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Abstract: Cancer has been a serious health hazard to the people all over the world with its
high incidence and horrible mortality. In recent years, tumor vaccines in immunotherapy
have become a hotspot in cancer therapy due to their many practical advantages and good
therapeutic potentials. Among the various vaccines, nanovaccine utilized nanoparticles (NPs)
as the carrier and/or adjuvant has presented significant therapeutic effect in cancer treatment.
For tumor nanovaccines, unmethylated cytosine-phosphate-guanine oligodeoxynucleotide
(CpG ODN) is a commonly used adjuvant. It has been reported that CpG ODN was the
most effective immune stimulant among the currently known adjuvants. It could be recog-
nized by toll-like receptor 9 (TLR9) to activate humoral and cellular immunity for preventing
or treating cancer. In this review, the topic of CpG-based nanovaccines for cancer immu-
notherapy will be focused. The types and properties of different CpG will be introduced in
detail first, and then some representative tumor nanovaccines will be reviewed according to
the diverse loading modes of CpG, such as electrostatic adsorption, covalent bonding,
hydrophilic and hydrophobic interaction, and DNA self-assembly, for summarizing the
current progress of CpG-based tumor nanovaccines. Finally, the challenges and future
perspectives will be discussed. It is hoped that this review will provide valuable references
for the development of nanovaccines in cancer immunotherapy.
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Introduction
Malignant tumors have been commonly occurring diseases that seriously threatened
human health and life with high morbidity and mortality." As cancer cells are
originated from normal body cells, they are difficult to be monitored and comple-
tely eliminated at an early stage in the body, and these cells are easy to escape the
systemic immune surveillance for rampantly developing into malignant tumors and
further metastasizing to other normal tissues.”* Currently, the treatment of cancer is
still mainly based on the traditional methods, such as surgical treatment, chemother-
apy, and radiotherapy. However, according to the current situation of the high
incidence and dreadful mortality of cancer in clinic, these traditional therapies are
not sufficient to defeat the malignancies.*” In recent years, immunotherapy has
become another effective anti-tumor tactic.®'° Cancer immunotherapy can reiniti-
ate and maintain the tumor-immune cycle, restore the body’s normal anti-tumor
immune response to achieve the purpose of controlling or completely eliminating
tumors. ! 13
Currently, cancer immunotherapy mainly includes adoptive lymphocyte therapy,

biological targeting antibody, tumor vaccine, immune checkpoint blockade, etc.'*
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Among them, tumor vaccine has become one of the
research hotspots of immunotherapy, and some protein
and peptide-based subunit antigens have been widely
developed for tumor vaccine due to their high safety
performance, easy manufacture and convenient
storage.'> '® However, this type of vaccine usually has
poor immunogenicity, unreliable stability, and impression-
able degradation in the body.'? It can only induce a short-
term immune response and cannot achieve an effective
therapeutic effect.’® Therefore, new generations of tumor
nanovaccines which utilized nanoparticles (NPs) as the
carriers and/or adjuvants had been proposed.’’ In recent
years, the continuous and in-depth development of nano-
technology has brought new dawn for people who suffered
from intractable diseases.””>® Nanomaterials have been
widely utilized as drug delivery carriers to effectively
address the multifarious problems that occurred during
the in vivo drug transportation, such as protect drugs
from degradation, prolong systemic circulation, regulate
drugs to distribute at the lesion site, promote drugs to
cross the physiological barriers, facilitate drugs to pene-
trate the biological membranes, control drug release and
other issues.”*** Especially in the field of cancer therapy,
nanomaterials have been extensively used to achieve effec-
tive and precise treatment.”®*” For cancer immunotherapy,
in contrast to subunit vaccines, nanovaccines have many
practical advantages. Nanovaccines can be designed with
diverse features, such as effective penetration through the
tissue barriers, high cellular uptake in antigen-presenting
cells (APCs), reliable protection and efficient delivery for
antigens, also tunable antigen release and effective cross-
presentation, and so on. On the other hand, nanovaccines
can co-deliver the antigens with the adjuvants to remark-
ably augment the immunogenicity, induce robust innate
and adaptive immunity and potentiate antigen-specific
immune responses. The antigens and adjuvants wrapped
in the nanocarriers can be well protected to prevent the
degradation and improve their stability.?® In addition,
nanovaccines can also achieve targeting function to deliver
the antigens and adjuvants to the specific cells.

Generally, nanovaccine is composed of antigen, adju-
vant, and the nanocarrier. Among them, adjuvant, as an
immune enhancer, plays a crucial role in nanovaccines,
which can effectively stimulate and activate immune cells
to boost the immune responses.”*** And according to the
research findings, unmethylated cytosine-phosphate-
guanine (CpG) is a very potential immune adjuvant,
which can stimulate a variety of immune cells to trigger

strong innate and adaptive immune responses, and this
powerful immune stimulation ability is closely related to
the special structure of CpG.*° CpG oligodeoxynucleotide
(ODN) is a short single-stranded synthetic DNA, its
sequence consists of a cytosine triphosphate deoxynucleo-
tide (“C”) and a guanine triphosphate deoxynucleotide
(“G”). The “p” represents the phosphodiester link between
the consecutive nucleotides. C is located at the 5’ end and
G is located at the 3’ end. The CpG sequence is widely
distributed in the DNA of bacteria and other prokaryotes,
their DNA sequences contain a high frequency of CpG
dinucleoside (about 1/16), which can stimulate the lym-
phocytes of mice and humans. However, CpG sequence is
less distributed in mammals, and the frequency of CpG
dinucleosides is only about 1/50, and most of them are
methylated in an inhibited status and unable to stimulate
lymphocytes.’ As unmethylated CpG motifs are ubiqui-
tous in the genomes of bacterias and other prokaryotes, but
not in vertebrate genomes. When this DNA sequences
appear in mammals, CpG motifs will be recognized as
pathogen-related molecular patterns (PAMPs). Water-
soluble CpG is phagocytized by lymphocytes, like plas-
macytoid dendritic cells (pDCs) and B cells, and then CpG
enters the endosome, recognized by the pattern recognition
receptor (PRR) Toll-like receptor 9 (TLRY), and further
induces innate and acquired immune responses.>

CpG DNA can be derived from some lower organisms
in nature, and also can be obtained by artificially synthe-
sizing with specific sequences. CpG ODN is a synthetic
short single-stranded DNA molecule which can be flexibly
synthesized. Most strikingly, studies have shown that arti-
ficially synthesized oligonucleotide sequences containing
unmethylated CpG motifs have more advantages. CpG
ODN can replace bacterial CpG DNA to realize an extre-
mely similar immunostimulatory effect for directly activat-
ing B cells and pDCs to induce innate and adaptive
immune response as shown in Figure 1. Therefore, they
can also be used as TLR9 agonists. In addition, CpG ODN
has better stability and longer half-life than CpG of lower
organisms such as bacteria. CpG ODN has a partial or
complete phosphorothioate (PS) backbone, and the PS
modification can protect CpG ODN from nuclease degra-
dation in the body and enhance its uptake by cells.>® While
bacterial genomic DNA is a natural phosphodiester back-
bone, which is unstable and easily degraded by nucleases
in vivo. According to some reports, five types of CpG
ODN have been identified (Type A, B, C, P, and S)
based on the sequence, secondary structure and the effect
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Figure | The mechanism of CpG ODN inducing innate and adaptive immune response.

on human peripheral blood mononuclear cells (PBMC),
especially B cells and pDCs. Among them, Type A, Type
B and Type C CpG ODN are particularly effective in
stimulating human immune cells.>*>® In this review, the
above three types of CpG ODN will be introduced, and we
will also summarize some representative CpG-based nano-
vaccines for cancer immunotherapy according to the CpG
loading pattern. We hope that this review will provide
valuable references for the development of nanovaccines
in cancer immunotherapy.

The Types and Properties of CpG

Despite CpG ODNSs of Type A, Type B and Type C are
particularly effective in stimulating human immune cells,
the patterns and degrees of the induced immune responses
after they stimulating immune cells are significantly dif-
ferent due to their distinguishing structures.’**® The com-
parison between Type A, Type B and Type C CpG ODNs
was summarized in Table 1. The typical sequence of these
three CpG types is different, and their unique structural

features further contribute to the diverse immunomodula-
tory activity.

Type A CpG
Type A CpG ODN (also known as CpG-D), consists of
partially PS modified phosphorothioate-phosphodiester-

38

phosphorothioate chimeric backbone,”® contains a single

hexameric purine-pyrimidine-CG-purine-pyrimidine CpG

motif,>”>°

which is located on the phosphodiester
backbone.*®*° The flanking palindrome sequence of the
CpG motif containing the GC dinucleotide is self-
complementary base pairs and forms a stem-loop
structure.’”*? The 3’ and 5’ flanking regions are located
on the PS backbone,*

secutive poly-guanosine (poly-G) sequences at the 3’ and/

and there are three or more con-

or 5" ends. The PS chain and the special structure of poly-
G can effectively protect Type A CpG ODNs from nucle-
ase degradation and effectively prolong their half-life.
Additionally, the poly-G tails on a Type A CpG ODN
molecule can interact and form stable and complex
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Table | Comparison of Type A, B and C CpG ODNs**37

CpG Typical Sequence Structural Feature Immunomodulatory Activity
Type
Type A GGGGGACGATCGTCGGGGG Poly-G sequence at the 3’ and/or 5’ ends. Strongly induce pDCs to secrete IFN-o.
CpG flanking region forms a palindrome. Promote APC maturation.
A partially PS-modified backbone. Almost no effect on activation of B cells.
GC dinucleotides contained within
phosphodiester backbone.
Type B TCGTCGTTTTGTCGTTTTGTCGTT A full PS linearized backbone. Strongly induce B cell proliferation and pDC
One or more CpG motifs. maturation.
Weakly induce pDCs to secrete IFN-a.
Type C TCGTCGTTCGAACGACGTTGAT | A full PS backbone. Strongly induce pDCs to secrete IFN-a.
CpG-containing palindromic motif. Induce the activation and proliferation of
B cells.

Notes: CpG motifs are underlined. Bold letters in CpG ODN sequences indicate self-complementary palindromes. Italic indicate PS link.
Abbreviations: CpG, cytosine-phosphate-guanine; poly-G, poly-guanosine; PS, phosphorothioate; pDCs, plasmacytoid dendritic cells; IFN-a, interferon-a; APC, antigen-

presenting cell; ODN, oligodeoxyribonucleotide.

G-tetrad structure.***”*! Type A CpG ODN can effec-
tively activate natural killer cells (NKs),>® by directly
inducing pDCs to secrete a large amount of tumor necrosis
factor-o. (TNF-0)) and interferon-o. (IFN-a).**** What’s
more, they can also promote the maturation of
APCs.*73%%2 But Type A CpG ODNs almost have no
effect on activation of B cells or secretion of Thl-type
cytokines.**+> 48

Since the discovery of Type A CpG, the practical
application research of this kind of CpG has also been
intensified. The production of “cytokine storm” can cause
fatal endotoxin shock. Studies have found that Type
A CpG played an important role in the treatment of endo-
toxin shock. Type A CpG can effectively induce the pro-
duction of platelet-activating factor (PAF) hydrolase,
which greatly improves the endotoxic shock induced by
lipopolysaccharide and increases the survival rate to
a certain extent.** In contrast, Type B CpG does not
have such a good therapeutic effect, and may even aggra-
vate the situation.’® Additionally, Type A CpG also plays
an active role in the treatment of experimental autoim-
mune encephalomyelitis (EAE) disease. Crooks et al
found that Type A CpG could significantly reduce the
severity of EAE and alleviate the acute phase of EAE
disease, while also brought some other positive therapeutic
effects.’® And studies have shown that the poly-G tail of
Type A CpG had anti-tumor activity with its special struc-
ture. Kobayashi et al found that Type A CpG with the
poly-G tail structure could induce the phosphorylation of

lymphocyte-specific protein tyrosine kinases, enhance the
secretion of interleukin-2 (IL-2) and the proliferation of
CD8" T cells, thereby inhibiting the development of tumor
cells to achieve a good anti-tumor effect.”’ However, the
special poly-G structure of Type A CpG can be easily
formed into multimer in solution, which also causes cer-
tain difficulties for the clinical application. In a recent
study, Type A CpG was encapsulated in virus-like particles
(VLP), which could effectively combat tumors through
intratumoral delivery. Lemke-Miltner et al used Qf
phage capsid protein and Type A CpG to assemble
CMP-001 (a new VLP) in a certain proportion, and
found that CMP-001 had a good anti-tumor effect.
Through intratumoral treatment, it effectively enhanced
the infiltration of T cells and DCs into tumors, and induced
prominent tumor regression.”” These studies had estab-
lished theoretical and experimental basis for the potential
applications of Type A CpG in the future.

Type B CpG

Type B CpG ODN (also known as CpG-K) is composed of
a linearized oligonucleotide sequence containing one or
more CpG motifs and located on the fully PS-modified
backbone.** Similarly, the backbone is phosphorylated by
sulfuric acid, which enhances the ability to resist nuclease
degradation and prolongs the half-life of systemic
circulation.*®>* Type B CpG ODNs are weak inducers of
IFN-a, but strong stimulators for B cells, which can induce

B cells and monocytes to proliferate and secrete
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interleukin-6 (IL-6), thereby promoting the production of
immunoglobulin M (IgM).**3*** In addition, they are also
able to present good anti-tumor activity.”> Malignant
tumors can create an immunosuppressive environment
that maintains T cell tolerance and represses the anti-
tumor immune responses.>* Type B CpG ODNs are strong
inducers for Thl-type immune response, they can promote
the production of Thl cytokines (such as TNF-a) and
induce the maturation of pDCs.*****® Besides, Type
B CpG ODN can up-regulate the expression of costimula-
tory molecules to relieve the immunosuppression state of
the tumor microenvironment (TME) and convert the
T cells from anergy status into awakening cytotoxic
T lymphocytes (CTLs) to fight against tumors.>**

Since the discovery of the powerful immunostimulat-
ing activity of Type B CpG ODN, it has been widely used
in preclinical and clinical research in the field of disease
treatment.’® For example, Type B CpG ODN has been
developed as an immune adjuvant for hepatitis B virus
(HBV) vaccine. Compared with the original HBV vaccine
(hepatitis B surface antigen + alum), the HBV vaccine
loaded with Type B CpG ODN has better immunostimula-
tion ability to produce protective antibodies faster for
achieving better preventive effect, and the vaccine is
already in the advanced stage of clinical trials, which has
good potential to replace the original HBV vaccine.’’
Liang et al found that Type B CpG was helpful for the
treatment of human chronic lymphocytic leukemia (CLL).
It could induce the apoptosis of the CLL-related B cells by
mediating the TLRY signaling pathway. In mouse experi-
ments, Type B CpG could reduce the number of leukemia
cells in the body of mice.’® Furthermore, in recent years of
research, Pul et al described that Type B CpG played an
important role in combating the immunesuppression of
sentinel lymph nodes (SLNs) induced by breast cancer.
For inhibiting the JAK2/STAT3 pathway, Type B CpG
could reactivate a subset of lymph node-resident (LNR)
dendritic cells (DCs) and restore Thl-type anti-tumor
response.”” These studies reflected that Type B CpG had
occupied an important position in the field of cancer
immunotherapy.

Type C CpG

Type C CpG ODN is a kind of amazing CpG sequence,
which seems to simultaneously have the immunostimula-
tory ability of both Type A and Type B CpG ODNs.*!+*
Therefore, Type C CpG ODN has been extensively used
and developed due to its strong immunostimulatory

activity. It has been reported that the application of Type
C CpG ODN in cancer treatment has achieved good ther-
apeutic effects.”> Type C CpG ODN has such a powerful
stimulating ability mainly due to the special structure
which combines the structural characteristics of Type
A and Type B CpG ODNs: (1) It has a complete PS
backbone similar to Type B CpG ODN, which prevents
the degradation by nucleases and increases the activity of
CpG.* And it has a representative Type B CpG ODN
motif (like “TCGTCG” or “GTCGTT”) at the 5’ end.*®
(2) It has a stimulatory palindrome with CpG motif similar
to the Type A CpG ODN at the 3’ end, which can form
a stem-loop or dimer structure.****** Remarkably, Type
C CpG ODN does not contain the poly-G motifs.*®
Studies have shown that Type C CpG ODN seemed to
be potent inducer of Thl-type cytokines, which could
induce strong Thl-type immune response by activating
TLR9.%%¢! Specifically, Type C CpG ODN induces pDCs
to secrete cytokine IL-12 to activate NKs. And similar to
Type A CpG ODN, Type C CpG can also induce pDCs to
significantly secrete cytokine IFN-a.%*> Additionally, Type
C CpG ODNSs are able to effectively stimulate the activa-
tion and proliferation of B cells, thereby promoting the
secretion of immunological active substances such as IL-6,
IgM, and TNF-a.**? It was observed that Type C CpG
ODN not only could effectively activate innate immunity,
but also acquired immunity.**°! In the past decades, many
studies have been conducted on the Type C CpG ODN.
For instance, mitochondrial DNA (mtDNA) belongs to the
risk-related molecular model, and plays an important role
in the

response and the transduction of antiviral signals. Studies

development of post-traumatic inflammatory
have found that Type C CpG could quickly induce lym-
phocytes to release mtDNA, which was a resilient reticu-
lum structure. The mtDNA network could act as a signal
for rapid response and play a synergistic effect with cyto-
kines and natural antibodies in the antiviral process.®®
Mathur et al demonstrated that Type C CpG could reduce
TLR4-induced acute inflammatory cardiac dysfunction by
activating TLRY, and also be likely to have the ability to
prevent cardiac dysfunction.®* On the basis that CpG ODN
might have the ability to promote wound healing, Li et al
observed the effect of a new Type C CpG ODN designed
by their group on wound healing through experiments,
which further proved that Type C CpG ODN had the
ability to accelerate wound healing by regulating fibro-
blasts and activating the immune response.®’
Furthermore, Sorski et al found that Type C CpG ODN
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might also have advantages in reducing the side effects of
surgery.®! Since Type C CpG ODN has specific structure
and prominent immunostimulating ability, it will have
broad potential applications in the future.

CpG-Based Nanovaccines for

Cancer Immunotherapy

It was reported that CpG ODN was considered to be new
type of immune adjuvant with ideal immune stimulation
and also the most effective immunostimulatory adjuvant
known till now.>”**"7* Since CpG ODN has the ability to
initiate immune activation and destroy immunosuppres-
sion in the TME, it has been applied to treat various
cancers in preclinical and clinical studies.’® Nevertheless,
compared with CpG ODN loaded in nanovaccines, the
immune effect of free CpG ODN in clinical research did
seem to be discouraging. It is well known that the cell
membranes and CpG ODNs are generally negatively
charged, which have a high probability of causing electro-
static repulsion to make it difficult for CpG ODN being
taken up by the cells.”® In addition, there are also other
problems: although PS-modified CpG is more resistant to
nucleases than the natural CpG containing phosphodiester,
the slightly prolonged half-life of the PS-modified CpG is
still difficult to achieve an effective action time for the
expected immunostimulating effect. Therefore, it is chal-
lenging to apply free CpG in vivo for the prevention and
treatment of related diseases.”>’* Over the past few years,
with the continuous development of nanomaterials, the
above-mentioned problems could been solved by carrying
CpG ODN in nanoparticles (NPs). These CpG-loaded
nanovaccines were proven to have considerable promise
and great advantages in cancer immunotherapy, such as
prolonged half-life, enhanced delivery to APCs and lymph
nodes (LNs), improved immune responses and so on,”
which has also brought a new dawn for cancer
treatment.”® Free CpG ODN and CpG ODN-loaded nano-
vaccines have been tested in many clinical trials. The
results shown that nanovaccine-based CpG ODN had
higher immunostimulatory ability than free CpG ODN,
because the bound CpG ODN was more stable in the
body and had a longer half-life, and increased the chance
to be phagocytized by the immune cells. The nanovaccines
loaded with CpG ODN can efficiently play the role of
tumor vaccine and maximally assist CpG ODN exerting
the adjuvant function, thereby achieving effective cancer
prevention and treatment. It thus would appear that there

would be more and more researches on CpG-based nano-
vaccines for the treatment of various cancers.

It is worth noting that nanovaccines using Type B CpG
ODN as adjuvants accounted for the majority of the stu-
dies for cancer immunotherapy.>® As a matter of fact, this
is not surprising since Type B CpG ODNs have great anti-
tumor activity. Secondly, Type C CpG ODN is also used as
adjuvants for tumor nanovaccines. As described pre-
viously, Type C CpG has a special structure and immu-
nostimulatory activity, it exhibits the activity of both Type
A and Type B CpG ODNSs, and has good prospect in the
prevention and treatment of diseases.”” Nevertheless, since
Type C CpG ODNs have been freshly studied in recent
years, the specific process of immune response caused by
Type C CpG needs to be gradually explored. As
a consequence, in contrast with Type B CpG, there are
relatively few studies using Type C CpG ODN as adju-
vants for tumor nanovaccines. Unfortunately, the applied
research on Type A CpG is minimal, due to the poly-G tail
of Type A CpG is easy to form multimer in solution, in
addition, it has almost no effect on the secretion of Thl-
type cytokines. These above-mentioned factors have
incurred many obstacles for the applications of Type
A CpG ODNs. *&78

The CpG ODNs play an important role in tumor nano-
vaccines. Specifically, these CpG ODNs can be used to
enhance the immune response, they can induce a strong
immunostimulation and promote the secretion of Thl-type
cytokines and the expression of co-stimulatory molecules
on the surface of B cells and pDCs, and change the
tolerance of T cells in the TME to achieve anti-tumor
effects.*® In the following content, we will review some
representative CpG-based nanovaccines for cancer immu-
notherapy according to the loading modes of CpG in
nanovaccines, such as electrostatic adsorption, covalent
bonding, hydrophilic and hydrophobic interaction, and
DNA self-assembly.

CpG Loaded in Nanovaccines by

Electrostatic Adsorption

It is well recognized that CpG ODN is negatively charged,
so suitable positively charged NP carriers can be con-
structed to introduce CpG by electrostatic adsorption.
Moreover, CpG loading by electrostatic adsorption usually
involves convenient process and without excess chemical-
modification, which can well preserve the immune activ-
ities of the adjuvants. For example, Liu et al had prepared
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poly(ethylene glycol)-b-poly(2-amino ethyl methacrylate)-
b-poly(2-(hexamethylene imino) ethyl methacrylate-co
-2-(dibutyl amino) ethyl methacrylate) (EAASc) amphi-
philic cationic copolymer assembled NPs in their study.
As the carrier was positively charged, the negatively
charged CpG ODN and antigen peptide E75 (a T-cell
epitope of HER2 protein from breast cancer cells) could
be adsorbed in the nanocarrier through electrostatic inter-
action. The tumor nanovaccine was successfully con-
structed, and the nanovaccines significantly induced
a strong immunostimulation response to promote the
maturation of DCs and trigger an effective T cell activa-
tion, thereby achieving efficient anti-tumor immune
effect.”’ Guan et al developed a simple and effective
antigen and adjuvant co-delivery nanovaccine that used
positively charged polyethyleneimine (PEI) to attract
negatively charged model antigen ovalbumin (OVA) and
CpG through electrostatic interaction. The nanovaccine
could be effectively phagocytized by DCs with enhanced
uptake, and the PEI assisted the endosomal escape and
promoted the cross-presentation of the antigen.'®
Similarly, Kim et al designed a nanoplatform based on
small lipid nanoparticle (SLNP), including a cationic
molecule composed of mono arginine and cholesterol
(MA-Chol). The MA-Chol could form complexes with
negatively charged CpG through electrostatic adsorption,
and finally the OVApgp (a MHC I-restricted epitope of
OVA) was incorporated into the nanoplatform by disulfide
bond to successfully construct the nanovaccines. And
according to the experimental data, the obtained nanovac-
cines had immensely effective anti-tumor activity in the
prevention and treatment of E.G7 (mouse T lymphoma
cell) tumor models. The combination of the small nano-
vaccines with PD-1 antibody further produced a better
therapeutic effect, effectively inhibiting the recurrence of
the tumors through a reasonable sequence of treatment.®
Shi et al constructed a peptide nanocomposite vaccine,
which was formed by the electrostatic interaction between
cell-penetrating peptide (CPP)-conjugated three mela-
noma-specific and MHC I-restricted epitopes and CpG.
Their charged CPP R8 (RRRRRRRR)-
conjugated derivatives could be combined with negatively

positively

charged CpG through electrostatic interaction, leading to
spontaneous formation of nanocomposite vaccine. The
nanovaccine complex could effectively migrate to the
LNs to cause strong effector memory CD8" T cells and
Th1 immune responses (Figure 2).*' Ruiz-de-Angulo et al
developed a micro-dose lipid-encapsulated magnetite NP

vaccine and used radioactive ®’Ga to mark the surface of
the nanovaccine. By selecting the combination of different
lipids to fill the micelles containing magnetite, when the
cationic lipid DOTAP (1,2-dioleoyl-3-trimethylammo-
nium-propane) was added to the mixture of PEGylated
phospholipids (PEG PLs), the micelles filled with ionic
polymer were positively charged. The negatively charged
CpG ODNs were loaded in the micelles through electro-
static interaction. These nanovaccines could be accurately
delivered into DCs in LNs, and achieved high-sensitivity
tracking in vivo.*

Furthermore, it was found that as a commonly used
nanocarrier, mesoporous silica nanoparticles (MSNs) had
obvious advantages for being easily modified to be posi-
tively charged, so that CpG could be better loaded in
MSNs through electrostatic interactions.®® Such as Liu
et al firstly aminated the MSN surface, so that the acety-
lated peptide TY (a DC-targeting peptide) was attached to
the MSN surface by covalent interaction. The aminated
MSN-TY had a higher potential and contained some posi-
tive amino groups on the surface, which could attract CpG
and OVA through electrostatic interaction, thereby forming
a nanovaccine that precisely targeting DCs to effectively
promote the maturation and activation of DCs, and facil-
itating the secretion of some cytokines by T cells to inhibit
tumor growth for prolonging the survival period of the
mice.®® Apart from the above studies which constructed
the nanocarriers by external materials. Notably, some stu-
dies have reported that directly using OVA to construct
nanocarriers through self-crosslinking for simultaneously
act as the carrier and the antigen. For instance, Dong et al
had built self-crosslinked positively charged OVA NPs
(ONPs) which used OVA and PEI through the crosslinking
of genipin. Subsequently, directly adsorbed the negatively
charged CpG on the surface of ONPs through electrostatic
interaction, thus successfully constructing multifunctional
nanovaccines. The ONPs-CpG nanocavines could provide
sufficient antigens, promote the maturation and activation
of immune cells, and strongly induce specific anti-tumor
immune responses.®*

CpG Loaded in Nanovaccines by

Covalent Bonding

Studies have shown that the covalent bonding was also
a good way for loading CpG. The modified CpG can form
covalent bonds with the nanocarrier to introduce them into
the tumor nanovaccines. Wang et al designed a simple
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Figure 2 Schematic of the nanocomplex vaccine and specific anti-tumor T cell immune response. The nanovaccine was formed by co-assembly of the adjuvant CpG and the
cationic Epitopes-R8. Reprinted from Chemical Engineering Journal, 399, Shi X, Song H, Wang C, et al, Co-assembled and self-delivered epitope/CpG nanocomplex vaccine
augments peptide immunogenicity for cancer immunotherapy, 125854, Copyright 2020, with permission from Elsevier.®'

nanovaccine which was entirely composed of antigen OVA
and a small amount of CpG adjuvant without the help of
other external nanocarriers. Through the action of hydro-
phobic regulator sodium dodecyl sulfonate (SDS), the
interaction between the sulfhydryl groups formed a self-
assembled OVA NPs with disulfide bonds (-S-S-) network,
and in the meantime, it could form disulfide bond with
sulfhydryl-modified CpG to construct the nanovaccines
with simple ingredients, and experiments had confirmed
that the nanovaccines strongly induced CTLs to achieve
a significant anti-tumor effect (Figure 3).%

Similarly, Liu et al used a hydrophobic biomimetic
phospholipid material DOPE (1,2-dioleoyl-sn-glycero
-3-phosphoethanolamine) as the carrier, First, under the
action of  3-(2-pyridinyl  dithiopropionic  acid
N-hydroxysuccinimide ester (SPDP), DOPE was pyridine-
dithiolated, and then pyridyldithiol-activated DOPE could
be combined with the thiol-terminated hydrophilic adju-
vant CpG ODN through forming the disulfide bonds, and
finally loaded with OVA to construct the bionic nanovac-
cines with good prospects. The obtained nanovaccines
could provide sustained and effective antigen stimulation,

promote the release of some immune factors, further boost

inhibit tumor
growth.®® Moreover, there is another way to introduce

significantly anti-tumor immunity to
CpG into tumor nanovaccines through the formation of
covalent bonds between S and other atoms. For example,
Zhu et al developed albumin/albumin-binding vaccines
(AlbiVax) nanocomplexes that achieved high efficiency
co-delivery of antigen and adjuvant CpG. The mercaptated
CpG could be covalently cross-linked with the maleimide
functionalized Evans blue (EB) derivative to form
a thioether covalent bond, thus realizing the stable loading
of CpG in the nanovaccines. The albumin/AlbiVax nano-
complexes elicited a strong CTLs response to effectively
inhibit or eliminate tumors, and the combination of nano-
vaccine with immune checkpoint inhibitors (anti-PD-1)
could further
immunotherapy.®” The use of S atoms to form strong

enhance the efficiency of cancer
polar covalent bonds with metal atoms has also been
reported in previous studies, such as the covalent bonds
with gold NPs.*®

In addition, the way to introduce CpG into nanovac-
cines through covalent bond is not limited to the disulfide
bonds or coordination bonds formed by the interaction

with S, and other methods can also be used. For instance,
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Wang et al used aldehyde-terminated CpG instead of sulf- complicated chemical synthesis and modification under the
hydryl-terminated CpG to covalently react with the amino  participation of organic solvents, which may bring adverse
group of the membrane protein on tumor-derived nanove-  effects on the immunological-activities of the antigens and
sicles to form amide bonds, in order that CpG could adjuvants.

successfully bind to the surface of the nanovesicles. The

obtained tumor-derived vesicle-based nanovaccine was CPG Loaded in Nanovaccines b)’
implemented in three different vaccine delivery modes, Hydrophilic and Hydrophobic Interaction
resulting in different degrees of anti-tumor effects.® The Despite CpG-loaded nanovaccine formed by covalent
introduction of CpG into tumor nanovaccines through this  bonding is relatively stable, some chemical conjugating
method has also been reported in the past.”® Compared process is difficult to implement between CpG and
with the electrostatic interaction, covalent bonding is  nanocarriers.”’ Hydrophilic and hydrophobic interaction
a more stable way to introduce CpG into nanovaccines. is another method of introducing CpG into tumor nano-
However, CpG loading via covalent bond usually needs vaccines. Owing to CpG is hydrophilic, it may be not easy
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to be delivered to the LNs. Using some suitable nanoma-
terials to encapsulate CpG through hydrophilic and hydro-
phobic interaction can achieve some advantages, such as
prevented degradation, prolonged half-life, controlled
release.”>”> Among the nanomaterials, liposomes are com-
monly used carriers, because of their earlier clinical appli-
cation and more mature development. Zhao et al used the
reversed-phase evaporation method to prepare nanovac-
cines encapsulating CpG by hydrophilic and hydrophobic
interaction. Firstly, the compounds used to form the lipid
film were dissolved. After the lipid film was formed, E7
peptide (Human papillomavirus type 16) and CpG ODN
were added into the lipid film solution to form a water-in-
oil emulsion, and finally got the liposome vaccine encap-
sulating CpG and E7 peptide through evaporation and
other steps. The liposome nanovaccine was also modified
with mannose for accurately targeting DCs, enhanced cel-
lular immunity was realized to induce strong anti-tumor
effects.”  Additionally, acid)
(PLGA) is also a commonly used degradable polymer

poly(lactic-co-glycolic

with good biocompatibility. Nanovaccines made by
PLGA have been widely used in cancer treatment. In the
process of preparing PLGA NPs, most of them are pre-
pared by the double emulsion solvent evaporation method.
Sainz et al had successfully prepared PLGA nanovaccines
co-encapsulated with CpG and other substances. The study
had shown that the constructed nanovaccines worked
(GalCer),
exhibited a high degree of anti-tumor effect in the estab-

synergistically with  o-Galactosylceramide
lished mouse tumor model of melanoma, and significantly
inhibited the tumor growth.”> Kokate et al used solvent
evaporation technology to prepare biodegradable PLGA
NPs to
Experimental results showed that the nanovaccine effec-

co-encapsulate tumor antigen and CpG.
tively promoted the maturation and activation of DCs
derived from bone marrow, induced a strong CTLs
immune response to effectively inhibited tumor growth.”®
There are also studies using spray drying method to obtain
PLGA microspheres.”’ In addition to PLGA, there is also
the recently discovered new polymer material poly(4,4'-
trimethylenedipiperdyl sulfide) (PNSN) that can be used to
wrap CpG. Geary et al prepared PNSN microparticles by
the aforementioned double emulsion solvent evaporation
method, dissolving OVA and CpG as the internal water
phase, and PNSN in dichloromethane as the oil phase.
A secondary emulsion was obtained through a series of
operations, and finally evaporated dichloromethane, and

freeze-dried the PNSN particles co-encapsulating CpG
and OVA.”

CpG Loaded in Nanovaccines Through
DNA Self-Assembling

With the development of nucleic acid nanotechnology, it
has been a potential strategy to accurately design nanos-
tructures by using synthetic nucleic acids. On the basis of
this technical theory, studies have proposed an innovative
research idea, using CpG DNA not only as the immune
adjuvant, but also as the carrier material of nanovaccines.
Zhang et al had constructed the self-assembled DNA nano-
flowers (NFs) with immunostimulatory capacity. Firstly,
a linear template containing three CpG complementary
sequences was connected to form a circular structure
under the action of T4 deoxyribonucleic acid ligase.
Subsequently, @29 DNA polymerase was used for rolling
circle replication (RCR) through the action of a FITC-
labeled primer, and finally the CpG NFs was obtained
through liquid crystal self-assembly.”® Importantly, the
self-assembly process of this NFs did not depend on the
base pairing between the DNA chains.”® This is also the
first time that the NFs assembly process has been pro-
posed, and this method has been developed for the con-
CpG can be
through DNA  self-
assembly. Briefly, DNA template containing CpG comple-

struction of CpG-based nanovaccines.”®
introduced into nanovaccines
mentary sequence and primer chain was used to realize
self-assembly of CpG NFs through RCR, and finally anti-
gen was loaded to obtain the nanovaccines.®”'°*!°! For
instance, Zhu et al described the DNA-inorganic hybrid
nanovaccines containing not only the CpG sequence but
also the inorganic magnesium pyrophosphate (Mg,PPi).
The addition of Mg,PPi made the assembled nanovaccines
more stable and resistant to nuclease degradation.
Likewise, linearized DNA templates containing CpG
sequences were used. After circularization under the action
of T4 ligase, a large number of tandem CpG analogues
were generated by RCR, and pyrophosphate ions were
added into the buffer containing magnesium ions to form
Mg,PPi. CpG analogues could be precipitated in Mg,PPi,
and finally self-assembled to form nanovaccines. The
experiments had shown that the nanovaccines were able
to be effectively absorbed into APCs to produce effective
immune stimulation, thereby achieving the effect of cancer
immunotherapy.®” Subsequently, Zhu et al used this
method to construct another self-assembled DNA-RNA
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nanovaccine. The tandem DNA and tandem small hairpin
RNA (shRNA) nanostructures were constructed by co-
crystallization of nucleic acids and inorganic supplements
during RCR and rolling circle transcription (RCT) pro-
cesses. The tandem DNA and shRNA were self-
assembled into intertwining DNA-RNA microflowers
(iDR-MFs). After constructing and forming iDR-MFs,
they were shrunk to form intertwining DNA-RNA nano-
capsules (iDR-NCs) under the action of PEG-grafted poly-
peptide (PPT-g-PEG), and finally the antigen was further
loaded by hydrophobic interaction to obtain the self-
assembled DNA-RNA nanovaccines (Figure 4).'% It was
worth noting that the nanovaccines could induce

A B
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immensely strong immune stimulus response, significantly
inhibited the growth of colorectal tumors. In addition,
similar studies have also appeared in the past year. Ni
et al have designed and developed bi-adjuvant neoantigen
nanovaccine (banNV) to achieve the co-delivery of the
neoantigen and the two adjuvants (TLR7/8 agonist R848
and TLR9 agonist CpG). The main synthetic method of the
nanometer vaccine was described below. In the first place,
the amphiphilic poly(ethylene oxide)-block-poly(D,
L-lactic acid) (PEG-b-PLA) micelles coated with DNA
primers were used for RCR with the DNA encoding
CpG template to obtain self-assembled microparticles
composed of PEG-PLA micelle cores and polymerized
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Figure 4 The iDR-NC/neoantigen nanovaccines constructed by DNA self-assembly loaded with CpG. (A) Tandem CpG and shRNAs were produced through RCR and
RCT, and self-assembled into intertwining DNA-RNA MFs. (B) The above-mentioned MFs were contracted by PPT-g-PEG into iDR-NCs, which were further loaded with
tumor neoantigens. (C) Specific anti-tumor response induced by iDR-NCs/neoantigen nanovaccines in mice. Adapted from Zhu G, Mei L, Vishwasrao HD, et al. Intertwining
DNA-RNA nanocapsules loaded with tumor neoantigens as synergistic nanovaccines for cancer immunotherapy. Nat Commun. 20I7;8(I):I482.'°°
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CpG shells, and then the R848 adjuvant was physically
loaded. Finally, with the help of PPT-g-PEG, the neoanti-
gen was effectively introduced and the size of the self-
assembled microparticles was also reduced to obtain NPs.
The nanovaccines effectively realized the joint delivery of
antigen and two adjuvants, which caused a strong immu-
nostimulation, effectively promoted the maturation of
DCs, and boosted the CTLs response. In addition, studies
have shown that the nanovaccines combined with immune
checkpoint inhibitors (especially PD-1 antibody) had
a significant anti-tumor effect.'”’

Collectively, this CpG-loaded method has good flex-
ibility. By designing multifarious DNA templates, differ-
ent CpG ODNs could be loaded in the nanovaccines
through DNA self-assembling, which could flexibly
endow and regulate the function of the nanovaccines, and
effectively improve the stability of CpG.'*?

CpG Loaded in Nanovaccines Through
Other Methods

In addition to the common methods described above, there
were also other strategies to package CpG into the nano-
vaccines. Based on the comprehensive consideration of the
physicochemical properties of CpG and nanocarriers, sui-
table methods or innovative strategies were explored to
introduce CpG into the nanovaccines. For instance, the
method of inserting cholesterol-modified CpG into phos-
pholipids is a commonly used method. For instance, Qian
et al constructed a-AP-FNPs (ultra-small biocompatible
nanoparticles) as carriers, loaded with three different anti-
genic peptide (AP) sequences, and inserted cholesterol-
modified CpG into phospholipids on the surface of the
NPs to successfully construct CpG-loaded nanovaccines.
In this study, they observed that three different AP
sequence did not affect the ability of targeting scavenger
receptor class B1 (SR-B1), and choosing different AP
sequences might have a targeted therapeutic effect on
different types of cancers. It was worth noting that the
nanovaccines without CpG also induced specific anti-
tumor immune responses, while the nanovaccines loaded
with CpG showed stronger anti-tumor efficacy.'” Kuai
et al used a high-density lipoprotein (sHDL) nanodisk as
a carrier, which was composed of phospholipids and
mimetic peptides. The neoantigen-lipid conjugate and cho-
lesterol-modified CpG could be inserted into the nanodisk
through hydrophobic interaction, which improved the
effective antigen and

co-delivery  of adjuvant.

Comprehensive experimental data showed that the nano-
disk vaccines induced an immensely strong immune
response to motivate specific CTLs, and the anti-tumor
effect was more prominent when combined with immune
checkpoint inhibitors (Figure 5).'%

Cai et al used tetrakis (4-carboxyphenyl) porphyrin
(H,TCPP) and zirconium ions to construct a metal-
organic framework (MOF), loaded with acriflavine
(ACF) through the porous internal structure of the MOF,
and then CpG was evenly distributed on the surface of the
MOF under ultrasound treatment, finally directly coated
with hyaluronic acid (HA), which also increased the load-
ing rate of CpG. The results indicated that the system of
nanovaccines could be used in combination with photo-
dynamic therapy for cancer treatment.'®>

Liu et al used tannic acid (TA) as a nanocarrier mate-
rial, and successfully constructed the tumor nanovaccines
with a potent subunit antigen and the adjuvant CpG for
Epstein-Barr virus (EBVs)-associated tumors. As well
known, TA is a typical glucosyl compound, and its special
structure also allows the particular activities. It can be
combined with alkaloids, proteins, polysaccharides and
other molecules through hydrogen bonding. As a carrier,
TA can load CpG and tumor-associated protein antigens
through hydrogen bonding. What’s more, the obtained
nanovaccines could accurately target the LNs, induced
strong immune stimulation, and reshaped the TME to
break the tumor immune tolerance, which was promising
to be used in the future for the effective treatment of
clinical patients with EBVs positive tumors.'%

The above-enumerated CpG-based nanovaccines for
cancer immunotherapy were summarized in Table 2.
These CpG-based nanovaccines were described according
to the following information: loading technique, selected
CpG type, used antigen, tumor type, therapeutic effect, and
studied in vitro or in vivo.

Challenge and Future Perspectives

Although the studies to date have shown exciting and
encouraging progress in CpG-loaded nanovaccines, there
are still many intractable challenges which need to be
addressed. First of all, it is crucial to comprehensively
elucidate the action mechanisms of the CpG-based nano-
vaccines. The behaviors of nanovaccines in vivo are closely
related to their physicochemical property parameters and
the disease state of the patients, the complicated correlations
between these issues must be fully understood. Most of
these nanovaccines have not been evaluated in clinic, and
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some intractable clinical problems about using CpG-based
nanovaccines have to be settled urgently, involving safety,
practicability, and effectiveness. The materials used to con-
struct these NPs may be synthetic or extracted from nature,
which may lack effective evaluation in clinical practice and
may produce a series of adverse reactions in vivo. In addi-
tion, most of the materials need to be obtained through
complex and time-consuming preparation process, these
high costs will hamper the development and application of
these nanovaccines. There are also important issues about
the effectiveness of nanovaccines. A large amount of basic
research with CpG-based tumor nanovaccines had been
conducted on the basis of animal experiments. Although
animal models are able to provide some informative experi-
mental data, they are incapable to fully simulate the com-
plicated physiological pathological environments and the
actual development of tumors in human body.'”” Some
nanovaccines showed effectual in research but lackluster

in clinical translation. Hence, there are numerous issues
for the nanovaccines that need to be considered from
basic research to clinical translation, and Quality by
Design (QbD) should be taken into consideration through-
out the research and development of the nanovaccines for
ensuring their quality. Extensive efforts in the future will be
needed to further improve the safety and practicability of
the CpG-based tumor nanovaccines, and the effectiveness
should be optimized for insuring the cancer immunotherapy
available and efficacious to the vast patients.

Conclusion

In this review, we have summarized recent progress on
CpG-based nanovaccines for cancer immunotherapy.
Three types of CpG ODNs (Type A, B and C) were
introduced in detail along with their different properties.
Some recently representative CpG-based nanovaccines for
cancer immunotherapy were illustrated according to the
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Table 2 Summary of the CpG-Based Nanovaccines for Cancer Immunotherapy

Loading CpG | Antigen Tumor Type | Therapeutic Effect Vitro | Ref
Technique Type or

Vivo
Electrostatic B OVA B16-OVA Promoted DC maturation and activated T cells to Both [16]
adsorption melanoma produce OVA-specific immune responses.
Electrostatic - E75 peptide (T-cell 4TI breast Induced strong immune response to trigger effective Both [79]
adsorption epitope of HER2 from carcinoma T cell activation and anti-tumor immune.

breast cancer cells)

Electrostatic B OVApgp (a MHC E.G7-OVA Effective anti-tumor effects in both prevention and Both [80]
adsorption l-restricted epitope of tumor treatment of E.G7-OVA tumor models.

OVA)
Electrostatic B OVA MHC I-restricted B16-OVA Migrate to the LNs to cause strong effector memory | Both [81]
adsorption epitope SIINFEKL melanoma CD8" T cells and Thl immune responses.
Electrostatic B OVA B16FI10-OVA Enhanced DC maturation and secreted Thl cytokines, | Both [82]
adsorption melanoma and inhibited tumor spread and growth.
Electrostatic B OVA B16-OVA Promoted DC maturation, facilitated cytokine Both [83]
adsorption melanoma secretion from T cells, inhibited tumor growth and

prolonged survival.

Electrostatic B OVA E.G7-OVA Promoted activation of immune cells, and induced Both [84]
adsorption tumor specific anti-tumor immune responses.
Covalent B OVA B16-OVA The nanovaccine strongly induced CTLs to achieve Both [85]
bonding melanoma a significant anti-tumor effect.
Covalent - OVA E.G7-OVA Inhibited tumor growth and extended the lifespan of | Both [86]
bonding tumor immunized C57BL/6 mice.
Covalent B CSIINFEKL (OVA E.G7-OVA, Induced effective and long-lasting T cell responses, and | Both [87]
bonding epitope), Trp2, and BI6FI0, and suppressed MC38 tumors.

Adpgk (a neoantigen of MC38 tumors

MC38)
Covalent B Microvesicles releasing 4TI breast The nanovaccine had different anti-tumor effects Both [89]
bonding from cytochalasin carcinoma and | under three distinct delivery modes.

B treated tumor cells E.G7 tumor
Hydrophilic B OVA E.G7-OVA Enhanced cellular and humoral immune responses, Vivo [93]
and tumor thereby improving the survival rate of mice.
hydrophobic
interaction
Hydrophilic B HPVI16 E7 peptide Mouse large Enhanced systemic and local immune responses, Vivo [94]
and TC-| grafted promoted release of CD4" T cells, CD8" T cells and
hydrophobic tumor immune factors to inhibit tumor growth.
interaction
Hydrophilic B MHC | and MHC |l BI6FI0 Exhibited good anti-tumor effect, induced an immune | Both [95]
and melanoma-associated melanoma response mediated by T cells.
hydrophobic peptide
interaction

(Continued)
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Table 2 (Continued).
Loading CpG | Antigen Tumor Type | Therapeutic Effect Vitro | Ref
Technique Type or
Vivo

Hydrophilic B 4TI cell membrane lysate | 4T| breast Induced a strong CTLs immune response to effectively | Both [96]
and carcinoma inhibited tumor growth.
hydrophobic
interaction
DNA self- B - BI6FI0 Absorbed into APCs to produce effective immune Both [67]
assembling melanoma stimulation for achieving cancer immunotherapy.

tumor
DNA self- B Adpgk MC38 Migrate to the LNs to cause strong effector memory | Both [100]
assembling colorectal CD8" T cells and Thl immune responses.

tumor
DNA self- B Adpgk MC38 Caused a strong immunostimulation, promoted DC Both [1o1]
assembling colorectal maturation, and boosted the CTLs responses.

tumor
Other C OVA;57-264 SIINFEKL E.G7-OVA Presented antigens to APCs and significantly delayed Both [103]
methods tumor growth in immunized mice.
Other B Adgpk and multiple MC38 and Improved co-delivery of antigens and adjuvants to Both [104]
methods antigens (M27, M30 and BI6F10 LNs, continuous antigen cross-priming of T cells to

Trp2) tumors significantly delay tumor growth.

Other B Tumor debris as antigen H22 mouse The immunologic adjuvant CpG combined with the Both [105]
methods hepatocellular | TAAs generated from tumor after PDT could be used

carcinoma as an in situ tumor vaccine to enhance the immune

responses and eliminate tumor cells.
Other - EBNAIAGA92-327 TCI-EBNAI Transported to the LN, causing a powerful CD8" and | Both [106]
methods tumor CD4" T cell immune response.
Note: “—” Represents not be provided.

Abbreviations: CpG, cytosine-phosphate-guanine; OVA, ovalbumin; CTL, cytotoxic T lymphocyte; APCs, antigen-presenting cells; LNs, lymph nodes; TAAs, tumor

associated antigens; PDT, photodynamic therapy; DCs, dendritic cells.

diverse CpG loading patterns, including electrostatic
adsorption, covalent bonding, hydrophilic and hydropho-
bic interaction, DNA self-assembly, and also other loading
methods. In addition, the challenges including safety, prac-
ticability and effectiveness of CpG-based nanovaccines
from basic research to clinical translation were also pro-
posed. It is hoped that this review will provide valuable
references for the development of nanovaccines in cancer
immunotherapy.
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