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Abstract: Cancer vaccines are increasingly being studied as a possible strategy to prevent and treat
cancers. While several prophylactic vaccines for virus-caused cancers are approved and efficiently
used worldwide, the development of therapeutic cancer vaccines needs to be further implemented.
Virus-like particles (VLPs) are self-assembled protein structures that mimic native viruses or bacterio-
phages but lack the replicative material. VLP platforms are designed to display single or multiple
antigens with a high-density pattern, which can trigger both cellular and humoral responses. The aim
of this review is to provide a comprehensive overview of preventive VLP-based vaccines currently
approved worldwide against HBV and HPV infections or under evaluation to prevent virus-caused
cancers. Furthermore, preclinical and early clinical data on prophylactic and therapeutic VLP-based
cancer vaccines were summarized with a focus on HER-2-positive breast cancer.

Keywords: cancer immunotherapy; cancer immunoprevention; cancer vaccines; virus-like particles
(VLPs); tumor antigens

1. Introduction

Immunization has been practiced for hundreds of years starting with the discovery of
the first vaccine to prevent smallpox infection [1]. In the early 20th century, immunotherapy,
as a method of treating cancer, started with the pioneering work of William Coley [2].
Since then, immunotherapy has revolutionized the treatment of cancers, mainly owing
to “passive” strategies, such as monoclonal antibodies [3,4]. Cancer vaccines might be
a promising active antitumor strategy, mainly due to their capability of harnessing both
humoral and cellular responses and providing long-term protection [5–8].

Currently, there are vaccines approved worldwide to prevent malignancies caused
by two viruses, the human hepatitis B virus and human papillomavirus [4], and only one
therapeutic vaccine based on dendritic cells, sipuleucel-T, approved in 2012 for prostate
cancer [9]. Of note, the development of a therapeutic cancer vaccine is more complicated
than a prophylactic one, mostly because tumors, in order to progress, have already escaped
the immunosurveillance [5]. Thus, a good therapeutic cancer vaccine must induce a strong
T-cell response against tumor cells and elicit high and persistent antibody titers able to
inhibit cancer cells [5,10].

The development of a cancer vaccine includes several crucial steps, such as the choice
of the appropriate platform, target antigens, delivery system, and/or adjuvants [5,7,8,11].

Virus-like particles (VLPs) are nanoparticles that spontaneously assemble from viral
structural proteins. Due to the lack of genetic material needed for viral replication, VLPs
inherently ensure safety against unintentional viral gene delivery. VLPs can be used as a
platform to present different classes of epitopes on their surface for various applications,
in particular for vaccine development. Indeed, their ability to interact with dendritic cells
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(DCs) and induce a strong B cell response, as well as specific CD4 and CD8 T-cell responses,
can enhance vaccine efficacy [12–16].

In this review, we summarize the VLP cancer vaccines successfully licensed or under
development for the prevention of cancer caused by viral infections, as well as the VLP
vaccines under preclinical or early clinical evaluation as therapeutic strategy for various
cancer types, with a focus on HER-2-positive breast cancer models.

2. Virus-like Particles (VLPs): An Overview

Virus-like particles (VLPs) are complex, multimeric, self-assembled protein structures
that morphologically and structurally resemble native viruses or bacteriophages but lack
the viral genetic material, rendering them noninfectious and nonreplicative [17]. In essence,
they are hollow shells that mimic the overall structure of a virus without causing a viral
infection. According to the presence or absence of a lipid envelope, VLPs can be classified
as enveloped or nonenveloped [18,19].

The first VLPs were described in the context of the hepatitis B virus in the 1960s.
Baruch S. Blumberg discovered Australia antigen (later defined as hepatitis B surface
antigen, HBsAg) in the serum of an Australian aborigine. He found that patients with
hepatitis B infection had particles in their bloodstream that resembled the hepatitis B virus
but were noninfectious. These particles, primarily composed of HBsAg proteins, lacked the
viral DNA necessary for infection [20]. Since that moment, VLPs have been widely studied
and engineered as drug carriers or vaccine platforms [13,14].

Producing VLPs involves several key steps, including selecting an appropriate expres-
sion system, genetic engineering of the host cell/organism, protein expression, purification,
and assembly of VLPs [14,16,21,22].

Commonly used expression systems include bacteria (e.g., Escherichia coli) [23], yeasts
(e.g., Pichia pastoris) [24], insect cells (e.g., Drosophila melanogaster S2 cells) [25,26], mam-
malian cells (e.g., human embryonic kidney (HEK) cells) [27,28], and even plant cells [29].
Each system has distinct characteristics that can affect both the yield of VLP production, a
crucial factor considering the large quantities needed for vaccine development, and their
immunogenicity [21]. For instance, bacterial and yeast systems are often favored for their
rapid growth rates and high yield. They are also relatively easy to handle and can be
cost-effective for large-scale production [30]. However, these systems (especially bacteria)
may not correctly fold complex viral proteins or carry out glycosylation, phosphorylation,
and other post-translational modifications (PTMs), impacting the structural integrity and
immunogenicity of VLPs [18,21]. Due to the limited PTMs, these expression systems are
generally used to generate nonenveloped VLPs [31,32]. In contrast, insect and mammalian
cell systems can produce VLPs with more accurate folding and post-translational modifica-
tions, closely resembling the native virus particles. These modifications can significantly
impact the ability of VLPs to trigger a strong immune response [33]. However, these
systems can be more expensive and challenging to scale up [19,30].

Next, the host organism is genetically engineered to express the viral structural pro-
teins that will form VLPs. This often involves the construction of a recombinant plasmid
or virus containing the gene of interest that may be introduced in the host system. The
expressed proteins are then purified from the host cells to separate the viral proteins from
host proteins and other cellular components [32]. Once purified, the viral proteins self-
assemble into VLPs. This process is often spontaneous, driven by the same interactions
that lead to viral capsid formation in a natural viral infection [34].

Characterizing the size, morphology, composition, and stability of VLPs is crucial to
understanding their properties and how they can elicit immune responses [32]. The size
and morphology of VLPs play a pivotal role in how they are recognized by the immune
system and the subsequent elicitation of an immune response [13–15,35,36].

VLPs typically range from 20 to 500 nm in diameter, similar to the size of many
viruses [21,22,37]. This size factor can influence the uptake by antigen-presenting cells
(APCs), such as dendritic cells, which play a key role in sparking off an immune re-
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sponse [38]. Particles around 20–50 nm in diameter may be directly presented to the lymph
nodes and interact with B cells, while larger particles (up to 500 nm) might be primarily
taken up by APCs at the injection site and then transported to the lymph nodes [22,37,38].
Thus, smaller particles have been shown to induce Th2-type responses associated with
humoral immunity, while larger particles can elicit Th1-type responses, which are cru-
cial for driving cellular immunity and eliminating intracellular pathogens and cancer
cells [14–16,37].

Along with the size, the morphologies of VLPs, which range from icosahedral to
rod-shaped and resemble pathogen-associated structural patterns (PASPs), also enhance
the uptake by APC cells. Moreover, the presence of repetitive and organized structures on
the surface of VLPs can enhance their immunogenicity by cross-linking B cell receptors,
thereby promoting B cell activation and antibody production, resulting in high antibody
titers [13,37,38]. The presence of repetitive structures on the VLP surface can also stimulate
the innate immune system through the activation of pattern recognition receptors (PRRs),
further enhancing the immune response [13–15].

Thus, VLPs have been established as multipurpose tools due to their unique structural
properties, which are exploited in a variety of applications. Their internal cavity can serve
as a delivery system for various payloads, such as genes, peptides, proteins, and small
drugs, effectively delivering these components to target areas [32,39]. A significant benefit
of VLPs is their potential for precise drug delivery, and by leveraging their characteristics
of increased permeability and retention, they are especially useful for directing therapeutic
agents to tumor tissues [40]. In the field of vaccines, VLPs offer an attractive solution due
to their adjuvant properties linked to the size and shape features enhancing the immune
response to the antigens they carry [41–43].

It is crucial to evaluate any possible side effects that might be related to autoimmu-
nity caused by the antigen or allergic reactions and excessive immune responses against
VLPs [14,44]. Because VLP vaccines are designed to induce both humoral and cellular
response, each component (coat protein, chemical cross-linker, the displayed antigen, and
adjuvant) could present potential toxicity [14]. Some examples of adverse effects are the
pre-existing immunity against vaccine carrier proteins, the presence of unconjugated self-
antigen that may bind healthy cells, or an excessive immune response induced by the
vaccine combined with an adjuvant [14,45–48]. Thus, for every new vaccine composition
and administration schedule, it is essential to study the possible toxicity. Current data from
approved VLP vaccines show that they are generally safe [49].

3. Cancer Prevention through VLP-Based Vaccines

Viruses are known to play a role in the development of certain cancers. It is estimated
that up to 20% of global cancer cases are caused by infectious agents. The main types of
infection-related cancers include cervical cancer, liver cancers, stomach cancer, and some
types of lymphoma [43]. Notably, human papillomavirus (HPV), hepatitis B (HBV) and
hepatitis C (HCV) are among the most common virus types that lead to cancer.

The only treatments successfully applied at the population level to prevent cancers
are vaccinations against cancer-causing viruses, especially HBV and HPV.

3.1. VLP Vaccines for the Prevention of HBV Infection and Related Cancers

The World Health Organization (WHO) estimated that 296 million people were in-
fected with HBV in 2019, with 1.5 million new infections every year, leading to more than
800,000 deaths caused by virus-induced cirrhosis and liver cancers [50]. The development
of HBV vaccines made a significant impact on public health and represents the best strategy
to prevent HBV infection and HBV-induced diseases [15,51].

The first-generation HBV vaccines, licensed in 1982, were plasma-derived vaccines
made from the blood serum of chronically asymptomatic infected donors [52]. Although
these vaccines were effective, there were some barriers, such as public concern about the
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potential transmission of other blood-borne diseases, despite the rigorous purification
process and the high production costs [53–55].

The second-generation HBV vaccines were first developed in 1986 using recombinant
DNA technology. In this method, the gene encoding the HBV surface antigen (HBsAg) was
cloned into yeast cells (and later in mammalian cells as third-generation vaccines), which
were then cultured and induced to express the HBsAg protein [55–57]. These proteins
self-assemble into noninfectious VLPs that mimic the virus outer shell, thus representing
the first VLP-based vaccine [15,54,58]. Several vaccines against HBV have been developed
and licensed over the years; most contain the small surface antigen S (HBsAgS) and are
administered with an aluminum hydroxide (alum) adjuvant, such as Engerix-B (GSK),
Recombivax (Merck), and PreHevbrio (SCIgen). The Heplisav-B (Dynavax) vaccine, like
the other second- and third-generation ones, consists of HBsAg self-assembled VLPs but
presents the CpG sequence 1018, which acts as an adjuvant and stimulates the immune
system through toll-like receptor 9 (TLR-9) [59]. This vaccine induces a higher antibody
response both in healthy individuals and those affected by diabetes or chronic kidney
disease than Engerix-B [59,60]. A recent study showed that Heplisav-B was also effective
in inducing antibody responses in patients who require chronic use of immunosuppressive
drugs [61].

Although all the approved vaccines showed protective efficacy toward HBV infections,
none were able to induce a complete therapeutic remission [62,63]. Zhang T et al. recently
published preclinical results of a novel immuno-enhanced VLP carrier (CR-T3) derived
from the round leaf bat HBV core antigen (RBHBcAg) expressing a 13-mer peptide (SEQ13)
from HBsAg as therapeutic strategy for chronic hepatitis B. The CR-T3-SEQ13 vaccine
induced a potent antibody response in several animal models, mediating HBsAg clearance
in vivo [64].

3.2. VLP Vaccines for the Prevention of HPV Infection and Related Cancers

HPV is the most common sexually transmitted infection worldwide [65]. Papillo-
maviruses consist of more than 150 HPV types that can be divided into two main groups
according to the infection site: the skin or internal squamous mucosa. Some viruses cause
benign lesions, while others cause malignant cancers, particularly in the genital tract [51,66].
HPV16 and HPV18, along with viral genotypes 6, 11, 31, 33, 45, 52, and 58, are classified as
high-risk types and are responsible for most HPV-related genital cancers [67].

In 1991, Jian Zhou first described the production of recombinant HPV VLPs [68]. By ex-
pressing the L1 and L2 virus capsid proteins recombinantly using vaccina virus, he observed
that they self-assembled into VLPs that reproduced the original virion structure [68,69].
This study, together with many others running in parallel in several laboratories, has laid
the basis for the development of HPV vaccines, the first of which was licensed by the FDA
in 2006 [67,69–71].

Three prophylactic vaccines against HPV have been approved worldwide, all of
which are based on L1 VLPs. Cervarix (GlaxoSmithKline, GSK, Brentford, UK) is a bivalent
vaccine against viral genotypes 16 and 18 produced using Hi-5 baculovirus as the expression
system [72,73]. Right after Cervarix, the quadrivalent vaccine Gardasil, licensed in 2006
(Merck Sharp & Dohme Corp.), was developed by harnessing yeast cells as the expression
tool and used to prevent infection by viral genotypes 6, 11, 16, and 18 [74]. The Gardasil
vaccine has been subsequently improved to prevent infections of nine HPV viral genotypes
(6, 11, 16, 18, 31, 33, 45, 52, and 58) and approved by the FDA in 2017 as Gardasil 9
(Merck Inc., Rahway, NJ, USA).

HPV vaccines using the minor capsid protein L2 are under preclinical investigation.
The L2 protein represents a promising antigen as it is involved in the penetration of HPV
particles into epithelial cells and is highly conserved, possibly providing cross-protection
against several HPV genotypes. Unfortunately, the L2 protein lacks the ability of self-
assembling; thus, a VLP capsid multivalent display, presenting both L2 and L1 peptides or
epitopes, might represent a more practical option [75,76].



Int. J. Mol. Sci. 2023, 24, 12963 5 of 21

Despite the excellent preventive efficacy and capability to induce neutralizing anti-
bodies against HPV, the approved VLP vaccines for HPV are not suitable for the treatment
of already infected individuals because the integration of the viral genome into the host
genome leads to the loss of many early (E1, E2, E4, and E5) and late genes (L1 and L2), mak-
ing prophylactic vaccines ineffective against HPV-related lesions and cancers [77]. Cancer
vaccines based on live vectors, peptides, proteins, and dendritic cells mainly presenting E2,
E6, or E7 are under clinical development for the treatment of precancerous lesions [78,79].

3.3. VLP Vaccines against Other Viruses-Causing Cancers

The excellent results achieved with prophylactic vaccines against HBV and HPV has
encouraged the development of VLP vaccines for the prevention of other oncogenic viruses,
such as human herpesvirus type 8 (HHV-8), also known as Kaposi sarcoma-associated
herpes virus (KSHV), and the Epstein–Barr virus (EBV, HHV-4), which is associated with
Burkitt’s lymphoma. These vaccines are still under preclinical evaluation [80].

VLP vaccines to prevent HHV-8-related cancer, mainly exploiting several glycoproteins
responsible for virus attachment to target cells, such as gpK8.1, gB, and gH/gL, have been
shown to be effective in inducing a neutralizing antibody response [81–83].

Various strategies are now under preclinical evaluation to develop VLP vaccines to
prevent EBV-related cancers [15]. The EBV genome does not belong to the standard vectors
used due to manipulation difficulties. Thus, several studies have presented recombinant
EBV genomes that express self-assembling features but are devoid of viral oncogenes,
glycoproteins expressed on virion envelope (e.g., gp350, gp350/220, gB, and gH/gL) and
essential for EBV entry, or EBV nuclear antigen 1 (EBNA1) and latent membrane protein 2
(LMP2) [84–87].

4. Target Antigens for Therapeutic Cancer Vaccines

The selection of an appropriate antigen is a crucial factor in determining the effective-
ness of a vaccine when used in cancer treatments. An ideal antigen should be exclusively
expressed in cancer cells, not found in healthy cells, be vital for the survival of the cells, and
stimulate a strong immune response [4,88]. While targeting highly expressed molecules
is a potential approach, it is important to take into account the potential for autoimmune
responses towards normal tissues that express these molecules at lower levels, such as
HER-2 in cardiac cells [89,90].

Neoantigens, which are novel proteins unique to tumor cells, are produced when
somatic genomic alterations, including single-nucleotide variants (SNVs), base insertions
and deletions (INDELs), and gene fusions, arise within the DNA of the tumor [91–94].

The tumor mutational burden (TMB) that leads to neoantigen formation is a major
problem in several cancers (e.g., melanoma, lung adenocarcinoma, stomach adenocar-
cinoma, colorectal carcinoma, and sarcomas), mainly due to the consequent acquired
resistance to therapies, especially immune checkpoint inhibitors [95–97]. On the contrary, it
represents an advantage for immunotherapy because neoantigen-specific T cells are less
likely to be eliminated during tumor immune evasion. Thus, the generation of a neoanti-
gen can initiate a T-cell response specific to the tumor, thereby minimizing “off-target”
effects, which can be harnessed for the development of personalized immunotherapy with
cancer vaccines [91,98–101]. Some of the most extensively researched neoantigens for
vaccines and immunotherapy are clonal neoantigens of KRAS, BRAF, and PIK3CA driver
genes, but many others are under investigation as therapeutic vaccine targets in several
cancers [94,100,102,103].

Various antigens, including oncoantigens, overexpressed antigens, cancer–testicular
antigens (MAGE and NY-ESO-1), and foreign “nonself” antigens originating from viruses,
also have potential in the development of cancer vaccines [88,104].

Several categorizations of tumor antigens have been proposed that highlight specific
aspects to identify efficient targets. For example, oncoantigens are defined as persistent
tumor antigens that have a causal role in tumor progression and do not escape from
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immune recognition [5,105,106]. They are typically expressed at low levels in normal cells
but are overexpressed and/or amplified in tumor cells. Examples include EGFR, HER-2,
the mucin MUC1, CD20, and the idiotypes of neoplastic clones of B and T cells [5,105,107].
Another example of a promising oncoantigen includes the insulin-like growth-factor-1
receptor (IGF1R), which is involved in the progression of epithelial and mesenchymal
tumors [108,109]. Its co-targeting with other oncoantigens, such as HER-2, can induce
a reduction in the invasive potential of cancer cells, including in trastuzumab-resistant
cells [110,111], or those that cooperate in the establishment of the tumor microenvironment,
such as vascular endothelial growth factor receptor (VEGFR) and platelet-derived growth
factor receptor beta (PDGFR-β), which are also involved in the progression of several
cancers, carcinomas, and sarcomas [112–116]. Oncoantigens can also be classified into three
classes according to their location in cancer cells [6]. While class I antigens are located
on the plasma membrane of tumor cells, class II antigens are not directly expressed by
cancer cells but are present in the tumor microenvironment. Lastly, class III antigens
are intracellular cancer cells antigens [117,118]. Crucially, not all tumor antigens can be
considered oncoantigens due to their cellular location (e.g., MAGE) or because they are not
drivers of tumor growth (e.g., carcinoembryonic antigen (CEA)) [106].

Tissue lineage and differentiation antigens, which are found in both normal and tumor
cells originating from the same tissue, need to be targeted with care due to potential toxicity
to some normal cells (e.g., B cells and prostate cells), leading to side effects but not mortality.
Prostatic acid phosphatase (PAP), prostate-specific antigen (PSA), glycoprotein 100 (gp100),
and melanoma antigen recognized by T cells 1 (MART-1) are among the most researched
differentiation antigens [88,119].

Cancer germline antigens (CGAs), which are only expressed in germ cells of immune-
privileged organs, epigenetically silenced in somatic tissues, and re-expressed in high levels
in several carcinomas and sarcomas (such as MAGE and NY-ESO-1) [120,121], are another
example of tumor-specific antigens targetable by cancer vaccines [122].

A newly identified group of targetable antigens involves molecules associated with
epithelial-to-mesenchymal transition (EMT) and stemness, such as OCT-4, CD44, and
CD133, as well as breast cancer stem cells, such as xCT [123,124]. A combined approach
including EMT and/or stemness targets and target therapies might reduce tumor relapse
and progression in several cancers, such as HER-2-positive breast cancer, in which cancer
progression is often linked to acquired EMT and stemness features [116,124–127].

5. Prophylactic and Therapeutic VLP Cancer Vaccines for Breast Cancer
5.1. VLP Vaccines against HER-2

Several VLP-based vaccines have been developed and tested for the treatment of
breast cancer, many of which present HER-2 as target [128]. HER-2 amplification and/or
overexpression is observed in 20–30% of invasive breast carcinomas, and it is correlated
with poor prognosis. Due to its overexpression only in cancer cells and its immunogenicity,
HER-2 is an ideal target for the development of cancer immunotherapies.

A proof-of-concept study was performed on a prototypic HER-2-VLP vaccine, where
the full extracellular domain (ECD) of HER-2 was attached on Acinetobacter phage 205
(AP205)-derived VLPs by a Tag/Catcher conjugation system [12,22,129]. The vaccine was
effective in breaking immunological tolerance and induced higher antibody titers than a
DNA-based vaccine in human HER-2 transgenic mouse models. Moreover, prophylactic
vaccination with the HER-2-VLP vaccine reduced spontaneous development of mammary
carcinomas by 50–100% in human HER-2 transgenic mice and inhibited the growth of
HER-2-positive tumors implanted in wild-type syngeneic mice [129].

The HER-2-VLP vaccine was then re-engineered for human administration (referred to
as ES2B-C001) by ExpreS2ion Biotechnologies (Hørsholm, Denmark) and showed promis-
ing results in HER-2-positive mammary carcinoma prevention and therapy in mice. In
preclinical studies, the vaccine was administered alone, exploiting the intrinsic adjuvantic-
ity of VLPs, or with Montanide ISA 51. The ES2B-C001 vaccine administered with adjuvant
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completely inhibited tumor growth in FVB mice challenged with a human HER-2-positive
cell line (named QD), and mice remained tumor-free for more than one year after cell
injection, whereas all control mice developed progressive tumor within 1–2 months. More-
over, 70% of mice treated with the vaccine without adjuvant were tumor-free. The vaccine
(both with and without adjuvant) was also effective in completely inhibiting metastasis
outgrowth in FVB mice challenged intravenously with QD cells; in contrast, control mice
developed a mean of 300 lung nodules. We also evaluated the prevention and therapeutic
efficacy of the vaccine in a tolerant mouse model transgenic for the HER-2 Delta16 isoform
(Delta16 mice, FVB background [130]). Vaccine prevented spontaneous tumor onset in
95% of the Delta16-treated mice for more than one year (mice are still tumor-free at two
years of age), while the control group developed progressive spontaneous tumors within
4–8 months of age. In this HER-2-tolerant mouse model, the vaccine confirmed its ther-
apeutic efficacy on metastasis treatment by removing lung nodules in the treated mice.
Additionally, the strong antitumoral activity was accompanied by a copious induction of
anti-HER-2 antibodies of all IgG subclasses in both mouse models (ranging 1–10 mg/mL
in FVB mice and 0.1–1 mg/mL in Delta16 mice) that remained stable for around one year
after the last vaccination, suggesting the induction of a persistent B memory response [26].

Hu and Steinmetz developed a VLP-based vaccine against the HER-2-derived CH401
peptide epitope, containing epitopes for B cells and helper T cells, loaded on Physalis
mottle virus (PhMV) VLPs. They compared two vaccine formulations, one loaded with a
TLR-9 agonist (CpG-PhMV-CH401) and one with the antigen alone (PhMV-CH401), but
no differences were observed between the two vaccine compositions, probably because
the TLR-9 agonist loaded on the VLPs surface might have been dissociated in vivo. Both
vaccines induced specific anti-CH401 IgG antibody response, although anti-PhMV anti-
bodies were detected with a lower affinity relative to HER-2. Moreover, both sera of mice
immunized with candidate vaccines and sera of mice that received the control VLPs bound
HER-2-positive cells (DDHER-2), indicating a nonspecific binding of control-induced anti-
bodies. Complement–dependent cytotoxicity (CDC) was confirmed only in mice vaccinated
using vaccine candidates and not in control mice. These data were also reflected in the
therapeutic efficacy of the vaccine in BALB/c mice preimmunized and then challenged
with DDHER-2 cells: PhMV-CH401 improved survival in comparison to untreated mice
(from 17 to 38 days) and PhMV-treated mice (from 24 to 38 days), but PhMV alone slightly
prolonged mice survival (from 17 to 24 days) [131].

An interesting baculovirus-derived VLP platform exhibiting insect cells N-linked
glycosylation composition (HER-2ic) or a mammalian-like N-linked glycosylation (HER-
2ma) pattern was generated by Nika and colleagues and evaluated for the treatment
of HER-2-positive mammary carcinoma. The antitumoral activity of the vaccines was
evaluated in BALB/c mice pretreated with candidate vaccines and control VLPs with or
without adjuvants (AddaVax or Poly (I:C)) and then challenged with the HER-2-positive
mammary carcinoma cell line TuBo. While HER-2ma did not show antitumoral efficacy
with or without adjuvant, HER-2ic had a better therapeutic activity alone or with AddaVax
(20% of mice showed stable disease 70 days after cell challenge; in all the other groups, mice
showed tumor progression within 40 days). The higher HER-2ic in vivo efficacy seemed to
be linked to an effector function of the anti-HER-2 antibody response and the CD4+ and
CD8+ T-cell response induced by the vaccine [132].

Several other anti-HER-2 cancer vaccines based on different VLP platforms have
shown to be effective in inducing specific antibody effects and having anticancer activity
(table under Section 7) [128,133–137].

Anti-HER-2 VLP-based vaccines can also be exploited for other tumors showing HER-2
expression, such as gastric cancer [138] and sarcomas [139].
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5.2. Other Breast Cancer Antigens

A promising strategy for the treatment of high metastatic breast cancers, including
HER-2-positive and triple-negative (TNBC) breast cancers, may be targeting breast cancer
stem cells (BCSCs) [124,140].

The cystine–glutamate antiporter protein xCT was found to be highly expressed in
BCSC and present at low levels in few types of normal cell lines [141,142]. Bolli et al.
produced and tested a novel MS2 VLP cancer vaccine that displays the 6th ECD (ECD6
presents full homology in human and mouse sequence) of human xCT (AX09-0M6). AX09-
0M6 vaccine stimulated a specific anti-xCT antibody response (not induced by MS2 VLP
alone) in immunized mice. Moreover, purified IgG1 from vaccinated mice sera bound
tumorspheres of murine (TuBo, 4T1) and human cell lines (MDA-MB-231, HCC-1806) and
inhibited their formation and growth in vitro. To evaluate antitumoral activity, BALB/c
mice were immunized twice with AX09-0M6 or MS2 VLPs and then challenged i.v. with
TuBo-derived tumorspheres. While vaccination significantly reduced lung micrometastases,
both treatment with control VLPs and the vaccine candidate altered immune infiltrates the
lung microenvironment, increasing NK and CD8+ T cells. Thus, the intrinsic ability of MS2
VLPs to activate NK cell recall along with antigen-specific antibody response, mainly of the
IgG2a subclasses, resulted in a significantly higher ADCC response related to AX09-0M6
administration. Furthermore, AX09-0M6 slightly reduced local tumor growth of 4T1 (HER-
2-negative) cells and significantly reduced their spontaneous metastatic ability [123]. In a
later study, the authors tested an analogous vaccine displaying the 3rd ECD of xCT [133].
These data encourage the targeting of BCSCs to prevent breast cancer progression, which
might be a promising approach if combined with HER-2 target immunotherapy to overcome
therapy resistance or tumor relapse driven by BCSCs.

IGF1R could be a good target to hinder breast cancer progression. A chimeric VLP
vaccine based on the viral protein VP2 of human parvovirus B19 (B19V) and displaying
two different IGF1R epitopes was developed and tested against the 4T1 cell line. Vaccine
elicited specific anti-IGF1R antibody response in BALB/c mice and hampered in vivo tumor
growth of 4T1 cells. Meanwhile, antibodies against the naïve vector V2 VLPs were elicited
too, and the V2 VLP-vaccinated mice presented reduced or destroyed tumor growth [143].

IL-33 levels are associated with poor prognosis in several cancers due to its contri-
bution to the development of immunosuppressive tumor microenvironment by affecting
tumor stromal cells through the activation of carcinoma-associated fibroblasts (CAF) and
the induction of VEGF expression [144,145]. Feng et al. developed HBcAg VLPs decorated
with mature IL-33 and performed preventive and therapeutic studies on BALB/c mice
challenged with 4T1 murine breast cancer cells. Both in preventive and therapeutic set-
tings, the vaccine inhibited tumor growth and metastasis compared to control groups and
induced specific antibody response. The mechanism of action of this vaccine may involve
the induction of IFN-γ response along with a significant reduction of regulatory T (Treg)
cells and myeloid-derived suppressor cells (MDSCs) into the tumors [146].

MUC1 is a good target in various adenocarcinomas, such as colon, breast, lung, and
pancreatic cancers [147]. The prophylactic and therapeutic efficacy of VP2 B19-VLPs
decorated with P53 and MUC1 epitopes (cellular and humoral epitopes, respectively) was
evaluated in the 4T1 model. Both in prophylactic and therapeutic schemes, the TAA-
VLP vaccine significantly inhibited tumor growth; however, a delay in tumor growth
was also induced by the control WT-VLPs. Otherwise, while TAA-VLPs significantly
reduced metastasis in both treatment regimens, the WT-VLPs did not affect metastasis
outgrowth [148].

5.3. Targeting of Neoantigens through VLPs

VLPs can also be a feasible platform to develop vaccines against tumor-specific neoanti-
gens. Mohsen and coworkers developed a VLP antitumor vaccine using short or long
neoantigenic peptides of 4T1 mammary carcinoma cell line. VLPs were built with bacterio-
phage Qβ (Qβ-VLPs) and packaged with G10, a TRL-9 ligand, to enhance IFNα response.
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The vaccines tested in this work were composed of four VLPs, each presenting a different
neoantigen (NeoAg) selected after proteomic and transcriptomic analysis. The authors
identified four NeoAgs from the aggressive and low mutational burden mammary carci-
noma cell line 4T1 and evaluated Qβ-NeoAg treatment efficacy against 4T1 cells in BALB/c
mice. Both vaccines with short (Qβ-NeoAgS) and long (Qβ-NeoAgL) peptides significantly
hindered tumor growth compared with the control, but Qβ-NeoAgL showed an improved
antitumor efficacy accompanied by increased CD8 and CD4 T cells and lower MDSC tu-
mor infiltration. The authors also explored the differences between the immune response
mediated by single and multitarget Qβ-NeoAgL and observed that splenocytes of mice
vaccinated with the multitarget vaccine induced significantly increased TNF-α production
in CD8 and CD4 T cells and IFN-γ in CD8 but not CD4 T cells compared to mice vacci-
nated with a single NeoAg [149]. Thus, this study indicated that targeting patient-specific
NeoAg might represent a therapeutic strategy for triple-negative high-grade breast cancer
(in particular as combined therapy), and VLPs could constitute a feasible technology for
personalized cancer vaccine [149,150].

6. VLP Cancer Vaccines in Melanoma Treatment

Melanoma is responsible for 80% of skin-cancer-related deaths worldwide and is
characterized by the highest mutational burden of all human tumors [151,152].

In 2005, Brinkman et al. used polyomavirus-like particles (PLPs) as a vaccine platform
in a murine melanoma model. The major coat protein VP1 was fused with a nonself antigen
(ovalbumin, OVA257-264) or a self-antigen (tyrosinase-related protein, TRP2180–188) for
the induction of CD8 T cells; both antigens were H2-Kb-restricted T-cell epitopes. The
therapeutic efficacy of VP1-OVA252–270 and VP1-TRP2180–188 was evaluated in MO5 (B16-
OVA) melanoma-bearing C57BL/6 mice. VP1-OVA252–270 increased survival by 80–100%; in
contrast, VP1-TRP2180–188 enhanced survival up to 60%. Furthermore, the authors showed
that both vaccines were able to induce a CTL response [153].

A Qβ (G10)-Melan-A vaccine was shown to be cross-presented by dendritic cells,
reaching the lymph nodes and generating T-cell responses in vitro and in HLA-A*0201
transgenic mice. Qβ-VLPs were packaged with the TLR-9 ligand G10 (a type-A CpG) as
an adjuvant to increase stimulation of DCs and CD8 T cells and linked to the melanoma-
differentiation-specific antigen Melan-A/Mart1. In 2010, the human VLP-based vaccine
Qβ(G10)-Melan-A was tested in a phase I/II study in stage II/IV melanoma patients,
inducing a T-cell-specific response in the majority of patients (63%), both in early and
late clinical stages of metastatic melanoma [13,154]. A subsequent phase IIa clinical trial
on Qβ(G10)-Melan-A vaccine formulated with different adjuvants (Montanide or topical
imiquimod) was carried out. The majority of patients (76%) generated a specific T-cell
response; furthermore, the vaccine candidate combined with imiquimod induced more
central memory T cells than vaccine alone. The results showed 86% of treated patients
exhibited a long-lasting immune response in draining lymph nodes for more than one
year, with some patients presenting late-onset loss of Melan-A expression by tumor cells in
situ, showing the outgrowth of antigen loss tumor variants and suggesting that multiple
peptides might be necessary to fully eliminate tumors [13,155].

Several phase I and II clinical trials have been performed in melanoma patients treated
with Qβ-VLPs loaded with A-type CpGs (G10) (GMP-001), which does not contain any
tumor antigen, as monotherapy or in combination with anti-PD-1 check-point inhibitors,
and the results showed promising clinical activity (NCT02680184, NCT03084640, and
NCT03618641) [156–158].

To obtain a multiple-target and personalized vaccine most effective for the treat-
ment of melanoma, Mohsen and colleagues successfully used a customized VLP platform
loaded with TLR ligands. The authors developed three distinct sets of multitarget vac-
cines (MTV) specifically designed to combat the aggressive B16F10 murine melanoma.
The first set of vaccines, known as germline epitope-based MTV (GL-MTV), was devel-
oped based on immunopeptidomics analysis, which identified key epitopes present in
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the germline. The second set, called Mutated-MTV, utilized epitopes predicted through
whole-exome sequencing, specifically targeting mutated epitopes. Lastly, they created a
combination set, Mix-MTV, integrating germline and mutated epitopes. Both GL-MTV
and Mutated-MTV significantly hindered B16F10 tumor growth, but Mix-MTV showed
a higher efficacy accompanied by an increase in CD8 T cells in the tumor [150]. Further-
more, Mohsen and coworkers implemented previously developed nanoparticles derived
from cucumber mosaic virus (CuMVTT-VLPs) incorporating a universal tetanus toxoid
epitope TT830–843 [159] by coupling p33. The CuMVTT-p33 nano-sized vaccine was then
formulated with the micron-sized microcrystalline tyrosine (MCT) adjuvant, and its efficacy
was compared to other adjuvants. CuMVTT-p33 added with MCT adjuvant increased the
specific T-cell response in the B16F10p33 murine melanoma model and induced higher
CD8 T-cell response and therapeutic efficacy compared to the Alum adjuvant [160].

MUC1 was also evaluated as a potential target in melanoma. A MUC1 VLP vaccine
was built using Qβ phage and applied for the treatment of B16-MUC1 melanoma cells
showing a significant reduction in lung nodules in immunized mice [161].

Another therapeutic approach explored was the design of a dual-antigen delivery
system based on hepatitis B virus core antigen virus-like particles (HBc-VLPs) displaying
OVA and/or gp100 peptides. On B16-OVA, the hybrid VLP vaccine had the best antitumor
effect compared to the control and single-antigen-treated mice, both in local tumor and
metastasis therapy [162].

Finally, a recent study conducted by Besson et al. reported the prophylactic and
therapeutic efficacy of a VLP platform derived from human adenovirus type 3 (ADDomer)
exploited to display MHC I and MHC II epitopes from OVA (ADD-Duo). Prophylactic
vaccinations completely inhibited B16-OVA tumor growth for up to 17 days after the chal-
lenge, when control mice were all positive and the tumor reached the ethical volume limit
in one of them. Vaccination also improved mouse survival in a therapeutic setting [163].

7. VLP Vaccines in Other Cancer Types

Pancreatic cancer has the worst survival rate among human tumors, and mortality is
almost overlapping with incidence [164]. Two main targets were selected to treat pancreatic
cancer models with VLP vaccines. The first one was murine TROP2 (mTROP2) loaded
on the enveloped simian immunodeficiency virus (SIV)-VLP and tested in a syngeneic
murine pancreatic cancer model (Panc02-mTrop2 cell line) (Table 1). Immunization of
C57BL/6-tumor-bearing mice significantly reduced tumor growth and resulted in higher
infiltration of CD4, CD8 T, and NK mTROP2 specific cells compared to the control groups.
The addition of chemotherapy (gemcitabine) to the vaccine treatment further enhanced
therapeutic efficacy and survival [165]. Another selected target was mesothelin (MSLN),
which is overexpressed by a large number of pancreatic cancers [166,167]. Li and coworkers
in 2008 studied the effects of MSLN overexpression in pancreatic cancer preclinical models
and developed a prototype of SHIV VLP vaccine displaying human MSLN (hMSLN).
The vaccine increased survival (9 weeks vs. 4 weeks after tumor cell challenge) and
significantly reduced the tumor burden. Along with antitumoral activity, the hMSLN-VLP
induced a specific MSLN antibody response and reduced Treg cells in the spleen and within
tumors of treated mice [166]. A further study evaluated whether mouse MSLN (mMSLN)
could break the immunological tolerance to mMSLN by exploiting VLPs. Similar to what
was reported for hMSLN, mMSLN-VLP also reduced Panc02 cell growth in C57BL/6
syngeneic mice, induced CD8+-specific response, and reduced Treg cells [168]. Phase
I/II clinical trials of GMP-001 vaccine in combination with INCAGN01949 (an activating
anti-OX40 antibody) are under evaluation on stage IV pancreatic cancer (and other cancers
except melanoma) patients, and in situ intratumoral injection led to tumor cell death
(NCT04387071) [169,170].Many preclinical studies are ongoing to generate VLP-based
vaccines to treat cervical cancer, and most of them target E6 and E7 oncoproteins. Monroy-
Garcia et al. designed an HPV-16 L1 VLP fused with multiple E6 and E7 epitopes. When
tested in C57BL/6 mice bearing TC-1 tumors, the vaccine produced a significant reduction
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(57%) in tumor size after three administrations. Moreover, the vaccine elicited persistent
IgG1 antibodies for more than 1 year [171]. A VLP-E7 vaccine was produced by loading
HPV-16 E745–98 on infectious bursal disease virus (IBDV) VLPs. This vaccine achieved a
100% survival rate in human HLA-A2 transgenic C57BL/6 mice with complete eradication
of TC-1/A2 tumors [172]. A heterologous rabbit hemorrhagic disease virus (RHDV)-based
VLP vaccine containing both Th epitope PADRE and CTL epitope HPV-16 E648–57 reduced
TC-1 tumors in C57BL/6 mice by 50% and doubled survival time compared to the control
group [173]. Qβ-VLPs packaged with the TLR-9 ligand G10 were also loaded with E7
protein from human HPV and evaluated as treatment in a preclinical cervical cancer
model. The authors discovered that a subpopulation of resident DCs of draining LNs
simultaneously took up both E7 and Qβ VLPs; thus, linking of Qβ and E7 was not required
for uptake by the same DCs. Moreover, both E7 proteins mixed or coupled with Qβ-VLPs
were effective in inducing strong CD8 and CD4 T-cell responses and significantly reducing
tumor growth of TC-1 cells expressing HPV16 E7 oncoprotein in C57BL/6 female mice.
However, a covalent linkage of E7 to CpG-loaded VLPs was required to elicit appropriate
levels of antibody responses [174].

Some examples of therapeutic VLP cancer vaccines can be found against hepatocellular
carcinoma (HCC). Hepatitis B virus core (HBc) particles were used as the carrier of single
or multiple HCC epitopes: MAGE-1(278–286aa), MAGE-3(271–279aa), AFP1 (158–166aa),
or AFP2 (542–550aa). DCs pulsed with the vaccine induced stronger CTL activity and
greater IFN-γ secretion by responding T cells compared with peptide-pulsed DCs in
HLA-A∗0201/kb transgenic mice. The growth of established B16-pIR-HH tumors was
significantly inhibited by immunization using VLP-pulsed DCs, resulting in a higher
survival rate of vaccinated mice [175]. A further multiepitope VLP vaccine was designed
by Ding et al. by loading HBc VLP of four HBx-dominant CTL epitopes (HBx(115–123),
HBx(92–100), HBx(140–148), or HBx(52–60)). VLP-pulsed dendritic cells in both HLA-A*0201
transgenic (Tg) mice and peripheral blood lymphocytes from HLA-A2(+)/HBx(+) HBV-
infected hepatocellular carcinoma (HCC) patients showed CTL responses against epitope-
loaded VLPs. Along with higher immunogenicity, multiepitope VLPs demonstrated an
enhanced antitumor activity compared to single-epitope VLP vaccines [176].

A multitarget chimeric VLP vaccine was proposed as a therapeutic strategy in a
preclinical model of colorectal cancer. RHDV VP60 capsid proteins containing recombi-
nantly inserted epitopes from murine topoisomerase IIα (T.VP60) and survivin (S.VP60)
were tested as mono- or multi (TS.VP60)-target vaccines. Overall survival was signifi-
cantly improved amongst C57BL/6 mice bearing MC38-OVA tumors and immunized with
T.VP60 (60%), S.VP60 (60%), or TS.VP60 (73%). Cured mice were then rechallenged with
MC38-OVA cells and none of them developed tumors [177].

A chimeric bovine papillomavirus (BPV) VLPs displaying MUC1 induced MUC1-
specific CTL in a human MUC1 transgenic mouse model and impaired, or eradicated in
few mice, tumor growth induced by RMA-MUC1 cells (a T cell lymphoma line) in this
mouse model [178].
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Table 1. VLP therapeutic vaccines: preclinical studies.

Cancer Type Cell Line Mouse Model Tumor Antigen VLP Platform Adjuvant or Combination
Therapy Type of Study References

Breast cancer MamBo89 (HER2-positive cell line derived
from a hHER2 transgenic mouse model)

FVB (FVB/NCrl) F1
HER2/Delta16 (FVB

background)
HER2 AP205 phage None Prophylactic and

therapeutic [129]

Breast cancer D16-BO-QD (HER2-positive cell line derived
from a hHER2 transgenic mouse model)

FVB
Delta16 (FVB background) HER2 AP205 phage Montanide ISA 51 Prophylactic and

therapeutic [26]

Breast cancer DDHER2 (mouse cell line expressing
rat HER2) BALB/c CH401 (rat HER2-derived

epitope)
Physalis mottle virus

(PhMV)
CpG (TLR-9 agonist

loaded on VLPs)
Prophylactic and

therapeutic [131]

Breast cancer TuBo (HER2-positive cell line derived from a
NeuT transgenic mouse model) BALB/c HER2 Recombinant baculovirus

(rBV)
Glycosylation patterns

AddaVax Poly (I:C) Prophylactic [132]

Breast cancer TuBo BALB/c GP2 (HER2/neu derived
peptide)

Bacteriophage lambda
(λF7) None Prophylactic and

therapeutic [134]

Breast cancer TuBo BALB/c E75 (HER2-derived
peptide) λF7 None Prophylactic and

therapeutic [135]

Breast Cancer D2F2/E2 (mouse cell line transfected
with hHER2) BALB/c GPI-HER2 rBV None Prophylactic [136]

Breast cancer TuBo
4T1 BALB/c xCT MS2 None Prophylactic and

therapeutic [123,133]

Breast cancer 4T1 BALB/c IL-33 HBcAg None Prophylactic and
therapeutic [146]

Breast cancer 4T1 BALB/c P53 and MUC1 VP2 B19 None Prophylactic and
therapeutic [148]

Breast cancer 4T1 BALB/c NeoAG Qβ
G10 (TLR-9 agonist loaded

on VLPs)
Prophylactic and

therapeutic [149]

Melanoma MO5 (B16-OVA) C57BL/6 OVA257–265 TRP2180–188 VP1 PLPs None Therapeutic [153]

Melanoma N/A HLA-A*201 Tg Melan-A Qβ G10 N/A [154]

Melanoma B16F10 C57BL/6 C57BL/6Rag2−/− Germiline and mutated
epitopes Qβ B-type CpGs Therapeutic [150]

Melanoma B16F10p33 C57BL/6 C57BL/6Rag2−/− p33 CuMVT Microcrystalline tyrosine
(MCT) Therapeutic [160]

Melanoma B16-MUC1 MUC1.Tg (C57BL/6
background) MUC1 Qβ

Monophosphoryl-Lipid A
(MPLA) Prophylactic [161]

Melanoma B16-OVA C57BL/6 OVA and gp100 HBc None Therapeutic [162]

Melanoma B16-OVA C57BL/6 MHC I and II OVA
epitopes

Human adenovirus type 3
(HAdV)

ODN 2395
MPLA

poly(I:C)

Prophylactic and
therapeutic [163]
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Table 1. Cont.

Cancer Type Cell Line Mouse Model Tumor Antigen VLP Platform Adjuvant or Combination
Therapy Type of Study References

Pancreatic Cancer Panc02-mTrop2 C57BL/6 Trop2 SIV Gemtabicine Therapeutic [165]

Pancreatic Cancer Panc02 C57BL/6 hMSLN SHIV None Therapeutic [166]

Pancreatic Cancer Panc02 C57BL/6 mMSLN SHIV None Therapeutic [168]

Cervical cancer TC-1 C57BL/6 E6 and E7 HPV-16 L1 None Prophylactic and
therapeutic [171]

Cervical cancer TC-1/A2 C57BL/6 E7 IBDV None Therapeutic [172]

Cervical cancer TC-1/A2 C57BL/6 E6 RDHV None Therapeutic [173]

Cervical cancer TC-1 C57BL/6 E7 Qβ G10 Therapeutic [174]

Hepatocellular
carcinoma B16-pIR-HH HLA-A*0201/kb Tg (C57BL/6

background)

MAGE-1
MAGE-3

AFP1
AFP2

HBc None Therapeutic [175]

Hepatocellular
carcinoma EL-4 HLA-A*0201 Tg HBx(115–123) HBx(92–100)

HBx(140–148) HBx(52–60)
HBc None Prophylactic [176]

Colorectal cancer MC38-OVA C57BL/6 Topoisomerase IIα and
survivin RHDV VP60 CpGs Therapeutic [177]

T cell lymphoma RMA-MUC1 MUC1 Tg (C57BL/6
backgroung) MUC1 BPV None Prophylactic [178]

N/A, not available.
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8. Conclusions

Cancer vaccines represent a broad immunological antitumoral approach due to their
ability to stimulate both innate and acquired immunity and induce an immune memory,
leading to long-lasting protection. VLPs are an attractive technology to develop prophy-
lactic and therapeutic cancer vaccines owing to the possibility of displaying individual or
multiple epitopes with an intrinsic adjuvant activity. Preventive vaccines against HBV and
HPV infections are already approved and successfully being used. In contrast, there are
no approved therapeutic VLP cancer vaccines, but promising preclinical and early clinical
data, mainly in HER-2-positive breast cancer and melanoma treatment, give hope that the
goal could be reached.
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31. Naskalska, A.; Pyrć, K. Virus Like Particles as Immunogens and Universal Nanocarriers. Pol. J. Microbiol. 2015, 64, 3–13.
[CrossRef]

32. Nooraei, S.; Bahrulolum, H.; Hoseini, Z.S.; Katalani, C.; Hajizade, A.; Easton, A.J.; Ahmadian, G. Virus-like particles: Preparation,
immunogenicity and their roles as nanovaccines and drug nanocarriers. J. Nanobiotechnol. 2021, 19, 59. [CrossRef] [PubMed]

33. Zepeda-Cervantes, J.; Ramírez-Jarquín, J.O.; Vaca, L. Interaction Between Virus-Like Particles (VLPs) and Pattern Recognition
Receptors (PRRs) From Dendritic Cells (DCs): Toward Better Engineering of VLPs. Front. Immunol. 2020, 11, 1100. [CrossRef]
[PubMed]

34. Lua, L.H.L.; Connors, N.K.; Sainsbury, F.; Chuan, Y.P.; Wibowo, N.; Middelberg, A.P.J. Bioengineering virus-like particles as
vaccines. Biotechnol. Bioeng. 2014, 111, 425–440. [CrossRef] [PubMed]

35. Li, X.; Sloat, B.R.; Yanasarn, N.; Cui, Z. Relationship between the size of nanoparticles and their adjuvant activity: Data from a
study with an improved experimental design. Eur. J. Pharm. Biopharm. 2011, 78, 107–116. [CrossRef]

36. Albanese, A.; Tang, P.S.; Chan, W.C.W. The effect of nanoparticle size, shape, and surface chemistry on biological systems. Annu.
Rev. Biomed. Eng. 2012, 14, 1–16. [CrossRef]

37. Bachmann, M.F.; Jennings, G.T. Vaccine delivery: A matter of size, geometry, kinetics and molecular patterns. Nat. Rev. Immunol.
2010, 10, 787–796. [CrossRef]

38. Manolova, V.; Flace, A.; Bauer, M.; Schwarz, K.; Saudan, P.; Bachmann, M.F. Nanoparticles target distinct dendritic cell populations
according to their size. Eur. J. Immunol. 2008, 38, 1404–1413. [CrossRef]

39. Galaway, F.A.; Stockley, P.G. MS2 viruslike particles: A robust, semisynthetic targeted drug delivery platform. Mol. Pharm. 2013,
10, 59–68. [CrossRef]

40. Kato, T.; Yui, M.; Deo, V.K.; Park, E.Y. Development of Rous sarcoma Virus-like Particles Displaying hCC49 scFv for Specific
Targeted Drug Delivery to Human Colon Carcinoma Cells. Pharm. Res. 2015, 32, 3699–3707. [CrossRef]

41. Garg, A.; Dewangan, H.K. Nanoparticles as Adjuvants in Vaccine Delivery. Crit. Rev. Ther. Drug Carr. Syst. 2020, 37, 183–204.
[CrossRef]

42. Cimica, V.; Galarza, J.M. Adjuvant formulations for virus-like particle (VLP) based vaccines. Clin. Immunol. 2017, 183, 99–108.
[CrossRef] [PubMed]

43. de Martel, C.; Georges, D.; Bray, F.; Ferlay, J.; Clifford, G.M. Global burden of cancer attributable to infections in 2018: A worldwide
incidence analysis. Lancet Glob. Health 2020, 8, e180–e190. [CrossRef] [PubMed]

44. Mohsen, M.O.; Zha, L.; Cabral-Miranda, G.; Bachmann, M.F. Major findings and recent advances in virus-like particle (VLP)-based
vaccines. Semin. Immunol. 2017, 34, 123–132. [CrossRef] [PubMed]

45. Jennings, G.T.; Bachmann, M.F. The coming of age of virus-like particle vaccines. Biol. Chem. 2008, 389, 521–536. [CrossRef]
[PubMed]

https://doi.org/10.3389/fmicb.2021.790121
https://doi.org/10.1038/2181057a0
https://doi.org/10.1007/s12033-012-9598-4
https://doi.org/10.3390/v12020185
https://www.ncbi.nlm.nih.gov/pubmed/32041299
https://doi.org/10.1002/jmv.20228
https://www.ncbi.nlm.nih.gov/pubmed/15484274
https://doi.org/10.1371/journal.pntd.0004782
https://doi.org/10.1128/JVI.07164-11
https://www.ncbi.nlm.nih.gov/pubmed/22553333
https://doi.org/10.3390/biomedicines10102654
https://www.ncbi.nlm.nih.gov/pubmed/36289916
https://doi.org/10.1016/j.jbiotec.2013.05.001
https://doi.org/10.1016/j.vaccine.2015.03.088
https://doi.org/10.1093/abbs/37.3.153
https://doi.org/10.1016/j.nbt.2017.07.010
https://doi.org/10.33073/pjm-2015-001
https://doi.org/10.1186/s12951-021-00806-7
https://www.ncbi.nlm.nih.gov/pubmed/33632278
https://doi.org/10.3389/fimmu.2020.01100
https://www.ncbi.nlm.nih.gov/pubmed/32582186
https://doi.org/10.1002/bit.25159
https://www.ncbi.nlm.nih.gov/pubmed/24347238
https://doi.org/10.1016/j.ejpb.2010.12.017
https://doi.org/10.1146/annurev-bioeng-071811-150124
https://doi.org/10.1038/nri2868
https://doi.org/10.1002/eji.200737984
https://doi.org/10.1021/mp3003368
https://doi.org/10.1007/s11095-015-1730-2
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.2020033273
https://doi.org/10.1016/j.clim.2017.08.004
https://www.ncbi.nlm.nih.gov/pubmed/28780375
https://doi.org/10.1016/S2214-109X(19)30488-7
https://www.ncbi.nlm.nih.gov/pubmed/31862245
https://doi.org/10.1016/j.smim.2017.08.014
https://www.ncbi.nlm.nih.gov/pubmed/28887001
https://doi.org/10.1515/BC.2008.064
https://www.ncbi.nlm.nih.gov/pubmed/18953718


Int. J. Mol. Sci. 2023, 24, 12963 16 of 21

46. Jegerlehner, A.; Wiesel, M.; Dietmeier, K.; Zabel, F.; Gatto, D.; Saudan, P.; Bachmann, M.F. Carrier induced epitopic suppression of
antibody responses induced by virus-like particles is a dynamic phenomenon caused by carrier-specific antibodies. Vaccine 2010,
28, 5503–5512. [CrossRef]

47. Petrovsky, N. Comparative Safety of Vaccine Adjuvants: A Summary of Current Evidence and Future Needs. Drug Saf. 2015,
38, 1059–1074. [CrossRef]

48. Ronzitti, G.; Gross, D.-A.; Mingozzi, F. Human Immune Responses to Adeno-Associated Virus (AAV) Vectors. Front. Immunol.
2020, 11, 670. [CrossRef]

49. Zhang, X.; Xin, L.; Li, S.; Fang, M.; Zhang, J.; Xia, N.; Zhao, Q. Lessons learned from successful human vaccines: Delineating key
epitopes by dissecting the capsid proteins. Hum. Vaccines Immunother. 2015, 11, 1277–1292. [CrossRef]

50. World Health Organization. Hepatitis B. Available online: https://www.who.int/news-room/fact-sheets/detail/hepatitis-b
(accessed on 10 July 2023).

51. Stanley, M. Tumour virus vaccines: Hepatitis B virus and human papillomavirus. Philos. Trans. R. Soc. London Ser. B Biol. Sci.
2017, 372, 20160268. [CrossRef]

52. Szmuness, W.; Stevens, C.E.; Harley, E.J.; Zang, E.A.; Oleszko, W.R.; William, D.C.; Sadovsky, R.; Morrison, J.M.; Kellner, A.
Hepatitis B vaccine: Demonstration of efficacy in a controlled clinical trial in a high-risk population in the United States. N. Engl.
J. Med. 1980, 303, 833–841. [CrossRef]

53. Francis, D.P.; Feorino, P.M.; McDougal, S.; Warfield, D.; Getchell, J.; Cabradilla, C.; Tong, M.; Miller, W.J.; Schultz, L.D.; Bailey, F.J.
The safety of the hepatitis B vaccine. Inactivation of the AIDS virus during routine vaccine manufacture. JAMA 1986, 256, 869–872.
[CrossRef]

54. Pattyn, J.; Hendrickx, G.; Vorsters, A.; van Damme, P. Hepatitis B Vaccines. J. Infect. Dis. 2021, 224 (12 Suppl. 2), S343–S351.
[CrossRef]

55. Romano’, L.; Zanetti, A.R. Hepatitis B Vaccination: A Historical Overview with a Focus on the Italian Achievements. Viruses 2022,
14, 1515. [CrossRef] [PubMed]

56. McAleer, W.J.; Buynak, E.B.; Maigetter, R.Z.; Wampler, D.E.; Miller, W.J.; Hilleman, M.R. Human hepatitis B vaccine from
recombinant yeast. Nature 1984, 307, 178–180. [CrossRef]

57. Zuckerman, J.N.; Zuckerman, A.J.; Symington, I.; Du, W.; Williams, A.; Dickson, B.; Young, M.D. Evaluation of a new hepatitis B
triple-antigen vaccine in inadequate responders to current vaccines. Hepatology 2001, 34 Pt 1, 798–802. [CrossRef] [PubMed]

58. Valenzuela, P.; Medina, A.; Rutter, W.J.; Ammerer, G.; Hall, B.D. Synthesis and assembly of hepatitis B virus surface antigen
particles in yeast. Nature 1982, 298, 347–350. [CrossRef]

59. Jackson, S.; Lentino, J.; Kopp, J.; Murray, L.; Ellison, W.; Rhee, M.; Shockey, G.; Akella, L.; Erby, K.; Heyward, W.L.; et al.
Immunogenicity of a two-dose investigational hepatitis B vaccine, HBsAg-1018, using a toll-like receptor 9 agonist adjuvant
compared with a licensed hepatitis B vaccine in adults. Vaccine 2018, 36, 668–674. [CrossRef] [PubMed]

60. Janssen, R.S.; Mangoo-Karim, R.; Pergola, P.E.; Girndt, M.; Namini, H.; Rahman, S.; Bennett, S.R.; Heyward, W.L.; Martin, J.T.
Immunogenicity and safety of an investigational hepatitis B vaccine with a toll-like receptor 9 agonist adjuvant (HbsAg-1018)
compared with a licensed hepatitis B vaccine in patients with chronic kidney disease. Vaccine 2013, 31, 5306–5313. [CrossRef]

61. Perrillo, R.; Garrido, L.F.; Ma, T.-W.; Rahimi, R.; Lilly, B. Vaccination with HepB-CpG vaccine in individuals undergoing immune
suppressive drug therapy. Vaccine 2023, 41, 4457–4461. [CrossRef]

62. Bunse, T.; Kosinska, A.D.; Michler, T.; Protzer, U. PD-L1 Silencing in Liver Using siRNAs Enhances Efficacy of Therapeutic
Vaccination for Chronic Hepatitis B. Biomolecules 2022, 12, 470. [CrossRef]

63. Hudu, S.A.; Jimoh, A.O.; Ibrahim, K.G.; Alshrari, A.S. Hepatitis B Therapeutic Vaccine: A Patent Review. Pharmaceuticals 2022,
15, 1542. [CrossRef]

64. Zhang, T.-Y.; Guo, X.-R.; Wu, Y.-T.; Kang, X.-Z.; Zheng, Q.-B.; Qi, R.-Y.; Chen, B.-B.; Lan, Y.; Wei, M.; Wang, S.-J.; et al. A unique B
cell epitope-based particulate vaccine shows effective suppression of hepatitis B surface antigen in mice. Gut 2020, 69, 343–354.
[CrossRef]

65. Forman, D.; de Martel, C.; Lacey, C.J.; Soerjomataram, I.; Lortet-Tieulent, J.; Bruni, L.; Vignat, J.; Ferlay, J.; Bray, F.;
Plummer, M.; et al. Global burden of human papillomavirus and related diseases. Vaccine 2012, 30 (Suppl. S5), F12–F23.
[CrossRef] [PubMed]

66. de Sanjosé, S.; Brotons, M.; Pavón, M.A. The natural history of human papillomavirus infection. Best Pract. Res. Clin. Obstet.
Gynaecol. 2018, 47, 2–13. [CrossRef] [PubMed]

67. Human papillomavirus vaccines: WHO position paper, May 2017-Recommendations. Vaccine 2017, 35, 5753–5755. [CrossRef]
[PubMed]

68. Zhou, J.; Sun, X.Y.; Stenzel, D.J.; Frazer, I.H. Expression of vaccinia recombinant HPV 16 L1 and L2 ORF proteins in epithelial cells
is sufficient for assembly of HPV virion-like particles. Virology 1991, 185, 251–257. [CrossRef] [PubMed]

69. Bryan, J.T.; Buckland, B.; Hammond, J.; Jansen, K.U. Prevention of cervical cancer: Journey to develop the first human papillo-
mavirus virus-like particle vaccine and the next generation vaccine. Curr. Opin. Chem. Biol. 2016, 32, 34–47. [CrossRef]

70. Kirnbauer, R.; Booy, F.; Cheng, N.; Lowy, D.R.; Schiller, J.T. Papillomavirus L1 major capsid protein self-assembles into virus-like
particles that are highly immunogenic. Proc. Natl. Acad. Sci. USA 1992, 89, 12180–12184. [CrossRef]

71. Hagensee, M.E.; Yaegashi, N.; Galloway, D.A. Self-assembly of human papillomavirus type 1 capsids by expression of the L1
protein alone or by coexpression of the L1 and L2 capsid proteins. J. Virol. 1993, 67, 315–322. [CrossRef]

https://doi.org/10.1016/j.vaccine.2010.02.103
https://doi.org/10.1007/s40264-015-0350-4
https://doi.org/10.3389/fimmu.2020.00670
https://doi.org/10.1080/21645515.2015.1016675
https://www.who.int/news-room/fact-sheets/detail/hepatitis-b
https://doi.org/10.1098/rstb.2016.0268
https://doi.org/10.1056/NEJM198010093031501
https://doi.org/10.1001/jama.1986.03380070075022
https://doi.org/10.1093/infdis/jiaa668
https://doi.org/10.3390/v14071515
https://www.ncbi.nlm.nih.gov/pubmed/35891495
https://doi.org/10.1038/307178a0
https://doi.org/10.1053/jhep.2001.27564
https://www.ncbi.nlm.nih.gov/pubmed/11584378
https://doi.org/10.1038/298347a0
https://doi.org/10.1016/j.vaccine.2017.12.038
https://www.ncbi.nlm.nih.gov/pubmed/29289383
https://doi.org/10.1016/j.vaccine.2013.05.067
https://doi.org/10.1016/j.vaccine.2023.06.041
https://doi.org/10.3390/biom12030470
https://doi.org/10.3390/ph15121542
https://doi.org/10.1136/gutjnl-2018-317725
https://doi.org/10.1016/j.vaccine.2012.07.055
https://www.ncbi.nlm.nih.gov/pubmed/23199955
https://doi.org/10.1016/j.bpobgyn.2017.08.015
https://www.ncbi.nlm.nih.gov/pubmed/28964706
https://doi.org/10.1016/j.vaccine.2017.05.069
https://www.ncbi.nlm.nih.gov/pubmed/28596091
https://doi.org/10.1016/0042-6822(91)90772-4
https://www.ncbi.nlm.nih.gov/pubmed/1656586
https://doi.org/10.1016/j.cbpa.2016.03.001
https://doi.org/10.1073/pnas.89.24.12180
https://doi.org/10.1128/jvi.67.1.315-322.1993


Int. J. Mol. Sci. 2023, 24, 12963 17 of 21

72. Harper, D.M.; Franco, E.L.; Wheeler, C.; Ferris, D.G.; Jenkins, D.; Schuind, A.; Zahaf, T.; Innis, B.; Naud, P.; de Carvalho, N.S.; et al.
Efficacy of a bivalent L1 virus-like particle vaccine in prevention of infection with human papillomavirus types 16 and 18 in
young women: A randomised controlled trial. Lancet 2004, 364, 1757–1765. [CrossRef]

73. Szarewski, A. HPV vaccine: Cervarix. Expert Opin. Biol. Ther. 2010, 10, 477–487. [CrossRef]
74. U.S. Food and Drug Administration. Gardasil Package Insert. Available online: https://www.fda.gov/media/74350/download

(accessed on 10 July 2023).
75. Pereira, R.; Hitzeroth, I.I.; Rybicki, E.P. Insights into the role and function of L2, the minor capsid protein of papillomaviruses.

Arch. Virol. 2009, 154, 187–197. [CrossRef]
76. Pouyanfard, S.; Spagnoli, G.; Bulli, L.; Balz, K.; Yang, F.; Odenwald, C.; Seitz, H.; Mariz, F.C.; Bolchi, A.; Ottonello, S.; et al. Minor

Capsid Protein L2 Polytope Induces Broad Protection against Oncogenic and Mucosal Human Papillomaviruses. J. Virol. 2018,
92, e01930-17. [CrossRef]

77. Zur Hausen, H. Papillomaviruses and cancer: From basic studies to clinical application. Nat. Rev. Cancer 2002, 2, 342–350.
[CrossRef] [PubMed]

78. Mo, Y.; Ma, J.; Zhang, H.; Shen, J.; Chen, J.; Hong, J.; Xu, Y.; Qian, C. Prophylactic and Therapeutic HPV Vaccines: Current
Scenario and Perspectives. Front. Cell. Infect. Microbiol. 2022, 12, 909223. [CrossRef] [PubMed]

79. Zhang, J.; Fan, J.; Skwarczynski, M.; Stephenson, R.J.; Toth, I.; Hussein, W.M. Peptide-Based Nanovaccines in the Treatment of
Cervical Cancer: A Review of Recent Advances. Int. J. Nanomed. 2022, 17, 869–900. [CrossRef] [PubMed]

80. Brady, G.; MacArthur, G.J.; Farrell, P.J. Epstein–Barr virus and Burkitt lymphoma. Postgrad. Med. J. 2008, 84, 372–377. [CrossRef]
[PubMed]

81. Mulama, D.H.; Mutsvunguma, L.Z.; Totonchy, J.; Ye, P.; Foley, J.; Escalante, G.M.; Rodriguez, E.; Nabiee, R.; Muniraju, M.;
Wussow, F.; et al. A multivalent Kaposi sarcoma-associated herpesvirus-like particle vaccine capable of eliciting high titers of
neutralizing antibodies in immunized rabbits. Vaccine 2019, 37, 4184–4194. [CrossRef]

82. Muniraju, M.; Mutsvunguma, L.Z.; Foley, J.; Escalante, G.M.; Rodriguez, E.; Nabiee, R.; Totonchy, J.; Mulama, D.H.; Nyagol, J.;
Wussow, F.; et al. Kaposi Sarcoma-Associated Herpesvirus Glycoprotein H Is Indispensable for Infection of Epithelial, Endothelial,
and Fibroblast Cell Types. J. Virol. 2019, 93, e00630-19. [CrossRef]

83. Casper, C.; Corey, L.; Cohen, J.I.; Damania, B.; Gershon, A.A.; Kaslow, D.C.; Krug, L.T.; Martin, J.; Mbulaiteye, S.M.;
Mocarski, E.S.; et al. KSHV (HHV8) vaccine: Promises and potential pitfalls for a new anti-cancer vaccine. npj Vaccines 2022,
7, 108. [CrossRef]

84. Khyatti, M.; Patel, P.C.; Stefanescu, I.; Menezes, J. Epstein-Barr virus (EBV) glycoprotein gp350 expressed on transfected cells
resistant to natural killer cell activity serves as a target antigen for EBV-specific antibody-dependent cellular cytotoxicity. J. Virol.
1991, 65, 996–1001. [CrossRef] [PubMed]

85. Ruiss, R.; Jochum, S.; Wanner, G.; Reisbach, G.; Hammerschmidt, W.; Zeidler, R. A virus-like particle-based Epstein-Barr virus
vaccine. J. Virol. 2011, 85, 13105–13113. [CrossRef] [PubMed]

86. Perez, E.M.; Foley, J.; Tison, T.; Silva, R.; Ogembo, J.G. Novel Epstein-Barr virus-like particles incorporating gH/gL-EBNA1 or
gB-LMP2 induce high neutralizing antibody titers and EBV-specific T-cell responses in immunized mice. Oncotarget 2017, 8,
19255–19273. [CrossRef] [PubMed]

87. Reguraman, N.; Hassani, A.; Philip, P.S.; Pich, D.; Hammerschmidt, W.; Khan, G. Assessing the Efficacy of VLP-Based Vaccine
against Epstein-Barr Virus Using a Rabbit Model. Vaccines 2023, 11, 540. [CrossRef] [PubMed]

88. Paston, S.J.; Brentville, V.A.; Symonds, P.; Durrant, L.G. Cancer Vaccines, Adjuvants, and Delivery Systems. Front. Immunol. 2021,
12, 627932. [CrossRef] [PubMed]

89. Jerusalem, G.; Lancellotti, P.; Kim, S.-B. HER2+ breast cancer treatment and cardiotoxicity: Monitoring and management. Breast
Cancer Res. Treat. 2019, 177, 237–250. [CrossRef]

90. Yang, Z.; Wang, W.; Wang, X.; Qin, Z. Cardiotoxicity of Epidermal Growth Factor Receptor 2-Targeted Drugs for Breast Cancer.
Front. Pharmacol. 2021, 12, 741451. [CrossRef]

91. Yang, W.; Lee, K.-W.; Srivastava, R.M.; Kuo, F.; Krishna, C.; Chowell, D.; Makarov, V.; Hoen, D.; Dalin, M.G.; Wexler, L.; et al.
Immunogenic neoantigens derived from gene fusions stimulate T cell responses. Nat. Med. 2019, 25, 767–775. [CrossRef]

92. Sha, D.; Jin, Z.; Budczies, J.; Kluck, K.; Stenzinger, A.; Sinicrope, F.A. Tumor Mutational Burden as a Predictive Biomarker in Solid
Tumors. Cancer Discov. 2020, 10, 1808–1825. [CrossRef]

93. Lang, F.; Schrörs, B.; Löwer, M.; Türeci, Ö.; Sahin, U. Identification of neoantigens for individualized therapeutic cancer vaccines.
Nat. Rev. Drug Discov. 2022, 21, 261–282. [CrossRef]

94. Xie, N.; Shen, G.; Gao, W.; Huang, Z.; Huang, C.; Fu, L. Neoantigens: Promising targets for cancer therapy. Signal Transduct.
Target. Ther. 2023, 8, 9. [CrossRef]

95. McGrail, D.J.; Pilié, P.G.; Rashid, N.U.; Voorwerk, L.; Slagter, M.; Kok, M.; Jonasch, E.; Khasraw, M.; Heimberger, A.B.; Lim, B.; et al.
High tumor mutation burden fails to predict immune checkpoint blockade response across all cancer types. Ann. Oncol. Off. J.
Eur. Soc. Med. Oncol. 2021, 32, 661–672. [CrossRef] [PubMed]

96. Valero, C.; Lee, M.; Hoen, D.; Wang, J.; Nadeem, Z.; Patel, N.; Postow, M.A.; Shoushtari, A.N.; Plitas, G.; Balachandran, V.P.; et al.
The association between tumor mutational burden and prognosis is dependent on treatment context. Nat. Genet. 2021, 53, 11–15.
[CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(04)17398-4
https://doi.org/10.1517/14712591003601944
https://www.fda.gov/media/74350/download
https://doi.org/10.1007/s00705-009-0310-3
https://doi.org/10.1128/JVI.01930-17
https://doi.org/10.1038/nrc798
https://www.ncbi.nlm.nih.gov/pubmed/12044010
https://doi.org/10.3389/fcimb.2022.909223
https://www.ncbi.nlm.nih.gov/pubmed/35860379
https://doi.org/10.2147/IJN.S269986
https://www.ncbi.nlm.nih.gov/pubmed/35241913
https://doi.org/10.1136/jcp.2007.047977
https://www.ncbi.nlm.nih.gov/pubmed/18716017
https://doi.org/10.1016/j.vaccine.2019.04.071
https://doi.org/10.1128/JVI.00630-19
https://doi.org/10.1038/s41541-022-00535-4
https://doi.org/10.1128/jvi.65.2.996-1001.1991
https://www.ncbi.nlm.nih.gov/pubmed/1846213
https://doi.org/10.1128/JVI.05598-11
https://www.ncbi.nlm.nih.gov/pubmed/21994444
https://doi.org/10.18632/oncotarget.13770
https://www.ncbi.nlm.nih.gov/pubmed/27926486
https://doi.org/10.3390/vaccines11030540
https://www.ncbi.nlm.nih.gov/pubmed/36992124
https://doi.org/10.3389/fimmu.2021.627932
https://www.ncbi.nlm.nih.gov/pubmed/33859638
https://doi.org/10.1007/s10549-019-05303-y
https://doi.org/10.3389/fphar.2021.741451
https://doi.org/10.1038/s41591-019-0434-2
https://doi.org/10.1158/2159-8290.CD-20-0522
https://doi.org/10.1038/s41573-021-00387-y
https://doi.org/10.1038/s41392-022-01270-x
https://doi.org/10.1016/j.annonc.2021.02.006
https://www.ncbi.nlm.nih.gov/pubmed/33736924
https://doi.org/10.1038/s41588-020-00752-4
https://www.ncbi.nlm.nih.gov/pubmed/33398197


Int. J. Mol. Sci. 2023, 24, 12963 18 of 21

97. Ruzzi, F.; Angelicola, S.; Landuzzi, L.; Nironi, E.; Semprini, M.S.; Scalambra, L.; Altimari, A.; Gruppioni, E.; Fiorentino, M.;
Giunchi, F.; et al. ADK-VR2, a cell line derived from a treatment-naïve patient with SDC4-ROS1 fusion-positive primarily
crizotinib-resistant NSCLC: A novel preclinical model for new drug development of ROS1-rearranged NSCLC. Transl. Lung
Cancer Res. 2022, 11, 2216–2229. [CrossRef] [PubMed]

98. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef]

99. Vormehr, M.; Türeci, Ö.; Sahin, U. Harnessing Tumor Mutations for Truly Individualized Cancer Vaccines. Annu. Rev. Med. 2019,
70, 395–407. [CrossRef]

100. Blass, E.; Ott, P.A. Advances in the development of personalized neoantigen-based therapeutic cancer vaccines. Nat. Rev. Clin.
Oncol. 2021, 18, 215–229. [CrossRef]

101. Fritah, H.; Rovelli, R.; Chiang, C.L.-L.; Kandalaft, L.E. The current clinical landscape of personalized cancer vaccines. Cancer Treat.
Rev. 2022, 106, 102383. [CrossRef]

102. Bailey, P.; Chang, D.K.; Forget, M.-A.; Lucas, F.A.S.; Alvarez, H.A.; Haymaker, C.; Chattopadhyay, C.; Kim, S.-H.; Ekmekcioglu, S.;
Grimm, E.A.; et al. Exploiting the neoantigen landscape for immunotherapy of pancreatic ductal adenocarcinoma. Sci. Rep. 2016,
6, 35848. [CrossRef]

103. Rojas, L.A.; Sethna, Z.; Soares, K.C.; Olcese, C.; Pang, N.; Patterson, E.; Lihm, J.; Ceglia, N.; Guasp, P.; Chu, A.; et al. Personalized
RNA neoantigen vaccines stimulate T cells in pancreatic cancer. Nature 2023, 618, 144–150. [CrossRef]

104. de Plaen, E.; Arden, K.; Traversari, C.; Gaforio, J.J.; Szikora, J.P.; de Smet, C.; Brasseur, F.; van der Bruggen, P.; Lethé, B.; Lurquin,
C. Structure, chromosomal localization, and expression of 12 genes of the MAGE family. Immunogenetics 1994, 40, 360–369.
[CrossRef] [PubMed]

105. Lollini, P.-L.; Forni, G. Cancer immunoprevention: Tracking down persistent tumor antigens. Trends Immunol. 2003, 24, 62–66.
[CrossRef]

106. Cavallo, F.; Calogero, R.A.; Forni, G. Are oncoantigens suitable targets for anti-tumour therapy? Nat. Rev. Cancer 2007, 7, 707–713.
[CrossRef] [PubMed]

107. Lollini, P.-L.; Nicoletti, G.; Landuzzi, L.; de Giovanni, C.; Nanni, P. New target antigens for cancer immunoprevention. Curr.
Cancer Drug Targets 2005, 5, 221–228. [CrossRef]

108. Pollak, M.N. Insulin-like growth factors and neoplasia. Novartis Found. Symp. 2004, 262, 84–98; discussion 98–107, 265–268.
109. Alfaro-Arnedo, E.; López, I.P.; Piñeiro-Hermida, S.; Canalejo, M.; Gotera, C.; Sola, J.J.; Roncero, A.; Peces-Barba, G.; Ruíz-Martínez,

C.; Pichel, J.G. IGF1R acts as a cancer-promoting factor in the tumor microenvironment facilitating lung metastasis implantation
and progression. Oncogene 2022, 41, 3625–3639. [CrossRef] [PubMed]

110. Sanabria-Figueroa, E.; Donnelly, S.M.; Foy, K.C.; Buss, M.C.; Castellino, R.C.; Paplomata, E.; Taliaferro-Smith, L.; Kaumaya, P.T.P.;
Nahta, R. Insulin-like growth factor-1 receptor signaling increases the invasive potential of human epidermal growth factor
receptor 2-overexpressing breast cancer cells via Src-focal adhesion kinase and forkhead box protein M1. Mol. Pharmacol. 2015, 87,
150–161. [CrossRef]

111. de Giovanni, C.; Landuzzi, L.; Palladini, A.; Ianzano, M.L.; Nicoletti, G.; Ruzzi, F.; Amici, A.; Croci, S.; Nanni, P.; Lollini, P.-L.
Cancer Vaccines Co-Targeting HER2/Neu and IGF1R. Cancers 2019, 11, 517. [CrossRef]

112. Rafii, S. Vaccination against tumor neovascularization: Promise and reality. Cancer Cell 2002, 2, 429–431. [CrossRef]
113. Matei, D.; Kelich, S.; Cao, L.; Menning, N.; Emerson, R.E.; Rao, J.; Jeng, M.H.; Sledge, G.W. PDGF BB induces VEGF secretion in

ovarian cancer. Cancer Biol. Ther. 2007, 6, 1951–1959. [CrossRef]
114. Chu, J.S.; Ge, F.J.; Zhang, B.; Wang, Y.; Silvestris, N.; Liu, L.J.; Zhao, C.H.; Lin, L.; Brunetti, A.E.; Fu, Y.L.; et al. Expression and

prognostic value of VEGFR-2, PDGFR-β, and c-Met in advanced hepatocellular carcinoma. J. Exp. Clin. Cancer Res. 2013, 32, 16.
[CrossRef] [PubMed]

115. Chen, D.; Zhang, Y.-J.; Zhu, K.; Wang, W.-C. A systematic review of vascular endothelial growth factor expression as a biomarker
of prognosis in patients with osteosarcoma. Tumour Biol. J. Int. Soc. Oncodev. Biol. Med. 2013, 34, 1895–1899. [CrossRef] [PubMed]

116. Giusti, V.; Ruzzi, F.; Landuzzi, L.; Ianzano, M.L.; Laranga, R.; Nironi, E.; Scalambra, L.; Nicoletti, G.; de Giovanni, C.;
Olivero, M.; et al. Evolution of HER2-positive mammary carcinoma: HER2 loss reveals claudin-low traits in cancer progression.
Oncogenesis 2021, 10, 77. [CrossRef] [PubMed]

117. Lollini, P.-L.; Nicoletti, G.; Landuzzi, L.; de Giovanni, C.; Nanni, P. Immunoprevention and immunotherapy of mammary
carcinoma. Breast J. 2010, 16 (Suppl. S1), S39–S41. [CrossRef]

118. Conti, L.; Ruiu, R.; Barutello, G.; Macagno, M.; Bandini, S.; Cavallo, F.; Lanzardo, S. Microenvironment, oncoantigens, and
antitumor vaccination: Lessons learned from BALB-neuT mice. BioMed Res. Int. 2014, 2014, 534969. [CrossRef]

119. DeMaria, P.J.; Bilusic, M. Cancer Vaccines. Hematol./Oncol. Clin. N. Am. 2019, 33, 199–214. [CrossRef]
120. Wei, R.; Dean, D.C.; Thanindratarn, P.; Hornicek, F.J.; Guo, W.; Duan, Z. Cancer testis antigens in sarcoma: Expression, function

and immunotherapeutic application. Cancer Lett. 2020, 479, 54–60. [CrossRef]
121. Ishihara, M.; Kageyama, S.; Miyahara, Y.; Ishikawa, T.; Ueda, S.; Soga, N.; Naota, H.; Mukai, K.; Harada, N.; Ikeda, H.; et al.

MAGE-A4, NY-ESO-1 and SAGE mRNA expression rates and co-expression relationships in solid tumours. BMC Cancer 2020,
20, 606. [CrossRef]

122. Akers, S.N.; Odunsi, K.; Karpf, A.R. Regulation of cancer germline antigen gene expression: Implications for cancer immunother-
apy. Future Oncol. 2010, 6, 717–732. [CrossRef]

https://doi.org/10.21037/tlcr-22-163
https://www.ncbi.nlm.nih.gov/pubmed/36519016
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1146/annurev-med-042617-101816
https://doi.org/10.1038/s41571-020-00460-2
https://doi.org/10.1016/j.ctrv.2022.102383
https://doi.org/10.1038/srep35848
https://doi.org/10.1038/s41586-023-06063-y
https://doi.org/10.1007/BF01246677
https://www.ncbi.nlm.nih.gov/pubmed/7927540
https://doi.org/10.1016/S1471-4906(02)00030-3
https://doi.org/10.1038/nrc2208
https://www.ncbi.nlm.nih.gov/pubmed/17700704
https://doi.org/10.2174/1568009053765762
https://doi.org/10.1038/s41388-022-02376-w
https://www.ncbi.nlm.nih.gov/pubmed/35688943
https://doi.org/10.1124/mol.114.095380
https://doi.org/10.3390/cancers11040517
https://doi.org/10.1016/S1535-6108(02)00208-8
https://doi.org/10.4161/cbt.6.12.4976
https://doi.org/10.1186/1756-9966-32-16
https://www.ncbi.nlm.nih.gov/pubmed/23552472
https://doi.org/10.1007/s13277-013-0733-z
https://www.ncbi.nlm.nih.gov/pubmed/23589053
https://doi.org/10.1038/s41389-021-00360-9
https://www.ncbi.nlm.nih.gov/pubmed/34775465
https://doi.org/10.1111/j.1524-4741.2010.01002.x
https://doi.org/10.1155/2014/534969
https://doi.org/10.1016/j.hoc.2018.12.001
https://doi.org/10.1016/j.canlet.2019.10.024
https://doi.org/10.1186/s12885-020-07098-4
https://doi.org/10.2217/fon.10.36


Int. J. Mol. Sci. 2023, 24, 12963 19 of 21

123. Bolli, E.; O’Rourke, J.P.; Conti, L.; Lanzardo, S.; Rolih, V.; Christen, J.M.; Barutello, G.; Forni, M.; Pericle, F.; Cavallo, F. A
Virus-Like-Particle immunotherapy targeting Epitope-Specific anti-xCT expressed on cancer stem cell inhibits the progression of
metastatic cancer in vivo. Oncoimmunology 2018, 7, e1408746. [CrossRef]

124. Quaglino, E.; Conti, L.; Cavallo, F. Breast cancer stem cell antigens as targets for immunotherapy. Semin. Immunol. 2020, 47,
101386. [CrossRef] [PubMed]

125. Pupa, S.M.; Ligorio, F.; Cancila, V.; Franceschini, A.; Tripodo, C.; Vernieri, C.; Castagnoli, L. HER2 Signaling and Breast Cancer
Stem Cells: The Bridge behind HER2-Positive Breast Cancer Aggressiveness and Therapy Refractoriness. Cancers 2021, 13, 4778.
[CrossRef] [PubMed]

126. Qiu, Y.; Yang, L.; Liu, H.; Luo, X. Cancer stem cell-targeted therapeutic approaches for overcoming trastuzumab resistance in
HER2-positive breast cancer. Stem Cells 2021, 39, 1125–1136. [CrossRef]

127. Landuzzi, L.; Palladini, A.; Ceccarelli, C.; Asioli, S.; Nicoletti, G.; Giusti, V.; Ruzzi, F.; Ianzano, M.L.; Scalambra, L.;
Laranga, R.; et al. Early stability and late random tumor progression of a HER2-positive primary breast cancer patient-derived
xenograft. Sci. Rep. 2021, 11, 1563. [CrossRef] [PubMed]

128. Arab, A.; Nikpoor, A.R.; Asadi, P.; Iraei, R.; Yazdian-Robati, R.; Sheikh, A.; Kesharwani, P. Virus-like nanoparticles (VLPs) based
technology in the development of breast cancer vaccines. Process Biochem. 2022, 123, 44–51. [CrossRef]

129. Palladini, A.; Thrane, S.; Janitzek, C.M.; Pihl, J.; Clemmensen, S.B.; de Jongh, W.A.; Clausen, T.M.; Nicoletti, G.; Landuzzi, L.;
Penichet, M.L.; et al. Virus-like particle display of HER2 induces potent anti-cancer responses. Oncoimmunology 2018, 7, e1408749.
[CrossRef] [PubMed]

130. Marchini, C.; Gabrielli, F.; Iezzi, M.; Zenobi, S.; Montani, M.; Pietrella, L.; Kalogris, C.; Rossini, A.; Ciravolo, V.; Castagnoli, L.; et al.
The human splice variant ∆16HER2 induces rapid tumor onset in a reporter transgenic mouse. PLoS ONE 2011, 6, e18727.
[CrossRef]

131. Hu, H.; Steinmetz, N.F. Development of a Virus-Like Particle-Based Anti-HER2 Breast Cancer Vaccine. Cancers 2021, 13, 2909.
[CrossRef]

132. Nika, L.; Cuadrado-Castano, S.; Asthagiri Arunkumar, G.; Grünwald-Gruber, C.; McMahon, M.; Koczka, K.; García-Sastre, A.;
Krammer, F.; Grabherr, R. An HER2-Displaying Virus-Like Particle Vaccine Protects from Challenge with Mammary Carcinoma
Cells in a Mouse Model. Vaccines 2019, 7, 41. [CrossRef]

133. Rolih, V.; Caldeira, J.; Bolli, E.; Salameh, A.; Conti, L.; Barutello, G.; Riccardo, F.; Magri, J.; Lamolinara, A.; Parra, K.; et al.
Development of a VLP-Based Vaccine Displaying an xCT Extracellular Domain for the Treatment of Metastatic Breast Cancer.
Cancers 2020, 12, 1492. [CrossRef]

134. Razazan, A.; Nicastro, J.; Slavcev, R.; Barati, N.; Arab, A.; Mosaffa, F.; Jaafari, M.R.; Behravan, J. Lambda bacteriophage
nanoparticles displaying GP2, a HER2/neu derived peptide, induce prophylactic and therapeutic activities against TUBO tumor
model in mice. Sci. Rep. 2019, 9, 2221. [CrossRef] [PubMed]

135. Arab, A.; Nicastro, J.; Slavcev, R.; Razazan, A.; Barati, N.; Nikpoor, A.R.; Brojeni, A.A.M.; Mosaffa, F.; Badiee, A.; Jaafari, M.R.; et al.
Lambda phage nanoparticles displaying HER2-derived E75 peptide induce effective E75-CD8+ T response. Immunol. Res. 2018,
66, 200–206. [CrossRef]

136. Patel, J.M.; Vartabedian, V.F.; Kim, M.-C.; He, S.; Kang, S.-M.; Selvaraj, P. Influenza virus-like particles engineered by protein
transfer with tumor-associated antigens induces protective antitumor immunity. Biotechnol. Bioeng. 2015, 112, 1102–1110.
[CrossRef] [PubMed]

137. Andreasson, K.; Tegerstedt, K.; Eriksson, M.; Curcio, C.; Cavallo, F.; Forni, G.; Dalianis, T.; Ramqvist, T. Murine pneumotropic
virus chimeric Her2/neu virus-like particles as prophylactic and therapeutic vaccines against Her2/neu expressing tumors. Int. J.
Cancer 2009, 124, 150–156. [CrossRef]

138. Meric-Bernstam, F.; Johnson, A.M.; Dumbrava, E.E.I.; Raghav, K.; Balaji, K.; Bhatt, M.; Murthy, R.K.; Rodon, J.; Piha-Paul, S.A.
Advances in HER2-Targeted Therapy: Novel Agents and Opportunities Beyond Breast and Gastric Cancer. Clin. Cancer Res. Off. J.
Am. Assoc. Cancer Res. 2019, 25, 2033–2041. [CrossRef] [PubMed]

139. Ahmed, N.; Brawley, V.S.; Hegde, M.; Robertson, C.; Ghazi, A.; Gerken, C.; Liu, E.; Dakhova, O.; Ashoori, A.; Corder, A.; et al. Hu-
man Epidermal Growth Factor Receptor 2 (HER2) -Specific Chimeric Antigen Receptor-Modified T Cells for the Immunotherapy
of HER2-Positive Sarcoma. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2015, 33, 1688–1696. [CrossRef]

140. Song, K.; Farzaneh, M. Signaling pathways governing breast cancer stem cells behavior. Stem Cell Res. Ther. 2021, 12, 245.
[CrossRef]

141. Lanzardo, S.; Conti, L.; Rooke, R.; Ruiu, R.; Accart, N.; Bolli, E.; Arigoni, M.; Macagno, M.; Barrera, G.; Pizzimenti, S.; et al.
Immunotargeting of Antigen xCT Attenuates Stem-like Cell Behavior and Metastatic Progression in Breast Cancer. Cancer Res.
2016, 76, 62–72. [CrossRef]

142. Quaglino, E.; Cavallo, F.; Conti, L. Cancer stem cell antigens as targets for new combined anti-cancer therapies. Int. J. Biochem.
Cell Biol. 2020, 129, 105861. [CrossRef]

143. Salazar-González, J.A.; Ruiz-Cruz, A.A.; Bustos-Jaimes, I.; Moreno-Fierros, L. Expression of Breast Cancer-Related Epitopes
Targeting the IGF-1 Receptor in Chimeric Human Parvovirus B19 Virus-Like Particles. Mol. Biotechnol. 2019, 61, 742–753.
[CrossRef]

https://doi.org/10.1080/2162402X.2017.1408746
https://doi.org/10.1016/j.smim.2020.101386
https://www.ncbi.nlm.nih.gov/pubmed/31932198
https://doi.org/10.3390/cancers13194778
https://www.ncbi.nlm.nih.gov/pubmed/34638263
https://doi.org/10.1002/stem.3381
https://doi.org/10.1038/s41598-021-81085-y
https://www.ncbi.nlm.nih.gov/pubmed/33452364
https://doi.org/10.1016/j.procbio.2022.10.020
https://doi.org/10.1080/2162402X.2017.1408749
https://www.ncbi.nlm.nih.gov/pubmed/29399414
https://doi.org/10.1371/journal.pone.0018727
https://doi.org/10.3390/cancers13122909
https://doi.org/10.3390/vaccines7020041
https://doi.org/10.3390/cancers12061492
https://doi.org/10.1038/s41598-018-38371-z
https://www.ncbi.nlm.nih.gov/pubmed/30778090
https://doi.org/10.1007/s12026-017-8969-0
https://doi.org/10.1002/bit.25537
https://www.ncbi.nlm.nih.gov/pubmed/25689082
https://doi.org/10.1002/ijc.23920
https://doi.org/10.1158/1078-0432.CCR-18-2275
https://www.ncbi.nlm.nih.gov/pubmed/30442682
https://doi.org/10.1200/JCO.2014.58.0225
https://doi.org/10.1186/s13287-021-02321-w
https://doi.org/10.1158/0008-5472.CAN-15-1208
https://doi.org/10.1016/j.biocel.2020.105861
https://doi.org/10.1007/s12033-019-00198-y


Int. J. Mol. Sci. 2023, 24, 12963 20 of 21

144. Jovanovic, I.P.; Pejnovic, N.N.; Radosavljevic, G.D.; Pantic, J.M.; Milovanovic, M.Z.; Arsenijevic, N.N.; Lukic, M.L. Interleukin-
33/ST2 axis promotes breast cancer growth and metastases by facilitating intratumoral accumulation of immunosuppressive and
innate lymphoid cells. Int. J. Cancer 2014, 134, 1669–1682. [CrossRef]

145. Tong, X.; Barbour, M.; Hou, K.; Gao, C.; Cao, S.; Zheng, J.; Zhao, Y.; Mu, R.; Jiang, H.-R. Interleukin-33 predicts poor prognosis
and promotes ovarian cancer cell growth and metastasis through regulating ERK and JNK signaling pathways. Mol. Oncol. 2016,
10, 113–125. [CrossRef] [PubMed]

146. Feng, X.; Liu, H.; Chu, X.; Sun, P.; Huang, W.; Liu, C.; Yang, X.; Sun, W.; Bai, H.; Ma, Y. Recombinant virus-like particles presenting
IL-33 successfully modify the tumor microenvironment and facilitate antitumor immunity in a model of breast cancer. Acta
Biomater. 2019, 100, 316–325. [CrossRef] [PubMed]

147. Kimura, T.; Finn, O.J. MUC1 immunotherapy is here to stay. Expert Opin. Biol. Ther. 2013, 13, 35–49. [CrossRef] [PubMed]
148. de Jesús Jiménez-Chávez, Á.; Nava-García, B.K.; Bustos-Jaimes, I.; Moreno-Fierros, L. B19-VLPs as an effective delivery system

for tumour antigens to induce humoral and cellular immune responses against triple negative breast cancer. Immunol. Lett. 2021,
239, 77–87. [CrossRef]

149. Mohsen, M.O.; Speiser, D.E.; Michaux, J.; Pak, H.; Stevenson, B.J.; Vogel, M.; Inchakalody, V.P.; de Brot, S.; Dermime, S.; Coukos,
G.; et al. Bedside formulation of a personalized multi-neoantigen vaccine against mammary carcinoma. J. Immunother. Cancer
2022, 10, e002927. [CrossRef]

150. Mohsen, M.O.; Vogel, M.; Riether, C.; Muller, J.; Salatino, S.; Ternette, N.; Gomes, A.C.; Cabral-Miranda, G.; El-Turabi, A.; Ruedl,
C.; et al. Targeting Mutated Plus Germline Epitopes Confers Pre-clinical Efficacy of an Instantly Formulated Cancer Nano-Vaccine.
Front. Immunol. 2019, 10, 1015. [CrossRef]

151. Eddy, K.; Shah, R.; Chen, S. Decoding Melanoma Development and Progression: Identification of Therapeutic Vulnerabilities.
Front. Oncol. 2020, 10, 626129. [CrossRef]

152. Dhanyamraju, P.K.; Patel, T.N. Melanoma therapeutics: A literature review. J. Biomed. Res. 2022, 36, 77–97. [CrossRef]
153. Brinkman, M.; Walter, J.; Grein, S.; Thies, M.J.W.; Schulz, T.W.; Herrmann, M.; Reiser, C.O.A.; Hess, J. Beneficial therapeutic

effects with different particulate structures of murine polyomavirus VP1-coat protein carrying self or non-self CD8 T cell epitopes
against murine melanoma. Cancer Immunol. Immunother. CII 2005, 54, 611–622. [CrossRef]

154. Speiser, D.E.; Schwarz, K.; Baumgaertner, P.; Manolova, V.; Devevre, E.; Sterry, W.; Walden, P.; Zippelius, A.; Conzett, K.B.; Senti,
G.; et al. Memory and effector CD8 T-cell responses after nanoparticle vaccination of melanoma patients. J. Immunother. 2010, 33,
848–858. [CrossRef] [PubMed]

155. Goldinger, S.M.; Dummer, R.; Baumgaertner, P.; Mihic-Probst, D.; Schwarz, K.; Hammann-Haenni, A.; Willers, J.; Geldhof, C.;
Prior, J.O.; Kündig, T.M.; et al. Nano-particle vaccination combined with TLR-7 and -9 ligands triggers memory and effector
CD8+ T-cell responses in melanoma patients. Eur. J. Immunol. 2012, 42, 3049–3061. [CrossRef] [PubMed]

156. Milhem, M.; Zakharia, Y.; Davar, D.; Buchbinder, E.; Medina, T.; Daud, A.; Ribas, A.; Niu, J.; Gibney, G.; Margolin, K.; et al.
304 Intratumoral injection of CMP-001, a toll-like receptor 9 (TLR9) agonist, in combination with pembrolizumab reversed
programmed death receptor 1 (PD-1) blockade resistance in advanced melanoma. In Regular and Young Investigator Award Abstracts;
BMJ Publishing Group Ltd.: London, UK, 2020; pp. A186–A187.

157. Ribas, A.; Medina, T.; Kirkwood, J.M.; Zakharia, Y.; Gonzalez, R.; Davar, D.; Chmielowski, B.; Campbell, K.M.; Bao, R.;
Kelley, H.; et al. Overcoming PD-1 Blockade Resistance with CpG-A Toll-Like Receptor 9 Agonist Vidutolimod in Patients with
Metastatic Melanoma. Cancer Discov. 2021, 11, 2998–3007. [CrossRef] [PubMed]

158. Gorry, C.; McCullagh, L.; O’Donnell, H.; Barrett, S.; Schmitz, S.; Barry, M.; Curtin, K.; Beausang, E.; Barry, R.; Coyne, I.
Neoadjuvant treatment for stage III and IV cutaneous melanoma. Cochrane Database Syst. Rev. 2023, 1, CD012974. [PubMed]

159. Zeltins, A.; West, J.; Zabel, F.; El Turabi, A.; Balke, I.; Haas, S.; Maudrich, M.; Storni, F.; Engeroff, P.; Jennings, G.T.; et al.
Incorporation of tetanus-epitope into virus-like particles achieves vaccine responses even in older recipients in models of
psoriasis, Alzheimer’s and cat allergy. NPJ Vaccines 2017, 2, 30. [CrossRef]

160. Mohsen, M.O.; Heath, M.D.; Cabral-Miranda, G.; Lipp, C.; Zeltins, A.; Sande, M.; Stein, J.V.; Riether, C.; Roesti, E.; Zha, L.; et al.
Vaccination with nanoparticles combined with micro-adjuvants protects against cancer. J. Immunother. Cancer 2019, 7, 114.
[CrossRef]

161. Wu, X.; Yin, Z.; McKay, C.; Pett, C.; Yu, J.; Schorlemer, M.; Gohl, T.; Sungsuwan, S.; Ramadan, S.; Baniel, C.; et al. Protective
Epitope Discovery and Design of MUC1-based Vaccine for Effective Tumor Protections in Immunotolerant Mice. J. Am. Chem.
Soc. 2018, 140, 16596–16609. [CrossRef]

162. Cheng, K.; Du, T.; Li, Y.; Qi, Y.; Min, H.; Wang, Y.; Zhang, Q.; Wang, C.; Zhou, Y.; Li, L.; et al. Dual-Antigen-Loaded Hepatitis B
Virus Core Antigen Virus-like Particles Stimulate Efficient Immunotherapy Against Melanoma. ACS Appl. Mater. Interfaces 2020,
12, 53682–53690. [CrossRef]

163. Besson, S.; Boucher, E.; Laurin, D.; Manches, O.; Aspord, C.; Hannani, D.; Fender, P. Stimulation of the immune system by a
tumor antigen-bearing adenovirus-inspired VLP allows control of melanoma growth. Mol. Ther. Methods Clin. Dev. 2023, 28,
76–89. [CrossRef]

164. Kamisawa, T.; Wood, L.D.; Itoi, T.; Takaori, K. Pancreatic cancer. Lancet 2016, 388, 73–85. [CrossRef]
165. Cubas, R.; Zhang, S.; Li, M.; Chen, C.; Yao, Q. Chimeric Trop2 virus-like particles: A potential immunotherapeutic approach

against pancreatic cancer. J. Immunother. 2011, 34, 251–263. [CrossRef]

https://doi.org/10.1002/ijc.28481
https://doi.org/10.1016/j.molonc.2015.06.004
https://www.ncbi.nlm.nih.gov/pubmed/26433471
https://doi.org/10.1016/j.actbio.2019.09.024
https://www.ncbi.nlm.nih.gov/pubmed/31542504
https://doi.org/10.1517/14712598.2012.725719
https://www.ncbi.nlm.nih.gov/pubmed/22998452
https://doi.org/10.1016/j.imlet.2021.09.002
https://doi.org/10.1136/jitc-2021-002927
https://doi.org/10.3389/fimmu.2019.01015
https://doi.org/10.3389/fonc.2020.626129
https://doi.org/10.7555/JBR.36.20210163
https://doi.org/10.1007/s00262-004-0655-0
https://doi.org/10.1097/CJI.0b013e3181f1d614
https://www.ncbi.nlm.nih.gov/pubmed/20842051
https://doi.org/10.1002/eji.201142361
https://www.ncbi.nlm.nih.gov/pubmed/22806397
https://doi.org/10.1158/2159-8290.CD-21-0425
https://www.ncbi.nlm.nih.gov/pubmed/34326162
https://www.ncbi.nlm.nih.gov/pubmed/36648215
https://doi.org/10.1038/s41541-017-0030-8
https://doi.org/10.1186/s40425-019-0587-z
https://doi.org/10.1021/jacs.8b08473
https://doi.org/10.1021/acsami.0c16012
https://doi.org/10.1016/j.omtm.2022.12.003
https://doi.org/10.1016/S0140-6736(16)00141-0
https://doi.org/10.1097/CJI.0b013e318209ee72


Int. J. Mol. Sci. 2023, 24, 12963 21 of 21

166. Li, M.; Bharadwaj, U.; Zhang, R.; Zhang, S.; Mu, H.; Fisher, W.E.; Brunicardi, F.C.; Chen, C.; Yao, Q. Mesothelin is a malignant
factor and therapeutic vaccine target for pancreatic cancer. Mol. Cancer Ther. 2008, 7, 286–296. [CrossRef]

167. Lv, J.; Li, P. Mesothelin as a biomarker for targeted therapy. Biomark. Res. 2019, 7, 18. [CrossRef] [PubMed]
168. Zhang, S.; Yong, L.-K.; Li, D.; Cubas, R.; Chen, C.; Yao, Q. Mesothelin virus-like particle immunization controls pancreatic cancer

growth through CD8+ T cell induction and reduction in the frequency of CD4+ foxp3+ ICOS- regulatory T cells. PLoS ONE 2013,
8, e68303. [CrossRef] [PubMed]

169. Davis, E.J.; Martin-Liberal, J.; Kristeleit, R.; Cho, D.C.; Blagden, S.P.; Berthold, D.; Cardin, D.B.; Vieito, M.; Miller, R.E.; Hari Dass,
P.; et al. First-in-human phase I/II, open-label study of the anti-OX40 agonist INCAGN01949 in patients with advanced solid
tumors. J. Immunother. Cancer 2022, 10, e004235. [CrossRef]

170. Rolfo, C.; Giovannetti, E.; Martinez, P.; McCue, S.; Naing, A. Applications and clinical trial landscape using Toll-like receptor
agonists to reduce the toll of cancer. npj Precis. Oncol. 2023, 7, 26. [CrossRef] [PubMed]

171. Monroy-García, A.; Gómez-Lim, M.A.; Weiss-Steider, B.; Hernández-Montes, J.; Huerta-Yepez, S.; Rangel-Santiago, J.F.; Santiago-
Osorio, E.; de Lourdes Mora García, M. Immunization with an HPV-16 L1-based chimeric virus-like particle containing HPV-16
E6 and E7 epitopes elicits long-lasting prophylactic and therapeutic efficacy in an HPV-16 tumor mice model. Arch. Virol. 2014,
159, 291–305. [CrossRef]

172. Martin Caballero, J.; Garzón, A.; González-Cintado, L.; Kowalczyk, W.; Jimenez Torres, I.; Calderita, G.; Rodriguez, M.; Gondar,
V.; Bernal, J.J.; Ardavín, C.; et al. Chimeric infectious bursal disease virus-like particles as potent vaccines for eradication of
established HPV-16 E7-dependent tumors. PLoS ONE 2012, 7, e52976. [CrossRef]

173. Jemon, K.; Young, V.; Wilson, M.; McKee, S.; Ward, V.; Baird, M.; Young, S.; Hibma, M. An enhanced heterologous virus-like
particle for human papillomavirus type 16 tumour immunotherapy. PLoS ONE 2013, 8, e66866. [CrossRef]

174. Gomes, A.C.; Flace, A.; Saudan, P.; Zabel, F.; Cabral-Miranda, G.; Turabi, A.E.; Manolova, V.; Bachmann, M.F. Adjusted Particle
Size Eliminates the Need of Linkage of Antigen and Adjuvants for Appropriated T Cell Responses in Virus-Like Particle-Based
Vaccines. Front. Immunol. 2017, 8, 226. [CrossRef]

175. Zhang, Y.; Song, S.; Liu, C.; Wang, Y.; Xian, X.; He, Y.; Wang, J.; Liu, F.; Sun, S. Generation of chimeric HBc proteins with epitopes
in E. coli: Formation of virus-like particles and a potent inducer of antigen-specific cytotoxic immune response and anti-tumor
effect in vivo. Cell. Immunol. 2007, 247, 18–27. [CrossRef] [PubMed]

176. Ding, F.-X.; Wang, F.; Lu, Y.-M.; Li, K.; Wang, K.-H.; He, X.-W.; Sun, S.-H. Multiepitope peptide-loaded virus-like particles as a
vaccine against hepatitis B virus-related hepatocellular carcinoma. Hepatology 2009, 49, 1492–1502. [CrossRef] [PubMed]

177. Donaldson, B.; Al-Barwani, F.; Pelham, S.J.; Young, K.; Ward, V.K.; Young, S.L. Multi-target chimaeric VLP as a therapeutic
vaccine in a model of colorectal cancer. J. Immunother. Cancer 2017, 5, 69. [CrossRef] [PubMed]

178. Pejawar-Gaddy, S.; Rajawat, Y.; Hilioti, Z.; Xue, J.; Gaddy, D.F.; Finn, O.J.; Viscidi, R.P.; Bossis, I. Generation of a tumor vaccine
candidate based on conjugation of a MUC1 peptide to polyionic papillomavirus virus-like particles. Cancer Immunol. Immunother.
2010, 59, 1685–1696. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1158/1535-7163.MCT-07-0483
https://doi.org/10.1186/s40364-019-0169-8
https://www.ncbi.nlm.nih.gov/pubmed/31463062
https://doi.org/10.1371/journal.pone.0068303
https://www.ncbi.nlm.nih.gov/pubmed/23874581
https://doi.org/10.1136/jitc-2021-004235
https://doi.org/10.1038/s41698-023-00364-1
https://www.ncbi.nlm.nih.gov/pubmed/36890302
https://doi.org/10.1007/s00705-013-1819-z
https://doi.org/10.1371/journal.pone.0052976
https://doi.org/10.1371/journal.pone.0066866
https://doi.org/10.3389/fimmu.2017.00226
https://doi.org/10.1016/j.cellimm.2007.07.003
https://www.ncbi.nlm.nih.gov/pubmed/17707782
https://doi.org/10.1002/hep.22816
https://www.ncbi.nlm.nih.gov/pubmed/19206147
https://doi.org/10.1186/s40425-017-0270-1
https://www.ncbi.nlm.nih.gov/pubmed/28806910
https://doi.org/10.1007/s00262-010-0895-0

	Introduction 
	Virus-like Particles (VLPs): An Overview 
	Cancer Prevention through VLP-Based Vaccines 
	VLP Vaccines for the Prevention of HBV Infection and Related Cancers 
	VLP Vaccines for the Prevention of HPV Infection and Related Cancers 
	VLP Vaccines against Other Viruses-Causing Cancers 

	Target Antigens for Therapeutic Cancer Vaccines 
	Prophylactic and Therapeutic VLP Cancer Vaccines for Breast Cancer 
	VLP Vaccines against HER-2 
	Other Breast Cancer Antigens 
	Targeting of Neoantigens through VLPs 

	VLP Cancer Vaccines in Melanoma Treatment 
	VLP Vaccines in Other Cancer Types 
	Conclusions 
	References

