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The major goal of immunity is maintaining host survival. Toward this, immune cells recognize and elimi-
nate targets that pose a danger. Primarily, these are external invaders (pathogens) and internal invaders
(cancers). Their recognition relies on distinguishing foreign components (antigens) from self-antigens.
Since cancer cells are the host’s own cells that are harmfully altered, they are difficult to distinguish from
normal self. Furthermore, the antigens least resembling the host are often sequestered in parts of the
tumor least accessible to immune responses. Therefore, to sufficiently boost immunity, these tumor anti-
gens must be exposed to the immune system. Toward this, nanoparticles provide an innovating means of
tumor antigen presentation and are destined to become an integral part of cancer immunotherapy.
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Plain language summary
Since cancer cells are derived from normal cells that have become altered, they are difficult for the immune system
to recognize and eliminate. However, presentation of altered pieces of cancer cells on nanoparticles provides an
innovating way to boost anticancer immune responses.
The ultimate success of cancer therapy lies in harnessing the power of the body’s natural immune defenses. Proper
activation of those defenses can prevent and eliminate growth, metastasis and recurrence of tumors [1–3]. While
the field of cancer immunotherapy has exploded with a range of immunomodulatory agents (from passive agents
like cytokines and checkpoint inhibiting antibodies, to active agents like adoptively transferred altered T cells and
antigen-presenting cell [APC] vaccines), only a small proportion of treated patients have experienced long-term
benefit. Although in some ways we have come a long way in advancing our basic tumor immunology and cancer
biology knowledgebase, and in translating that to clinical trials and patient care regimens, in other ways we are still
at the infancy of our discovery process. Therefore, rather than working on limited understanding and assumptions,
the most immediate and effective advances may come from focusing on boosting the natural immune defenses
against cancer, even if we do not yet understand all the underlying mechanisms involved.

Many solid tumors are recognized and eliminated by active immune surveillance through cytotoxic lymphocytes
(i.e., CD8+ T cells and natural killer [NK] cells) [4,5]. As tumors progress in size and severity, their microenvi-
ronments become increasingly immunosuppressive. Natural surveillance becomes compromised and lymphocytes
within the tumor can indirectly lead to tumor growth through the secretion of immune-suppressive cytokines
(e.g., TGF-β and IL-10) [6,7]. Active immunotherapies provide necessary immune triggers that drive the expan-
sion of tumor-infiltrating CD8+ T cells leading to tumor reduction and eradication. Activation and expansion
of tumor-infiltrating lymphocytes begins with the delivery of tumor-associated antigens (TAAs) to APCs and the
presentation of such antigens in the context of MHC class I molecules (for in-depth reviews of antigen-processing
and presentation of antigens, see [8,9]). Traditional APCs require activation signals to fully mature and migrate to
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the draining lymph nodes where they can present antigen to naive T cells. However, antigen presentation likewise
occurs within the tumor microenvironment and by a variety of cells including B cells. Recognition of an MHC-TAA
complex by a T cell with the cognate T-cell receptor (signal 1) along with proper costimulation (signal 2) and
cytokine signaling (signal 3) drives the expansion of tumor-specific T lymphocytes. If primed within the lymph
nodes, these lymphocytes must then migrate to the tumor to eliminate the primary cancer and throughout the
body to eliminate metastases.

Antigens present within the tumor are mainly self-antigens to which cognate T cells have been eliminated
by central tolerance in the thymus during their development or suppressed outside of the thymus by peripheral
tolerance. Therefore, the tumor antigens that can be recognized and to which the immune system can respond
are self-antigens that have been mutated [10]. Identification of these antigens for vaccine development and cancer
treatment can be complex and costly. This is in large part due to a current lack of knowledge as to which
identified mutated antigens should be targeted. Targeting all mutated antigens that can be identified is not feasible
with technologies currently utilized for this purpose (although this idea will be revisited in the discussion of the
advantages of utilizing nanoparticles). Targeting random-mutated antigens may result in the selection of antigens
that yield limited immune responses [11–13]. Conversely, targeting a select group of antigens that yield high in vitro
immune responses may result in redundant attempts to activate cognate T cells that are already engaged and whose
additional stimulation contributes little further antitumor response.

Alternatively, tumor lysates and whole-cell tumor preparations with self-antigens provide a more complete
antigenic profile of the tumor and obviate the need to define, select and synthesize TAA peptide epitopes [14,15].
However, whole-cell tumor vaccines have to-date exhibited poor immunogenicity when administered alone, most
likely due to their inability to induce dendritic cell (DC) maturation and their propensity to promote immune
tolerance rather than activation [16]. Preparation methods of both tumor lysate and whole-cell tumor vaccines will
be critical for optimizing their immunogenicity and effectiveness in the future.

The passive administration of inhibitory receptor (immune ‘checkpoint’) blockade treatments, including anti-
PD-1, anti-PD-L1 and anti-CTLA-4 has been US FDA-approved and has revolutionized the treatment and
prognosis of late-stage melanoma, lung and renal cancers [17,18]. Unfortunately, this approach is limited to those
patients with preexisting levels of antitumor T cells within their tumors and even among these only a small
proportion of checkpoint inhibitor-treated patients exhibit long-term benefit. Active immunotherapies that are
highly efficacious in the delivery and presentation of TAAs to the tumor microenvironment are expected to improve
outcomes for cancer patients by recruiting immune responses to the tumor site and providing the necessary stimulus
for tumor elimination. This highlights the need to develop novel techniques and strategies that efficiently deliver
TAAs to APCs, promote TAA presentation and the activation of the APCs, and lead to improved clinical outcomes
with the goal of tumor eradication and prevention. Studies that highlight the different delivery platforms and
strategies used to promote enhanced antigen presentation and downstream lymphocyte activation in cancer models
are highlighted in Table 1. Nanoscale technologies are promising avenues for active cancer immunotherapies and
particle-based platforms have been used for effective delivery of DNA, siRNA and protein antigens as well as a
plethora of adjuvants and immunomodulatory compounds. Current research into nanoscale platforms for active
immunotherapy aims to optimize the combination of targeting antigens and tethering adjuvants for optimal antigen
presentation and downstream activation of T lymphocytes.

Nanoparticle antigen delivery platforms & beyond
Nanoscale applications for antigen packaging and delivery have become ubiquitous in the field in recent years.
Nanoparticles are carrier platforms that can encapsulate or surface incorporate both adjuvant and antigen without
initiating an immune response to the carrier. For an excellent review on the different types of materials and designs
of nanoparticles for cancer as well as their use in human trials and toxicity, please see [19,20]. Nanoparticle carriers
are an efficient means by which to deliver TAAs and immunomodulatory molecules to APCs in order to propagate
T-cell activation, expansion and response (Figure 1A). Soluble delivery of TAAs and tumor lysates is subject to
rapid clearance, and these are poorly taken up by APCs. Surface conjugation or encapsulation of whole protein
or peptide antigens onto particulates can facilitate antigen uptake, cross-presentation (CP) and APC maturation.
Several studies utilizing the chicken egg protein, OVA or the CD8+ T-cell epitope OVA(257–264) conjugated to the
surface of gold solid-core particles [21], polystyrene beads [22] or encapsulin nanoparticles [23] have shown protective
prophylactic as well as therapeutic immunity to B16 melanoma expressing OVA and EL4 lymphoma-expressing
OVA. However, these tumors express OVA, which is a nonself (i.e., a foreign) antigen. Since patient tumors do
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Table 1. Summary of studies in which specific methods are used to enhance antigen presentation.
Strategy to enhance antigen
presentation or immunogenicity

Type Tumor models Mechanism of antigen enhancement

VLPs and particulate delivery Viral mimics, exosomes [33–36],
nanoparticulate delivery [38]

Breast, B16 melanoma, B16-OVA Increased uptake and cross-presentation
within MHC class I

Endosomal antigen escape pH responsive polymers [39–45] OVA, B16-OVA Improved antigen loading onto MHC

Production of ROS Lysosomal rupture, trans-RA, cationic
liposomes [46–49]

B16 Activation of APCs and increased MHC
expression

Protein modification: oxidation HOCl cell treatment [59–61] B16-OVA, prostate, ovarian Aldehyde-modified side chains promote
uptake and presentation

Protein modification: heat shock High-temperature incubation [62,63] Glioblastoma Increased expression of heat-shock
proteins

TLR agonists and adjuvant delivery TLR2 [91], TLR4 [81,92,93],
TLR7/8 [85–87], TLR9 [82–86,90],
complement proteins [97],
cytokines [100,101]

Breast, ovarian, prostate Activation and maturation of APCs,
cytokine expression

Physical size of delivery platform �200 nm, 200–800 nm, 1.0 μm+ [18,37] B16-OVA. HPV/cervical Efficient trafficking to lymph nodes and
uptake by APCs

APC: Antigen-presenting cell; HOCl: Hypochlorous acid; OVA: Ovalbumin; RA: Retinoic acid; ROS: Reactive oxygen species; TLR: Toll-like receptor; VLP: Virus-like particle.

not express such foreign antigens, findings from models utilizing these antigens may not be extrapolated to real-life
scenarios. Such models are also inherently prone to loss of OVA antigen presentation that renders them hidden
from OVA antigen-specific T cells and thus using these models to track antigen presentation or T-cells responding
to these antigens is problematic [24]. Tumor lysate rendered from tumor cell lines or disruption of excised solid
tumors can provide a more complete antigenic profile and limit erroneous outcomes due to expression of foreign
antigens. Our group has shown promising results from studies utilizing a single-step nanoparticle antigen-presenting
system, which are made from the tethering of tumor lysate as the source of antigen. Without the addition of any
exogenous adjuvant, these particles significantly prevent tumor growth when administered prophylactically and
result in increased APC and tumor-specific CD8+ T-cell infiltration within the tumor microenvironment [25].
Another promising avenue for the delivery of broader repertoires of TAAs includes the coating of intact tumor
cell membranes and surface proteins on poly(latic-co-glycolic acid) (PLGA) polymeric particles [26]. Here, cellular
membranes are derived from B16 and MDA-MB-435 melanoma cell lines and the particles subsequently modified
with the adjuvant monophosphoryl lipid A, a Toll-like receptor (TLR) 4 agonist. This promising technology
induces strong expression of costimulatory molecules CD40, CD80 and CD86 on CD11c+ DCs; however, it
remains unknown whether the reported upregulation of costimulatory DC markers and antigen presentation
results in physiologic antitumor in vivo effects [26].

Virus-like particles (VLPs) resemble the size and architecture of viruses. VLPs can be surface-modified with TAAs
and they are typically 10–100 nm in diameter, which allows efficient uptake from DCs and trafficking to draining
lymph nodes [27]. VLP studies with TAAs have had mixed success. In a study with bovine papillomavirus expressing
the common ductal adenocarcinoma MUC1 epitope, a VLP-based vaccine induced strong APC costimulatory
molecule expression and delayed the growth of tumor, but ultimately provided minimal protection [28]. Similar
results have been published with rabbit hemorrhagic disease virus with surface-conjugated OVA. Here, delay of
B16-OVA tumor growth after vaccination was achieved, although this resulted in minimal overall protection after
tumor progression [29]. Although more research is needed on VLP delivery vehicles for antitumor responses, the first
VLP vaccines have recently been approved for the prevention of the oncogenic HPV and are, therefore, preventive
for cervical carcinomas and other HPV-associated mucosal carcinomas in men and women [30,31].

Alternatively, virosomes are a promising vector for tumor antigen delivery. Virosomes mimic native viral structures
through the inclusion of purified viral envelope proteins into a lipid bilayer lacking any viral genomic material of the
native virus [32]. For example, influenza virosomes can be formed from purified hemagglutinin and neuraminidase
envelope proteins incorporated into a mixture of synthetic phosphatidylcholine and phosphatidylethanolamine
lipids, as well as natural viral lipids [33]. Immunopotentiating reconstituted influenza virosomes are the most
extensively studied viral liposomes and these can serve as carriers for multiple antigens [34]. Encapsulation of peptide
antigens inside the liposomal vectors has been shown to be an effective strategy to elicit cellular immune responses
directed against melanoma and breast cancer TAAs in animal studies [32]. A Phase I clinical trial of influenza
virosomes encapsulated with Her/neu peptide antigen was well tolerated by ten patients with metastatic breast
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Figure 1. Methods for enhancing antigen uptake and presentation for cancer immunotherapies and vaccines. (A) Tumor antigen
delivery via nanoparticles creates APC antigen depots and increases antigen presentation. Nanoscale platforms may be used in both
settings to increase antigen uptake and presentation by MHC class I and II molecules, subsequently activating both CD8+ and CD4+ T cells
for antitumor immunity, respectively. (B) Protein modification through oxidation or heat shock enhances antigen uptake and as well as
APC activation. Antigens taken up by APCs that escape the endosome are more efficiently cross-presented. This may activate ROS, thus
driving activation of APCs. Exogenous and codelivered TLR agonists as well as DAMPs and ligands for pathogen-activated recognition
receptors contribute to APC activation and maturation, which can then upregulate costimulatory molecules and cytokine expression.
APC: Antigen-presenting cell; DAMP: Damage-associated molecular pattern; ROS: Reactive oxygen species; TLR: Toll-like receptor.

cancer. These virosomes demonstrated both humoral and cellular immune responses to the peptide antigens with
a notable decrease in circulating CD4+CD25+Foxp3+ Treg cells [35]. Although larger clinical trials are needed
to show efficacy, significant preclinical evidence in animals suggests that virosomes as vaccine modalities can
initiate tumor antigen-specific cell-mediated immunity and may prove to be strong candidates for future cancer
immunotherapies [36,37].
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Tumor-derived exosomes may be a potential alternative to using tumor lysate for multivalent tumor antigen
delivery. Exosomes range from 30 to 100 nm in size and are secreted as intracellular vesicles that fuse with the
plasma membrane and contain a mixture of both cellular cytosolic and membrane proteins as well as mRNA [38].
Exosomes derived from DCs may contain complexes of MHC and costimulatory molecules while those derived
from tumor cells may encompass a representative sample of TAAs. Within the tumor microenvironment, tumor
cell exosomes may be inherently immunosuppressive by encompassing the same repertoire of tumor suppressive
ligands and receptors, such as Fas-L and HLA-G, or by inducing immune tolerance [38]. Therefore, preparation of
tumor-derived exosomes may require additional adjuvants, cytokines or cell-line treatments prior to purification [39].
Subjecting A20 lymphoma cells to heat shock has been shown to increase the levels of HSP60 and HSP90 found
within the exosomes, as well as MHC-I, costimulatory molecules such as CD40, and inflammatory cytokines.
Four doses of HS exosomes were observed to protect 90% of animals for 40 days while therapeutic administration
starting 1 week after A20 challenge resulted in decreased tumor growth and 40% survival [40]. Alternatively, DCs
given appropriate maturation signals can be induced to release exosomes that can then be harvested and pulsed with
selected antigens for vaccination. DC exosomes containing OVA have been shown to be protective in therapeutic
melanoma models when combined with the TLR3 agonist poly(I:C) resulting in 60% survival [41]. Enhanced
protection was due in part to the recruitment of NK and natural killer T (NKT) cells to the tumor site. However,
again, these findings require validation in similar studies not utilizing a foreign antigen, such as OVA.

Physical determinants important for antigen presentation
Particle size is a critical factor for determining localization within the tissue and uptake by cell type. Larger
particles, greater than 200 nm are typically retained at the site of inoculation while smaller particles under 100-nm
traffic efficiently to the draining lymph nodes and are taken up by DCs [42]. DCs are undoubtedly efficient at
CP of exogenous antigen and are, therefore, targeted for antigen delivery. A comparative study on particle size
demonstrated that 40-nm PS particles were the most efficient immunostimulatory antigen-delivery particles among
those ranging in size from 20 nm to 2 μm [22]. Prophylactic vaccination with two doses of 40-nm PS-OVA particles
without extraneous adjuvants prevented EG7-OVA tumor growth in 100% of animals until day 10 while tumor
growth in groups administered 1.0-μm PS-OVA particles was comparable to that of control groups. Therapeutic
challenges were only performed with 40-nm particles using the EG7-OVA model, but these studies also showed
that such particles are effective in reducing tumor size or inhibiting further growth when administered on 8 days
after tumor challenge in mice. However, variables beyond the size of the particles such as type of antigen and
concentration, tumor model, injection site and time of inoculation must be considered in the overall design of
tumor vaccines and immunostimulants.

CP is a process by which APCs take up, process and present extracellular antigens within MHC class I molecules
to CD8+ T cells. In order for CP of such exogenous antigens to occur, the antigen must escape the acidic
environment of the endo/lysosome into the cytosol where it is processed through the proteasome machinery for
MHC-I antigen presentation [43]. PLGA particles efficiently release their payload from the endosome into the cytosol
where they can be ushered into the class I presentation pathway. Polymers, chemistries and cross-linkers that are pH
sensitive may also facilitate release of antigen payloads from the endosome [44,45]. Polyacrylamide nanoparticles with
functionalized pH-sensitive cross-linkers have been observed to be more effective at presenting antigen compared
with nonacid degradable particles, which are compounded by increased endocytosis due to the incorporation of
cationic polymers that increase the surface charge [46]. Acid degradable particles loaded with OVA antigen have
been shown to result in a potent antitumor response with 50% survival of hosts for 30 days, although studies
comparing these to nonacid degradable particles are needed [47]. Alternatively, a novel platform has been described
that promotes antigen release by encapsulating NH4HCO3 into PLGA particles. The ammonium bicarbonate
ions balance the pH within the endosome and produce CO2 and NH3, which disrupt the nanoparticle shell [48].
Reductive conditions within the endosome can also be exploited to facilitate antigen release when antigens are
conjugated to carriers through disulfide linkages [49]. Polypropylene sulfide-modified particles with conjugated OVA
via a reducible disulfide linkage are more efficiently cross-presented in MHC-I molecules than OVA conjugated
through nonreducible bonds, resulting in significantly higher expansion of effector and memory tumor antigen-
specific CD8+ T cells [50]. These findings highlight promising chemical and biochemical strategies for enhancing
CP of antigens, which may have a role in TAA delivery in future immunotherapies.

Lysosome rupture results in reactive oxygen species (ROS) that enhance DC maturation leading to efficient
antigen CP [51]. Inducible ROS may, therefore, be a useful indirect adjuvant for cancer vaccine platforms (Figure 1B).
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Nanoparticles synthesized with a pH-sensitive polysaccharide that incorporates transretinoic acid, a potent activator
of ROS in DCs, result in robust activation of the proteasome and significantly increased MHC-I OVA presentation
in mice [52]. Tumor progression is significantly decreased after three vaccinations and survival is prolonged. Cationic
liposomes are also potent inducers of ROS [53,54]. Increasing molar quantities of cationic liposomes (DOTAP) in a
dose-dependent fashion generates increasing amounts of ROS with contaminant negative feedback for antitumor
immune responses, most likely due to an increase in the numbers of apoptotic cells. Optimal liposomal formulations
that include neutral and cationic lipids induce an appropriate ROS in DCs in the absence of apoptosis, and have
been shown to be effective in controlling tumor growth [55].

Beyond nanoparticles: ex vivo DC therapies
In 2010, the FDA approved the cancer vaccine, Sipuleucel-T (Provenge) for prostate cancer [56]. Sipuleucel-T
is a vaccine made from patient-isolated DCs pulsed with known prostate TAAs and treated with immune cell-
maturation cytokine, GM-CSF [57]. DC-based treatments, although effective, are high-cost modalities and the use
of peptide TAAs limits their use to specific tumor profiles, thus requiring knowledge of TAAs and the patient HLA
type. Pulsing DCs with a soluble patient-derived autologous tumor lysate broadens the antigen profile available
for immune activation but suffers from failure to induce proper maturation. This may possibly be a result of the
presence of immunoregulatory cytokines in the lysate, which can promote immune tolerance [58,59]. In clinical
trials, pulsing DCs with soluble tumor lysate has had mixed results, with response rates of approximately 40% for
regimens that often administer ten or more doses [14,60].

Nanoparticle delivery platforms that encapsulate or surface absorb TAAs, ultimately promote DC uptake,
CP and maturation, while protecting TAAs from proteolytic degradation. In a preclinical study, a comparison
between soluble tumor lysate and PLGA-encapsulated lysate from patient-derived tumors demonstrated that antigen
encapsulation leads to robust autologous T-cell IFN-γ production and IL-10 downregulation [61]. Additional studies
with TARA R182 ovarian cancer cell lysate encapsulated within PLGA nanoparticles have shown efficient antigen
uptake and presentation by DCs to CD8+ T cells, resulting in IL-6, IL-1β and IFN-γ production [62]. Although thus
far data demonstrating effectiveness in tumor reduction or prevention using nanoparticle delivery for ex vivo-loaded
DC vaccines are lacking, technical advances are expected to make clinical translation possible.

The preparation of ex vivo DC vaccines typically requires the addition of adjuvants, TLR agonists or DC
maturation ligands. Soluble adjuvants are typically mixtures of microbial components that stimulate pathogen-
associated molecular pattern receptors. Ex vivo manipulation of DCs provides the distinct advantage of direct
administration of adjuvants and TLR ligands to drive robust DC maturation and CP of TAAs, perhaps obviating
the need for particulate delivery vehicles ex vivo [63]. Moreover, DCs treated with TLRs ex vivo in the absence
of any actual tumor antigens have also shown to provide some efficacy as immunotherapies [64]. Comparatively,
the method of protein antigen preparation may dictate successful antigen uptake and presentation (Figure 1B).
Treating tumor cells with HOCl has been shown to increase both tumor antigen uptake and overall immunogenicity.
HOCl oxidation exposes immunogenic peptides and reacts with hydroxyamino acid side chains to yield aldehyde
by-products, which may play a role in inflammation and phagocyte activation [65,66]. DCs pulsed with HOCl-
oxidized tumor antigens from ovarian and breast cancer lysate have demonstrated that oxidized antigen promotes
better presentation and expanded T-cell activation and results in controlled tumor growth in early-phase human
studies [67]. Induction of heat-shock proteins among tumor cell lines is another potential tool for increasing total
immunogenicity and CP by APCs containing tumor lysate antigens. Heat-shocked prostate preparations of tumor
antigens compared with controls have demonstrated strong antitumor immune responses in melanoma and prostate
models in vivo, as well as in human trials against glioblastoma [68,69]. These strategies are promising avenues for
enhancing the immunogenic potential of any tumor lysate used as the source of antigen; however, the complexities
of ex vivo-manipulated DC-based vaccines (including choice of DC subtypes, inclusion of pathogen-associated
molecular patterns or other maturation signals, and use of delivery platforms) are important concerns for designing
future ex vivo DC-based vaccines.

Beyond nanoparticles: in vivo DC targeting
In vivo DC targeting can be used to optimize the delivery of TAAs for cancer vaccines. Particle size (<500 nm
and ideally 20–50 nm) and the route of administration also function to passively target particulate vaccines to
the draining lymph nodes and into DCs [70]. In therapeutic tumor models, pluronic-stabilized propylene sulfide
nanoparticles bearing the nontumor antigen OVA have been effective in reducing tumor burden only when the

2698 Nanomedicine (Lond.) (2017) 12(23) future science group



Nanoparticle-based cancer immunotherapy Review

vaccine is administered into the ipsilateral tumor-draining lymph node [71]. Cell entry-based active targeting utilizes
surface-modified nanoscale vesicles with DC surface receptor ligands or antibodies to promote internalization and
direct delivery to the proper APC subtype [72]. Families of DC-targeting receptors include costimulatory molecules,
C-type lectin receptors and MHC-II molecules [73]. Targeting DC-specific receptors helps create an antigen depot
effect in target APCs and has been shown to enhance antigen presentation leading to protection [74]. The optimal
choice of DC-targeting ligands for cancer vaccines is a current subject of debate. With respect to particulate delivery
systems, in a comparative study of PLGA NPs decorated with surface antibodies to DEC-205, CD11c or CD40,
there was no difference in the immunological in vivo response between the different targeting moieties [75]. DCs
inherently sample antigens from the extracellular environment and arguably targeting DC-specific receptors may
be unnecessary. From a practical standpoint, the addition of DC receptor targets adds to the cost and complexity
of GMP production. However, studies using particulate delivery systems do highlight the benefit of targeting DC
receptors CD40, mannose receptor, DC-SIGN and DEC-205 for reducing or controlling tumor burden [76–78].
Furthermore, specifically targeting DC subsets known for efficiently cross-presenting exogenous antigens, especially
those with human equivalents from preclinical animal studies such as DC-SIGN or CD205 may be excellent avenues
for clinical translational [79,80]. Targeting DC-SIGN is well characterized with optimal-binding glycans in place of
large monoclonal antibodies and several studies have shown as much as 100-fold increases in antigen (e.g., OVA
and MART-1 epitope) presentation on both MHC-I and MHC-II [81,82]. Future studies are on-going to determine
which subsets of DCs are optimal targets and how this impacts antitumor immunity.

Codelivery of TLRs & antigen combinations
Codelivery of antigens and immunomodulatory compounds such as TLR agonists and danger-associated molecular
pattern ligands with nanoscale platforms provides activation signals necessary for DCs to fully mature and down-
stream stimulate T cells and B cells, while limiting the severe toxicity seen in systemic delivery of free TLRs [83].
TLRs are expressed mainly on macrophages, B cells and DCs, but they are also expressed transiently on activated T
cells and tumor cells [84]. Activated T cells upregulate the expression of TLRs, and TLR expression levels decrease
with the contraction of effector cell subsets. TLR ligands can stimulate or inhibit downstream antitumor activity
of adaptive immune cells depending on the specific innate receptor and the cell type on which it is expressed [85].
Although resting and naive T cells are unresponsive to TLR ligands, tumor-suppressed lymphocytes within the
tumor microenvironment and draining lymph nodes may benefit from enhanced antitumor activity, immune cell
survival and memory cell formation. Evidence from studies using single and combination TLR agonists as adjuvant
therapies supports this idea [86–88]. In a recent study, YSK05 liposomes encapsulating cyclic-di-GMP as an adjuvant
were successful in significantly preventing B16 melanoma seeding within the lung, likely due to the recruitment of
NK cells [89,90]. Conversely, other studies have reported that signaling through TLRs in certain cancers can likewise
be proinflammatory and immunosuppressive as well as proangiogenic [84,91]. Included adjuvants for the purposes of
increasing cytotoxic T-cell activation and expansion generally focus on TLR agonists, although alternative adjuvants
such as α-galactosylceramide (α-GalCer) are notable due to their ability to stimulate both the innate and adaptive
arms of the immune response [92]. α-GalCer is presented on MHC class I-like CD1d molecules that bind with
the invariant T-cell receptor found on NKT cells. Activated NKT cells secrete Th1-like cytokines that induce DC
maturation and expression of costimulatory molecules. When codelivered with the self-antigen TRP2 encapsulated
in cationic liposomes, the formulation has been shown to be highly efficacious in a therapeutic setting against B16
melanoma in mice [93]. Additionally, adjuvants like α-GalCer may work additively with TLR agonists to promote
antigen uptake and presentation [94].

Nanoparticle platforms may encapsulate the antigen with surface-absorbed or covalently bound danger-associated
molecular patterns, or encapsulate the antigen and adjuvant. Studies with PLGA nanoparticles coencapsulating
7-acyl lipid A, a TLR4 agonist, with the melanoma self-antigen TRP2 have shown efficient tumor growth control
when vaccinations are administered early after B16-F10 melanoma challenge [95]. A novel platform was recently
reported using mesoporous silica rods, which upon injection in vivo self-assemble into scaffolds that facilitate
immune cell recruitment [96,97]. These mesoporous silica rods are functionalized with GM-CSF and CpG, a TLR9
agonist, and prevent tumor growth after one dose, with 90% host survival of 30-day post-treatment. Similarly, an
injectable nanogel derived from cholesteryl pullulan along with CpG in a mouse model of colon carcinoma has
been shown to offer 100% protection in the prophylactic setting and to suppress tumor growth in the therapeutic
setting [98]. CpG as well as TLR7/8 agonists have also been shown to reduce the frequency of myeloid-derived
suppressor cells and Tregs in the tumor microenvironment, which result in a shift from an immunosuppressive
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to an immunostimulatory environment [99,100]. TLR codelivery may also have utility in ex vivo models of DC
immunotherapy, including ex vivo delivery of PLGA-encapsulated STAT3 siRNA, the TLR7 agonist imiquimod
and OVA antigen to DCs [101]. Such PLGA particles have been shown to be highly effective at preventing tumor
growth after prophylactic vaccination. Interestingly, the antigen- and adjuvant-combined effect was significantly
greater when they were delivered as separate particles [102].

A stark advantage of particulate delivery is the design of multifunctional vehicles that may contain multiple TLRs,
which may additively or synergistically improve the overall immune response and outcomes [103]. MelQbG10, a
viral-like protein nanoparticle vaccine that incorporates both imiquimod and CpG TLR agonists, is currently in
Phase IIa human trials with promising safety and immunogenicity data from Phase I trials as a treatment for
advanced-stage melanoma [104]. Other avenues for multifunctional nanoparticle approaches to cancer vaccines
may incorporate in vivo DC targeting along with TLR agonists for efficient activation of specific DCs or other
APCs. PLGA particles encapsulating Pam3CSK4, a TLR2 agonist, and Poly(I:C), a TLR3 agonist, and coated with
anti-CD40 have been shown to efficiently prevent tumor growth in a B16-OVA model with 50% survival 40-day
post-tumor challenge [105]. Other adjuvant combinations such as 4–1BBL, an agonist for the 4–1BB receptor
expressed constitutively on DCs, and the TLR4 ligand, monophosphoryl lipid A, have been demonstrated to have
potent antitumor therapeutic effects in models of lung cancer [106,107]. 4–1BBL as a single adjuvant increases IL-2
production, increases antigen uptake and presentation and drives Th1 T-cell responses responsible for antitumor
efficacy, thus making a strong case for its future development as a potent anticancer adjuvant [108]. Although
several clinical trials of TLR-agonist drugs have been terminated due to systemic inflammatory side effects, targeted
delivery can reduce the toxicity of systemic administration by accumulation of the agonist at the tumor site and
the lower dosage requirements of a targeted approach.

TLRs may also be expressed on malignant cells limiting their use as adjuvants in certain cases. TLR7 expression
on non-small-cell lung cancer cells is associated with a poor outcome [109]. TLR7 agonists in mice with TLR7-
expressing tumor cells lead to resistance to chemotherapy and tumor progression. TLR7 signaling on lung cancer
cells leads to the expression of antiapoptotic protein, Bcl-2, and recruitment of myeloid-derived suppressor cells
into the tumor environment, both of which increase tumor cell survival [110]. TLR expression on tumor cells
has been associated with positive and negative outcomes and several in-depth reviews exist [84,85]. Screening for
TLR expression to design personalized care may be a necessary step in the future; however, this also may provide
strong justification for designing improved DC cell entry-based targeted therapies that deliver TLR adjuvants to
appropriate immune cells regardless of TLR expression on the tumor. Furthermore, combined use of multiple TLRs
or TLRs combined with inhibitory receptor blockade therapies, without the use of targeted delivery molecules,
may override the negative aspects of any TLR signaling on the tumor itself.

Adjuvants beyond TLR agonists are also being explored as potential cancer immunotherapies. The complement
system is a key innate immune defense mechanism responsible for recognizing danger signals and responding
through a protein-signaling cascade that triggers proinflammatory signals and chemokines that attract neutrophils
and macrophages. C5a is one such protein involved in the complement signaling cascade with adjuvant poten-
tial [111]. A study using a fusion protein from a TLR4 ligand, OVA antigen and complement protein, C5a, has
reported that the fusion protein doubles survival against EG7.OVA tumor challenge after one dose of vaccine
compared with treatment with or without C5a [112]. The concept of using ILs or IL receptors to direct and augment
the immune response to vaccines is also being explored. IL-15 is an important cytokine involved in the regulation
of cytotoxic T cells and has shown promise in conjunction with DNA vaccines in enhancing antigen-specific T-cell
responses [113]. IL-15 conjugated to PLGA nanoparticles with encapsulated OVA has been shown to efficiently
activate antigen-specific CD8+ T cells and significantly increase overall survival of hosts after tumor challenge [114].
IL-23, another proinflammatory cytokine has been shown to have potent adjuvant effects on vaccine-derived T cells
by enhancing the effector function of CD8+ tumor-infiltrating lymphocytes and suppressing tumor growth [115].
This was most pronounced when IL-23 was expressed locally in the tumor and the side effects seen with systemic
administration may have been the result of IL-23-induced IL-17 expression. Continued development of novel ad-
juvants and combinations of adjuvants for future cancer vaccines may be necessary for improved patient outcomes
and may require personalized approaches defined by the tumor phenotype.

Conclusion & future perspective
Enhancing the presentation of tumor-associated self-antigens or neoantigens on APCs is a critical step in driving a
natural antitumor immune response but it is also a small step in the overall goal. In many tumors, functional antigen
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presentation is impaired or the expression of MHC is downregulated limiting the benefit of many antigen-specific
anticancer vaccines. In other tumors where MHCs present altered self-antigens or TAAs, particulate antigen carriers
with targeting ligands to APCs, TLR agonists or other chemical modifications may be the best pathway forward
to direct an appropriate immune response for detection, elimination and prevention of future recurrence of cancer.
Much work is still needed to define the antigens that should be utilized within the core of effective therapies.
Evidence suggests that these antigens may have to be personalized for each patient regardless of type of cancer [116],
yet considerable research is needed on how to identify optimal antigens for the most viable antitumor response.
The future of cancer nanomedicine may truly be highly personalized antigen development and vaccination in
conjunction with checkpoint blockade and other immunotherapies. Alternative solutions that obviate the need for
a prior knowledge of the exact antigens that make up the tumor needed to reprogram the immune system may provide
a bridge for solutions in the clinic until these questions are answered. Nanoparticles and related biotechnologies
provide needed augmented presentation of tumor antigens for vaccine and immunotherapy treatments for cancer
and undoubtedly, nanoparticle engineering for this purpose will remain an exciting focus of ongoing and future
studies and an increasing focus of clinical trials and cancer treatments.
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Executive summary

Nanoparticle antigen delivery platforms & beyond
� Surface conjugation or encapsulation of whole protein or peptide antigens onto nanoparticles can facilitate

antigen uptake and presentation by antigen-presenting cells leading to augment tumor antigen-specific T-cell
responses.

� Virus-like particles and virosomes offer alternative platforms to nanoparticles.
� Tumor lysate and tumor-derived endosomes derived from excised tumors can provide a complete antigenic

profile.
Physical determinants important for antigen presentation
� Particle size is a critical factor for determining localization within the tissue and uptake by cell type.
� Cross-presentation of antigens that are delivered by nanoparticles is important for antigen-presenting cell

stimulation of T-cells responses.
� Lysosome rupture results in reactive oxygen species that enhance dendritic cell (DC) maturation leading to

superior antigen presentation.
Beyond nanoparticles: ex vivo DC therapies
� DC-based treatments, although effective, are high-cost modalities and often require knowledge of specific

tumor-associated antigens (TAAs).
� Nanoparticle delivery platforms that encapsulate or surface absorb TAAs, ultimately promote DC uptake,

cross-presentation and maturation, while protecting TAAs from proteolytic degradation.
� The preparation of ex vivo DC vaccines typically requires the addition of adjuvants, Toll-like receptor (TLR)

agonists or DC maturation ligands.
� The method of protein antigen preparation may dictate successful antigen uptake and presentation by DCs.
Beyond nanoparticles: in vivo DC targeting
� In vivo DC targeting can be used to optimize the delivery of TAAs for cancer vaccines.
� The optimal choice of DC-targeting ligands for cancer vaccines is a current subject of debate.
Codelivery of TLRs & adjuvant combinations
� Codelivery of antigens and immunomodulatory compounds such as TLR agonists and danger-associated

molecular pattern ligands provides activation signals necessary for DCs to fully mature and downstream stimulate
T cells and B cells.

� Nanoparticle platforms may encapsulate the antigen with surface-absorbed or covalently bound
danger-associated molecular patterns, or encapsulate the antigen and adjuvant.

� Adjuvants beyond TLR agonists (including cytokines, complement pathway mediators) are also being explored for
use in nanoparticle-based cancer immunotherapies.
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