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Abstract

Immunotherapeutic approaches for treating cancer overall have been receiving a considerable
amount of interest due to the recent approval of several clinical formulations. Among the different
modalities, anticancer vaccination acts by training the body to endogenously generate a response
against tumor cells. However, despite the large amount of work that has gone into the development
of such vaccines, the near absence of clinically approved formulations highlights the many
challenges facing those working in the field. The generation of potent endogenous anticancer
responses poses unique challenges due to the similarity between cancer cells and normal, healthy
cells. As researchers continue to tackle the limited efficacy of vaccine formulations, fresh and
novel approaches are being sought after to address many of the underlying problems. In this
review, we discuss the application of nanoparticle technology towards the development of
anticancer vaccines. Specifically, we focus on the benefits of using such strategies to manipulate
antigen presenting cells (APCs), which are essential to the vaccination process, and how
nanoparticle-based platforms can be rationally engineered to elicit the appropriate downstream
immune responses.

Graphical Abstract

Immunotherapeutic approachesto cancer treatment have been gaining significant traction in
the clinic Of the different modalities, the goal of anticancer vaccination is to train the body to
detect and eliminate tumors. This review details the application of nanoparticle technology
towards the development of more effective vaccine formulations that address the limitations of
current approaches.
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1. Introduction

As the incidence of deaths worldwide due to more preventable causes continues to decline
thanks to advancing technology, wider accessibility to treatments, and better education,
diseases such as cancer continue their rise to the forefront as major threats to public
health.[1] Despite the great amount of progress made in the past century with regards to
cancer treatment using traditional methods such as surgical resection, radiotherapy, and
chemotherapy, many forms of the disease remain fundamentally difficult to manage.[?] Per
capita fatalities from certain types of cancer, such as lung cancer, have seen dramatic
declines as a result of increased awareness or early screening, but these encouraging trends
are not universal.[3 The incredible heterogeneity of cancer is largely responsible for these
discrepancies, and it has become clear that there is no cure-all magic bullet to be
discovered.[4] In the post-genomic age, more personalized treatments with the aid of targeted
therapies and combinatorial approaches are slowly changing the way that physicians attack
malignancies.[>-6] Within this shifting landscape, immunotherapy has been garnering a great
deal of attention and has emerged as a promising strategy with the potential to significantly
alter the cancer treatment paradigm.L”]

Cancer immunotherapies operate on the notion that the body is capable of recognizing and
destroying its own aberrant cells. Indeed, under normal functioning, the immune system is
constantly detecting and destroying abnormal growth.[8] All cancers must find ways to evade
or overcome these natural defenses in order to succeed, and as such disease progression can
be viewed as a failure in immunological containment.[®] Immunotherapeutic approaches
seek to tip the balance back into the immune system’s favor, and by leveraging biological
machinery that has evolved over millions of years, can theoretically achieve levels of
specificity that far surpasses other types of cancer therapy.[19] They exist in many forms,
ranging from administration of immune stimulatory compounds(!!] to adoptive T cell
transfer,[12] with the goal of augmenting different aspects of the immune process.
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Among these immunotherapeutic strategies is anticancer vaccination, which will be the main
focus of this review. The goal in developing an anticancer vaccine is to better train the body
itself to detect and eliminate tumors.[*3-241 Much like with traditional vaccination against
pathogens, anticancer vaccines attempt to redirect and focus immune specificity to targets of
interest. Unfortunately, despite intense interest in the subject and a great deal of effort
dedicated to anticancer vaccine research, results thus far have been underwhelming. This is
highlighted by the fact that there is only one U.S. FDA approved formulation in the
clinic.[¥3] This exists in stark contrast to traditional vaccines, which represent one of the
biggest success stories of the 20th century, helping to all but eliminate some diseases.[16]
Unlike vaccines targeted against foreign agents, however, the development of anticancer
vaccines poses unique challenges that will require tremendous ingenuity to solve.[17-18]

Central to the success of the body’s ability to generate a response against tumors is training
the immune system to recognize the correct antigen specificities. This involves a class of
cells known as professional antigen presenting cells (APCs), of which dendritic cells (DCs)
are perhaps the most important!X9 (Figure 1). These cells process antigens and, in the
correct context, present them for downstream immune activation. Effective anticancer
vaccine design revolves around correct manipulation of these cells, namely: (i) selection of
the correct antigenic material for a tumor-specific or tumor-biased response, (ii) inclusion of
immune-boosting adjuvants that force downstream immune activation, and (iii) delivery of
both antigen an adjuvant to APCs. It has proven difficult to address all of these
considerations simultaneously, and promising strategies oftentimes are labor-intensive and
not cost effective. This review will focus on emerging strategies using nanotechnology for
more effective anticancer vaccine design. First, the role of APCs in cancer immunity and
traditional anticancer vaccination strategies will be covered. This will be followed by
discussion on leveraging nanoparticle technology for better vaccine design to address issues
with traditional formulations. We conclude with the most recent and promising works
concerning the use of nanoparticles for anticancer vaccination as well as our views on the
future of such efforts.

2. Manipulation of Dendritic Cells for Anticancer Vaccination

Over time, cancer has increasingly become understood as having a significant
immunological component.[20-21] |n order for aberrant cells to grow, they must successfully
evade detection and attack by the body’s own defenses.[22] This is accomplished through a
variety of means, with tumors becoming increasingly better at overcoming the immune
system throughout disease progression. Armed with this knowledge, immunotherapeutic
strategies such as anticancer vaccination have emerged that empower the body to fight back
against tumors.

2.1. Approaching Cancer Treatment from an Immunological Perspective

The past several decades have brought about an incredible increase in our understanding
about how cancer develops. The concept of immune surveillance suggests that the body is
constantly monitoring for neoplastic growth, and the relative rarity of malignant tumors
indicates that the immune system is fairly adept at this task.[8] This is especially impressive
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given the amount of cell divisions and potentially harmful mutations that may occur in an
average individual’s lifespan.[23] Indeed, tumors must slowly evolve creative ways to escape
detection.[22] Over time, they can shed immunogenic antigens while also downregulating
major histocompatibility complexes (MHCs) or stress markers, which helps them to avoid
the cell-based effectors that seek their destruction.[24-25] Further, tumors can secrete
immune deactivating molecules or actively recruit T-regulatory cells that promote a
tolerogenic microenvironment.[26] The biological interactions between a nascent tumor and
the immune system can operate in a delicate balance for decades in a game of cat and mouse
until malignant disease finally manifests itself.

Immunotherapy purposefully manipulates the immune system in order to turn the fight back
in the body’s favor. By encouraging immune activation over tolerance, the goal is to promote
antitumor immunity and overcome the different tumor escape mechanisms. Cytokine
therapies such as interferon alpha (IFNa) and interleukin 2 (IL-2) enhance immune
activation and have long been investigated in the clinic with mixed results.[!1] These
therapies attempt to overcome immune suppression by hyperactivating targeted immune
subsets. More recently, anti-blockade therapies such as anti-cytotoxic T-lymphocyte-
associated protein 4 (anti-CTLA4) and anti-programmed cell death protein 1 (anti-PD1) seek
to directly address immunosuppression, nonspecifically unleashing effector T cells to freely
seek out and destroy their targets.[2] These treatments, having both gained U.S. FDA
approval within the last several years, have provided strikingly good clinical outcomes in
large patient populations, with autoimmunity being a potential but manageable side
effect.[28] Adoptive T cell therapies have similarly garnered a great deal of interest due to
their ability to produce impressive clinical responses.l2] In such treatments, cancer-specific
T cells are generated and are then infused back into the patient, largely bypassing
endogenous immune processes. This specificity can prevent unwanted side effects seen from
other therapies, but the treatment is complex to execute and the long-term safety is
unknown.[2%] Anticancer vaccines in theory occupy a balance between specificity, efficacy,
and ease of use. In their most ideal form, they can be directly injected into a patient,
activating the necessary T cell specificities. However, their reliance on endogenous
machinery serves as a double-edged sword, adding layers of complexity that often
compromise efficacy and has proven difficult to navigate.[17]

2.2. Design Considerations for Anticancer Vaccines

Because cancer cells are derived from one’s own cells, anticancer vaccination presents a sort
of paradox: how do you eliminate something that largely looks like “self”? It is known that
most successfully growing tumors are poorly immunogenic, having found ways to make
themselves either undetectable or unassailable by the immune system.[®] To address this,
researchers have identified a class of immune cells known as professional APCs that must be
correctly manipulated in order to maximize vaccine efficacy.[3% These cells are responsible
for taking up antigenic material, processing it, and then presenting epitopes via MHCs on
their surface in order to train downstream immune effectors such as cytotoxic T cells.
Success of anticancer vaccines is centered on how to most effectively modulate these APCs
to promote the desired responses.
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Perhaps the most critical consideration when designing an anticancer vaccine is the choice
of antigenic material that is delivered to APCs, which helps the immune system to correctly
identify and generate a response against the desired targets. There are two basic approaches:
using either identified tumor antigens[3!] or lysate-based formulations.[32] Regarding the
first approach, researchers have identified a number of tumor-associated or tumor-specific
antigens that are commonly upregulated or mutated in cancers.[33] When using such
previously identified antigens, population heterogeneity represents a major hurdle, as a
patient’s tumor must be explicitly analyzed for appropriate expression of the target of
interest. Further, in many instances a tumor may simply not have a suitable phenotype at all,
leaving no viable options for formulating a vaccine. In the future, a different approach may
involve personalized identification of less common candidate epitopes and custom synthesis
of vaccines.[34-351 Such an approach would also have the benefit of potential multiplexing
via the identification of multiple targets for vaccination, but widespread use currently
remains infeasible given practical constraints of current technology and the associated costs
and labor. In stark contrast to a single antigen approach, lysate-based formulations source
their antigenic material from a patient’s own tumor, relying on endogenous immune
machinery to identify the epitopic targets against which to generate a response.[38] Indeed,
many neoantigens present in tumors, even those resulting from passenger mutations, have
potential to serve as targets for the immune system. This enables facile personalization and
thus broad applicability across large patient populations, but comes at the cost of specificity
and efficacy due to the presence of unwanted antigens that dilute immune focus.[37] As a
result of this major hurdle, lysate-based formulations have had limited success in the
clinic.[38]

Because cancer cells originate from endogenous cells and share most of the same antigens, it
is hard for the immune system to distinguish between the two. This makes the generation of
a potent antitumor response extremely difficult, and a significant impediment lies in the fact
that high affinity T cell clones against potential tumor antigens are usually eliminated by the
body, leaving only low affinity clones to work with.[3% It is widely accepted now that any
anticancer vaccine formulation must be co-delivered with an immune boosting adjuvant in
order to help break tolerance.[4%] Such a concept is not new, as it was observed as far back as
the late 19th century that infections could actually boost antitumor immunity.[41] Today,
adjuvants are generally based on pathogen-associated molecular patterns (PAMPs) that serve
as danger signals to the body.[2] These PAMPs, which generally compose some integral part
of pathogen structure or function, have specific receptors on APCs known as toll-like
receptors (TLRs). Upon TLR engagement, PAMPs will facilitate maturation of DCs,
inducing upregulation of co-stimulatory markers such as CD80 and CD86 and the
production of pro-inflammatory cytokines. This prevents T cell anergy upon co-engagement
with the relevant MHC-peptide complexes, enabling the immune cells to carry out their
effector functions on tumors.[43]

The final major consideration when designing an anticancer vaccine is correct delivery of
both antigen and adjuvant to APCs. Cell biology dictates that correct immune modulation
requires individual APCs to take up both of them in sufficient amounts.[*4] Co-localization
can be a challenging task given the varying transport kinetics of antigens, which are
generally proteins or peptides, and adjuvants, which can be lipid-like, nucleic acid-based, or
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small molecules. Strategies to address this challenge include fusion or conjugation of the
two components, enabling unification of pharmacokinetics after administration.[4>] Beyond
co- localization, efficient transport to the correct organs and immune cell subsets can also
pose a significant challenge.[46! Given all of these challenges with delivery, it is perhaps no
coincidence that the first and only U.S. FDA-approved formulation is based on the ex vivo
pulsing of DCs, a strategy that, while laborious and expensive, has the benefit of finely
controlled cell manipulation.

2.3. Current Therapeutic Anticancer Vaccination Strategies in the Clinic

Thus far, single antigen anticancer vaccines have demonstrated the most promise, and there
are many formulations that are under clinical investigation. A peptide form of glycoprotein
100 (gp100), an upregulated protein in melanomas, is currently being used for two vaccine
formulations. One formulation using IL-2 as an immune boosting agent is in clinical Phase
I11 trials, and another using a tetanus toxoid peptide as an adjuvant is currently in a Phase |
trial.[47-48] GlaxoSmithKline’s melanoma-associated antigen A3 (MAGE A3) vaccine
combines MAGE-A3 protein and the multi-adjuvant immunostimulant AS02B for treatment
of non-small-cell lung cancer.[49] After a randomized Phase Il trial showed potential, a
Phase 111 trial (MAGRIT) was conducted but failed to meet primary endpoints.[5%! However
the company will continue to evaluate a second Phase 111 trial, DERMA, to determine if a
sub-population of patients is more likely to respond to the MAGE A3 vaccine.[1] Similarly,
Stimuvax, a liposomal formulation containing the mucin 1 (MUCL1) antigen and
monophosphoryl lipid A (MPLA) adjuvant in the membrane layers, has been successful
through Phase 11 clinical trials for non-small-cell lung cancer, but only resulted in a
statistically insignificant 3.3 month survival extension in Phase 111 trials. It was identified
that a subset of patients who had previously received chemotherapy and radiation
concurrently showed a 10.2 month increase in survival time, and these findings have become
the basis for another Phase 111 trial.[52] There are also Phase 111 trials ongoing for NeuVax, a
breast cancer peptide vaccine comprising of a human epidermal growth factor receptor 2
(HER2) peptide and granulocyte macrophage colony- stimulating factor (GM-CSF)
adjuvant, after a successful Phase I/11 trial showing significant efficacy.[53-54]

Provenge (Sipuleucel-T), currently the only FDA approved anticancer vaccine, consists of
autologous APCs pulsed ex vivo by a fusion of a single prostate cancer antigen, prostatic
acid phosphatase, and an adjuvant, GM-CSF. These APCs are then collected and adoptively
transferred back into the patient.[5%! In a randomized, placebo-controlled Phase 111 trial, men
with metastatic castration-resistant prostate cancer who were vaccinated with Provenge had
a 4.5 month improvement in survival.[8] This result was confirmed during a large Phase 111
trial called Immunotherapy for Prostate Adenocarcinoma Treatment (IMPACT), in which
treatment with Provenge resulted in a 4.1 month median improvement in survival, and a 38%
increase in survival at the 3 year follow up.[*5] The IMPACT trial led to FDA approval in
April 2010, marking a milestone for cancer immunotherapy.[71 Other promising APC
pulsing vaccines are currently being tested using a wide variety of adjuvants and antigens,
such as the cancer-testis antigen NY-ESO-1 protein or combinations of p53, survivin, and
telomerase-derived peptides.[58-62]
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Whole tumor cell vaccines have been investigated in human clinical trials for more than
twenty years. Resected patient tumors, made nonviable through irradiation or lysing, are an
obvious source of whole tumor cells due to their unique profile of antigens. For example,
Oncovax uses processed and irradiated autologous tumor cells in conjunction with the
bacillus Calmette-Guerin adjuvant to vaccinate against colon cancer. This method was first
tested in a small pilot study in 1980, resulting in statistically significant reduction in tumor
recurrence and improved survival rates. After much development in the intermediate years,
the vaccine is currently about to begin a Phase I11b trial.[63-67] Patient derived tumors can
also be genetically modified to increase immunogenicity, exemplified by a chronic
lymphocytic leukemia cancer vaccine which manipulates autologous tumor cells to
transgenically express CD40L and IL-2 for increased T cell response.[58] Allogenic cancer
cell lines can be another antigen source for whole tumor cell vaccines. Lucanix, a vaccine
for non-small-cell lung cancer, uses tumor cell lines genetically modified to have a
downregulated expression of tumor growth factor p (TGFp), an immunosuppressor, which
demonstrated a survival advantage in an international Phase 11 trial.[6%] The GVAX vaccine
similarly uses select cell lines, such as a HER2-positive breast cancer cell line and two
pancreatic cancer cell lines, which have been genetically modified to secrete adjuvants like
GM-CSF.[70-71] phase 1/11 studies demonstrated a dose dependent increase in median
survival time, and justified two Phase 11 trials, VITAL-1 and VITAL-2. These latter trials,
however, were terminated early due to a lack of efficacy.[72-73]

2.4. Current Challenges

Despite the tremendous amount of research geared towards the development and translation
of anticancer vaccines, the scarcity of approved treatments in the clinic highlights the many
challenges that remain. It has become apparent that current strategies have difficulty
addressing all of the necessary requirements for eliciting potent and specific anticancer
immune responses. Single antigen formulations, which have been getting the most attention
recently due to their ability to generate efficacy, are only applicable to specific patient
populations. As is the case with most monotherapies, they are susceptible to the
development of resistance, which can happen via /7 vivo immune selection.[’4-75] Lysate-
based formulations derived from patient tumors would represent the ideal source of multi-
antigenic material, but have failed to display efficacy due to the presence of large amounts of
interfering antigens.[37] Further, delivery of both antigenic and adjuvant material to the same
target can be challenging, often necessitating ex vivo manipulation of DCs. Such autologous
cell manipulation strategies, unfortunately, are extremely costly and are arguably hard to
justify given the modest therapeutic benefits.[76] Ultimately, an ideal platform for anticancer
vaccination would be: (i) formulated with an enriched set of multi-antigenic tumor material,
(ii) co-encapsulated with large amounts of adjuvant for simultaneous immune stimulation,
(iii) targeted to the correct cell subsets, and (iv) personalized yet cost-effective. Formulating
a vaccine with all of the above qualities represents a difficult task; to aid in the process,
some researchers have turned towards new technologies in hopes of engineering a viable
solution.
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3. Nanoparticle-Based Strategies for Anticancer Vaccination

From computer chips to green energy, nanotechnology has become ubiquitous in everyday
human life. Likewise, the prevalence of nanomedicine, or the application of nanotechnology
to medical problems, has steadily risen in the clinic for the past several decades.l””-78 This
has largely been driven by the approval of clinical chemotherapeutic nanoformulations. At
their size scale, nanoparticle drug carriers offer advantages over free drug formulations that
can lead to higher specificity and lower systemic toxicity.[’%-82] As the drug delivery
applications of nanomedicine platforms have been maturing over time, attention has turned
towards leveraging the technology to benefit other therapeutic modalities, including
immunotherapy and specifically vaccine design.

3.1. Background on Nanoparticle-Based Cancer Therapy

The first clinical approval of a chemotherapeutic nanoformulation was in 1995 for Doxil, a
stealth liposomal formulation of doxorubicin for the treatment of Kaposi’s sarcoma.[83]
Several other liposome-based formulations have since been approved for cancer therapy.[84]
Besides liposomal systems, Abraxane and Genexol-PM represent albumin-bound and
polymeric micellar formulations of paclitaxel, respectively.[85-86] More recently, targeted
nanoformulations are being explored in clinical trials, including Accurins, a prostate-specific
membrane antigen (PSMA)-targeted polymeric nanoparticle formulation of docetaxel.[87]
The continued development of nanoparticle-based formulations highlights the advantages
that they hold over traditional free drug formulations, which ultimately enables increased
specificity, fewer systemic side effects, and better patient compliance. For example, the size
scale of the particles leads to passive targeting via the enhanced permeation and retention
(EPR) effect, which results in passive accumulation of nanoparticles within tumors.[88]
Further, tumors can be actively targeted using a variety of ligands, including small
molecules, peptides, aptamers, and antibodies.[8% Carriers can be designed to encapsulate
drugs of varying properties, including potent hydrophobic drugs that would otherwise
perform poorly in their free form.[%9 Additionally, properties such as particle size, drug
release, and /n vivo circulation can be finely tuned, enabling the engineering of nanoparticle-
based drug delivery platforms that can be tailored to specific applications.

Beyond chemotherapy, nanoparticle technology has also been explored for use in
immunotherapeutic applications. The earliest examples of such were liposomal carriers for
the delivery and release of cytokines such as IL-2 and interferon gamma (IFNy).[?1-92] |n
such cases, the nanocarrier acts as a depot that helps to modulate pharmacokinetics with the
hopes of increasing therapeutic benefit while minimizing the harsh side effects associated
with high-dose cytokine therapy.[93-94] Using these delivery systems, improved therapeutic
efficacy has been demonstrated in a variety of murine tumor models.[92. 95-96]1 Multiple
agents have been encapsulated within the same liposome for concurrent delivery.[7]
Liposomal cytokines have also been used in combinatorial approaches where they are co-
delivered with chemotherapeutics or used as a supplement for adoptive T cell therapy.[98-99]
In more recent examples, sophisticated strategies involving adsorption of the payload onto
magnetic particles for guided delivery and remote release have been reported.[100-101]
Polymeric and hydrogel-based systems with extended release capabilities have also been
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explored for cytokine release.[192-103] Other than cytokine delivery, nanoparticles have been
employed in artificial antigen presentation.[104-105] peptide-loaded MHCs and co-
stimulatory signals are conjugated together onto the same particle to promote clonal
expansion of cancer specific T cells. Traditionally done using micron-sized particles,
nanoparticles offer some unique advantages, including the ability to facilitate cell clustering
upon application of a magnetic field when fabricated using iron oxide nanoparticles.[10¢]
The shape of the nanoparticles also has significant implications on the efficiency of the
antigen presentation and has been well studied.[197] Overall, as an increasing number of
these platforms are translated from the lab bench to the clinic, the influence of
nanotechnology will continue to grow and will have an increasing impact on the landscape
of cancer therapy.

3.2. Advantages of Nanoparticles for Vaccine Design

Among the different immunotherapeutic approaches, perhaps one of the strongest cases for
the application of nanotechnology is in vaccine design. Many novel platforms have been
developed in recent years, including those based on liposome-like,[1%8] inorganic,[109] and
polymericl210] nanoparticles. These nanoscale particles have many properties that make
them well suited for eliciting immune responses via delivery of payloads to APCs (Figure
2). One of the key advantages of nanoformulations is that they enable control over transport
kinetics upon administration. This maximizes the chance that APCs will have sufficient
amounts of both antigen and adjuvant to further promote downstream immune responses.
There are many different ways by which this can be accomplished, including co-
encapsulation of antigen and adjuvant into a single particle or single encapsulation into
separate particles with similar properties. Such strategies will be discussed in-depth later in
the review.

Beyond formulation parameters, the inherently small size of nanoparticles offers advantages
in terms of payload localization within the body. Much has been studied about the transport
kinetics of particles upon administration via common vaccination routes. The subcutaneous
space consists of an extracellular meshwork, and it has been shown that, below a certain
cutoff, particulate material is subject to efficient lymphatic drainage.[111-112] This size
dependent transport of nanoparticles and their associated cargoes is an important design
consideration given that these organs are extremely rich in immune cells, which can help to
maximize utilization of antigen and adjuvant. Further, it has also been established that
nanoparticle-mediated delivery of immune modulatory compounds to the lymph nodes has
implications across a wide range of cell subsets, including APCs and T-regulatory cells.[113]

An additional advantage of nanoparticulates is the fact that they are prone to cellular uptake,
especially when lacking stealth moieties such as polyethylene glycol (PEG), which is
commonly used for drug delivery applications.[*14] This enhanced uptake facilitates
intracellular localization of antigen to the endosomal compartments, which can improve the
ability of cells to process and present epitopic material.[11] It has been shown that antigenic
material loaded into poly(lactic-co-glycolic acid) (PLGA) nanoparticles can even improve
the cross-presentation of antigenic material via MHC class | molecules by DCs,[116] which
can be leveraged to promote the cell-based immunity that is essential for anticancer
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immunotherapy. The delivery of nanoparticles to APCs and their subsequent internalization
can further be promoted via facile targeting functionalization strategies.[117-118] Examples
of ligands that can be employed include mannose and Lewis blood group antigens, which
target endocytic receptors such as DC-specific intercellular adhesion molecule-3-grabbing
non-integrin (DC-SIGN.[119-121] To improve the availability of cargoes upon uptake by
APCs, pH responsive nanoparticles can be used to trigger release within the endosomal
compartment.[122-123] |t has been shown that attaching antigen onto nanoparticles via
reduction-sensitive linkages can significantly increase performance both /in vitroand in
vivo.124] Further, encapsulation into environmentally sensitive hydrogels can result in a
similar boost.[125]

3.3. Nonspecific Modulation of APCs using Nanoparticles

There exists a large body of work centering on nanoparticle-mediated delivery of immune
modulators, supporting the notion that nanoparticles can be used to effectively manipulate
APCs. Many have focused on the use of unmethylated cytosine-phosphate-guanine
oligonucleotides (CpG ODN), which has been previously shown to be a potent vaccine
adjuvant that binds to the endosomal toll-like receptor 9 (TLR9).1126] One of the first studies
involving adjuvant delivery investigated the use of cationic gelatin nanoparticles to
encapsulate and deliver CpG ODN to DCs.[127] The results indicated that the CpG gelatin
nanoparticles were efficiently taken up into murine myeloid DCs, primarily through
phagocytosis. It was also shown that the particles were able to induce DC maturation both /n
vitroand in vivo, as represented by increases in IL-12p70 production and tumor necrosis
factor a (TNFa) production. In addition, liposomal nanoparticles have been used for
adjuvant encapsulation such as liposome-protamine-DNA (LPD) nanoparticles with similar
results.[128-130] |n particular, a cationic PEGylated liposome encapsulating G3139, a DNA
strand containing two CpG motifs, was able to increase the production of a variety of
cytokines as well as increase the mean survival rate of L1210 tumor bearing mice compared
to empty lipid nanoparticles or an equivalent amount of free G3139.[131] Adjuvant delivery
particles can also target APCs to increase efficiency of delivery, such as a CpG loaded
Pluronic F127-stabilized poly(propylene) sulfide nanoparticles for tumor-draining lymph
node delivery, which boosted CD8+ T cell production and showed efficacy during /n vivo
tumor challenges.[113]

Immobilizing adjuvant onto nanoparticle surface is another strategy for loading. To make the
CpG strands more accessible for receptor binding, CpG was bound to the surface of small
gold nanoparticles (AuNPSs) using spacers to increase the degrees of freedom for CpG
movement.[132] The optimal formulation was found to be a 15 nanometer AuNP with both
poly-thymidine and triethylene glycol spacers to reduce the steric crowding of the CpG
strands and allow rotation for maximum binding ability. The CpG AuNPs elicited
significantly higher TNFa, IL-6, and GM-CSF production, as well as significant tumor
inhibition and prolonged survival compared to equivalent free CpG treatment. In addition to
increasing CpG bioavailability via configurational geometry, it is possible to increase
efficacy through sustained release. To deliver CpG with a slower release profile, magnetic
mesoporous silica (MMS) nanoparticles have been explored as CpG delivery vehicles.[133]
Through both encapsulation in the pores and electrostatic binding on the surface, the MMS
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nanoparticles enable a rapid delivery for CpG on the surface, with a depot effect as the CpG
is also released from the pores.

The material and shape of the nanoparticles themselves have also been shown to elicit
immunomodulatory effects. Polyhydroxylated fullerenes alone were able to activate DCs
and macrophage cells both in vitroand /n vivo, even reducing tumor volume in animals
challenged with cancer cells.[134-135] [mmunomodulation was also achieved using RNA
complexes as nanovehicles for CpG delivery.[136] RNA conjugated to CpG strands was
designed to self-assemble into different shapes, with the smaller triangular complexes
showing the highest amount of DC activation per CpG input, through the high production of
IL-6 and TNFa. TLR agonists and antagonists themselves can be assembled into spherical
carriers around either gold or liposomal cores to form spherical nucleic acids, which have
been successful in showing immunomodulatory effects and antitumor efficacy in a
lymphoma model (Figure 3).1137] These studies have all shown that adjuvant delivery to DCs
in a nanosized package, in whatever form, can have powerful immunomodulatory effects
that can stimulate the immune system into action against malignancies.

3.4. Nanoparticle-Based Anticancer Vaccines

In much the same manner as with adjuvant material, nanoparticles have proven effective at
loading antigenic material, and many antigen-only nanoparticle vaccines have been reported
in scientific literature. PLGA nanoparticles have been used to encapsulate either tumor
lysates or defined tumor antigens such as gp100 for use as a prophylactic against B16-F10
melanoma challenge in a murine model.[238] Tumor lysate from head and neck squamous
carcinoma cells derived from human patients have been incorporated into nanoparticles and
pulsed into patient derived DCs.[13%] Delivery of multiple tumor peptides has also been
achieved using lipid-coated polymeric nanoparticles.[24%] Unsurprisingly, such antigen-only
systems generally demonstrate limited efficacy due to the problem with low
immunogenicity. Many studies have corroborated the need for the inclusion of immune
stimulatory compounds in nanoparticle-based vaccine platforms.[141-145] As such, the focus
in nanoparticle vaccine engineering has been on designing strategies for the co-delivery of
antigen and adjuvant.

One such strategy is the simultaneous delivery of antigen and adjuvant in two separate
particles, which enables unification of transport kinetics and encourages delivery to the same
cells. Co-administration of two types of PLGA nanoparticles, one loaded with ovalbumin
(OVA) and another loaded with the immunomodulatory components STAT3 siRNA and
R837 (imiquimod), was effective in increasing cytokine levels and decreasing tumor volume
in a prophylactic setting (Figure 4).[146] |n the same vein, it has been shown that a lipid-
calcium-phosphate nanoparticle delivering both TRP2 peptide antigen and CpG adjuvant
had efficacy for early stage tumors, but less efficacy for more progressed tumors.
Administering a second liposome-protamine-hyaluronic acid nanoparticle loaded with TGFp
SiRNA for these late stage tumors resulted in a 52% tumor growth inhibition compared to
the vaccine alone.[47] Two different nanoparticles of similar size, which experience similar
pharmacokinetics, such as ultra-small CpG nanoparticles injected alongside ultra-small OVA
conjugated nanoparticles, can also greatly enhance efficacy compared to only antigen-loaded
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particles.[148] A similar strategy has also been reported using co-administered AUNPs
conjugated with either CpG or OVA.[149]

A streamlined method for introducing adjuvant properties to a nanoparticle is to employ a
material that is inherently immunostimulatory. Poly(y-glutamic acid) (y-PGA) is a popular
polymeric material for antigen encapsulation due to having such properties. y-PGA
nanoparticles loaded with OVA have been shown to be taken up into APCs efficiently, and
slowly release payload during endosomal breakdown. After introduction into APCs, the
particles were able to efficiently promote secretion of pro-inflammatory cytokines and DC
maturation.[190-152] |n some cases, y-PGA loaded with OVA was sufficient to have
cytotoxic effects against OVA expressing cells, moderately retard tumor growth when
challenged with E.G7-OVA, and significantly reduce metastatic growth in a B16-OVA
metastatic tumor model.[150: 153-155] Another platform, which involved conjugation of OVA
onto a-Al,03, demonstrated the ability to induce antigen-specific CD8+ T cell proliferation
and showed impressive control of tumor growth in a B16-OVA mouse melanoma model
(Figure 5).[1091 Additionally, DOTAP liposomes have been shown to be immunostimulatory
and have been used to entrap antigens for vaccine formulation.[156]

Perhaps the most appealing method of delivering antigen and adjuvant together is co-
encapsulation in the same particle. The benefit of this strategy is that a single particle can
theoretically provide the requisite material to an APC for generating specific downstream
antitumor responses. Improved DC maturation and cytokine production have been achieved
using polymeric particles or liposomes encapsulating combinations of TLR agonists and
peptide antigens.[157-1591 Additional functionality can also be built into these nanoparticle
systems to improve vaccine performance. For example, targeting functionalization via CD40
antibody or mannose can enable improved localization and antigen delivery to APCs,
leading to enhanced antitumor activity /in vivo.[189-161] Conjugating both antigen and
adjuvant onto AuNPs generates a theranostic platform that is capable of being concurrently
imaged.[162] Also promising are vaccine formulations that introduce additional cargoes that
combat immune suppression, as was demonstrated with micelles encapsulating OVA with
TLR agonist poly I:C and STAT3 siRNA that were able to increase DC maturation and IL-12
production i vivo.[163]

Recent nanoparticle-based vaccine platforms have incorporated naturally inspired design
cues that involve compartmentalization of the two vaccine components. One example is a
multilamellar crosslinked vesicle structure that incorporates MPLA, an adjuvant derived
from an integral bacterial membrane component, into its lipid bilayers while encapsulating
antigen in the center (Figure 6).[108] These particles were able to induce efficient DC
maturation and further promoted prolonged antigen specific CD8+ T cell responses,
suggesting utility for anticancer vaccination purposes. A different example is based off of a
recently developed cancer cell membrane-coating approach where naturally derived tumor
cell membrane is fused onto the surface of a polymeric nanoparticle core (Figure 7).[1101 The
benefit of such an approach is that it presents a facile method for the incorporation of
personalized cancer antigens, which can potentially be sourced from a patient’s own tumor.
Further, the polymeric core can be loaded with a plethora of different cargoes, allowing for
the fine-tuning of antitumor immune responses. In the study, it was demonstrated that the
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particles retained membrane-bound tumor antigens while removing many intracellular,
housekeeping proteins that can serve to dilute immune responses. The particles, when
incorporated with adjuvant, were able to induce efficient DC maturation and promoted
tumor-specific T cell responses. Such bioinspired platforms are still in their infancy, and
their ability to elicit long-term, durable antitumor responses /in7 vivo requires validation.
Nonetheless, their rational design can serve as a model for future anticancer vaccine
development.

4. Conclusion

Vaccination represents a promising approach for the treatment of cancer, but successful
clinical translation has been hampered by challenges in designing specific, potent, and cost-
effective formulations. Much like it has done for other areas of cancer therapy,
nanotechnology has the ability to solve many of these problems and propel anticancer
vaccination forward. Specifically, nanoparticle platforms can aid in the effective
manipulation of APCs, which are essential to the endogenous induction of anticancer
immunity, and development along these lines has accelerated over the past decade. Looking
forward, as an increasing number of nanoparticle-based platforms are reported, researchers
will need to move beyond the use of model antigens such as OVA and to evaluate their
formulations using systems that more accurately recapitulate tumor immunology, which will
help to better facilitate clinical translation. Ultimately, the flexibility to engineer carriers that
can incorporate virtually endless combinations of antigenic and adjuvant materials at
controllable ratios while also targeting the correct immune subsets offers the exciting
prospect of allowing anticancer vaccines to realize their full potential.

Recent developments have also suggested that combinatorial immunotherapy treatments will
eventually be necessary to achieve maximal efficacy.[164] This is a natural conclusion given
the complexity associated with generating antitumor immunity and the fact that most
treatments only focus on one aspect of the immune process. For example, anti-blockade
therapies may be extremely effective at unlocking existing immune responses, but may not
be optimal for generating new specificities. On the other hand, while they can do very little
to directly overcome immune suppression, vaccines excel at expanding the immune
repertoire, increasing the breadth to include subdominant epitopic targets. This
compartmentalized view of immunotherapies has important implications in the pre-clinical
evaluation of new vaccine formulations, as lack of treatment efficacy does not necessarily
correlate to a lack of utility. The discrepancy can be addressed by readjusting views on what
it means for a vaccine to be successful. As development progresses, it is not difficult to
envision that, in the future, personalized vaccine nanoformulations will be routinely
combined with other treatment modalities to generate therapies that can make a significant
and lasting impact on the patient population.
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Figurel.
Schematic illustration showing the induction of anticancer immunity via dendritic cells

(DCs). (A) An immature DC takes up tumor antigens (orange and blue circles) along with an
immune stimulating adjuvant (yellow ribbons). (B) A mature DC presents processed
antigens along with co-stimulatory signals to tumor antigen-specific cytotoxic T cells (TCs).
(C) Cytotoxic TCs upregulate effector functions and are capable of destroying cancer cells
(CCs) presenting the original tumor antigens.
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Figure2.
Designing nanoparticles for anticancer vaccination. (A) Nanoparticles can be engineered

with numerous properties that make them well suited for vaccination applications. This
includes the ability to display multiple tumor antigens, load large amounts of antigens, target
DCs, and respond to environmental stimuli. (B) Engineered nanoparticles taken up by a DC
can release their antigen and adjuvant cargos intracellularly.
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Figure 3.
A spherical nucleic acid (SNA) platform for immune modulation. (A) Design of SNA

platform, which contains a TLR agonist oligonucleotide shell around a liposome or gold
core. (B) Schematic of proposed mechanism for uptake and TLR interaction between APCs
and SNAs. (C) Cytokine profiling of draining popliteal lymph node collected 4 hours after
footpad administration. (D) Tumor growth curves (left) and corresponding survival (right)
for mice injected with E.G7-OVA cells on day 0, then treated on days 3, 5, and 7.
Reproduced with permission.[137] Copyright 2015, National Academy of Sciences.
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Figure 4.
Antigen and adjuvant loaded into separate nanoparticles for programmed immune responses.

(A) Schematic illustrating ex vivo DC pulsing with an antigen carrying programmed
nanoparticles (pNP) (PLGA OVA/ICG) and adjuvant encapsulating pNP (PLGA R837/
STAT3 siRNA), and the antitumor immunity effects once pulsed DCs are administered. (B)
Antitumor activity of DCs pulsed with pNPs. One week after immunization with pulsed
DCs, mice were challenged with E.G7-OVA tumor cells, and tumor volume was measured
every 3 days. Representative photographs are shown for each group. Reproduced with
permission.[146] Copyright 2013, Elsevier.
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Figure5.
Alpha-alumina (a-Al,03) nanoparticles as an inherent adjuvant. (A) Illustration depicting

a-Al,O3 nanoparticle design including an a-Al,O3 core connected to OVA antigen through
a linker. (B) Surface expression of MHC I-peptide complexes is higher for DCs pulsed with
a-Al,03-OVA nanoparticles. (C) Vaccination with a-Al,03-OVA nanoparticles elicited a
high frequency of OVA-specific IFNy producing CD8+ T cells from mice spleens as
determined by flow cytometry. (D) Seven days after B16-OVA injection, mice were
vaccinated with a-Al,03-OVA nanoparticles and controls and tumors were measured.
Reproduced with permission.[10%] Copyright 2011, Macmillan Publishers Limited.
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Figure 6.
Interbilayer-crosslinked multilamellar vesicles (ICMV). (A) llustration of free antigen and

adjuvant, and two ICMV formulations containing liposome encapsulated OVA antigen with
MPLA embedded into the lipid layers. (B) Anti-OVA serum IgG titers analyzed from mice
serum collected on days 21, 35, and 56 after immunization. (C) Frequency of OVA-specific
T cells in peripheral blood determined by flow cytometry analysis of tetramer+ CD8+ T
cells over time after vaccination. (D) Percentage of central memory T cells in peripheral
blood collected on day 41 after vaccination determined by flow cytometry analysis of
stained tetramer+ CD44+CD62L+ T cells among CD8+ T cells. Peripheral blood
mononuclear cells were collected day 49 after immunization and restimulated ex vivo with
OVA peptide. (E) Functionality of antigen-specific CD8+ T cells against the presentation of
OVA antigen was then assayed using flow cytometry histograms of IFNy+CD8+ T cells.
Reproduced with permission.[108] Copyright 2011, Macmillan Publishers Limited.
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Figure7.
Cancer cell membrane-coated nanoparticles (CCNPs). (A) Schematic representation of

CCNP fabrication and application. (B) Maturation of DCs after pulsing with blank solution,
CCNPs from B16-F10 cell membrane, or CCNPs with MPLA adjuvant for 48 hours. Cells
were immunostained with antibodies against CD40 (left), CD80 (middle), or CD86 (right) as
maturation markers and analyzed by flow cytometry. (C) Pulsed DCs were co-cultured with
T cells derived from pmel-1 transgenic mice. Response against the presentation of gp100
antigen was assayed using an ELISA for IFN+y at 24, 48, and 72 hours after co-culturing.
Reproduced with permission.[110] Copyright 2014, American Chemical Society.
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