. In addition, the therapeutic capability of CpG-nano-
flowers to trigger cancer cell necrosis and apoptosis has been
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efficiently proved.®> Similar vaccines were conducted by produ-
cing tandem CpG and short hairpin RNA vig rolling circle
replication and transcription, which were subsequently loaded
with tumor neoantigens. The microflower-shaped vaccine
could significantly inhibit neoantigen-specific colorectal
cancer via elicitation of CD8" T cell proliferation for effective
cancer immunotherapy (Fig. 3D).*® Gu’s group also prepared
the novel CpG ODN-based DNA nanococoon through rolling
circle replication based on the CpG sequence-encoded tem-
plate.’” The CpG-based DNA nanococoon not only acted as the
therapeutic loading matrix for anti-programmed cell death
protein 1 antibody, but also can improve the anticancer
immune response after fragmentation. More recently, Zhang
and coworkers developed a photocontrolled DNA nano-
medicine prepared by rolling circle amplification for the loca-
lized delivery of CpG and photosensitizer (TMPyP4) to
enhance photodynamic immunotherapy. By blocking with a
pH-triggered membrane-targeted peptide-modified cDNA, the
DNA nanomedicine could be specifically anchored to the
cancer cell membrane. The photodynamically triggered reac-
tive oxygen species caused the breakage of DNA sequences
after localized irradiation, which induced nanostructure col-
lapses and internal DNA immunomodulator release for
efficient antitumor treatment.®®

2.6. DNA hydrogel

Nishikawa and colleagues conducted a series of in-depth
research studies on DNA hydrogel-based CpG and antigen
delivery. X-shaped DNA containing six potent CpG motifs was
devised as the building blocks for DNA hydrogel construction.
The CpG DNA hydrogels were effective in terms of the TNF-a
production by RAW264.7 cells, the dendritic cell maturation,
and the delivery of doxorubicin to cancer cells, which exhibited
efficient tumor inhibition capability.’® In addition, the
polypod-like structured DNA hexapodna could be further uti-
lized as building units of injectable and self-gelling DNA
hydrogel for both CpG and antigen delivery.”® Sustained
release of antigen ovalbumin could also be achieved through
the intratumoral injection of DNA hydrogels containing catio-
nized ovalbumin.’® Additionally, the cationic ovalbumin
peptide antigen composed of the ovalbumin MHC class I
epitope linked to octaarginine could also be complexed with
the CpG ODN hydrogel for an efficient antigen-specific cancer
immune response.”® Recently, Nishikawa’s group also loaded
the cedar pollen antigen Cryjl in immune CpG hydrogel by
applying self-gelatinizable DNA technology. Cryjl loaded in
CpG DNA hydrogel showed sustained release, enhancing the
Cryj1-specific IgG production while suppressing the immuno-
globulin E antibody generation for efficient immunotherapy
for allergic symptoms.®?

DNA nanocarriers are one ideal candidate for CpG delivery
as they are fully biodegradable and controllable in shape and
size at a tailor-made level.”*™°° In addition, DNA nanocarriers
are also able to internalize into cells without assistance from
any transfection agent.”””® Despite exciting progress in DNA
nanocarrier development for CpG delivery, the following

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3bm01970e

Published on 16 janvris 2024. Downloaded on 26.12.2024 19:05:53.

Biomaterials Science

aspects are still waiting to be achieved: (1) the effects of the
sizes and structures of the DNA nanocarriers need to be inves-
tigated to further enhance immunostimulatory activities; and
(2) multifunctional DNA nanocarriers, which can serve as ver-
satile nanomedical platforms for the simultaneous co-delivery
of CpG and other therapeutic agents (e.g. antigens, cancer
drugs, photosensitizers), need to be developed as they are
important components of combination cancer therapy.

3. Inorganic nanoparticle-based CpG
delivery

The recent development of nanotechnology has brought about
various inorganic nanomaterials as delivery carriers for CpG
ODNSs. Inorganic NPs, as CpG vehicles, are considered to be a
promising nanoplatform for their various advantages, such as
prolonged circulation time, superior cellular uptake and sus-
tained release. Over the past two decades, multiple works have
revealed the promise of inorganic nanoparticles for CpG
delivery.

3.1. Metal nanoparticles

Gold nanoparticles (AuNPs) offer a number of attractive fea-
tures for drug delivery”>'% because they are well known to be
inert, biocompatible, and minimally immunoactive.'®**%
Thiol-modified CpG ODNs can be functionalized on AuNPs to
form self-assembled CpG-AuNP nanoconjugates,'® which
were characterized by higher expressions of proinflammatory
cytokines.'® A drawback of the aforementioned method is that
it requires thiolated CpG ODNs for AuNP conjugation. To sim-
plify the synthesis procedure and achieve cost-effective drug
delivery, a new approach for the facile synthesis of AuNP-CpG
has also been developed.'®® It was found that the CpG motif
with the poly-adenine (polyA) tail could easily be conjugated
on the AuNPs’ surface with tunable densities. The nanoassem-
blies were able to be efficiently taken up by RAW264.7 cells
and induced an immune response. The polyA-CpG-AuNPs
showed a much higher immune response than the thiolated
counterparts under optimal conditions. In addition to gold
nanoparticles, hollow gold nanospheres were also proved to be
efficient nanocarriers for CpG delivery, resulting in higher
immune stimulatory activity compared with CpG alone.'”’
More recently, the effects of the sizes of gold nanoparticles on
the immunostimulatory activity of CpG were also systematically
investigated. The results indicated that size was the key factor
in tuning the immunostimulatory activity of CpG-nano-
particles. The small 13 nm gold nanospheres showed a greatly
higher specificity for targeting immune receptors, and larger
50 nm gold nanospheres and 40 nm gold nanostars displayed
higher cellular uptake efficiencies and a stronger immune
response owing to the off-target effects.'®® Furthermore, the
nanostructure effects of gold nanoparticles on the CpG immu-
nostimulatory activity were also explored. It has been revealed
that different nanoconstructs composed of spiky or spherical
gold nanoparticles conjugated with CpG had different endo-
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somal distributions due to the distinct surface curvatures. The
results indicated that, as compared with the spherical gold
nanoparticles, the spiky gold nanoparticles with mixed-curva-
ture constructs led to a higher percentage of hollow endo-
somes and a higher immunostimulatory activity."” Odom’s
group also studied how the endosomal pathways are influ-
enced by their delivery order by sequentially incubating CpG-
linked spherical and spiky gold nanoparticles with macro-
phages. Macrophages with a higher ratio of spiky to spherical
nanoparticles at the endosomal edge, as well as a larger pro-
portion of the enclosed spherical nanoparticles, displayed
improved proinflammatory cytokine secretion.'*’

Previous studies have indicated that CpG ODNs and anti-
gens should be co-localized in the same APCs to induce the
most potent immune responses.'*'™*** Therefore, the co-deliv-
ery of antigen and CpG ODNs on a single platform shows great
potential to generate long-lasting and high immunity.””***
Advances in nanomaterials science have made it possible to
deliver antigens and adjuvants with one single platform. Lee
et al. suggested that the AuNPs could conjugate with both the
model antigen red fluorescent proteins and the TLR9 ligand
CpG ODNs to serve as the vaccine for effective cancer
therapy.'"® Apart from utilizing the AuNPs as the CpG and
antigen delivery platform, Tao et al. for the first time proved
that CpG could be covalently linked to the antigen protein
ovalbumin, which was applied as the template to synthesize
gold nanoclusters (AuNCs) (Fig. 4A). The as-prepared AuNCs
could simultaneously act as smart self-vaccines to help activate
specific immunological responses through the co-delivery of
CpG and protein antigens.'*°

In a similar approach, a facile one-pot method to synthesize
fluorescent AuNCs through the peptide biomineralization
strategy, which could elicit strong immune stimulatory ability,
was also reported. As compared with that of the peptide alone,
the immunostimulatory activity of the peptide-protected
AuNCs was efficaciously improved. Furthermore, the peptide-
AuNC-CpG conjugates were also able to serve as probes for
intracellular trafficking as well as smart self-vaccines that can
help induce high immunostimulatory activity. In vitro and
in vivo results provided powerful evidence that the AuNC-based
vaccines could be used as efficient and safe immunostimula-
tory agents for effective immunotherapy via the co-delivery of
CpG and antigen peptides.'"”

The photothermal effects of gold nanomaterials could also
be introduced to the Au-CpG nanosystem for combination
hyperthermia and immune therapy. An interesting example of
a multifunctional platform that showed multiple functions of
hyperthermia, chemotherapy, and in particular immunother-
apy, which could collaboratively contribute to efficient cancer
therapy, was reported by Tao et al. The gold nanorods were
conjugated with doxorubicin and CpG for cancer therapy. The
introduction of AuNRs provided multiple merits, including
high biocompatibility, great potential for hyperthermal
therapy, as well as excellent carrying ability for anticancer
agents and immunostimulatory signals. The Y-shaped CpG
was effective at generating proinflammatory cytokines in
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macrophage cells. This engineered nanovehicle showed signifi-
cant antitumor efficiency.'*® Li and coworkers also developed
a photothermal CpG nanotherapeutic, which integrated CpG
ODNs with gold nanorods and assembled them with oval-
bumin proteins, to suppress tumors via enhanced immunoeffi-
ciency. The photothermal gold nanorods induced a fever-like
temperature of 43 °C, which could trigger an immunofavorable
tumor microenvironment after intratumoral injection. High-
throughput gene profile analysis identified the pyrogenic cyto-
kine IL-6 upregulation."*® Similarly, Qian’s group also devel-
oped CpG@gold nanorods/polymer micelle encapsulated resi-
quimod (m-R848), for the combination photothermal and
immunotherapy of melanoma. CpG@gold nanorods/m-R848
induced great antitumor effects by reprogramming of
M2 macrophages into the M1 phenotype and promoting the
maturation of dendritic cells. Furthermore, immunogenic cell
death triggered by the photothermal ablation of gold nanorods
could synergistically generate lasting and systemic antitumor
immunity.*°
also constructed by encapsulating indoleamine 2,3-dioxygen-
ase inhibitors together with CpG-loaded black phosphorus—

Recently, in situ photothermal nanovaccines were
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gold nanosheets by a cancer cell membrane, for effective
primary and metastatic breast cancer therapy."*" Park and col-
leagues prepared novel multifunctional nanoadjuvants com-
posed of cationic polymer shells and iron oxide/gold cores
with CpG complexed on the surfaces through electrostatic
interactions. The nanoadjuvants could be retained for a pro-
longed time in the tumoral extracellular matrix and interna-
lized into antigen-presenting cells after intratumoral injection.
The irreversible electroporation could trigger immunogenic
cell death. The combination therapy resulted in great tumor
inhibition with a 100% survival rate for about 60 days.*> On
the other hand, gold nanorods-CpG-based nanomedicines for
radio-immunotherapy were also developed. The first procedure
of the two-step low-dose radiotherapy strategy was engaged to
recruit plenty of macrophages into the tumor to switch
M2 macrophages to M1 phenotypes. The nanomedicine in the
tumor sensitized the second dose of radiotherapy, leading to a
synergistic treatment of cancer.'*?

The current progress in nanomedicine also involves the
combination of imaging and therapeutic functions. An easy
method for preparing CpG-functionalized silver nanoclusters
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(CpG-AgNCs), integrating attractive characteristics of imaging
and improved immune response, has been reported.'>* The
AgNCs provided several crucial merits including improved
CpG uptake by TLR9-positive cells, and enhanced CpG stability
against nuclease degradation, which were extremely important
for enhancing the immunostimulatory activity of CpG-AgNCs.
In addition, the CpG-AgNCs with compelling fluorescence fea-
tures could simultaneously serve as optical nanoprobes for
bioimaging. Similarly, for the first time, Tao et al. also devised
the facile one-step synthesis of CpG-functionalized CdTe
quantum dots that combined fascinating characteristics of cell
imaging and enhanced immunogenicity."*> Furthermore,
Ming et al. employed palladium nanosheets as carriers to load
the immunoadjuvant CpG, which could be effectively applied
to combinatorial cancer photothermal and immunotherapy
both in vitro and in vivo.'*® Recently, Chen and coworkers pro-
posed an efficient anticancer strategy with integrated chemo-
dynamic/photodynamic/photothermal modalities by in situ
constructing black phosphorous/palladium nanosheets. The
immune adjuvant CpG could be efficiently loaded onto the
nanosheets after fluoropolyethyleneimine modification,
further improving tumor therapeutic efficacy.'*”

3.2. Metal oxide and sulfide nanomaterials for CpG delivery

Metal oxide and metal sulfide nanomaterials are novel classes
of metal-containing nanomaterials composed of metal ions
and oxygen or sulfur compounds. During the past decade,
scientists found that the metal oxide and sulfide nano-
materials engineered by specific approaches not only had high
biocompatibility but also exhibited unique physicochemical
properties for CpG delivery, such as a large surface area, high
drug loading ability and metal-enhanced immunostimulatory
activities. Qu and colleagues developed a MnO,-CpG-AgNCs—
doxorubicin nanoconjugate for efficient cancer immunother-
apy, in which the support MnO, nanosheets could integrate
CpG-AgNCs and doxorubicin via n—r interactions for remark-
able anticancer activity.'*® Similarly, He et al. also developed
an immune nanoplatform composed of CpG and MnO, within
nanogels consisting of poly(N-vinylcaprolactam) for immuno-
activated, magnetic resonance imaging-guided radiotherapy
against glioblastoma multiforme."”® Recently, Park and col-
leagues developed metal-phenolic network-based immunosti-
mulating nanoplatforms, which were synthesized by coordinat-
ing Mn ions with tannic acid, and subsequently coating them
with CpG. The nanoparticles successfully triggered the M1
polarization of macrophages to promote proinflammatory cyto-
kine release, leading to tumor inhibition.** More recently,
Mn>* was also reported to promote the production of type I
interferons, thus improving the infiltration of cytotoxic T lym-
phocytes, the maturation of dendritic cells, and the secretion
of proinflammatory cytokines."**

In addition to Mn-based nanocarriers, Lu’s group reported
on the design of chitosan-decorated hollow CuS NPs loaded
with CpG motifs as an NIR-induced transformative nanoplat-
form. The laser could induce the breakdown of CuS NPs,
improving the tumor retention. The photothermal ablation
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triggered the release of the tumor antigens, while the CpG
potentiated host antitumor immunity, resulting in the
effective treatment of primary and distant tumors.'*> Dong’s
group constructed folic acid-modified, docetaxel-loaded, poly-
ethylenimine-protoporphyrin IX and CpG conjugated meso-
porous CuS nanoparticles as a multifunctional nanoplatform
for cancer synergistic phototherapy and immunotherapy. The
nanocomposites could induce significant damage to tumors
when combined with anti-PD-L1 antibodies for immunother-
apy and laser irradiation for photodynamic and photothermal
therapy. The docetaxel in the nanocomposites could enhance
the cytotoxic T lymphocyte infiltrations, and effectively polar-
ize myeloid-derived suppressor cells to promote proinflamma-
tory cytokine generation, thus leading to reinforced antitumor
efficacy (Fig. 4B)."*® Similarly, MoS, nanosheets—poly(ethylene
glycol) (PEG)-CpG was also fabricated as the multifunctional
nanoplatform for photothermal enhanced immunotherapy.
The MoS,-PEG-CpG nanoconjugates with excellent triggered
effects could significantly elevate CpG intracellular accumu-
lation and remarkably promote the immune responses, which
dramatically reduced the proliferative activity of tumor cells."**

3.3. Calcium-based biomineralized nanomaterials for CpG
delivery

Calcium phosphates with excellent biocompatibility and bio-
degradability are the main inorganic constituents of biological
hard tissues such as teeth and bones, and therefore they are
promising as excellent bioabsorbable biomaterials for a broad
range of biomedical applications, such as medical treatment,
diagnosis, and tissue engineering.'*>'*® Calcium phosphate is
also capable of delivering both antigen and CpG delivery. In
the nanoparticulate form, it can be easily taken up by the cells
and then dissolved in the lysosomes.'®” Inspired by these
advantages, Westendorf and Epple developed calcium phos-
phate NPs that could carry immunoactive oligonucleotides and
antigens for DC activation.''? After that, the same group also
prepared calcium phosphate NPs as carriers for the viral
antigen hemagglutinin combined with polyinosinic-polycy-
tidylic acid and CpG for the activation of DCs. Studies indi-
cated that purified calcium phosphate NPs were capable of
triggering adaptive immunity via cytokine secretions and elev-
ated co-stimulatory molecules and MHC II expression."*® In
another instance, lipid-calcium-phosphate NPs modified with
mannose as the vaccines to deliver the adjuvant CpG and
tumor antigen Trp 2 peptide were developed.'*® In addition,
targeted silencing of immune-suppressive cytokine expressions
of TGF-B in the tumor microenvironment with liposome-prota-
mine-hyaluronic acid NPs further improved the vaccine
efficacy in an advanced melanoma model. Arami and co-
workers also synthesized calcium phosphate NPs applying
various CpG types as templates for mineralization for
improved immunostimulatory effects. The effects of
sequences, backbones, and concentrations of the CpGs on the
formation of calcium phosphate nanoparticles were evaluated.
The mineralization of calcium phosphate was blocked at
increased phosphodiester concentrations, but this effect was
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not observed for the phosphorothioate groups more than a
certain range.'*°

3.4. Carbon nanomaterials for CpG delivery

Carbon materials have attracted wide attention in biomedical
applications owing to their large surface area, photothermal
properties, chemical stability and low cost.’*' The applications
of carbon materials have also been extended to immunother-
apy in recent years. Since their serendipitous discovery in
1991, carbon nanotubes (CNTs) have attracted significant
interest from the scientific communities due to their unique
physical and chemical properties.'*> CNTs, as novel drug deliv-
ery vehicles, have also been widely used for CpG delivery. In
2004, Partidos and Prato found that cationic ammonium-func-
tionalized CNTs were advantageous for effective CpG delivery
into target cells, increasing the immunostimulatory properties
of linked CpG ODNs.'** CNTs have also shown promise for the
cancer-testis antigen NY-ESO-1 and adjuvant CpG delivery."**
The CNT nanoconstructs induced strong CD8" and CD4"
T-cell-mediated immune activities against NY-ESO-1, which
significantly prolonged mouse survival and delayed tumor
development.

Graphene oxide (GO) exfoliated from oxidized graphite is
generally considered to be the candidate material for bio-
medical applications because of its excellent aqueous proces-
sability and ultrahigh drug loading efficiency.'*> The ability of
GO to act as a CpG nanocarrier was explored.
Immunostimulatory CpG ODNs could be loaded onto poly(t-
lysine)-modified uniform small or polydisperse GO
nanosheets. The uniform small GO-CpG appeared to be the
more efficient stimulator in stimulating immunostimulatory
activity as compared with polydisperse GO-CpG nanosheets.
Recently, graphene has also been extensively investigated for
biomedicine applications due to its drug-carrier and photo-
thermal properties.’*®'*” Inspired by these investigations, Tao
et al. applied GO modified with PEG and PEI for the efficient
delivery of CpG ODNs (GO-PEG-PEI-CpG). A photothermally
induced, remarkably improved immunogenicity of GO-PEG-
PEI after NIR irradiation could be observed, which could be
attributed to the accelerated intracellular trafficking of nano-
vectors. The synergistic immunological and photothermal
effects of the GO-PEG-PEI-CpG induced excellent efficiency in
cancer therapy.'*® Liu and coworkers fabricated CpG ODN and
NIR photosensitizer IR820 dual-dressed and triphenylpho-
sphonium-functionalized nanographene for mitochondria-tar-
geted cancer immunotherapy, photothermal therapy and
photodynamic therapy. The IR820 generated photothermal
heat and abundant ROS to kill cancer cells, while the CpG
remarkably enhanced the immunostimulatory activities. In
vivo research proved that the nanographene hybrid signifi-
cantly inhibited tumor growth and caused negligible toxic
effects on mice.'*’

3.5. Silica nanomaterial-mediated CpG delivery

Silica nanomaterials are typical inorganic nanomaterials that
possess many advantages including low cost, easy scale-up,
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convenient surface functionalization, a hydrophilic nature and
excellent biocompability."****! Over the last ten years, one of
the hottest areas in nanobiotechnology and nanomedicine has
been the design of biocompatible silica nanomaterials and
multifunctional counterparts in disease theranostics.'>?
Hanagata and Chen synthesized silica nanotubes with tailored
lengths, which could be linked with chitosan for immunosti-
mulatory CpG delivery.'>® The decreased length of the silica
nanotubes led to greater CpG cellular uptake and an enhanced
immunostimulatory response, suggesting the potential appli-
cation in immunotherapy. Another example showed that PEG-
modified, amine magnetic mesoporous silica NPs could also
be utilized as CpG delivery nanovectors. The PEG-conjugated
magnetic mesoporous silica NPs showed negligible cyto-
toxicity, excellent CpG loading capacity, and the ability to be
easily internalized into cells. These nanocomplexes combined
with chemotherapeutics could greatly kill the tumor cells via
activating macrophages.'> Similarly, the triethoxypropyl-
aminosilane functionalized silica nanoparticles could also be
utilized as effective nanocarriers for the targeted transpor-
tation of ovalbumin antigens and CpG adjuvants to draining
lymph nodes, driving a notable antitumor immune response
with high safety.’> Wang’s group developed a cancer vaccine
by using mesoporous silicon vectors for the co-delivery of tyro-
sinase-related protein 2 peptide and two different TLR agonists
(monophosphoryl lipid A and CpG), increasing the capacity of
dendritic cells to induce potent tyrosinase-related protein
2-specific CD8" T cell responses for highly efficient tumor
immunotherapy.'>® Yantasee and coworkers also designed bio-
degradable mesoporous silica nanoparticles to co-deliver
STAT3 siRNA and CpG to induce efficient whole-body antitu-
moral immunity. In combination with systemic immune
checkpoint inhibitors, the immunotherapy based on the silica
nanoparticle co-delivery of STAT3 siRNA and CpG completely
cured 63% of mice with melanoma tumors."®” Recently, Li
et al. developed lipid-coated mesoporous silica nanoparticles
for CpG and TLR7/8 agonist resiquimod (R848) delivery. The
nanoplatform could greatly improve the antitumor efficacy via
remarkably modulating the tumor immunosuppressive micro-
environment by repolarizing macrophages from the M2 to M1
phenotype, facilitating the maturation of dendritic cells, and
promoting the infiltration of tumor cytotoxic T cells."*®
Similarly, Zhong et al. also encapsulated mesoporous silica
nanoparticles with adjuvant CpG and antigen, and further
coated them with an all-trans retinoic acid contained lipid
bilayer. The mice dramatically generate protective immune
responses against S. typhimurium challenge after being vacci-
nated with Salmonella enterica serovar Typhimurium antigen-
loaded nanovaccine (Fig. 4C)."*°

4. Polymeric nanocarriers for CpG
delivery

Polymeric materials have attracted wide interest owing to their
broad applications in diverse fields, including diagnostics, and
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therapeutics, smart coatings and textiles, as well as tissue
engineering.'®® One of the foremost fields among these appli-
cations is developing optimized polymer nanoparticle-based
delivery systems, due to their great promise as carriers for che-
motherapeutics, nucleic acid, peptides and proteins with high
loading capacities."®* Therefore, CpG ODNs can also be
efficiently delivered and protected against nuclease degra-
dation by polymer NPs.

4.1. Natural polymer-based particles/nanocomposites for
CpG delivery

4.1.1. Chitosan. As one of the most widely used polymers,
chitosan NPs can be utilized to efficiently deliver CpG ODNs.
Chitosan/CpG ODN NPs could be synthesized by using the
novel microfluidic technique or the conventional bulk mixing
method. The microfluidic-processed NPs exhibited much
stronger immunity as compared with mixing-processed NPs.">
Leong and coworkers developed nanovaccines via polyelectro-
lyte complexation of heparin and chitosan to encapsulate the
VP1 protein antigen with CpG or TNF-« as adjuvant. The nano-
vaccines showed prolonged retention in lymph nodes and
induced great Thl and Th2 immune activations, conferring
effective protection against lethal virus challenges. Moreover,
the nanovaccines could also elicit high IgA titers, which might
provide great advantages for mucosal protection.'®® Moreover,
a self-degradable conjugated polyelectrolyte to load CpG for
the combination of photodynamic therapy-induced immuno-
genic cell death and immunotherapy of CpG was also devel-
oped for systemic antitumor immunity.*®*

4.1.2. Hyaluronic acid. Hyaluronic acid is a natural polysac-
charide with good biocompatibility and degradability.
Hyaluronic acid and its derivatives can be used as sustained-
release carriers for CpG, which can delay the release of CpG
and have a long-acting effect. Kim’s group highlighted the
importance of multivalency in enhancing the immunostimula-
tory activity of CpG. They synthesized hyaluronic acid-based
multivalent nanoconjugates, augmenting immunostimulation
by combining these with CpG ODNs and cationic poly(t-
lysine), a widely used transfection agent. The resultant hyaluro-
nic acid-CpG nanoconjugate efficiently activated the antigen-
presenting cells, while the poly(r-lysine)/hyaluronic acid-CpG
nanocomplex improved cellular uptake and sustained endo-
somal TLRY stimulation. Vaccination of mice with dendritic
cells treated with this nanocomplex inhibited tumor growth
and elicited robust antitumor memory responses.'® Li et al.
developed a polydopamine-coated, hyaluronic acid-shelled
nanoplatform loaded with CpG ODNs, which induced strong
antitumor immune responses and photothermal ablation. The
CpG ODNG s effectively matured dendritic cells by upregulating
co-stimulatory markers. Their approach synergistically com-
bined photothermal therapy with CpG ODNs, demonstrating
significant treatment efficacy in a melanoma-bearing mouse
model.'®® Chen’s group innovated a hyaluronic acid/PEI-KT-
based delivery system to co-deliver OX40L plasmids and CpG.
This strategy facilitated the expression of OX40 on T cells
within tumors, and the anchoring of OX40L on tumor cell
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membranes, thus enhancing T cell responses. This approach
effectively transformed “cold” tumors into “hot” ones, sensitiz-
ing them to PD-1/PD-L1 blockade therapy and preventing
tumor recurrence and metastasis in both 4T1 and B16F10
tumor models (Fig. 5A).'®” Malfanti and colleagues designed
bioresponsive hyaluronic acid-doxorubicin/CpG conjugates for
the in situ chemoimmunotherapy of glioblastoma. They com-
bined CpG, a TLR-9 agonist, with doxorubicin, an immuno-
genic cell death inducer, to synergistically eradicate tumors.
The local administration activated antitumor CD8" T cell
responses, reduced myeloid-derived suppressor cells and M2-
like tumor-associated macrophage infiltration in the brain
tumor microenvironment, and significantly extended the survi-
val of glioblastoma-bearing mice.'®®

4.1.3. Gelatin. Gelatin, derived from collagen, is biocompa-
tible and amendable to modification for crosslinking with
visible light.'®® In 2008, Zwiorek et al utilized cationized
gelatin nanoparticles as biodegradable carriers to enhance the
immunostimulatory CpG delivery. The use of these cationized
gelatin nanoparticles for delivering class-B and class-C CpG
ODNSs to primary human plasmacytoid dendritic cells resulted
in increased production of IFN-a, a crucial cytokine for the
activation of both innate and adaptive immunity.”° Similarly,
Neek et al. explored the immune responses elicited by nano-
particle formulations of the E2 subunit assembly of pyruvate
dehydrogenase, incorporating cancer-testis antigens MAGE-A3
and NY-ESO-1, along with the CpG adjuvant. Their in vivo
studies demonstrated that immunization with these vaccine
nanoparticles not only significantly increased IFN-y expression
but also enhanced lysis activity against target A375 cells.”"

4.2. Synthetic polymer-based nanoparticles for CpG delivery

4.2.1. Poly(lactic-co-glycolic acid) (PLGA). Poly(lactic-co-gly-
colic acid) (PLGA), an FDA-approved biocompatible and bio-
degradable polymer, is extensively researched for drug delivery
due to its advantageous properties.'””>'”® PLGA has been par-
ticularly utilized for transporting antigens and CpG ODNs. An
early application by Diwan’s group involved co-delivering CpG
ODN and antigens in biodegradable PLGA nanoparticles,
using tetanus toxoid as a model antigen. Their findings
showed that T cells from mice immunized with this formu-
lation exhibited higher IFN-y secretion and enhanced antigen-
specific proliferation compared with reference groups.'”* More
recently, manipulated PLGA has been used for CpG delivery,
combined with glioma homing peptide-modified paclitaxel tar-
geting nanoparticles, for the chemo-immunotherapy of glioma
via local delivery in the resection cavity.'”>

The development of pathogen-mimicking PLGA nano-
particles through facile dopamine polymerization has shown
great promise as vaccine and adjuvant delivery systems. These
functionalized nanoparticles can enhance cytokine secretion,
and immune cell recruitment, activate and mature DCs, and
induce robust humoral and cellular immunity.’”® Similarly,
Pradhan’s group developed synthetic PLGA particulate nano-
carriers co-loaded with CpG and monophosphoryl lipid
A. These pathogen-like particles elicited synergistic interleu-
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kin-12p70 and interferon-f responses in granulocyte-macro-
phage colony-stimulating factor-driven mouse bone marrow-
derived antigen-presenting cells."”” Du et al. employed manno-
sylated PLGA/PLAG-PEG Pickering emulsions with unique
hierarchical structures to target antigen-presenting cells.
These emulsions synergistically delivered CpG and antigenic
peptides, increasing the droplet-cell contact area and enhan-
cing the cellular recognition of mannose and CpG for
improved immune activation. When combined with PD-1 anti-
bodies, this nanovaccine significantly regressed tumors,
showing a synergistic enhancement in anti-tumor effects.'”®
CpG-based immunotherapy has been effectively integrated
with other therapeutic methods, utilizing PLGA nanoparticles
as optimal platforms for the co-delivery of multiple therapeutic
agents. Groettrup et al. developed biodegradable PLGA micro-
spheres for delivering antigens and TLR ligands to APCs.
These PLGA microspheres, encapsulating model antigens,
efficiently presented these antigens on MHC class I and II
molecules of DCs, thereby stimulating robust cytotoxic and T

2214 | Biomater. Sci,, 2024, 12, 2203-2228

helper cell responses.’”® In addition, they also utilized PLGA
microspheres encapsulating both CpG and tumor lysates, as
well as polyl:C, to provoke antitumor activities. Moreover, the
biodegradable PLGA nanocarrier was also applied in delivering
the murine allergen ovalbumin to the liver. These nano-
particles were tailored with ligands targeting mannose recep-
tors and scavengers on liver sinusoidal endothelial cells.
Prophylactic treatment using these ovalbumin-loaded nano-
particles in sensitized and challenged animals greatly reduced
TH2 cytokine production, anti-ovalbumin IgE responses, and
airway eosinophilia in bronchoalveolar lavage fluid. The
addition of ApoB peptides as a surface ligand further ampli-
fied the inhibitory effect, underscoring the potential of oval-
bumin-loaded PLGA nanocomposites in the treatment of aller-
gic airway diseases (Fig. 5B)."%°
4.2.2. Poly(propylene sulfide) (PPS). Poly(propylene
sulfide) (PPS) nanoparticles are considered effective for CpG
and antigen delivery, owing to their ultrasmall size that facili-
tates efficient drainage to the lymph nodes and targets a sig-
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nificant proportion of resident DCs. For instance, a Pluronic-
stabilized PPS NP-based nanocarrier for CpG and ovalbumin
delivery was designed to specifically target pulmonary DCs
upon delivery to the lungs, enhancing antigen transport to the
draining lymph nodes. Pulmonary immunization with NP-con-
jugated CpG and ovalbumin resulted in a threefold enhance-
ment in splenic antigen-specific CD8" T-cell immunity, exhibit-
ing increased IFN-y expression compared with immunization
with unconjugated CpG and ovalbumin.'®" Additionally, the
ability of adjuvants CpG-B or CpG-C with a low adjuvant
dosage to target lymph nodes using ultrasmall polymeric PPS
NPs has been explored. These NPs could rapidly be drained to
the lymph node after intradermal injection, leading to
improved Thi-cytokine secretion and dendritic cell matu-
ration, resulting in stronger effector CD8" T-cell activation with
more robust memory recall. Notably, NP-CpG-B provided sub-
stantial protection against syngeneic tumor challenges even
four months post-vaccination. These findings collectively
demonstrate that nanocarriers can significantly increase
vaccine efficacy, resulting in long-lasting cellular immunity.*8*

4.2.3. Polypeptide. DNA-loaded polypeptide particles for
delivering adjuvant CpG ODNs were synthesized using meso-
porous silica templating and a thiol-disulfide exchange cross-
linking method. The cargo loading ability of these particles
was adjustable based on the amount of cross-linker used,
enhancing their stability. These polypeptide nanoparticles
effectively delivered their cargo to primary human pDCs and
activated them. In vitro experiments revealed that particles
with higher loading capacities led to enhanced vaccine immu-
nogenicity.'®® Chilkoti’s group recently developed an injectable
depot composed of thermally sensitive elastin-like polypep-
tides for CpG immunostimulant and iodine-131 radionuclide
delivery. These polypeptides, featuring an oligolysine tail,
formed an electrostatic complex with CpG for immunotherapy.
When combined with iodine-131-elastin-like polypeptides for
brachytherapy, the treatment notably inhibited 4T1 tumor
growth and significantly reduced the development of lung
metastases.'® Additionally, a novel ApoE peptide-mediated
systemic nanodelivery system was developed for co-delivering
granzyme B and CpG. This system was designed to enhance
the immunotherapy of a murine malignant glioma model, pro-

viding a promising approach for advanced cancer
treatments."®>
4.2.4. Poly(ethylene glycol) (PEG). PEG is the most used

polymer and also the gold standard for stealth polymers in the
emerging field of polymer-based drug delivery. PEG is non-
toxic, highly soluble in water and FDA approved. The PEG-
based delivery nanosystems have several advantages including
a prolonged residence in body, and a decreased degradation
by metabolic enzymes. Lv’s group developed a PEG hydrogel
for dual fluorescence imaging-tracked, programmed delivery of
CpG nanoparticles and doxorubicin, aimed at modulating the
tumor microenvironment for efficient chemo-immunother-
apy.'®® The combined stimulation of CpG nanoparticles and
doxorubicin positively altered the tumor microenvironment,
evidenced by an increase in cytotoxic CD8" T lymphocytes and
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a decrease in M2-like tumor-associated macrophages and
myeloid-derived suppressor cells. This modulation heralded
favorable therapeutic responses, offering a promising
approach for advanced cancer therapy. Perry et al. employed
PRINT (particle replication in nonwetting templates) nano-
particles, composed of PEG700 diacrylate, amino ethyl meth-
acrylate, and hydroxyl-terminated PEG248 acrylate, to deliver
CpG into murine lungs through orotracheal instillation. This
approach extended CpG retention in the lungs and prolonged
the elevation of antitumor cytokines, effectively inducing sub-
stantial tumor regression in lung cancer metastasis models.'®’
Additionally, Zhong and colleagues synthesized a glioma and
cervical lymph node-homing and blood-brain barrier per-
meable CpG nano-immunoadjuvant through the co-self-assem-
bly of PEG-polycarbonate-spermine, apolipoprotein E
peptide-PEG-polycarbonate, and CpG. Remarkably, both intra-
nasal and intravenous administration of this targeting CpG
nano-immunoadjuvant significantly improved survival in
murine LCPN glioma-bearing mice (Fig. 5C).'%®

4.2.5. Polyetherimide (PEI). PEI has been widely studied
for the design of nucleic acid delivery vehicles. PEI, being posi-
tively charged, is able to form nanoscale complexes with CpG
ODNs, leading to CpG protection, cellular delivery, and intra-
cellular release. Wang’s group engineered a transcutaneous
tumor vaccine delivery system by applying mannosylated PEI-
modified ethosomes encapsulated in an electrospun nanofi-
brous patch. This system demonstrated efficient targeting of
DCs. The mannosylated PEI-modified ethosomal -carriers,
loaded with tyrosinase-related protein-2 peptide antigen and
adjuvant, effectively induced DC maturation, leading to an
effective antitumor effect.® In another study, Wang and col-
leagues created PEI-hemagglutinin/CpG nanoparticles to
explore their immune responses using an intranasal vacci-
nation regimen in mice. These nanoparticles elicited more
balanced and robust IgG1/IgG2a antibody responses with
enhanced Fc-mediated antibody-dependent cellular cyto-
toxicity and neutralization activity. Additionally, the PEI-HA/
CpG nanoparticles induced stronger systemic and local cellu-
lar immunity over a six-month observation period post-immu-
nization, demonstrating the synergistic effect of PEI and CpG
(Fig. 5D)."° Mooney’s group developed a cryogel vaccine
system where the release of CpG could be induced on-demand
using ultrasound. CpG was condensed with PEI and then
adsorbed onto cryogels. Ultrasound stimulation 4 days post-
vaccination significantly heightened the antigen-specific cyto-
toxic T-lymphocyte response. Moreover, this ultrasound stimu-
lation also resulted in a notably high IgG2a/c antibody titer,
underlining the potential of this approach for targeted vaccine
delivery.'**

4.2.6. Copolymer-based nanoformulations. Advances in
polymer chemistry and polymerization methods offer the
opportunity to synthesize copolymers with a variety of block
combinations. Copolymers hold great potential for improving
the effectiveness of therapeutic CpG molecules owing to the
easy adjustability of their size, stability and surface chemistry.
Lymph nodes, being critical targets of cancer vaccines, can be
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effectively targeted by polymeric hybrid micelles with tunable
particle sizes and surface charges, enhancing lymph node
retention and antigen-presenting cell uptake. Li et al. devel-
oped polymeric hybrid micelles composed of two amphiphilic
diblock copolymers: polycaprolactone-polyethylene glycol and
polycaprolactone-polyethylenimine. These were used in
varying proportions to efficiently load CpG and melanoma
antigen peptide tyrosinase-related protein 2 for melanoma
immunotherapy. The formulation containing 10% cationic
polycaprolactone-polyethylenimine achieved an optimal
balance, demonstrating effective lymph node distribution and
a strong immune response.'®> Following this, the same group
developed another type of polymeric hybrid micelle for encap-
sulating CpG and tyrosinase-related protein 2. These micelles
self-assembled from cationic polyethylenimine-stearic acid
conjugate and anionic poly-(ethylene glycol) phosphorethano-
lamine through electrostatic and hydrophobic interactions.
The optimized ratios in this co-delivery system resulted in sig-
nificant cytotoxic T lymphocyte activity, and reduced mela-
noma tumor growth and metastasis.'®® Ohya’s group created
hyaluronic acid-coated biodegradable poly(r-lysine)-b-polylac-
tide micelles as nanoparticulate vaccine delivery systems.
These efficiently loaded CpG and ovalbumin, facilitating the
establishment of an effective nasal vaccine. The polymeric
micelles upregulated mRNA encoding IL-4 and IFN-y, and
enhanced the expression of ovalbumin-specific IgG levels in
the blood.'** Zhong’s group synthesized cRGD-functionalized
chimeric polymersomes for the efficient delivery of oncolytic
peptide LTX-315. Combined with anti-PD-1 and CpG, this for-
mulation boosted melanoma immunotherapy. Systemic
administration led to notable tumor accumulation and signifi-
cant tumor growth retardation. The treatment efficacy was
further enhanced by co-administering anti-PD-1 antibody and
polymersome CpG, resulting in complete cures in two out of
seven mice due to the strong immunization effect and robust
antitumor memory recall.'®

5. Metal-organic-framework (MOF)-
based CpG delivery systems
5.1. Zeolitic imidazolate framework-8 (ZIF-8) nanoparticles

Metal-organic frameworks (MOFs), comprising porous crystal-
line inorganic-organic hybrids of bridging metal ions or clus-
ters coordinated to organic ligands,"®'®” have gained promi-
nence across various fields due to their structural diversity,
ultrahigh surface areas, customizable surface modifications,
and tunable pore sizes. These properties have led to their wide-
spread use in sensing, gas storage, catalysis, and small mole-
cule separation.’®®2° Recently, MOFs have seen significant
advancements in biological applications, particularly as drug
delivery systems, and have been extensively explored for
subunit vaccine development.>°*2%% Zhang et al. were pioneers
in this area, reporting the facile synthesis of nanoscale MOFs
ZIF-8-based subunit vaccines.>** These vaccines encapsulate
protein antigen ovalbumin and absorb immune adjuvant CpG,
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eliciting robust cellular and humoral immune responses. The
resulting ovalbumin@ZIF-8-CpG vaccines showcased pH-
responsive dissociation properties, enabling efficient CpG and
antigen delivery to the same antigen-presenting cells. Both
in vitro and in vivo experiments demonstrated that these vac-
cines could induce strong immunity and a high immune
memory response.”’”® Furthermore, leveraging the porous
structure of ZIF-8 nanoparticles, Zhang et al. also developed a
CpG nanocarrier nanosystem by loading CpG into ZIF-8. This
approach enhanced intracellular CpG uptake and facilitated
effective CpG release under acidic conditions, thereby increas-
ing the immune cytokine secretions in both in vitro and in vivo
settings.>?%2%7

5.2. Zirconium UIO-66

UIO-66 as a rather ubiquitous MOF consists of zirconium ions
that are surrounded by bonded terephthalic ligands. These
components and structures make an active, spacious surface
area with biodegradability alongside low cytotoxicity. Fan and
colleagues developed CpG-MOF nanocomposites with a high
density of CpG, utilizing multivalent coordination between the
unsaturated zirconium sites on the UIO-66 and the phosphate
backbone of CpG. These nanocomposites were further
enhanced with a calcium phosphate exoskeleton protection
shell. This shell not only provided DNA protection but also
supplied high concentrations of phosphate ions for controlled
CpG release. The calcium phosphate-coated CpG-MOF nano-
composites exhibited an 83-fold increase in cytokine secretion
compared with uncoated CpG-MOF (Fig. 6A).>°® Additionally,
zirconium-based nanoscale MOFs were found to not only
facilitate CpG delivery, enhancing immunostimulatory activity,
but could also be modified with DNA aptamers via coordi-
nation chemistry to target specific cancer cells.”’® Pang et al.
functionalized CpG-loaded zirconium UIO-66 nanoparticles
with bone-targeting zoledronic acid to address breast cancer-
associated osteolysis. These bone-targeting MOF nanoparticles
effectively inhibited osteoclast formation and simultaneously
induced macrophage polarization to the M1 phenotype.*'°
Furthermore, multifunctional MOF nanosystems were fabri-
cated by self-assembling zirconium ions with a photosensitizer
(tetrakis(4-carboxyphenyl)porphyrin). These systems combined
photodynamic therapy with acriflavine and CpG, designed as
tumor vaccines for anticancer therapy. The aggravated hypoxic
survival signaling following photodynamic therapy was miti-
gated by acriflavine, inhibiting HIF-la-mediated metastasis
and survival. The presence of CpG adjuvants enabled tumor-
associated antigens, generated post-photodynamic therapy, to
act as tumor vaccines, thereby enhancing antitumor immune

responses.”!

5.3. Other types of MOF

A zinc-carnosine MOF was fabricated for CpG adsorption and
ovalbumin encapsulation, exhibiting high biocompatibility
and potential as the nanoplatform for recombinant protein-
based vaccines.>'* Lin and colleagues synthesized a cationic
nanoscale MOF (W-5,10,15,20-tetra(p-benzoato)porphyrin),
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bearing mice after 8 administrations of MOF—CpG—-DMXAA.?Y Copyright 2023, Wiley-VCH.

effectively integrating photodynamic therapy with CpG deliv-
ery. The MOF-mediated photodynamic therapy facilitated the
release of tumor-associated antigens, while the delivered CpG
promoted dendritic cell maturation, leading to significant anti-
tumor efficacy."?

Zhang’s team developed a pH-responsive MOF-based co-
delivery system (GMP/Eu complex) for the efficient delivery of
tumor-associated antigens and CpG. The MOFs, loaded with
antigens, efficiently released these antigens in the acidic endo/
lysosomal environment due to their relatively labile metal-
ligand bonds. Furthermore, CpG was introduced to the MOFs
through Watson-Crick base pairing, resulting in an efficient
antitumor outcome.”™* Ni et al. designed nanoscale MOFs (Hf-
DBBF-Ir) as locally activable immunotherapeutics. When acti-
vated by X-rays, these MOFs effectively generated reactive
oxygen species, delivered CpG as pathogen-associated mole-
cular patterns, and released tumor antigens and danger-associ-
ated molecular patterns, for in situ personalized cancer vacci-
nation. This approach expanded cytotoxic T cells in tumor-
draining lymph nodes, reinvigorating the adaptive immune
system for local tumor regression.”™® Fan and colleagues devel-
oped the imaging-guided cancer photoimmunotherapy system
using MOF MIL101-NH, as the core nanocarrier, dual-dressed

This journal is © The Royal Society of Chemistry 2024

with the fluorescent and photoacoustic signal donor indocya-
nine green, and immune adjuvant CpG. The photoimmu-
notherapy triggered a cold to hot transformation of tumor
cells, and achieved superior antitumor efficiency.”'® Finally,
Liu’s group reported that MOF-801 could serve as a drug deliv-
ery nanocarrier for the 5,6-dimethylxanthenone-4-acetic acid
(DMXAA) STING agonists and CpG ODNs. This self-assembled
nanoparticle effectively improved the tumor microenvironment
by destroying tumor blood vessels, and promoting dendritic
cell maturation, reprogramming tumor-associated macro-
phages, resulting in excellent immunotherapeutic activity in
hepatocellular carcinoma (Fig. 6B).>"”

6. Lipid-based CpG delivery systems

Lipid-based delivery nanosystems, representing a significant
advancement in drug delivery technology, have seen numerous
liposomal drugs approved and many others reaching late-stage
clinical development in the United States.”’®*'® Lipid-based
delivery systems possess a high affinity for cell membranes.
They can easily enter the cytoplasm by endocytosis or direct
membrane fusion and then release drugs by lipid-phospholi-
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pid exchange.*?°** These systems demonstrate a high affinity
for cell membranes, facilitating entry into the cytoplasm
through direct membrane fusion or endocytosis, followed by
drug release via lipid-phospholipid exchange.'®*** Their
capability to prolong the circulation lifetime, enhance uptake,
promote passive accumulation at disease sites, and sustain
therapeutic payload release has led to proposals for using
lipid-based nanoparticles to improve the delivery of CpG ODN-
based therapeutics.**®

Interest in lipid-based CpG delivery grew in the early 2000s. Li
et al. explored the use of liposomes as a co-delivery vehicle to
improve the adjuvant CpG activity with HER-2/neu-derived
peptide p63-71, aiming to induce a CD8" T-cell response. Mice
immunized with biofunctionalized liposomes exhibited antigen-
specific IFN-y responses, which were significantly stronger than
those in mice immunized with p63-71 alone.*” Yoshizaki et al.
utilized cationic lipid-introduced pH-sensitive polymer 3-methyl-
glutarylated hyperbranched poly(glycidol)-modified liposomes for
efficient antigen and CpG delivery. Comparing two complexation
methods, pre-mix and post-mix, they found that post-mix led to
higher cellular immune responses, though both methods showed
strong antitumor efficiency in tumor-bearing mice compared
with conventional liposomes.>*® Kwak and colleagues reported
amphiphilic lipid-DNA aggregation hybridized with CpG and
pharmaceutical antigen peptides. This base-pairing approach
enabled the efficient delivery of immune agents to CD8«" dendri-
tic cells in tumor-draining lymph nodes and effectively induced
antigen-specific immune responses for cancer immunotherapy
across various cancer types.”*®

Suzuki and team also developed lipid nanoparticles loaded
with type-A CpG ODN, significantly suppressing tumor growth by
activating CD8 T cells and altering the tumor immune microenvi-
ronment. Combining these nanoparticles with anti-PD-1 anti-
bodies further enhanced therapeutic efficacy.* Lai et al
designed a novel liposomal vaccine, assembling adjuvant CpG
and dendritic cell-targeting mannose on the surface of mela-
noma-specific TRP2,g015g peptide-loaded liposomes. This formu-
lation effectively enhanced dendritic cell activation. It also
reduced regulatory T cells and myeloid-derived suppressor cells
while increasing CD8" cytotoxic T cells and IFN-y production,
thereby amplifying anti-melanoma efficiency in mice.>**

Lipid-coated inorganic nanoparticles, which constitute the
inorganic nanodelivery systems, are complexed with lipid
layers carrying CpG. These lipid-coated inorganic nano-
particles, with multifarious decorations, not only enhance the
loading capabilities of CpG ODNs but also hold the potential
to improve therapeutic delivery. Zhang and colleagues recently
developed a vaccine using tumor-derived antigenic microparti-
cles to encapsulate Fe;O, nanoparticles, which were then teth-
ered with CpG-loaded liposome arrays on their surface. These
vaccines demonstrated both lymph node draining and tumor-
targeting capabilities. Remarkably, the Fe;O, nanoparticles
within the vaccines induced a significant infiltration of cyto-
toxic T lymphocytes and facilitated the reprogramming of infil-
trated tumor-associated macrophages into a tumor-suppressive
M1 phenotype. Additionally, the combination of these vaccines
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with immune checkpoint PD-L1 blockade significantly amplified
the immunotherapy effect across multiple established tumor
models, highlighting the critical role of spatiotemporal consist-
ency in tumor microenvironment immunomodulation and host
immunity (Fig. 7A).>*> In another approach, Gao and colleagues
synthesized lipid-coated iron oxide nanoparticles as the nanovac-
cine to co-deliver adjuvant CpG and peptide antigen into the lyso-
somes and cytosol of dendritic cells via both endosome-mediated
endocytosis and membrane fusion. This dual uptake mechanism
synergistically stimulated dendritic cell maturation. The iron
oxide nanoparticles, generating intracellular reactive oxygen
species, also served as adjuvants to further activate immature
dendritic cells. The nanovaccine significantly increased antigen-
specific T cells, leading to improved animal survival and inhibited
tumor growth (Fig. 7B).>*

7. Protein- and peptide-based CpG
delivery systems

Natural biomolecules, such as proteins and peptides, are
attractive alternatives for CpG delivery owing to their advan-
tages, such as biocompatibility and biodegradability. In
addition, peptides composed of programmable amino acids
can be designed to enhance many functions, such as stability,
selective targeting and barrier protection. Wang’s group
designed a viral-mimicking vaccine nanoplatform using the
nonviral E2 core of pyruvate dehydrogenase. This platform is
capable of encapsulating CpG and SIINFEKL peptides. The
vaccine nanoplatform for the concurrent temporal and spatial
delivery of CpG and SIINFEKL peptides to DCs led to pro-
longed and enhanced CD8 T-cell activation.?** Butkovich et al.
also constructed nanovaccines based on the E2 protein nano-
platform, efficiently delivering CpG1018 or CpG1826 to activate
dendritic cells for antigen presentation.**> Schwendeman and
colleagues developed lipoprotein nanodiscs comprised of
phospholipids and apolipoprotein Al-mimetic peptides. These
nanodiscs, ideally suited for coupling with tumor neoantigen
peptides and cholesterol-CpG adjuvants, formed an efficient
neoantigen nanovaccine system. The nanodiscs facilitated the
co-delivery of antigen and CpG to the lymph nodes, prolonged
antigen presentation, and elicited significant antitumor T-cell
responses, effectively inhibiting tumor growth.>*® Chen and
coworkers created promising albumin/albumin-binding
vaccine nanocomplexes for cancer immunotherapy. These
nanocomplexes, assembled in vivo with endogenous albumin,
efficiently delivered antigens and CpG into lymph nodes. They
induced approximately ten times more CD8" cytotoxic T lym-
phocytes and inhibited the tumor progression in multiple
cancer models (Fig. 8A).**” Silk fibroin could serve as an
effective CpG carrier, stimulating significantly higher levels of
immune cytokines and nitric oxide compared with CpG
alone.*® In addition, silk protein was also modified with a
nucleic acid-binding domain, poly-lysine, for CpG-STAT3
siRNA delivery. This modification protected CpG-siRNA from
degradation and enhanced its internalization by TLR9-positive

This journal is © The Royal Society of Chemistry 2024
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macrophages. Silk sphere-encapsulated CpG-STAT3 siRNA Wang and colleagues reported a straightforward and
exhibited prolonged target gene silencing and improved effective strategy for peptide vaccination, leveraging non-
immunotherapeutic effects in vivo.>*° covalent interactions between cell-penetrating peptide-linked
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epitopes and CpG. This co-assembled nanovaccine facilitated
rapid endocytosis and substantially enhanced antigen cross-
presentation and dendritic cell activation, eliciting strong
effector and central memory Th1 and CD8" T-cell responses,
yielding significant therapeutic effects against melanoma
tumors.>*® Chen’s group employed flash nanocomplexation
technology to create CpG adjuvant nanoparticles. These nano-
particles redirected CpG into the draining lymph nodes. When
combined with ovalbumin and influenza H1IN1 hemagglutinin
antigen, the CpG adjuvant nanoparticles elicited robust cellu-
lar and humoral immunity for tumor inhibition and influenza
prevention in mice.”*' Lastly, Fan and colleagues bioengi-
neered human heavy-chain ferritin with a positively charged
cavity to create optimal nanocarriers for CpG encapsulation
via electrostatic interaction. This nanocarrier improved the
CpG delivery efficiency and enhanced immune activation.
Additionally, the photosensitizer chlorin e6 was conjugated on
the external surface of the nanocarrier, synergizing immuno-
genic death inducer-mediated and CpG-mediated immune
activation for effective antitumor therapy (Fig. 8B).>**

8. Exosomes

Exosomes are excellent carriers for loading exogenous CpG
cargoes, effectively mitigating the challenges associated with
the negative charge, hydrophilicity, and relatively large size of
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CpG. Exosomes are extracellular vesicles of 30 to 150 nm in
diameter that have the same topology as the cell and are
enriched in selected proteins, lipids, nucleic acids, and glyco-
conjugates. Compared with traditional drug delivery systems,
exosomes exhibit unique biocompatibility, can enhance blood
circulation half-lives and improve accumulation at targeted
sites, thereby increasing the efficiency of immunotherapy.>*’
In 2016, Takahashi’s group developed a co-delivery nano-
system for tumor antigens and immunostimulatory CpG adju-
vant using genetically engineered tumor cell-derived exosomes.
They transfected B16BL6 cells with the plasmid vector encod-
ing the fusion streptavidin-lactadherin protein. The resulting
genetically engineered streptavidin-lactadherin-expressing exo-
somes could be combined with biotinylated CpG, effectively
activating DC2.4 cells and enhancing tumor antigen presen-
tation. The CpG-modified exosomes demonstrated strong anti-
tumor effects in B16BL6 tumor-bearing mice, highlighting its
potential for cancer immunotherapy.>** Takahashi and col-
leagues also utilized small extracellular vesicles (EVs) for CpG
and ovalbumin delivery in treating allergic rhinitis. Intranasal
administration of CpG-ovalbumin-EVs significantly raised
ovalbumin-specific IgG antibody titers, efficiently alleviating
allergic symptoms.**> Zhao et al. created cancer cell apoptotic
body-encapsulated CpG ODNs as cancer vaccines for enhanced
immunotherapy.”*® Recently, Nie and colleagues designed
engineered cellular nanovesicles with immune-reprogramming
and tumor-homing biofunctions for photoacoustic imaging-
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Fig. 9
notherapy. The engineered cellular nanovesicles inhibited tumor growth

(A) Schematic illustration of engineered cellular nanovesicles for photoacoustic imaging-guided phototriggered precision chemoimmu-

in vivo.2*” Copyright 2022, American Chemical Society. (B) Schematic illus-

tration of the preparation and therapeutic mechanism of the CpG anchored on the exosome membrane loaded with traditional Chinese medicine
self-assembled nanomicelles.?*® Copyright 2023, American Chemical Society.
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directed chemo-immunotherapy. M1-macrophage-derived cel-
lular nanovesicles, loaded with gemcitabine, gold nanorods,
PD-L1 aptamer, and CpG, triggered tumor immunogenic cell
death with gemcitabine and improved the immune response
to antigens released by this cell death with CpG, resulting in a
long-term antitumor immunotherapeutic effect. By relieving
the inhibitory effect of the PD1/PD-L1 checkpoint, the PD-L1
aptamer additionally relieved the inhibitory effect, augmenting
the immune responses (Fig. 9A).>*” Furthermore, a biomimetic
brain-targeting delivery nanoplatform based on endogenous
serum exosomes was prepared. This platform co-delivered the
drug tanshinone IIA, glycyrrhizic acid nanomicelles, and CpG
for effective and safe chemo-immunotherapy against glioblas-
toma. The notable anti-glioblastoma effect of this nanoplat-
form was attributed to its sufficient intracellular drug release
to induce apoptosis of glioblastoma cells, and the induction of
macrophage polarization and the stimulation of DC matu-
ration by CpG to activate the anti-glioblastoma immunothera-
peutic effect (Fig. 9B).>*

Nanoparticle synthesis Tumor killing

O C
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9. Cell membrane

Cell membranes can also be extruded or sonicated to make
nanoscale vesicles, which have a unique multicomponent
feature, comprising lipids, proteins, and carbohydrates. Zhang
and colleagues developed a biomimetic anticancer nanovac-
cine by encapsulating CpG into biodegradable PLGA nano-
particle cores and coating them with B16-F10 mouse mela-
noma cells for antitumor immunotherapy. This nanovaccine,
when used in conjunction with checkpoint blockades, proved
a substantial therapeutic effect (Fig. 10A).>*° The same group
also created an adjuvanted nanotoxoid vaccine, leveraging the
natural binding interaction of macrophages with protective
antigen anthrax toxins. This vaccine, which combined macro-
phage membrane-coated CpG nanoparticles with anthrax
toxins, elicited long-term immunity against anthrax toxins in a
murine model even with a single low-dose vaccination
(Fig. 10B).”*® Tian and coworkers constructed a nanovaccine
by coextruding CD47 knockout/calreticulin dual-bioengineered
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|-derived nanoparticle vaccines for anticancer vaccination. Membrane

derived from cancer cells, along with the associated tumor antigens, is coated onto adjuvant-loaded nanoparticle cores to yield a nanoparticulate
anticancer vaccine.?*® Copyright 2017, Wiley-VCH. (B) Nanotoxoids for protection against anthrax. Macrophage membrane-coated nanoparticles
are fabricated by coating macrophage membrane expressing the anthrax receptor CMG2 onto polymeric CpG-loaded nanoparticle cores. NPs are
then complexed with anthrax toxin protective antigen to form nanotoxoids.?*° Copyright 2022, American Chemical Society. (C) Biomimetic nano-
vaccine that integrates a blockade of p-adrenergic signaling for enhanced immunotherapy and protection against cancer through improving the
priming of the naive CD8" T cells and effector T cell egress from lymph nodes as well as decreasing the frequency of immunosuppressive cells in
the tumor microenvironment. Prophylactic and therapeutic effects in B16-F10 murine models.2>* Copyright 2023, Wiley-VCH.
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B16F10 cell membranes with PEI25k/CpG adjuvant. This nano-
vaccine enhanced the endocytosis of adjuvants and antigens,
inducing the maturation of DCs. The combined use of this
nanovaccine with an anti-PD-L1 antibody significantly reduced
tumor growth.”® A “Trojan horse” cancer cell membrane
nanovaccine was also devised, utilizing mannose-targeting
CpG-layered double hydroxide nanoparticles and a bovine
serum albumin coating strategy to overcome immune escape.
The “Trojan horse” nanovaccine efficiently targeted APCs for
APC maturation, significantly suppressing tumor growth
in vivo.>>® Wang et al. also designed a cancer cell membrane-
coated nanovaccine for CpG and f-adrenergic receptor blocker
propranolol delivery. This biomimetic nanovaccine efficiently
induced antigen presentation and dendritic cell maturation. The
integration of p-adrenergic receptor signaling blockade with vac-
cination enhanced effector T cell egress from lymph nodes and
naive CD8" T cell priming, while also diminishing the immuno-
suppressive tumor microenvironment. This led to promoted
tumor NK cell and B cell infiltration, resulting in remarkable
therapeutic efficacy in B16-F10 melanoma mice (Fig. 10C).>*>* In
addition to cancer cell membranes, Mangalmurti’s group demon-
strated that red blood cells (RBCs) could act as critical immune
sensors through surface CpG expression. CpG-carrying RBCs
drove innate immune activation. During CpG-induced inflam-
mation and polymicrobial sepsis, the erythroid-specific deletion
of TLR9 reduced erythrophagocytosis and decreased local and
systemic cytokine production, showing RBCs’ action as immune
sentinels during pathological states.>>*

10. Conclusions and future
perspectives

CpG ODNs are recognized as the pathogen-associated mole-
cular pattern, triggering a ‘danger signal’ response via the
TLR9 in vertebrate immune systems. This interaction between
CpG and TLR9 initiates a series of immune responses encom-
passing both innate and acquired immunities. Extensive pre-
clinical and clinical evaluations have highlighted the potential
of CpG ODNS as versatile immune response modifiers, finding
applications as stand-alone immunotherapeutic agents,
vaccine adjuvants, and treatments for infectious diseases,
allergies, and cancers. However, free CpG ODNs face signifi-
cant challenges that limit their clinical utility, such as suscep-
tibility to nuclease degradation, inefficient cellular uptake, and
lack of specificity towards target cells. The advent of nano-
material-based systems for CpG delivery has addressed many
of these issues. These nanosystems offer an effective means of
protecting CpG ODNSs from enzymatic digestion, enhancing
cellular uptake, and directing the ODNs to specific target cells.
This review paper concentrates on the development of nano-
material-based CpG delivery systems, exploring their role in
augmenting the immunotherapeutic efficacy of CpG ODNs.
Despite significant progress in the development of various
nanomaterial-based CpG delivery nanoplatforms for immu-
notherapy, several challenges remain to be addressed:
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(1) While numerous studies have demonstrated the poten-
tial of nanomaterial-based delivery systems to greatly enhance
the immune activity of CpG ODNSs, a comprehensive under-
standing of the mechanisms underlying this enhanced immu-
nostimulatory activity is still lacking. Investigating the mole-
cular mechanisms of CpG ODN sequences’ interaction with
receptors and the resultant immunomodulatory functions of
nanomaterials is crucial. This research will not only advance
immunotherapeutic applications but also contribute to a
deeper understanding of immunobiology.

(2) The benefits of nanomaterial-based CpG delivery are
manifold, and the exploitation of safe CpG delivery nano-
systems is rapidly advancing. Consequently, there is a pressing
need to develop new nanomaterials for CpG delivery that
exhibit minimal cytotoxicity, improve the efficiency of CpG
ODN delivery, and possess additional biofunctions. Such
advancements will expand the immunotherapeutic appli-
cations of CpG ODNG.

(3) Strategies that are effective in laboratory research often
do not directly translate into successful clinical trials or
human therapies, which are essential to determine the clinical
utility of nanomaterial-based CpG delivery systems. Hence,
there is an expectation for the development of clinically appli-
cable nanomaterial-based CpG delivery systems with good
stability and biocompatibility under practical operating con-
ditions in the future.

While numerous challenges still need to be overcome, the
future holds significant potential for further scientific research
and development in the field of nanomaterial-based CpG deliv-
ery systems for immunotherapeutic applications.
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