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Abstract: Nanotechnology has provided an opportunity for unparalleled development of the treatment of
various severe diseases. The unique properties of nanoparticles offer a promising strategy in enhancing
antitumor immunity by enhancing immunogenicity and presentation of tumor autoantigens for cancer
immunotherapy. Polymeric, liposomal, carbon or silica-based nanoparticles are among those with major
immunomodulatory roles in various cancer treatments. Cancer vaccines, in particular digestive cancer
vaccines have been researched and developed on nanotechnological platforms. Due to their safety, controlled
release, targeting of dendritic cells(DCs) and improved antigen uptake, as well as enhanced immunogenicity,
nanoparticles have been used as carriers, as adjuvants for increased effect at the tumor level, for their
immunomodulating effect, or for targeting tumor microenvironment, increasing tumor immunogenicity and
reducing tumor inflamatory response. This review looks at digestive cancer vaccines developed on
nanoparticle platforms and the impact nanoparticles have on the effects of these vaccines.
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1. Introduction

The use of nanotechnology in medicine has provided an opportunity for unparalleled
development of the treatment of various severe diseases. The unique properties of
nanoparticles(NPs), such as small size and higher surface-to-volume ratio, the ability to encapsulate
different drugs and tunable surface chemistry, offer many advantages over already existing
technologies: efficient navigation of the nanoparticle complex in vivo, multivalent surface
modification for greater accuracy, increased intracellular trafficking, addition of charged particles to
increase target selectivity or sustained drug release. Nanoparticles can thus be an ideal candidate in
medical applications for the most widespread and challenging health problems, such as cancer.
Nanotechnology offers a promising strategy in enhancing antitumor immunity by enhancing
immunogenicity and presentation of tumor autoantigens for cancer immunotherapy.

Nanoparticles may be useful as a new platform for vaccine development [1]. Most vaccines
used contain live, attenuated, killed or fragmented pathogens; and due to their complex nature, the
quality of such vaccinations varies significantly from batch to batch and adverse effects such as those
associated with polio or rubella vaccine may occur. The use of nanoparticles in the development of
new vaccines can offer important advantages, such as a more efficient targeting of
antigen-presenting cells [2,3]. Functionalized nanoparticles can be obtained by coating
biodegradable polymer nanoparticles with cancer cell membranes [4]. These carrier nanoparticles
can function as an effective antigen delivery system, increasing or facilitating antigen uptake by
antigen-presenting cells, such as dendritic cells and macrophages. These cancer cell
membrane-coated NPs display multiple membrane antigens in common with cancer cell membranes
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that enable them to have immunogenic or surface drug delivery functionalities. For cancer
immunotherapy, endogenous antigen-carrying nanoparticles (EAC-NPs) can have an enhanced
immunogenic effect by incorporating immunological adjuvants such as mono phosphoryl lipid A
[5], leading to enhanced antigen uptake for immune presentation and activation (Figure 1).
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Figure 1. Schematic illustration of the endogenous antigen-carrying nanoparticles (EAC-NPs)
EAC-NP formation and the mechanisms of EAC-NP-induced cancer immunotherapy. A) Schematic
illustration of the preparation of HSP70-chaperoned polypeptides HCP+CpG@NPs-CD80 Ab vesicles
and induction of T-cell immune responses. B) Partial magnification of (A). Once phagocytosis occurs,
antigen-presenting cells are activated through two signaling pathways: antigen signaling and TLR
signaling. After activation, APCs deliver antigen signaling to T lymphocytes, which differentiate into
helper T (Th) cells and CTLs, even produce memory T cells. Reproduced with permission from [5].

2. Types of immunostimulating nanoparticles

Nanoparticles with immunostimulatory effects are widely used in cancer immunotherapy, are
summarized in Table 1 and discussed in the following sections.

Table 1. Nanoparticles with immunostimulatory effects in cancer immunotherapy.

Type of NP Associations Effects
Induce a higher T-cell
Dendrimers ova mediated immune response
CpG-ODNs p

[6,7]
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OVA Increases antigen-specific
Liposomes CpG-ODN immunity mediated by DCs
SLPs antigens and CD8+ T cells [8,9]
OVA Accumulation of NPs at the
Magnetic/Iron oxide NPs IFN-y tu'mor site'which stimulate
poly (I:C) anti-tumor immune response
imiquimod [10,11]
Trp2 Antigen specific humoral and
Micelles CpG- ODN cellular immune response
OVA [12,13]
Induses both antibody and
Doxorubicin(DOX) cell -mediated immune
MSNs OVA responses, strong CD8+ T
CpG-ODN cells response and enhanced
anti-tumor activity [14-17]
OVA Strong CD4+ T, CD8+ T
MWCNTs CpG-ODN cell-mediated immune
NY-ESO response [18,19]
TR agonists T herapy by
Nanoemulsions OVA

activating DCs, T cells,

long peptide of E7 antigen reprogramming TME [20,21]

Effective delivery of antigen
to DCs with strong antigen

Nanogels OVA and poly (1) specific adaptive immunity
[22-24]
. Enhances antigen specific
PLGA TLII{)ZI/ 8 (aIg(c:))n ist response by increased uptake
v on NP by DCs [25,26]
NY-ESO-1 Significant antigen- specific
Protein NPs MAGE A3 cell- mediated immune
CpG-ODN response [27,28]
Enhances the efficacy of
VLPs CpG-ODNis CpG-ODNs against tumor

and induced a potent
antitumor response [29,30]

Dendrimers have shown promise in stimulating the immune system. Xu et al used
guanidinobenzoic acid (DGBA) modified polyamidoamine dendrimers to co-deliver OVA and
CpG-ODN, which were efficiently taken up by dendritic cells (DCs) and promoted their maturation
and antigen presentation [6] . This nanovaccine induced CD8+ T cell immune responses and
demonstrated prophylactic efficacy against B16-OVA melanoma. In combination with immune
checkpoint blockade therapy (ICBT) , this vaccine showed synergistic effects on T cell antitumor
response. Chen et al developed methoxy polyethylene glycol decorated dendrimer-entrapped gold
nanoparticles (PEG-Au DENPs) for CpG-ODN delivery to DCs, promoting DC maturation and
activating T cells for an adaptive antitumor immune response [7] .

Liposomal nanoparticles are very useful vehicles in pharmacology, but also as a means of
delivering antigens to antigen-presenting cells (APCs) or with an adjuvant role in mediating the
specific immune response. Liposomes modified with pH-sensitive dextran, loaded with ovalbumin,
were efficiently absorbed by dendritic cells, causing an effective antitumor immune response in
E.G7-OVA tumor-bearing mice [8]. Also, liposomes can be used to deliver long synthetic peptides to
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dendritic cells, activating antigen presentation and the immune response mediated by CD8+
cytotoxic T cells [9].

Superparamagnetic iron oxide nanoparticles are useful in oncological diagnosis, but they are
capable of therapeutic effects, being useful in cancer theranostic applications [10]. Luo L and
colleagues proposed the loading of iron oxide nanocomposites with OVA in order to efficiently
mature dendritic cells and activate T cells. They showed that these nanocomposites induced a
competent antitumor immune response through the simultaneous activation of macrophages.
Applied to murine models, these biofunctionalized nanocomposites had significant antitumor
effects for B16-OVA tumors [11].

Micelles have shown promise as effective nanocarriers to enhance the efficacy of cancer
vaccines by delivering antigens and adjuvants. Zeng et al used polymer hybrid micelles (PHMSs) to
encapsulate melanoma antigen peptides and TLR-9 agonists, observing successful lymph node
targeting and payload internalization by dendritic cells [12]. This co-delivery system stimulated
antigen-specific CD8+ T cell immune responses and demonstrated potent antitumor effects in a lung
metastatic melanoma model. In another study, Li et al developed PHMs using specific polymers and
observed that these micelles effectively induced stronger antigen-specific CD8+ T cell immune
responses and antitumor efficacy compared to mixtures of free antigen and adjuvant [13]. In
addition, carboxylated polymer mixed micelles were used to co-deliver antigens and TLR-7 agonist,
resulting in enhanced dendritic cell maturation, cytokine secretion, and antigen cross-presentation,
ultimately leading to a potent antigen-specific immune response. Furthermore, immunization with
these nanovaccines significantly inhibited tumor growth in experimental mice.

Silicon nanoparticles are used due to their acceptable biocompatibility and characteristic
porosity in various fields such as bioimaging, tumor localization, or transport of vaccine or drug
molecules [14]. Furthermore, because of their low cytotoxicity and easily adaptable morphology,
gold nanoparticles are used in macrophage activation and T cell response triggering. Ong et al
showed in 2019 that mesoporous silicon nanoparticles (MSN) decorated with gold nanoparticles can
be loaded and can deliver large amounts of CpG-ODNss to the tumor. Thus, a specific antigen was
generated at the tumor level, which was processed and presented by tumor infiltrated dendritic
cells, activating and triggering a specific immune response [15].

Liu et al fabricated a mesoporous silicon nanoparticle (MSN) engraved with polyethyleneimine,
then used it as a nucleotide delivery agent in an experimental model. Using the tyrosinase-related
protein-2 molecule as an antigen, they obtained an increased cellular absorption of the antigen and
dendritic cell maturation, confirmed by high levels of pro-inflammatory cytokines and the
costimulatory molecules of the immune response, CD86 and CD83 [16]. Cha and colleagues
prepared MSNs with a particle size of 100-200 nm, used OVA as an antigen and unmethylated CpG
as a TLR9 agonist. They showed that, compared to free OVA, this nanoparticulate complex increased
the expression of CD86, necessary for the priming of cytotoxic T lymphocytes, together with the
major histocompatibility complex I, and produced the highest level of antigen presenting cells
(APCs) [17].
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Figure 2. (a) Fluorescent images of mouse injected with RITC-labeled XL-MSNs subcutaneously on
abdomen region, showing targeting of XL-MSNs to the draining lymph node (white dotted circle).
(b) OVA-specific and (c) intracellular cytokine secreting CTLs in the spleens of vaccinated mice
measured in flow cytometry (n = 6). Error bars, mean +s.d. *P <0.05. (d) Proliferation of CFSE-labeled
OVA-specific CD8+ T cells in the lymph node (red line: XL-MSN + OVA + CpG, black line: control),
Reproduced with permission from [17].

Carbon nanotubes have also been used to induce immunostimulatory effects both in vitro and
in vivo. Dong et al assembled an antigen delivery system using mannose modified multi-walled
carbon nanotubes, that are able to bind specifically to the mannose receptor on the dendritic cell
membrane [18]. Loading the nanotubes thus prepared with an antigen, in the model the antigen
used was ovalbumin (OVA), they showed that this system has a low cytotoxicity and demonstrated
the efficient incorporation of the nanotube-antigen complex at the level of dendritic cells and their
maturation in order to release cytokines in vitro. Xia et al developed a nano-delivery system for
Cytosine -Guanine Oligodeoxynucleotides (CpG ODNSs) based on multi-walled carbon nanotubes
(MWCNTSs) conjugated with H3R6 polypeptide for prostate cancer immunotherapy. The in vivo
anticancer efficacy study on RM-1 tumor-bearing mice demonstrated that this nanotube system
could deliver immunotherapeutics to the tumor site and could suppress tumor growth [19].

Nanoemulsions (NEs) are used as adjuvants or antigen delivery vehicles to enhance antitumor
immune responses. Tailored NEs functionalized with the C-type lecitin receptor (Clec9A) have been
developed for antigen-specific immunotherapy by efficiently targeting and activating DCs and
inducing antigen-specific T cell responses [20] . Encapsulation of tumor antigens such as HPV16
E6/E7 in Clec9A nanoemulsions inhibited tumor growth and stimulated strong immune responses.
NEs loaded with Toll-like receptor 7/8 (TLR7/8) agonists and tumor antigens activated DCs and T
cells, while modulating the immunosuppressive tumor microenvironment. Combining NE
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treatment with immune checkpoint blockade therapy (ICBT) synergistically induced antitumor
immune responses [21] .

Nanogels have emerged as effective antigen or protein delivery systems in cancer
immunotherapy. Wang et al developed pH-sensitive galactosyl dextran-retinal (GDR) nanogels for
targeted delivery of OVA into dendritic cells (DCs), enhancing DC maturation and antigen uptake
[22] . Additionally, cationic dextran nanogels conjugated with OV A enabled intracellular release in a
reductive environment, promoting DC maturation and generating strong antitumor responses when
combined with the adjuvant poly (I:C) [23] . Carboxyl group modified cholesterol-bearing pullulan
self-assembly nanogels have also been developed for OVA delivery into DCs, inducing significant
adaptive immune responses [24] .

Polymeric nanoparticles are among the most used due to their biocompatibility,
biodegradability, loading capacity, stable chemical properties and water solubility. Of these, PLGA
(poly-lactic co-glycolic acid), PGA (poly glutamic acid), PLG (poly lactide co-glycolic), PEG
(polyethylene glycol), PEI (polyethyleneimine) or chitosan are among the most used as adjuvants of
anticancer vaccines due to the immunostimulatory effect. In association with the toll-like receptor
7/8(TLR 7/8), PLGA nanoparticles lead to a significant increase in the expression of the TLR agonist
and to a more intense stimulation of dendritic cells [25]. Subcutaneous administration leads to a
concentration of nanoparticles in the lymph nodes, where they activate the immune response
mediated by dendritic cells and cytotoxic CD8+ cells. In combination with TLR agonists, PLGA NPs
lead to a significant increase in the antitumor immune response of anticancer vaccines in the murine
experimental models of da Silva et al [26].

Protein nanoparticles have demonstrated their effectiveness as vaccine platforms for delivering
tumor antigens and adjuvants, thereby eliciting a potent anti-tumor immune response. In a study by
Molino et al , biomimetic protein nanoparticles were successfully utilized to co-deliver peptide
epitopes and CpG-ODN activators to dendritic cells (DCs) [27]. This approach led to heightened and
sustained activation of CD8+ T cells, along with improved antigen cross-presentation. Another study
revealed that the concurrent administration of melanoma-associated gp100 epitope and CpG-ODN,
utilizing viral mimicking protein nanoparticles, substantially enhanced CD8+ T cell proliferation
and secretion of IFN-vy [28].

Virus-like particles (VLPs) emerged as a promising nanovaccine platform for enhancing cancer
immunotherapy. Lizotte et al has shown that self-assembled VLPs derived from cowpea mosaic
virus (CPMV) can significantly reduce lung melanomas and induce a potent systemic antitumor
immune response in mice [29]. Also, encapsulation of CpG-ODNs into VLPs derived from Cowpea
chlorotic mottle virus (CCMV) has enabled targeted delivery to tumor-associated macrophages
(TAMSs) in the tumor microenvironment, enhancing their phagocytic activity and promoting more
effective antitumor responses both in vitro and in vivo [30].

3. Types of Vaccines against cancer

Depending on the mechanism of action, anticancer vaccines can be divided into three large
groups: cellular vaccines, protein or peptide vaccines and genetic vaccines (RNA, DNA or viral
particles) [31].

Cell vaccines can use autologous tumor cells. These are inactivated by irradiation and are
usually used in combination with adjuvant molecules. The mechanism of action consists in
activating the specific and unique immune response to the type of cancer of the patient, these
immune cells being exposed to the entire spectrum of antigens associated with the respective tumor.
The disadvantage of this approach specific to the tumor in question is that it requires a sufficient
tumor volume for the sampling and preparation of tumor cell specimens for vaccine production [32].

From this point of view, the use of predetermined cell lines allows the creation of allogenic cell
vaccines, which can be produced for specific types of cancer.

Another approach is represented by the use of autologous dendritic cells activated by exposure
to tumor-associated antigens and the augmentation of the cellular response by exposure to adjuvant
molecules [33,34]. Dendritic cells, with the role of antigen presenters, are autologously inoculated,


https://doi.org/10.20944/preprints202402.0111.v1

Preprints.org (Wwww.preprints.org) | NOT PEER-REVIEWED | Posted: 2 February 2024 doi:10.20944/preprints202402.0111.v1

activated, as is the case with Sipuleucel-T, approved in the treatment of metastatic prostate cancer
[35].

Protein or peptide vaccines use tumor-associated antigens to elicit an immune response to these
antigens, which are overexpressed in tumor tissue, but too little in the rest of normal tissue types.
The association of these antigens with adjuvant immunomodulatory factors increases the
effectiveness of this type of vaccine [36].

Genetic vaccines use DNA, RNA or viral particles, whose genetic information is presented to
antigen-presenting cells, to be later translated into tumor-specific antigens or antigenic fragments
[37]. RNA vaccines, especially mRNA vaccines, are associated with fewer side effects than DNA
vaccines, being more rapidly degraded in the target organism (Figure 3).
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Figure 3. Cancer vaccines can be composed of various platforms to deliver specific tumor antigens.
These platforms offer advantages such as simpler manufacturing and flexibility in vaccine delivery.
Cell-based vaccines, like dendritic cell (DC) vaccines, allow targeted loading of antigens and
manipulation in vivo. However, standardizing manufacturing and quality assessment poses
challenges. As our understanding of the immune system grows, there is potential for more efficient
and intelligent design of cancer vaccine platforms. These vaccines can be used alone or in
combination with other cancer therapies, expanding the scope of cancer immunotherapy as the
fourth pillar in oncology, alongside surgery, chemotherapy, and radiation.

Cancer immunotherapy and immunoprophylaxis represent an exciting field of application for
synthetic RNA technology. It's shortcomings are mainly caused by the instability in vivo and the
rapid natural clearance in the body of the synthetic RNA. Nanoparticles can be functionalized to
provide a delivery platform for mRNA-based vaccines. Dendritic cells can be activated with tumor
RNA, generating a systemic immune antitumor response. The main disadvantage is the rapid
degradation of RNA molecules in the target organism. The encapsulation of tumor RNA molecules
inside liposomal nanoparticles can provide the necessary protection to significantly improve the
effectiveness of an RNA vaccine. The size of these nanoparticles must be able to condense the mRNA
molecules, protect them from degradation and rapid clearance from the body, and also avoid
unwanted delivery destinations. These characteristics, which can be designed in certain
nanoparticles, can be useful in mediating the interaction of some adjuvant molecules, capable of
modulating and potentiating the specific immune response induced by the mRNA vaccine [38].

Dai et al used a nanoliposome - tumor RNA complex, with RNA extracted from colorectal
cancer tumor cells (CT-26) and developed it into a vaccine with significant antitumor immunological
efficiency demonstrated in murine experimental models [39]. The antitumor effects of oxaliplatin in
association with this RNA vaccine were also improved.
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Mohammad Ariful Islam and collaborators demonstrate a concept consisting of a nanoparticle
associated with an mRNA-based vaccine, using an experimental murine model with tumor
allografts of prostate cancer and colorectal cancer expressing Ovalbumin [40]. Thus, an mRNA
encoded for ovalbumin (OVA) and an agonist of toll-like receptors 7 and 8, Requisimob (R848), were
embeded into a lipidic nanoparticle and coated with polyethylene glycol (LNP-PEG). This
NP-mRNA vaccine formulation preserved the adjuvant activity of encapsulated R848 and
significantly improved mRNA transfection efficiency (>95%) and subsequent major
histocompatibility complex (MHC) class I presentation of OVA mRNA-derived antigen in
antigen-presenting cells. This approach with the lipid-NP and R848 adjuvated pulsed mRNA
vaccine induced an effective adaptive immune response by significantly enhancing the expansion of
anti-OVA-specific CD8 + T cells and infiltration of these cells into the tumor bed in vivo, relative to
unadjuvated NP mRNA vaccine. In the murine model, effective antitumor immunity was achieved
against OVA, expressed in the syngeneic allograft of lymphoma and prostate cancer, resulting in
significant prevention of tumor growth when the vaccine was administered prior to tumor
engraftment (84% reduction vs. control) and suppression of tumor growth when administered after
engraftment (60% reduction vs. control).

Lipid nanoparticles (LNPs) can also be used in the targeted delivery of therapeutic molecules
up to the level of lymph nodes [41]. These LNPs can be loaded with nucleic acids in significant
quantities, with their release in the cytoplasm of the target cells. Onpattro is one such commercially
available LNP that can transport small RNA molecules of the siRNA type. The addition of some
helper lipid molecules, such as distearolyphosphatidylcholine and cholesterol provides stability to
the charged LNP molecules [42,43].

Vaccines based on viral particles use the ability of these viruses, such as HSV or those from the
poxviridae family, to determine the production of specific viral peptides at the level of infected cells
[44].

Photodynamic therapy has a generally low and insufficient antitumor effect, but it aggravates
the hypoxia of tumor cells, possibly even favoring the survival and metastasis of cancer cells.

Cai et al built a model of nanoparticles based on a metal-organic framework with the aim of
combining photodynamic therapy, antihypoxic signaling and a CpG type adjuvant in order to obtain
an in situ antitumor vaccine. These NPs, self-assembled from meso-Tetra(4-carboxyphenyl)porphine
(H2TCPP) ions and zirconia with hypoxia-inducible factor signaling inhibitor and loaded with
immunological adjuvant (CpG ODNSs) and hyaluronic acid (HA) coating on the surface, specifically
target cancer cells overexpressing the CD44 receptor. Photodynamic therapy generates multiple
tumor antigens at the tumor level through cell destruction, without determining the hypoxic
signaling effects suppressed by the presence of signaling inhibitor, and the presence of the CpG
ODN adjuvants generates a strong antitumor immune response, which eliminates residual tumor
cells [45].

4. Vaccines in digestive tract cancers

In 2003, Liang Wei et al published a study describing the use of an autologous vaccine using
tumor cells combined with the Newcastle disease virus in patients with malignant tumors of the
digestive tract who underwent surgical and radiochemotherapy treatment, obtaining an increase in
the average survival period in the long term with one year [46].

Different types of vaccine have been tested in colorectal cancer. from peptides such as
carcino-embryonic antigen (CEA), melanoma-associated antigen (MAGE) or mutant neoantigens
such as mutant KRAS peptide to combinations of peptide molecules of tumor-associated antigens
and amputated BCG vaccine [47]. Even if in experimental studies they had antitumor effects and
also determined an immune response, these vaccines did not develop a significant antitumor
response in phase I and II clinical rials.

In 2013, Kimura et al presented a clinical study conducted in patients diagnosed with advanced
adenomas of the colon, who were administered a vaccine containing a tumor-associated antigen,
MUC1 [48]. This is a glycoprotein identified as tumor- associated antigen. After administration, 44%
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of subjects developed anti-MUC1 antibodies. In the patients who did not present an adequate
immune response, a peculiarity was discovered: they had a significantly higher pre-vaccination
concentration of suppressive myeloid cells in the peripheral blood mononuclear population of
leucocytes. This type of cells has an intense suppressive role of the immune response mediated by T
lymphocytes [49].

Wang et al presented an experimental model of polydopamine nanoparticles carrying tumor
cell lysate as a potential vaccine for colorectal cancer immunotherapy [50]. Polydopamine
nanoparticles (NP-PDA) were prepared by self-polymerization of dopamine, on the surface of which
the product obtained by tumor cell lysis (TCL) was attached. The loading capacity was 0.96mg TCL
at 2mg NP-PDA, and the resulting loaded nanoparticles had a size of 241.9 nm, perfect storage
stability and negligible cytotoxicity against dendritic cells. Tumor-bearing mice vaccinated with
tumor lysate-loaded nanoparticles showed significant delays in tumor progression due to the
sufficient amount of TCLs and M1 tumor-associated macrophages, as well as the deficient number of
immunosuppression related cells in the tumor tissues. Moreover, hollow PDA NPs demonstrated an
ability to modulate dendritic cell maturation and delayed tumor development by facilitating the
production of activated T cells and decreasing the subpopulation of myeloid-derived suppressor
cells in the tumor microenvironment [51]. Nanoparticles show the ability to protect the antigen
against natural degradation mechanisms inside the body, until delivery to the target cells [52]. They
can serve as a reservoir for the controlled release of antigen, increasing its availability for immune
cells and implicitly the intensity and quality of the immune response. At the same time, they can
modulate the type of immune responses induced when used alone or in combination with other
immunostimulatory compounds [53].

Tumor-associated antigens (TAA) and activated dendritic cells have been incorporated into
experimental vaccines against gastric cancer, but with limited effectiveness. Even though phase I
clinical studies showed safety in administration, the antitumor efficiency was insignificant [54].
Ajani et al conducted a multicenter study testing a peptide vaccine, G17DT(Gastrimmune), which
neutralizes gastrin 17, in combination with chemotherapy in patients with metastatic
gastroesophageal cancer. Out of 94 patients tested, 65 produced an immune response, and they had
a longer period to disease progression and a longer survival period than those who did not develop
an immune response [55]. Fujiwara tested a vaccine cocktail based on the HLA-24 antigen ligand
peptide containing the new testicular cancer antigen and a multitude of antiangiogenic peptides
derived from DEPC1, URLC10, FOXM1, KIF20A and VEGEFRI1 in patients with metastatic gastric
cancer refractory to chemotherapy. The study was limited and only of the first phase, but it
demonstrated safety and the patients developed a significant immune response mediated through
cytotoxic T lymphocytes [56]. However, clinical efficacy was not observed.

The modern therapeutic vision in gastric cancer combines antitumor therapy with the use of
nanoparticles with the role of modulating the tumor microenvironment, the degradation of the
extracellular matrix and inhibition of tumor angiogenesis, through processes of lipid peroxidation,
apoptosis or autophagocytosis. Preliminary studies suggest that this approach is effective in
reducing the rate of resistance to cytostatic drugs and overcoming the therapeutic barriers associated
with their toxicity [57].

In the case of hepatocellular cancer, TAA-based vaccines have not proven clear clinical benefits.
Alpha-fetoprotein (AFP) is expressed in 80% of hepatocarcinomas, so Butterfield et al included the
AFP vaccine in a phase I and II trial. Even if it determined the appearance of an immune reaction of
T cells, the antitumor effect of the vaccine could not be demonstrated [58]. Peptide vaccines have
been tried in combination with chemotherapy in limited groups of patients, with inconsistent results
from the perspective of the correlation of the immune response with the clinical antitumor response.
Optimizing the composition and physico-chemical characteristics of the nanoparticles allowed safe
delivery to the liver tumor, eradicating up to 70% of the hepatocellular tumor in an experimental
murine model [59].

CA 19-9 is a tumor-associated antigen intensively expressed in pancreatic cancer, therefore it
was used as a target antigen for the production of anti-CA 19-9 antibodies, and these in turn
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represented a protective factor against the progression of pancreatic cancer within murine
experimental models. That is why this antigen can be a candidate for the development of an
antitumor vaccine against pancreatic cancer [60].

Antigens specific to pancreatic cancer tumor cells show an important genetic variability, due to
their genetic instability. These antigens can be used to sensitize dendritic cells, which subsequently
cause an immune response from CD4+ lymphocytes [61]. MUC-1 peptide is also able to determine an
antitumor immune response mediated by dendritic cells in patients with metastatic pancreatic
cancer [62].

5. The tumor microenvironment

Understanding the microenvironment of tumor cells has resulted in the formulation of
strategies aimed at augmenting the antitumor efficacy of diverse cytotoxic agents, while
concurrently enhancing their targeted delivery at the tumor level. This involves the incorporation of
inhibitory factors of the inflammatory response to cytotoxic agents within nanoparticulate
complexes.

Although dendritic cells (DCs) are typically not abundant at tumor sites, investigations have
established a correlation between higher densities of DC populations and improved clinical
outcomes, thereby indicating their potential role in regulating cancer progression. Certain subsets of
these dendritic cells possess the ability to activate CD4+ helper T cells and CD8+ cytotoxic T cells,
both of which are immune cells capable of restraining tumor growth. Experimental models have
demonstrated the contribution of dendritic cells to the efficacy of cancer immunotherapies,
including the utilization of immune checkpoint blockers such as anti-PD-1. (Figure 4).
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Figure 4. The role of DCs in tumor immunity. DCs present antigens to naive T cells, leading to T cell
activation and transformation into cytotoxic T lymphocytes (CTLs). CTLs can then attack tumor
cells through direct killing or IFN-y dependent pathways. Nanoparticles (NPs) modified with
antigens and adjuvants have two main functions: (1) they specifically deliver antigens to DCs, and
(2) they promote DC maturation and CTL activation either by antigen presentation or with the help
of adjuvants. This results in the activation and expansion of CD4+ and CD8+ T cells, granting them
cytotoxic abilities or helper functions, such as IFN-y secretion.

Tumor-associated macrophages (TAMs) have recently garnered significant attention due to
their crucial roles in tumor metastasis and therapeutic resistance. TAMs are derived from circulating
lymphocyte antigen 6C + (Ly6C) and monocytes originating from the bone marrow as well as from
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reservoirs located in the spleen [63]. Upon infiltration into tumors, monocyte-derived macrophages
receive inflammatory signals mediated by cytokines released locally from stressed and dying tumor
cells [64]. M1 macrophages are involved in proficient antigen presentation and pathogen
eradication; they secrete substantial amounts of pro-inflammatory cytokines and promote TH1 cell
responses. On the other hand, M2 macrophages exhibit heightened phagocytic activity but produce
lower levels of pro-inflammatory cytokines and higher levels of anti-inflammatory cytokines such as
interleukin (IL)-10; these macrophages aid in the resolution of inflammation. Different phenotypes
of TAMs can either expedite tumor growth (M2-like cells) or possess tumoricidal roles (M1-like cells)
[51]. Rodell et al. demonstrated that R848, an agonist of the toll-like receptors TLR7 and TLRS that
was identified in a morphometry-based screen, is a potent inducer of the M1 phenotype in vitro.
Furthermore, they found that R848-loaded (3-cyclodextrin nanoparticles (CDNP-R848) lead to drug
efficacy in tumor-associated macrophages in vivo [65].

Although antiapoptotic protein 1 therapy holds promise as an anticancer treatment, it is
plagued by a high incidence of adaptive resistance characterized by the up-regulation of alternative
immune checkpoints [66]. However, a dual glutathione/pH-based nanoplatform has emerged as a
potential solution. This nanoplatform sequentially releases 5-aminolevulinic acid and induces
immunological responses with doxorubicin molecules, thereby stimulating acidity and reversing the
tumor microenvironment. Through its action, this nanoplatform effectively stimulates the immune
system by promoting the maturation of dendritic cells and reducing the population of
immune-suppressive cells. This augmentation appears as an enhanced adjuvant effect of
anti-apoptosis protein 1 therapy [67].

There exist numerous immune processes of varied antitumor leukocytes, and tumor cells
employ various strategies to evade the immune response. The tumor microenvironment plays a role
in determining the activated immunosuppressive pathways that suppress antitumor immunity [68].
These pathways involve immune checkpoint receptors on effector T cells and myeloid cells, as well
as the release of inhibitory cytokines and metabolites. Therapeutic approaches that target these
pathways, particularly immune checkpoint receptors, have the potential to induce durable
antitumor responses in patients with advanced cancer, such as melanoma. Feng et al have developed
a prodrug in the form of a nanoparticle that is based on oxaliplatin (OXA) and the activatable
homodimer NLG919 (Navoximod) [69]. This activatable binary cooperative complex enhances the
efficacy of immunotherapy through synergistic immune modulation of the tumor
microenvironment. The intratumoral activation of the binary complex (OXA-NLG919) determines
the accumulation of cytotoxic T lymphocytes within the tumor and reduces the activity of
immunosuppressive factors and regulatory T cells in the tumor microenvironment. The binary
nature of this complex exhibits significantly greater efficacy compared to free oxaliplatin or the
combination of free oxaliplatin and separate administration of NLG919 in terms of tumor growth
regression and prevention of metastasis in murine models of breast and colorectal cancer [70].

Xia Dong et al have developed a nanovaccine for cancer immunotherapy that is composed of
self-crosslinked nanoparticles of ovalbumin (NP-OVA) serving as transport and antigen, along with
adjuvant molecules (CpG ODNs) [71]. NP-OVAs not only act as antigens but also serve as natural
carriers of CpG ODNs, thereby allowing for continuous immune response stimulation [72]. As a
result, a robust immune response was achieved in both in vitro and in vivo settings, including
dendritic cell maturation, T cell activation, and production of IFN-gamma. The NPOVA-CpGODN
vaccine induces potent specific antitumor immunity and demonstrates remarkable
immunomediated antitumor effects in an experimental mouse model of lymphoma. Additionally,
this vaccine can be easily tracked through dual fluorescence, providing a reliable platform for cancer
immunoprophylaxis and immunotherapy, as well as a visible system for monitoring the
antigen-adjuvant complex.

6. Functionalized nanoparticles

For a generalized clinical approach in individual cancer therapy, it is necessary to find specific
tumor peptides adapted individually to the patient. This peptide complex can be obtained by lysing
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tumor cells [73]. Following this design, CaP nanoparticles can be functionalized using an entire
peptide complex derived from primary tumor cell lysis.

A group led by Carolin Hesse from Essen, Germany, conducted a study using the murine
experimental model, in which a Ca phosphate nanoparticle (CaP) was biofunctionalized with tumor
antigens from tumor cell lysate and CpG adjuvant molecules. These functionalized NPs showed in
vivo a strong suppressive effect of tumor cell mass growth, by activating immunity mediated by
specific anti-tumor CD8+ T cells [74]. Using the murine model with a xenograft tumor expressing the
viral antigen hemagglutinin (HA), it was shown that the administration of CaP nanoparticles
functionalized with this peptide (HA) and the adjuvant molecule CpG were highly effective in
enhancing the antitumor T cell response and suppressing the progression of the tumors. Mice were
subcutaneously transplanted with CT26 tumor cells and therapeutically vaccinated with CaP
nanoparticles containing CpG and HA peptides or a whole tumor peptide from a cell lysate.
Therapeutic vaccination of tumor-bearing mice with CpG and CaP nanoparticle-delivered tumor
lysate significantly suppressed tumor growth. Vaccination with soluble and lysed CpG also had a
statistically significant effect (P < 0.01), although it induced only a 1.9-fold decrease in tumor volume
compared to the 3.2-fold decrease after vaccination with CaP nanoparticles (Figure 5). In contrast,
immunization of CT26 tumor-bearing mice with nanoparticles functionalized with CpG and HA, or
with soluble CpG and HA, did not significantly alter tumor growth, underscoring the need for
tumor-associated antigens in the vaccine.

A 04+
=
E
S 0.3 -e- PBS
-1} , 3 CpG/HA
§ «|* -A- CaP/CpG/HA
= 0.24 o %
o - *
2 3
= ]» -+ CpG/tumor lysate
g 0.1 -~ CaP/CpGitumor lysate
P )
0.0 T T T T T

Figure 5. Functionalization of CaP nanoparticles with primary tumor cell lysate enhances CD8+ T cell
response and suppresses tumor growth. Mice were immunized subcutaneously with either PBS,
soluble CpG and tumor lysate, CpG and CaP nanoparticles functionalized with tumor lysate, CpG
peptides and soluble HA or CaP nanoparticles functionalized with CpG peptides and HA on day 3, 5
and 7 injection of post-tumor cells. Tumor volume was measured at the indicated time points.(*,
p<0.05; **, p < 0.01; ****, p <0.0001) [74].

Long Chen et al. developed a nanoparticulate delivery system for antigen and an adjuvant
based on the cytoplasmic membrane of E. Coli and the membranes of tumor cells, with the aim of
activating a sufficiently robust specific antitumor response, without notable side effects. The
introduction of this E.Coli membrane adjuvant in the nanoparticle formula of the antitumor vaccine
succeeded in increasing the immunogenicity, through the maturation of dendritic cells and the
activation of T lymphocytes from the splenic level. This hybrid vaccine based on a nanoparticle
loaded with antigens from the tumor cell membrane and with the immunogenic adjuvant of the
cytoplasmic membrane of E.Coli proved its effectiveness in the murine experimental model with
CT26 colon tumor and 4T1 breast tumor. It also caused a prolonged specific antitumor immune
response in CT26 tumors, mediated especially by CD8+ T cells and NK cells [75].

Nanoparticles of poly-lactic-co-glycolic acid, a polymer known for its ability to protect the
antigen encapsulated in it from enzymatic proteolytic action, can be used as delivery vehicles of the
antigen from the tumor lysate to the target dendritic cells. Thus, using an experimental murine
model of gastric cancer immunotherapy, an important increase in antitumor immunological
stimulation mediated by dendritic cells was demonstrated by the presentation of tumor antigen
encapsulated in polymeric nanoparticles [76].
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Cholesterol introduced into the hydrophobic polysaccharide pullulan (ChP) forms
spontaneously aggregated nanoparticles that can act as a vector for a vaccine based on tumor
antigens. This system leads to the activation of CD4+ and CD8+ T lymphocytes. The NY-ESO-1
antigen (New York esophageal squamous cell carcinoma 1) is expressed exclusively in testicular,
placental or tumor tissue, which makes it an ideal candidate for use in cancer immunotherapy [64].
Likewise, the HER2 protein has been used repeatedly in anticancer vaccines, without causing any
significant side effects. Both antigens led to the activation of antigen-specific cellular immunity
mediated by CD4+ and CD8+ T lymphocytes [77].

ChP-NY-ESO-1 complexes proved ineffective as an anticancer vaccine in clinical trials, due to
interactions with the immunoinhibitory tumor microenvironment. The addition of molecules with
an adjuvant role, such as TLR stimulants (OK-432, CpG or poly-ICLC), can make this vaccine more
effective in triggering an adequate immune response, without increasing the rate of side effects.

Ishihara et al conducted a phase 1 clinical study in which they used the ChP-NY-ESO-1 protein
vaccine and an adjuvant derived from Propionibacterium Acnes, MIS416, with a role in activating
the immune response mediated by toll-like receptors 9 and NOD 2 [78]. Although the safety and
tolerability profile was satisfactory, no complete or partial response to this immunotherapy was
observed. In general, tumor antigens used only in combination with molecules with an adjuvant role
did not demonstrate a satisfactory antitumor effect. The same results were obtained using another
adjuvant,  polyinosinic-polycytidylic acid (poly I/C) mixed with the stabilizers
carboxymethylcellulose and polylysine (Poly ICLC) which is a ligand for the toll-3 receptor [79]. In
the phase 1 clinical study in patients with advanced and recurrent esophageal cancer, the side effects
were relatively minor, but no significant tumor response was demonstrated in the patients in the
two groups, study and control. However, both groups, both those vaccinated with ChP-NY-ESO-1
alone and those with the combination with Poly ICLC, developed comparable antibody titers, but
higher in the group with the combined vaccine. In the murine model, the addition of anti-PD-1
monoclonal antibodies, Nivolumab, in the nanoparticulate vaccine combination led to the
suppression of tumor growth in tumors expressing the NY-ESO-1 antigen. The association of an
immune checkpoint inhibitor could lead to significantly improved antitumor results in clinical trial
scenarios [80].

Advanced cancer immunotherapy involves systemic administration of drugs. One strategy for
improving the antitumor efficiency is to identify the potential for the transport and delivery of
compounds with immunological functions directly at the level of the lymph nodes. Thus, interest in
the role of biofunctionalized nanoparticles in cancer immunotherapy has increased. Nanostructured
lipid carriers are a pharmaceutical vector with significant pharmacodynamic advantages, reduced
toxicity and offer increased bioavailability [81]. Topical immunotherapy has been shown to be
effective in skin cancer when using a Toll-Like receptor (TRL) 7 and 8 agonist, but systemic
administration is burdened with increased toxicity at therapeutic doses. Widmer et al propose a
targeted approach using polymeric nanoparticles in which Requisimob (TRL7 ligand) was
encapsulated [39]. As these nanoparticles are largely captured in macrophages and dendritic cells,
which allows specific targeting of lymph nodes, the primary antitumor immune response of these
cells is activated [82].

As a transport vector for cisplatin, this nanoparticle model proved more effective in murine
experimental models, in the treatment of ovarian cancer, when it was used in a lipid-polymer hybrid
state, with antitumor advantages compared to lipid or polymer transport nanoparticles [83].

7. Delivery of nanoparticle-based cancer vaccines

Compared to conventional vaccines, cancer vaccines delivered via nanomaterials can be
adjusted to desired immune profiles by optimizing the physicochemical properties of the
nanomaterial carriers, modifying the nanomaterials with targeting molecules, or co-encapsulating
them with immunostimulators. To develop vaccines with desired immunogenicity, a comprehensive
understanding of the factors that influence immune responses is necessary. Recently, there has been
a focus on the potential of nanoparticles (NPs) as delivery systems for vaccines. The vaccine antigen
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is either enclosed within or attached to the surface of the NP. By encapsulating the antigenic
material, NPs offer a means of delivering antigens that may otherwise degrade rapidly upon
injection or induce a short-lived, localized immune response. The conjugation of antigens onto NPs
enables the presentation of the immunogen to the immune systems in a manner similar to that of the
pathogen, thereby stimulating a comparable response. Furthermore, NPs made from certain
composites not only facilitate targeted delivery of antigens, but also allow for the sustained release
of antigens to maximize exposure to the immune system. Additionally, researchers are investigating
the potential of NPs to deliver vaccines through unconventional methods such as topical, inhalation,
or optical delivery, as well as the combination of multiple antigens within a single particle to provide
protection against multiple diseases [87-89]

Only a small number of nucleic vaccine delivery systems based on nanomaterials have achieved
success in their progression to clinical trials, and none have received approval for usage thus far. In
human trials, strategies involving nucleic acid vaccines have demonstrated efficacy in inducing
specific humoral and cell-mediated immune responses. However, there remain certain limitations
when considering therapeutic applications, primarily due to the significantly higher dosage
requirements in humans compared to animals. One example of a nanomaterial-based adjuvant that
has been investigated in a clinical setting is Vaxfectin, a cationic liposome capable of ionically
attaching to DNA and augmenting the immune response against H5N1 influenza-associated
proteins, including HA, nucleoproteins, and viroporins.

8. Conclusions

Cancer vaccines must be safe, effective and affordable. We have seen many examples of
vaccines effective in developing an anti-tumor immune response. The unique properties of
nanoparticles in the development of these vaccines is substantial, due to their safety, controlled
release, targeting to DC and improved antigen uptake, as well as enhanced immunogenicity.
However, most tumors that become clinically evident have developed a tumor microenvironment
that protects them from autoimmunity and inflammation, so previous failures of cancer vaccines are
primarily due to the inability of the generated immune response to reach its full potential, the
immunoregulatory mechanisms developed in the tumor tissue being extremely effective in
counteracting the immune system. Therefore, the combination of cancer vaccines together with
treatments that restrict the cancer microenvironment interaction would further improve the
immunotherapeutic outcome and have been extensively evaluated both preclinically and clinically
[84].

One of the newest and most efficient methods is the blocking of checkpoint inhibitors, which
leads to the amplification of the immune response mediated by T cells, the latter being considered
the main effector of cancer vaccines [85].

Several researches in the literature and clinical trials have suggested that more than 70% of
cancers (especially solid tumors) are poorly infiltrated by CD8+ T cells, which are the main causes of
therapeutic failure, not only for cancer vaccines but also for point blockade control and CAR-T cell
therapy [86]. Thus, modulators of the tumor environment such as small kinase inhibitors, antibodies
or RNAi that modulate the suppressive immune environment (ie siRNA against STAT3, small
molecules against CXCR4, tyrosine kinase inhibitor against vascular endothelial growth factor) are
very useful additions to the cancer vaccine complex [90]

Combining the vaccine with chemotherapeutic agents is another option for improving the
antitumor efficiency. Their immunomodulatory properties can improve the vaccine-mediated
antitumor immune response. Adapted to specific chemotherapeutic treatment schemes,
nanoparticles, through their versatility, can help combined therapy reach its full potential.

NPs are good candidates for the delivery of cancer vaccines due to their safety and versatility.
The design considerations discussed in the review provide guidance for improving cancer vaccine
potency. However, due to the extensive suppressive immune microenvironment, cancer vaccines
have dificulties preventing disease recurrence, which requires further regulation of the suppressive
tumor microenvironment to enhance in situ T cell penetration and activation. Therefore, we envision
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that the combination therapy together with intelligent NP design can overcome many of these
obstacles.

In conclusion, we consider that nanoparticles, due to their versatility and safety, are very
suitable candidates as platforms for the design of vaccines against cancer. However, the interaction
with the tumor microenvironment can have an immunosuppressive effect and the solitary
effectiveness of vaccines decreases significantly. This fact expresses the need for a favorable
modulation of the immunosuppressive tumor microenvironment to improve the penetration and
activation of T lymphocytes in situ. Combined therapy, and the complex design of biofunctionalized
nanoparticles by associating immunomodulatory molecules should be the way forward in the
development of future vaccines against cancer.
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List of abbreviations

Abbreviations Expanded terms

AFP Alpha-fetoprotein

APC Antigen-presenting cell

CaP Calcium Phosphate

CAR-T cells  T-cells with chimeric antigen receptors (CARs) on their surface.

CEA Carcino-embryonic antigen

ChP Cholesterol - Pullulan

CpG Cytosine -phosphate - Guanine dinucleotide

CpG ODN Single stranded synthetic DNA molecule that contain a cytosine triphosphate deoxynycleotide
followed by a guanine triphosphate deoxynucleotide

CXCR4 C-X-C chemokine receptor type 4

DC Dendritic cell

DEPC1 Diethyl pyrocarbonate 1

FOXM1 Forkhead box protein

G17DT Gastrimmune

GNP Gold nanoparticle

HA Hemagglutinin

KIF20A Kinesin-like protein

MAGE melanoma-associated antigen

MSN Mesoporous silicon nanoparticle

MUC-1 Mucin-1

MWCNT Multi-walled carbon nanotube

NLG919 Navoximod

NP Nanoparticle

NP-PDA Polydopamine nanoparticle

NY-ESO-1 New York esophageal squamous cell carcinoma 1

ODN Oligodeoxynucleotide

OVA Ovalbumin

OXA Oxaliplatin
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PBS Phosphate-buffered saline
PEG Poly-ethylene glycol
PEI Poly-ethyleneimine
PGA Poly-glutamic acid
PLGA Poly-lactic co-glycolic acid
Poly I.C: Polyinosinic:polycytidylic acid
RNAi RNA interference
siRNA small interfering RNA
STAT3 Signal transducer and activator of transcription 3
TAA Tumor-associated antigen
TAM Tumor-associated macrophage
TCL Tumor cell lysis/lysate
TLR Toll-like receptor
URLC10 Up-regulated in lung cancer 10
VEGFR1 Vascular endothelial growth factor receptor 1
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