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Abstract 

A complex and multifaceted relationship exists between cancer and the immune system. Advances in 
our understanding of this relationship have resulted in significant clinical attention in the possibilities of 
cancer immunotherapy. Harnessing the immune system’s potent and selective destructive capability is a 
major focus of attempts to treat cancer. Despite significant progress in the field, cancer therapy still 
remains significantly deficient, with cancer being one of the largest contributors to morbidity and 
mortality in the developed world. It is evident that the development of new treatment regimes are 
required to exploit cancer immunotherapy. Herein we review the potential for nanotechnology to 
overcome the challenges that have limited the more widespread implementation of immunotherapy to 
cancer treatment.  

 

Introduction 

The ability of the immune system to detect and inhibit neoplastic growth, a concept termed 
immunosurveillance, was first proposed in the early 1900’s [1]. In the 1950’s it was observed that some 
nascent tumours were eliminated by the immune system before they became clinically significant. It was 
also observed that there was an increased incidence of some tumours in immunosuppressed hosts [1]. 
There is now an appreciation that all cancer cells must acquire, or inherently possess, mechanisms by 
which they can escape destruction by the immune system in order to survive. These mechanisms include 
editing of antigenic expression by downregulation of major histocompatibility complex (MHC) 
molecules, shedding of immunogenic antigens, expression and/or secretion of immunomodulatory 
factors as well as recruitment of immune regulatory cells [2]. Although the details of these mechanisms 
are yet to be fully understood, it is clear that the anti-neoplastic capability of the immune system holds 
significant potential for cancer therapy.   

The central aim of immunotherapy is to tip the balance of power back in favour of the immune system, 
thereby facilitating it’s immunosurveillance role and tumour regression. This can theoretically be 
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achieved in multiple ways, including adoptive T cell transfer, and the administration of immune 
checkpoint inhibitory factors.  Adoptive T cell transfer centres around isolation and expansion of 
antigen-specific T cells in vitro, with or without transgenic manipulation, followed by reinfusion back 
into the patient [3].  The limitation of adoptive T cell transfer, in addition to it being an expensive and 
laborious process, is the occurrence of immune-related adverse events (irAEs). These include 
autoimmune consequences due to targeting of self-antigens by the high affinity engineered T cells [4]. 
Alternatively, immune checkpoint inhibition aims to inhibit key ‘break pedals’ of T cell activation, 
thereby enhancing immune activation in an attempt to overcome tumour associated immune 
suppression [5]. Monoclonal antibodies targeting CTLA-4 and PD1 (ipilimumab and nivolumab 
respectively), receptors that provide inhibitory signals for T cells, have shown promise in clinical trials. 
Ipilimumab has received FDA approval for the treatment of melanoma, and is being considered for the 
treatment of other tumours including small-cell lung cancer and Hodgkin’s lymphoma [6, 7]. Although 
immune checkpoint inhibitors have shown some exciting results, they have also been reported to elicit 
irAEs, ranging from mild gastrointestinal upset to fulminant hepatotoxicity and hypophysitis [8]. 
Paradoxically, after the immune system has been stimulated by these treatments, it is then suppressed 
with various immune modulating medications in an attempt to control irAEs, creating a delicate 
balancing act and highlighting a significant limitation to their application [8].        

Cancer vaccination is an alternative approach to cancer immunotherapy and aims to stimulate naïve 
and/or anergic tumour specific T cells via the administration of tumour specific antigen (TAA) [9]. 
Prophylactic vaccines aim to prevent the onset of cancer, typically by vaccinating against known 
oncogenic pathogens, as is the case with the human papilloma virus vaccine that acts as a preventative 
for cervical cancer [10]. Conversely, therapeutic vaccines aim to treat cancer as opposed to prevent its 
onset, and are typically given in the context of an established tumour. The traditional paradigm of 
therapeutic cancer vaccination is that by administering TAA in the presence of an appropriate adjuvant, 
the resulting immune response is capable of reversing T cell anergy and/or ignorance. This allows the 
effector arm of the immune system to eradicate tumours. Encouraging results with this approach have 
been reported particularly in the realm of treating early and pre-malignant lesions and preventing 
reoccurrence after remission. One of the most notable cancer vaccine successes pertains to Provenge 
(sipuleucel-T), which has FDA approval for the treatment of metastatic castrate resistant prostate 
cancer, and has shown an increase in 3 year survival by 38% in clinical trials [11]. Interestingly, this 
approach differs from the traditional vaccination paradigm in that dendritic cells (DCs) are isolated from 
patient, followed by incubation with TAA and GM-CSF in vitro before re-infusion into the patient (Figure 
1a).  

Despite success in animal models and evidence that vaccination with TAAs can stimulate tumour specific 
T cell expansion in humans, this does not always correlate with tumour elimination. There have been a 
number of anti-cancer vaccines tested in clinical trials in humans where their results to date have been 
disappointing [12]. In a comparison of 23 phase II/III clinical trials assessing the efficacy of 17 different 
anti-cancer vaccines, 18 trials did not demonstrate improved patient survival [13]. It is evident that 
conventional vaccination strategies ie. injection of antigen with adjuvant, is inefficient in inducing an 
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immune response robust enough to overcome tumour associated immune tolerance. Thus new 
strategies are required to enable cancer vaccination to become a widely implemented immunotherapy. 

The poor success rate of cancer vaccinations are most likely a result of ineffective presentation of the 
TAAs. The success of Provenge is considered to stem from the use of DCs in the treatment regime. DCs 
[14] play an integral role in the host anti-tumour immune response by providing the context in which 
TAAs are presented to tumour specific T cells [15]. These professional antigen presenting cells (APCs) 
capture and present exogenous and endogenous antigens to CD8+ and CD4+ T cells via MHC I and MHC II 
respectively. Maturation of CD8+ T cells into cytotoxic T lymphocytes (CTLs) is central to the effector arm 
of the anti-tumour immune response, and difficulties in stimulating robust effector CTL responses is 
widely recognised as one of the primary factors limiting cancer vaccine efficacy. Initiation of a CTL 
response requires the capture, processing and presentation of antigen by DCs. For antigen that is 
captured from outside the cell, its presentation by MHC I involves an intracellular trafficking pathway 
termed "cross-presentation". Cross presentation is an important pathway in the anti-tumour immune 
response. DCs encounter TAA and via cross presentation stimulate CTL specific for tumour cells [16]. In 
the mouse XC-chemokine receptor 1 (XCR1) expressing DCs (termed cDC1) are particularly efficient at 
cross-presentation and inducing CTL immunity [14]. In humans effective cross-presentation can be 
achieved by numerous DC subsets depending on their activation status, origin and the type of antigen 
involved [17]. The canonical pathway of cross-presentation involves exogenous antigen being released 
from the endosome into the cytosol, proteolysis by the proteasome, transport via transporter 
associated with antigen processing (TAP) into the endoplasmic reticulum (ER) and loading into MHC I 
[18]. Peptide antigen that gains access to the cytosol also has the potential to be transported by TAP 
into the ER where it will be loaded into MHC I molecules. The importance of how antigen gains access to 
the cytosol becomes evident when considering methods for enhancing anti-tumour CTL responses via 
cross presentation.       

In addition to presenting antigen, DCs enable T cell activation by delivering co-stimulatory signals via 
surface-expressed molecules such as CD80 and CD86. Immunogenic adjuvants are used in vaccine design 
to stimulate DC co-stimulatory molecule display. Many different adjuvants, from aluminium hydroxide 
to bacterial cell wall components, have significant effects on immune response and thus vaccine efficacy 
in cancer settings [19]. Current research focuses on the design of novel adjuvants that can selectively 
target specific pathogen recognition receptors (PRRs), of which Toll-like receptors (TLRs) are the most 
well characterised. TLR-7/8 agonists have potential with regard to tumour therapy, particularly due to 
their ability to stimulate a CTL response [20, 21]. Indeed the only FDA approved TLR agonists indicated 
for cancer therapy (imiguimod and resiquimod) are targeted to TLR-7 [22]. In a comparison of adjuvants 
that target TLR-2 or TLR-3, TLR-3 activation is favoured for cancer vaccination due to its ability to 
enhance co-stimulation and cross-presentation without inducing tumour associated inflammation, 
cytokinemia or toxic disease [23]. Taken together, the role of DCs in stimulating and shaping the 
immune response exemplifies the power of DCs in enhancing cancer vaccination efficacy. 

The potential of nanoparticles 
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Nanoparticles (NPs) have significant potential as a vaccine delivery system with several benefits to their 
use in cancer vaccination and/or immunotherapy. First, antigen encapsulation within a NP or via 
covalent attachment to the NP protects the antigen from degradation, allowing prolonged circulation 
time and enhanced likelihood of presentation to immune cells. Second, NPs can deliver antigen directly 
to specific immune cells (e.g. DCs) [24] by functionalising the NP with antibodies that target the NP to 
specific receptors on the DC surface. Third, some NPs are innately immunogenic and can confer an 
adjuvant effect. In addition, NPs have the potential to use lower doses of antigen and adjuvant, thereby 
decreasing the risk of toxicity and adverse effects including irAEs. Nanoparticle therapies have the 
potential to build upon the success of therapies such as Provenge, but without the need to isolate 
patients DCs and deliver the antigen directly to DCs in vivo (Figure 1b). 

A wide variety of both organic and inorganic NPs have been developed for antigen delivery [25]. The 
size, shape, surface charge and surface functional groups, as well as the way the nanoparticles respond 
to biological stimuli all play an important role in the ability of a NP to generate an immune response. The 
complex interplay of these parameters is highlighted by the relationship between particle size and 
biodistribution, endocytic potential of different cells and the size-dependent renal and hepatic/billiary 
clearance. Particles between ~30nm and 200nm are generally most effective for delivering antigen, with 
particles outside of this range more likely to be cleared from the circulation before interacting with 
immune cells [26]. Measurement of DC association with NPs of various sizes showed that particles under 
100 nm have higher association with DCs, although larger particles, despite a lower cellular association, 
are capable of delivering a larger antigenic payload [27]. Zeta potential (surface charge) also plays an 
important role in NP association with cells. Altering the NP surface to include cationic groups (e.g. 
amines), greatly enhances cellular association [28]. However this association is non-specific and 
increases the association with all cell types. Whole human blood can be used to probe how NPs 
associate with different populations of white blood cells [29]. Cationic NPs typically show very high 
association with monocytes and granulocytes, thus limiting their usefulness for antigen delivery. 
Cationic particles also have the major drawback of exhibiting a marked reduction in biocompatibility, 
often seen to result in haemolysis, cytotoxicity and apoptosis believed to be secondary to increased 
reactive oxygen species (ROS) production [30]. This can result in the induction of leukocyte pro-
coagulant activity and ultimately disseminated intravascular coagulation, raising significant concerns 
regarding safety [31]. Anionic NPs typically show lower non-specific association with all cell types, 
however association with monocytes and granulocytes is still typically a limiting factor. PEGylated 
(neutral) NPs show the lowest non-specific association with monocytes and granulocytes, however not 
all PEG particles are the same. The molecular weight and architecture of PEG can play a significant role 
in governing non-specific association [32]. Anionic and neutral NPs do not appear to demonstrate the 
same levels of cellular damage [33], and thus have a better biocompatibility, albeit at the potential 
expense of vaccine efficacy due to lower and less efficient cellular uptake and thus antigen delivery. 
Poly(lactic-co-glycolic acid) (PLGA) microparticles and nanoparticles are extensively used for antigen 
delivery. PLGA is widely recognised a ‘biocompatible’ material, however the release of lactic and glycolic 
acids as the polymer degrades leads to the release of cytokines and inflammation. This response can be 
advantageous and contribute to self adjuvanting properties of the particles, however uncontrolled 
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cytokine signalling can also lead to undesirable side effects. There is also evidence that antibodies are 
generated against PLGA, which means subsequent doses of PLGA particles are cleared more rapidly. 

Where NPs localise to following their administration in vivo is of significant importance to cancer 
vaccination protocols. Evidence suggests that different routes of administration can alter where NPs 
migrate to and thus influence the downstream immune response. Following administration via 
subcutaneous, intradermal and intramuscular routes, NPs localise to nearby draining lymph nodes. This 
allows antigen delivery directly to the site of immune activation and thus increased availability of 
antigen to resident immune cells, including DCs [34]. Tumour enhanced permeability and retention 
(EPR) that causes altered tumour tissue architecture can result in NPs sequestering themselves in the 
tumour itself, however more importantly for cancer immunotherapy NPs can accumulate in the tumour 
draining lymph nodes (tdLNs) [35]. tdLNs are known to be relatively rich in TAA specific immune cells 
and vaccines that are directly targeted to tdLNs are more effective than those targeted to non-tdLNs 
[36].  

Delivery of antigen to DCs is key to ensuring an effective immune response. DC-targeted vaccines have 
shown promising results in pre-clinical trials involving traditionally vaccine resistant pathogens such as 
HIV, dengue virus and malaria [37-39]. Qian et. al. (2016) used a lipoprotein-based NP to target DCs via 
the HDL receptor pathway (SR-B1) in a mouse model of thymoma. Robust CTL responses elicited both 
prophylactic and therapeutic efficacy as indicated by decreased tumour size and increased survival [40]. 
NPs can also be targeted to specific DC subsets by selecting receptors that are highly expressed on DC 
subsets of choice. This is an effective strategy to target DCs that have superior cross-presentation 
activity, which is required to induce CTL responses to exogenously delivered antigen. cDC1, for example, 
are considered an attractive DC subset given their efficient cross-presentation capacity [14]. cDC1 
express high levels of the C-type lectin DEC205, a receptor that has served as a target for many different 
vaccine modalities  [41]. Delivery of siRNA to DCs using lipid NPs was achieved by targeting via DEC205 
[42]. NP targeting of DEC205 enhances the cross-presentation of melanoma TAA by human dendritic 
cells [43] and elicits effective tumour eradication outcomes in a mouse model of melanoma [44]. 
DEC205, together with other DC receptors including CD11c and CD40 are effective in eliciting efficient 
CD8+ T cell responses via NP targeting [45]. Other receptors of interest for targeting mouse and human 
DCs include C-type lectin domain family 9 member (CLEC9A), XCR1 and blood DC antigen 3 (BDCA3) [46]. 
The choice of receptors targeted by NPs, however; requires careful selection as not all receptors can 
accommodate the uptake and internalisation of NPs [24]. In addition to targeting antigen to DCs, NPs 
must also elicit DC activation. NPs that incorporate immunostimulatory agonists enable the protection 
of these adjuvants from degradation and elicit enhanced immune responses as a result of DC activation 
[47-50]. Therefore, it is critical that the design of NP vaccines consider DC biology and how this can be 
exploited to ensure robust downstream immunity. 

The mechanism by which NPs are internalised in cells is highly dependant on NP size, shape and 
composition, [51] as well as the cell type and the surface receptor that has been targeted. Endocytosed 
nanoparticles are almost universally trafficked to lysosomes [52]. Antigen presentation via MHC II 
molecules is efficient for antigen delivered to the endosomal compartments, however for exogenous 
antigen that is cross-presented via MHC I, the antigen must be trafficked into the cytosol for loading 
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onto MHC I. This is a significant bottleneck in nanoparticle mediated antigen delivery. Some NPs have 
been proposed to directly penetrate the lipid bi-layer membranes [26], thus bypassing the 
endo/lysosomal pathway. However, for other nanoparticles strategies need to be employed to promote 
their endosomal escape. Not all DC subsets can efficiently transfer antigen out of endosomes and into 
the cytosol [14] and therefore efforts to boost endosomal escape as a means to enhance cross-
presentation are of significant interest. To overcome accumulation of antigen in the lysosomes, pH-
responsive polymer NPs that are designed to induce endosomal escape have been developed as a 
means to enhance NP-mediated antigen delivery to the cytosol [53-56]. Understanding the mechanism 
by which endosomal escape occurs is critically important for designing improved NP delivery systems, 
however the understanding of these processes is still limited [52]. One commonly proposed mechanism 
for endosomal escape involves the “proton sponge” hypothesis, whereby the progressive acidification of 
the endosomal compartments promotes protonation of amine groups on the NP polymer that will 
ultimately lead to osmotic rupture of the endosome [57]. While acidification of endosomes is essential 
for nanoparticles to induce endosomal escape, [54] the ‘proton sponge’ effect does not provide a full 
explanation for how escape can occur. Efforts have been made to improve endosomal escape by 
increasing the buffering capacity of polymers, however in some cases this had lead to a decrease in 
endosomal escape [58]. Short peptides like dfTAT are not effective at buffering pH, however they are 
still effective at inducing escape [59]. Recent work suggests that interactions with the endosomal 
membrane play a key role in the endosomal escape process [60]. Poly-cationic polymers used in NP-
preparations can interact with biological membranes and induce micropores leading to enhanced 
membrane permeability [61]. Micelle NPs comprised of pH-responsive polymers with endosomolytic 
activity exhibited enhanced cytosolic antigen delivery and enhanced CD8+ T cell responses [56, 62]. In 
this case the poly-cationic moieties sequestered in the core of the particle are exposed upon 
acidification of the endosome whereupon they disrupt the endosomal membrane. Hiding the poly-
cationic core by a neutral corona is expected to impart a more favorable toxicity profile [62]. This 
nanoparticle formulation has the added benefit of having the antigen conjugated to the structural 
polymer, which was observed to confer enhanced antigen uptake and retention [62]. Using a similar 
mechanism of incorporating membrane destabilizing peptides, De Geest and colleagues have developed 
a NP platform aimed at delivering antigen encoding mRNA to the cytosol to efficiently induce CTL 
induction [63]. Nanoparticles assembled from polymers that disrupt the endosomal membrane have 
been shown to induce escape of small molecules from the endosomes, however larger proteins and the 
polymers remain trapped in the lysosomes [54, 64].  Direct rupturing of the endosomal membrane can 
also be achieved by using cross-linked polymer particles that swell significantly when they enter acidic 
endosomes. [53] (Figure 2).  Altogether, there is strong evidence suggesting that NPs can be engineered 
to enhance cytosolic delivery of antigen. This is important given the importance of cross-presentation as 
the major pathway of CTL immunity in response to TAA.    

Conclusion 

NP-mediated delivery of antigens has significant potential to address the current limitations of cancer 
immunotherapy. The ability of NPs to efficiently deliver antigen and adjuvant specifically to targeted 
immune cell types including DCs has the potential to increase vaccine efficacy and safety. In addition, 
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NP-mediated enhancement of delivery antigen to DCs via cross-presentation may boost vaccine efficacy 
in particular due to the generation of robust anti-tumour CTL immunity. The research community holds 
high hopes with regards to the potential of nanotechnology as it pertains to immunotherapy, and more 
broadly, medicine as a whole.    
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FIGURE CAPTIONS 

Figure 1. Antigen delivery to dendritic cells is critical for an effective immune response. a) In current 
clinical therapies such as Provenge, DCs are isolated with from the patient, incubated with antigen and 
then reinfused into the patient. This overcomes the degradation of antigen in vivo and ensures efficient 
activation of DCs b) Nanoparticles have the potential to deliver antigen directly to DCs in vivo, bypassing 
the costly step of isolating and reinfusing DCs into the patient. 

 

 

Figure 2. Endosomal escape can be induced in dendritic cells by using pH responsive, swellable 
nanoparticles. a) Schematic structure and chemical composition of pH-responsive core−shell 
nanoparticles with a DEAEMA core, and pH-insensitive nanoparticles with an MMA core. Microscopy 
images of b-d) DEAMA pH-responsive nanoparticles and e-g) MMA pH-insensitive nanoparticles 
incubated with DCs in the presence of calcein. c-d) The DEAMA nanoparticles clearly show endosomal 
escape of the calcein, whereas the calcein remains punctate (in the lysosomes) for f-g) MMA 
nanoparticle treated DCs. Reprinted (adapted) with permission from Ref 53. Copyright 2007 American 
Chemical Society. 

  

 

 


