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Abstract

Protein cages (viral and non-viral) found in nature have evolved for a variety of purposes and are
found in all kingdoms of life. The main functions of these nanoscale compartments are the
protection and delivery of nucleic acids e.g. virus capsids, or the enrichment and sequestration of
metabolons e.g. bacterial microcompartments. This review focuses on recent developments of
protein cages for use in immunotherapy and therapeutic delivery. In doing so, we highlight the
unique ways in which protein cages have informed on fundamental principles governing bio-nano
interactions. With the enormous existing design space among naturally occurring protein cages,
there is still much to learn from studying them as biomimetic particles.

Introduction

Protein cages are complex macromolecular aggregates, generated from the precise self-
assembly of repeated protein subunits. There is a vast diversity of protein cages found in
nature including examples comprised of just tens of proteins to thousands. Within this
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expansive variability in size and shape of protein cages, individual examples are
geometrically constrained and generally comprised of a defined number of subunits. As
such, they are highly suited to high-resolution bio-physical characterisation such as X-ray
crystallography and cryo-electron microscopy, which in many cases provides atomic-level
structural detail.1'2 As molecular components for nanomedical devices for the delivery of
antigens and therapeutic molecules, self-assembled protein cages display numerous
advantages, including the possibility of rational and geometrically defined surface
modifications with molecular precision. In addition, protein cages are biocompatible, they
are synthesised using standard biotechnology manufacturing processes and they are capable
of carrying heterologous cargos viaa range of native and heterologous encapsidation
strategies. The majority of engineered protein cages are derived from virus capsids including
plant viruses, mammalian viruses and bacteriophages. Although bacterial nanoscale
compartments such as encapsulins,3# ferritin,>6 and compartments based on enzyme
complexes such as lumazine synthase and the E2 subunit of pyruvate dehydrogenase,’~°
have all been extensively investigated as naturally occurring protein cage biomimetic
vehicles for biomedical applications.10:11 Furthermore, the computational design of protein
cages from non-cage forming proteins is emerging as a source of novel assemblies based on
the geometries of protein particles found in nature.12-15 An exciting recent area is the
rational engineering?®:17 and/or directed laboratory evolution18-23 of cage-forming proteins
that is expanding the geometric constraints of existing components for the assembly of
protein cages as biomimetic particles.

The variety of protein cage shapes and sizes is illustrated by the range of viruses and virus-
like particles (VLPs) used in bio-nanotechnology, from the small isometric plant viruses
(~25-30 nm) to the larger protein shells (~80-100 nm) and filamentous particles (up to ~900
nm long) of various bacteriophage.2* The available variation in nanoscale geometry,
combined with high individual structural fidelity and particle homogeneity has facilitated
their use in investigating the molecular details of bio-nano interactions as discussed below
(Fig. 1). For example, the study of virus-derived particles interacting with the immune
system is defining the size range and shape of the most effective immunogens; probing
interactions with cellular receptors that mediate uptake has shown the importance of surface
ligand density in biomimetic design; and analysis of the biodistribution of virus-derived
particles is demonstrating the importance of size and shape in circulation and cell
interactions. Not only have they proved useful in elucidating these concepts, protein cages
are also, therefore, useful in the design of biomimetic vehicles that take advantage of this
fundamental knowledge in bio-nano interactions. Here, we review the latest developments in
the use of protein cages as immunotherapeutics and as targeted delivery vehicles, with a
focus on virus-derived particles.

Stimulating the immune system

The earliest report on the use of VLPs — recombinant virus capsids, as virus mimetics are as
vaccines.2> Whether icosahedral or filamentous, the geometry and multivalency of VLPs
present pathogen-associated molecular patterns (PAMPS) that trigger innate immune
recognition through pathogen-associated molecular recognition receptors (PRRS), most
commonly toll-like receptors (TLRs).26 While the proteinaceous capsids are recognized by
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TLR227 (and likely other PRRs), VLPs may also be engineered to contain RNA and also
signal through TLR7/8.28:2% And of course, opportunity exists to co-deliver immune-
stimulatory molecules, such as oligodeoxynucleotides (CpGs) serving as TLR9 ligands.3°
These immune-stimulatory properties in combination with their size, generally ranging from
20-200 nm for isometric particles, make them ideal candidates for vaccine delivery to the
draining lymph nodes and priming interactions with antigen-presenting cells (APCs). It has
been demonstrated that intact particles are required to achieve efficient transport and APC
processing,3! but it is also emerging that the shape of the protein particle has a significant
impact with small (~30 nm) spherical particles found to promote greater APC uptake and
processing than filamentous particles.32 Clinical examples of VLP vaccines include those
against Human papilloma virus such as GlaxoSmithKline Biologicals’ Cervarix® or
Merck’s Gardasil®. Advances in synthetic biology and improved understanding of the
engineering of expression systems is fuelling the development pipeline with new vaccine
candidates. In early development stages is a plant-produced polio vaccine:33 and poised to
enter the market, is Medicago’s plant-based quadrivalent recombinant VLP influenza
vaccine.34

Besides the development of non-infectious VLPs as vaccines against the cognate virus,
heterologous VLP display technologies have long been established.2® Here, desired epitopes
are displayed on a VLP platform. Various engineering design concepts have been developed
to achieve epitope display: epitopes can be fused to the coat proteins via genetic
engineering, chemical conjugation as well as enzymatic ligation, together enabling the
display of peptides, proteins as well as small molecules and carbohydrates. Disease targets
include infectious disease, autoimmune disease, addiction, and cancer. The concepts have
been widely reported in the literature and we refer the reader to the following reviews and
references therein.2%:35-38 The particular advantages of using multivalent protein cages as
immunogen carriers are highlighted in the following examples. Small molecules such as
nicotine and carbohydrates are generally poorly immunogens. Chemical coupling through
orthogonal chemistries and display on VLP carriers, however, has been demonstrated to
effectively prime humoral and cellular immunity against small molecules. In the case of
nicotine, a vaccine has been proposed to help with nicotine addiction;3° and carbohydrate
vaccines are candidates for therapeutic cancer vaccines.*0 Diverse chemistries and genetic
approaches have been developed to display peptide epitopes on the surface of protein cages,
while the internal cavity of some VLPs and encapsulins also offers the potential of
encapsulating immunogens.#142 This approach was demonstrated by encapsulating internal
influenza proteins into VLPs that stimulated a strong cytotoxic T cell response.2 Combining
encapsulation of T cell epitopes with surface-displayed B-cell epitopes thus presents the
possibility of creating a truly biomimetic nanostructure that would be capable of stimulating
a balanced immune response.

In these applications, the protein cage serves multiple functions: (i) fusion to a large stable
structure protects the epitope from premature degradation; (ii) based on their size, VLPs and
other protein cages deliver epitopes to the draining lymph nodes and target professional
APCs.31 The multivalent protein cage not only serves to deliver the epitope, but also serves
as an adjuvant: signalling through PRRs as described above will send immune-stimulatory
signals and leads to efficient processing of the delivered epitopes.28 Moreover, as shown
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with VLPs at least, the carrier’s own epitopes serve as co-stimulatory molecules and
processing through the endolysosomal pathways allows for cross-presentation boosting
humoral and cellular immunity.43 Although potentially problematic if the immune response
is principally targeted against the carrier, a heterologous prime-boost concept was recently
presented that made use of immune-orthogonal carriers. Here, the same epitope (tumour-
associated antigen human epidermal growth factor receptor 2, HER2) was delivered through
repeat administrations using distinct plant VLP carriers for the initial prime and subsequent
boosts. Enhanced efficacy of the heterologous delivery of the antigen was achieved by
focusing the immune response on the HER?2 target and therefore delaying tumour onset after
prophylactic vaccination.*4

Lastly, recent research has focused on the use of VLPs for /n situvaccine applications. Here
the VLP is directly administered into an identified tumour where the immune-stimulatory
properties of VVLPs activate innate immunity. When successful the process recruits and
activates macrophages, neutrophils, and natural killer cells that phagocytose and lyse tumour
cells providing a source of antigen to be processed by the innate immune cells; engagement
of APCs then also triggers adaptive immune activation. Therefore, this local therapy
stimulates systemic anti-tumour immunity and immune memory to protect from outgrowth
of metastatic disease and recurrence. Using VLPs and virus particles from Cowpea mosaic
virus, efficacy has been demonstrated in mouse models of glioma, ovarian cancer, breast
cancer, colon cancer, and melanoma.#>46 Ongoing trials in companion dogs with melanoma
indicate that the potent antitumour efficacy of VLPs can be replicated in these animals.47-4°
Other VLPs considered as /n situvaccines include M13 bacteriophage,®° Potato virus X,>1
Tobacco mosaic virus,2 and Papaya mosaic virus.>3 As a regulatory proof-of-concept for
this class of therapeutic, already on the market is Amgen’s IMLYGIC® an oncolytic
virotherapy engineered to produce cytokines that recruit immune cells to process antigens
released from the lysed tumour cells.

Evading the immune system and delivery

Viruses and their VLPs, whether of mammalian, plant or bacteriophage origin, are
immunogenic because of their shared properties, principally size and multivalency.
Nevertheless, we are beginning to understand that different protein cages are immunogenic
to varying degrees. The immunogenicity may also be viewed as a double-edged sword: when
protein cages are engineered as vectors for drug and gene delivery, we must overcome the
immunogenic properties to avoid premature clearance and/or immunotoxicity. Some
approaches borrow strategies from the nanotechnology field, where polymer-coatings are
applied to confer stealth properties. The most common example is PEGylation, where
poly(ethylene glycol) (PEG) is covalently attached to the VLP; this has long been explored
for viral gene delivery.>* Another strategy is to render viruses less immunogenic by
genetically removing “hotspots’ of antibody recognition, thus enabling viral gene delivery
vectors to escape pre-existing immunity.>® An extension of this approach is the use of a
broad panel of immune-orthogonal variants of a given protein cage for repeated
administration, which is often required during a therapeutic treatment regimen or, as
described above, for prime-boost immunisation strategies. The sequential use of Adeno-
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associated virus coat protein variants of gene delivery vectors successfully evaded adaptive
immune response in a preclinical model.58

On the other hand, the nanoscale morphology and, in particular, the multivalency of protein
shells also provides opportunity when it comes to engineering cell interactions and the
delivery of therapeutic proteins and nucleic acids or imaging agents. The study of virus—cell
interactions has shown that there is a close relationship between the valency of attachment
and infectious uptake.>”®8 Viruses carefully control the residence time and mobility at the
cell surface via receptor clustering®-60 in order to balance attachment with the lateral
mobility needed to find, or induce, permissive endocytic sites.®’ Indeed, assembly of
individual subunits into VLPs is required for efficient uptake /7 vitro.51 Work on ligand-
conjugated virus particles has shown that uptake is also influenced by aspect ratio and
symmetry of ligand distribution.2 The importance of the symmetry and local density of
ligand display in determining interactions with tumour receptors has also been elucidated
using RGD62 and IL-4R targeting peptide bunches®* using ferritin cages. In both genetic and
chemical conjugations, the distance of the targeting ligands from the surface of the protein
cage plays an important role in targeting efficiency and subsequently cellular uptake.%® In
addition to informing what parameters are useful for cell uptake, chemically consistent
virus-derived particles with varying aspect ratios have also been used to show how this
parameter influences biodistribution and intratumoural diffusion.66.67

Leveraging on the multivalent display of ligands on the surface of non-viral protein cages,
active targeting to specific cell types has been reported. Recent attempts include targeting of
cell receptors on pancreatic cancer using neurophilin-1 binding peptides conjugated to heat
shock protein particles,58 hepatocellular carcinoma GPRC78 receptor targeting using SP94
peptides on both encapsulains®® and ferritin,’% and heparan sulfate proteoglycan targeting of
glioma’® by GKRK peptides displayed on ferritin cages. The sophisticated designs are
departures from the traditional fibronectin-derived RGD peptides’2 that indiscriminately
bind to cell membranes or by relying on the natural binding of ferritin cages to transferrin
receptors.”374 Targeting moieties are introduced to the surface of the protein cages by
genetic fusion, biological or chemical conjugations. Peptides are typically fused to the
protein cage subunits and self-assembly of the subunits provides precise spatial control on
the arrangements of the targeting ligands on the surface of the protein cages. In addition to
peptides, small molecules such as hyaluronic acid’® and folic acid’® have been chemically
conjugated to ferritin and the pyruvate dehydrogenase E2 multi-enzyme complex to target
CD44 lung cancer and cervical cancer cells, respectively. Recent examples of
immunotherapy using pyruvate dehydrogenase E2 particles show that the display of CpG
and non-CpG DNA increases targeting to and uptake of particles by APCs.”” Co-delivery of
melanoma-derived peptide gp100 and CpG in this way boosted T-cell response and increase
animal survival rate by 40%.’8 Biomacromolecules such as antibody or modified versions,
such as single chain variable fragments, have also been displayed using chemical
conjugation’® or by displaying peptides that bind the constant fragment of antibody,
capturing the ligand for display.8 Similarly, biological conjugation using SpyTag/
SpyCatcher on the surface of encapsulins®! and SortaseA enzyme to modify E2 particles8?
have been shown to impart multiple functionalities such as receptor targeting and
temperature-dependent phase transitions.
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In addition to the presentation of functional moieties, exploiting the cargo carrying capacity
of protein cages is an alternative strategy for evading the immune system. For example, the
delivery of RNA can be particularly challenging due to its recognition by the immune
system and protein cages such as Cowpea chlorotic mottle virus may be used to shield and
deliver these sensitive molecules.83 This platform is also used to efficiently deliver small
interfering RNAs (siRNAs) to mammalian cells.848% In addition to nucleic acids, protein
cages have been used to encapsidate therapeutic enzymes such as cytochrome P450s.86
Encapsidation strategies for protein cargo loading is becoming increasingly refined from
direct fusion to the structural proteins,8” to engineered electrostatic interactions,88:89 to
interactions between capsid proteins of viruses or encapsulins with minimal peptides derived
from their native internal proteins.61:90-93 The studies reporting these strategies inform on
the characteristics of the protein cage and, in turn, increase the opportunities for protein
cages to be used in biomimetic therapeutic contexts. The potential is especially attractive
when combined with external functionalisation,% though for active targeting this potential
has yet to be reached.

Passive targeting and native tropism in heterologous contexts

Despite the various attempts to display targeting ligands on the surface of protein cages to
impart active targeting /n vitro, the in vivo efficacies are yet to be rigorously tested. Protein
cages face similar challenges to other nanoparticle-based formulations, specifically liver and
renal clearance. Despite these challenges, efforts to engineer protein cages as receptor-
targeted cancer therapeutics is predicated on the expectation that they will passively
accumulate in tumour tissues. The typical dimensions of protein cages and VLPs, generally
below 500 nm, is well within the limit of enhanced permeation and retention (EPR) effect
that results in selective accumulation due to the leaky vasculature found in tumours but not
in normal tissues.% Indeed, clearance by various filtering systems — hepatic, renal,
lymphatic — are in general far more effective in terms of nanoparticle accumulation than
engineered active, or receptor-mediated, targeting is in avoiding these. Perhaps then, the best
use of naturally multivalent and precisely organised nanoparticles is to use native tropisms
for delivery to specific tissues and cell types. Serotypes of Adeno-associated viruses are
used in this way to favour gene delivery to specific tissues.%6 Examples include some of the
most effective CRISPR/Cas-mediated /77 vivo gene editing to date, in this case, in the liver.%”

While structurally defined mammalian viruses generally have known cell surface receptors,
it is likely that non-viral protein cages and those derived from non-mammalian viruses also
hold considerable potential for active targeting without further modification. Indeed, tissue
tropism of some plant viruses has been reported. For example the plant virus, Cowpea
mosaic virus, binds to the mammalian protein vimentin®8 and thus can be targeted to
cancer® and cardiovascular inflammation.109 While most protein-based nanoparticles,
including plant viruses, have short circulation and fast tissue clearance, a recent study
highlighted that Physalis mosaic virus-like particles enabled longitudinal imaging in a
mouse model of prostate cancer, providing fluorescent and magnetic resonance contrast for
10 days.101 In another example, it was shown that potato virus X has a native tropism to B
cells in mice.192 Therefore, while much effort has been placed on borrowing mechanisms to
achieve tissue specificity from the mammalian viruses (e.g. RGD peptide ligands) possible
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intrinsic targeting mechanisms of plant viruses, bacteriophages and other protein cages
remains largely unexplored.

Conclusions

Protein cages have been effectively used to investigate fundamental aspects of bio-nano
interactions. As discussed here, advances range from elucidating how the structure of viruses
stimulate the immune system, to probing the roles of symmetry, valency and density on
receptor-mediated cellular uptake. The biocompatibility of proteins cages, in addition to the
capacity for precise engineering, means that they also hold considerable potential in
immunotherapy and cellular delivery. In an immunotherapy context, the nanoscale size and
repetitive surface geometry of protein cages results in stimulatory interactions with, and
targeting to, tissues and cells of the immune system. For targeted delivery requiring
avoidance of the immune system, biocompatibility, structural consistency, and amenability
to sophisticated engineering have enabled significant progress. However, the true potential of
many protein cage platforms could be in their undiscovered targeting abilities.
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Fundamental Understanding
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Fig. 1.
The use of protein cages as biomimetic vehicles. Summary of the salient characteristics of

protein cages that have enabled improved knowledge of the molecular details of bio-nano
interactions (green). Key properties and features of protein cages that are driving their use as
prophylactic and therapeutic vaccines (blue). Key properties and features of protein cages
that enable their development as cell-type specific, active targeting vehicles (purple).
PAMPs, pathogen-associated molecular patterns.
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