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Abstract

The application of nanoparticles for medical purposes has made enormous strides in providing
new solutions to health problems. The observation that plant virus-based nanoparticles (VNPs) can
be repurposed and engineered as smart bio-vehicles for targeted drug delivery and imaging has
launched extensive research for improving the therapeutic and diagnostic management of various
diseases. There is evidence that VNPs are promising high value nanocarriers with potential for
translational development. This is mainly due to their unique features, encompassing structural
uniformity, ease of manufacture and functionalization by means of expression, chemical biology
and self-assembly. While the development pipeline is moving rapidly, with many reports focusing
on engineering and manufacturing aspects to tailor the properties and efficacy of VNPs, fewer
studies have focused on gaining insights into the nanotoxicity of this novel platform
nanotechnology. Herein, we discuss the pharmacology of VNPs as a function of formulation and
route of administration. VNPs are reviewed in the context of their application as therapeutic
adjuvants or nanocarrier excipients to initiate, enhance, attenuate or impede the formulation’s
toxicity. The summary of the data however also underlines the need for meticulous VNP structure-
nanotoxicity studies to improve our understanding of their /n vivo fates and pharmacological
profiles to pave the way for translation of VNP-based formulations into the clinical setting.
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1. Introduction

Nanotechnology uses advanced manufacturing science and engineering to achieve the
synthesis or assembly of materials at the nanoscale range. When compared to bulk materials,
the uniqueness of nanometric materials arises from their high surface to volume ratio [1].
Furthermore, from a medical viewpoint, NPs operate at the same size scale as cells do; thus,
NPs are ideal for navigating systemic and cellular trafficking, i.e. receptor binding and cell
internalization followed by cargo delivery. The application of NPs for medical purposes (i.e.
nanomedicine) has made enormous strides in proving new solutions to health problems
[1,2]. NPs have gained tremendous considerations as high-value tools for diagnosis, therapy,
and regenerative medicine targeting various diseases [3,4]. By achieving facile early
diagnosis and/or site-specific therapy, nanomedicine holds the promise of promoting the
quality of life and affordable disease management. Previous research efforts in
nanotechnology for biomedicine have paid-off. Anselmo and Mitragotri [5] recently reported
up to 65 nanoparticles under clinical trials and 29 nanoproducts approved either as
therapeutics (23) or as imaging agents (6). Despite these success stories of clinical
translation and marketed nano-based products, many nanotechnologies are still at an infant
stage [6]. Challenges include the need for a cost-effective scale-up manufacturing processes
enabling reproducible fabrication of uniform NPs with constant physicochemical, biological
and pharmacological properties, while complying with the safety considerations [7].
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Among the types of NPs currently investigated, which mostly encompass synthetic systems
such as lipid-based NPs, polymeric and inorganic NPs (metallic and metal oxide NPs), one
emerging platform includes viruses or viral vectors as naturally occurring NPs. In
comparison with synthetic NPs, virus-based NPs are proteinaceous structures with unique
properties, including structural uniformity, ease of manufacture through cell culture,
fermentation or plant molecular farming, and high degree of quality control and assurance;
their production involves genetically programmed viral replication or expression of coat
proteins yielding essentially identical NPs with unprecedented monodispersity [8]. In
nanomedicine, viruses have evolved as smart vehicles for targeted delivery due to the virus’
general ability to infiltrate, target, manipulate, and deliver cargoes to specific cells [9]. A
successful example of intracellular delivery using a mammalian viral vector is the Adeno-
associated virus-based technology. Gene therapies marketed as Glybera®, Luxturna® and
Zolgensma® are used for the treatment of lipoprotein lipase deficiency, RPE65 mutation-
associated retinal dystrophy and spinal muscular atrophy, respectively [10,11]. However,
since the immunogenicity, cytotoxicity, inflammatory reaction and other toxic features of
mammalian viral vectors affect the viral technology’s cost, complexity and safety, plant
viruses or plant viral nanoparticles (VNPs) have emerged as an alternative platform
technology [12]. Apart from the common benefits from their viral nature, plant VNPs offer
an additional advantage of being non-infectious to mammalian cells, while being a cost-
effective technology with a huge potential for large-scale production [9,12]. Like plant
VNPs, bacteriophages also make an intriguing class of nanocarriers [13]; and in fact, several
bacteriophage therapies have entered clinical testing [14]. Since the present report does not
discuss bacteriophages, we refer the reader to recent reviews covering bacteriophages as a
promising platform technology for therapeutic applications [15,16], including drug delivery
[17,18] and vaccine development [19,20].

Being amenable to both chemical and genetic modifications, VNPs are being extensively
investigated as a template for biomaterial design [21]. A recent review by Eiben et al. [22]
discusses various biomedical applications of VNPs from /in vitro settings, outside patients
such as biosensing and tissue engineering, to /77 vivo applications, such as their use as tools
for prophylaxis, diagnosis and therapy. Another review discusses the use of VNPs as
therapeutic reagents or molecular platform technology for drug discovery and delivery
research [23]. The methods for cargo encapsulation and tailoring VNPs for drug delivery
and imaging applications, also have been reviewed [24,25]. In addition, Hefferon [26]
discussed the repurposing of VNPs as cost-effective nano-systems for vaccine expression
and epitope presentation, and the associated potential applications have been detailed
elsewhere against life-threatening diseases such as cancer [27] and infectious diseases [28].
As much as commendable efforts have been made to provide evidence advocating the
potential of VNPs for immunotherapy and targeted delivery of therapeutic and diagnostic
agents, it is utmost important to consider thorough characterization of the risks and benefits
of VNP-based formulations in disease models [29]. Indeed, the nanosized dimension of NPs
being similar to that of biomolecules, the intermolecular interactions following product
administration and during particle distribution and clearance are evident, and require special
attention for better understanding of the NPs’ risk-benefit trade-offs [30]. The area of VNP
nanoengineering for biomedical applications has grown out of its infancy; proof-of-principle
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has been demonstrated both /n vitroand in vivo [21,26,31-35]. Therefore, at this stage, time
has come to critically focus on the pharmacology to realize the clinical potential of VNPs
nanotechnology. Nikitin et al. [36] reviewed the biosafety of plant viruses in conjunction
with human and environmental exposures. However, there was no critical consideration of
key parameters that determine the biocompatible or toxic responses to VNPs, when used as
therapeutic reagents or nanocarriers for drugs and contrast agents.

In general, NPs toxicity depends upon both the formulation characteristics (i.e. the NP’s
physicochemical properties, such as size, morphology and surface chemistry), and
pharmacological parameters such as dose, administration route and tissue distribution [37-
44]. As such, although native or empty plant viruses (i.e. virus-like particles or VLPs) are
generally thought to be biocompatible and biodegradable [36], VNPs acting as nanocarriers
for drug delivery and imaging, in particular those targeted to specific tissues, may alter the
biodistribution and clearance of the cargos and lead to toxic accumulation or metabolism in
the tissues. Therefore, it is crucial to encourage in-depth organ-function assessment to better
characterize the risk and benefits of a specific composition of VNP formulation, instead of
relying on limited tissue-response studies that evaluate degeneration, apoptosis or necrosis
[23].

Herein, we present data from toxicity studies and examine the toxicological relevance of the
key parameters that affect the biomedical performance of VNPs as therapeutic adjuvants or
nano-vehicles for cargo delivery. The formulation strategies, administration routes and
biodistribution profiles of VNPs have been reviewed in effort to demonstrate the need for
extensive organ-function studies to enhance their toxicological understanding and safely
boost clinical translation.

Insights into VNPs formulations

In medical applications, nanomaterials are used as a well characterized in a mixture prepared
according to a precise formula or formulation [45]. The nature, composition and properties
of NPs determine the functional features of the formulation in biological systems [46]. Viral
particles are typically composed of hundreds to thousands protein coat units, which are
genetically programmed to self-assemble into a hollow structure for nucleic acid
encapsulation [47]. Additional cargo can be appended to their exterior as well as interior
surface, and the natural cargo can be replaced with the cargo of interest. In addition to
various functionalization strategies; VNPs come in various but distinctive sizes and shapes,
and their size and shape can be precisely tailored [33,48]. In this section, we present the
fundamental structural composition of VNPs and highlight their molecular and
morphological modification strategies to repurpose VNPs for drug delivery and imaging
applications.

Plant VNPs

Plant viruses are emerging as naturally occurring therapeutic adjuvants for vaccine
applications or protein-based vehicles for drugs and contrast agents. This application
involves the use of virions with active or deactivated nucleic acids (denoted herein VNPs or
inactivated VNPs) or their capsids deprived of nucleic acids (i.e. virus-like particles or VLP)
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[49]. In the following we refer to VNPs as this includes the subclass of the VLPs; if
important for the design and application or biological affects observed we will detail the
specifics for the formulation. Table 1 summarizes the structural characteristics of plant
viruses discussed in this report; including Cowpea mosaic virus (CPMV), Cowpea chlorotic
mottle virus (CCMV), Hibiscus chlorotic ringspot virus (HCRSV), Johnson grass chlorotic
stripe mosaic virus (JgCSMV), Papaya mosaic virus (PapMV), Physalis mottle virus
(PhMV), Potato virus X (PVX), Red clover necrotic mosaic virus (RCNMV), Sesbhania
mosaic virus (SeMV), Tomato bushy stunt virus (TBSV) and Tobacco mosaic virus (TMV).
Typical structural morphologies of plant viruses are illustrated in Figure 1.

2.2. Modification of VNPs

The use of VNPs as nanoscale vehicles for drugs and contrast agents lies on their ability to
undergo structural modifications in a predictable way. The engineering of modified VNPs is
done genetically, chemically or through self-assembly. The genetic modification (or genetic
fusion) is achieved through manipulation of the viral genome to incorporate non-native
biological structures (e.g. amino acids, peptides and proteins) in the viral coat protein. This
often aims to display targeting ligands [68], antigenic structures [69], or specific amino acids
as functional handles enabling further modification [70,71]. The integration of small
proteins as tags (e.g. SNAP-tag) for further functionalization is also possible with genetic
programming [72,73]. In addition, one shall keep in mind that while often depicted as rigid
protein structures, the VNPs are stimuli-responsive NPs that undergo conformational
changes in response to pH and salt concentrations in the bathing medium; therefore enabling
the opening of pore structures to allow gating and trapping of small molecules [74,75]. For
instance, RCNMYV achieves cargo encapsulation through infusion following the cycle of
stimulus-triggered opening and closure of capsid pores: the removal/chelation of calcium
and magnesium induces formation of 11-13 A pores (allowing cargo diffusion), while re-
addition of the aforementioned cations leads to pore closure (leading to cargo entrapment)
[61,75]. Taking this a step further, another promising encapsulation approach used for VNPs
cargo loading is the self-assembly process (or caging) of purified coat proteins around a
target moiety [76,77]. Reconstitution of hydrid VVLPs (devoid of their genome but loaded
with an artificial cargo) has been achieved using the following targets: therapeutic nucleic
acids [78], proteins/enzymes used in therapy or bio-catalysis [79], as well as synthetic
nanoparticles for bioimaging [79].

While genetic engineering mostly addresses biologics incorporation, chemical
functionalization achieves attachment of both biological and nonbiological structures to
VNPs. The attachment of small molecules, such as the chemotherapy doxorubicin, is
achieved either covalently or non-covalently, i.e. using electrostatic or m—r stacking
interactions [80,81]. Using bioconjugate techniques manifold functional moieties have been
conjugated to VNPs; these include macromolecules such as proteins and synthetic polymers
as well as small molecules such as oligopeptides, contrast and small molecule drugs [82—
84]. Covalent bonding is also commonly used for display of targeting molecules (e.qg. folic
acid) [85-87], peptide-based targeting ligands (e.g. Asp-Gly-Glu-Ala (DGEA) peptide) [88-
901, or proteins, such as antibodies conferring targeting or therapeutic functions [91] or
coatings with serum album to act as stealth or shield protecting from immune surveillance
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[92]. Similarly, synthetic polymers, such as polyethylene glycol (PEG) or polydopamine
have been coated onto VNPs either covalently [93] or by coating [94] to extend circulation
time and improve biocompatibility (as detailed further in section 3.2).

Because of their proteinaceous nature, VNPs are modified by means of chemical reactions
routinely employed in protein derivatization protocols, a.k.a. bioconjugate chemistry [95].
These include classical bioconjugation reactions that address solvent-exposed residues of
lysine, cysteine and aspartic/glutamic acid using different chemistries such as V-
hydroxysuccinimidyl (NHS) chemistry, Michael addition reaction and carbodiimide
activation [96]. Bioorthogonal reactions such as copper-catalyzed azide-alkyne cycloaddition
(a.k.a. “click chemistry™) [97,98], azo coupling reaction (diazonium coupling, which
involves activated aniline and tyrosine residue) [99], as well as pH-sensitive hydrazone
conjugation (or condensation between aldehyde and hydrazide moieties) [100] have also
been adapted for VNPs. It is worth mentioning also nitrilotriacetic acid (NTA)
complexation, a noncovalent attachment approach, that is used to display a NTA-labelled
cargo on viral NPs harbouring a polyhistidine-tag (His-tag) for pH-dependent controlled
release [101]. This conjugation strategy takes advantage of the noncovalent bonding/
complexation between nickel-NTA and His-tag moieties [102,103].

Lastly, morphological manipulation of VNPs has emerged as a strategy for controlling
particle properties [104-106], since protein cage shape is crucial to the effectiveness of
VNPs in a given application [48]. The protocols for production of spherical TMV particles
from the rod-shaped TMV particles have been established [104,106,107]. The study by
Bruckman et al. [93] demonstrated different circulation profiles between spherical and rod-
shaped TMV particles, with rods having slightly improved pharmacokinetics vs. their
spherical counterparts. Shukla et al. [108] witnessed the impact of particle shape on the /n
vivo behaviour comparing PVX and CPMV, which are VNPs of filamentous and spherical
shapes, respectively. PV X exhibited greater tumor homing and penetration properties
compared to CPMV. In another study, TMV rods and icosahedral (sphere-like) CPMV
exhibited distinctive diffusion rates in a spheroid model of extracellular matrix [109], and
the outcome was consistent with the observation that elongated VNPs show advantageous
flow and margination properties [110]. Noteworthy, the field of bionanotechnology has
sought to produce a range of elongated high aspect ratio (AR) VNPs such as TMV (size 300
x 18nm; AR 17), PVX (size 515 x 13 nm; AR 40) and grapevine virus A (size 800 x 12 nm;
AR 67) [109]; while synthetic engineering affords only carbon nanotubes and filomicelles,
also elongated materials but with limited applications due to poor biocompatibility [111] and
micron-size regime [112], respectively. Many studies have explored the TMV system as an
advanced platform technology for bioengineering of protein-based nanomaterials of different
aspect ratios (e.g. AR 2.7-16.5 [112,113] and uncommon shapes (e.g. disks) [115,116] to
further interrogate the impact of particle shape on the /in vivo performance of NPs (as
discussed in depth in section 3.2.1). A recent review from Wege’s group discussed the
spatial and structural synthetic biology used to produce proteinaceous nanoobjects of
unusual shapes (e.g. branched, disk-like or tubular nano-assemblies), from TMV coat
protein and variable RNAs equipped with TMV’s origin of assembly site [117].
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In sum, the structural manipulation of VNPs has laid the foundation for turning particle
functionalities to supply various applications. Through multiple cargo loading processes,
bioengineered VNPs can be tailored for biomedical applications, including targeted delivery
of chemotherapy, immunotherapy and gene therapy, as well as bioimaging for disease
diagnosis and treatment follow up. Table 2 illustrates the potential applications of VNPs for
biomedicine in conjunction with the nature of cargos.

2.3. VNPs Classical formulations and administration routes

2.3.1. Classical formulations of VNPs—Being water soluble materials, VNPs are
often administered to mice in aqueous buffered solutions through intravenous (1.V.),
subcutaneous (S.C.), intramuscular (1.M.), intraperitoneal administration (I.P.), intratracheal,
or intratumor injection. VNPs solutions have been also administered through the oral route;
attesting to their high pH stability, systemic trafficking and bioavailability of VNPs upon
oral administration has been demonstrated [144]. Berardi et al. have recently observed high
stability of plant-expressed VLPs of Nudaurelia capensis omega virus in various simulated
gastrointestinal media [145], suggesting their potential for oral delivery. In fact, owing to
their robust structures, VNPs are good candidates for formulation technology; besides their
stability in various pH ranges, VNPs remain structurally sound and tolerate high
temperatures and organic solvent-water mixtures [25]. This adds great value, not just for the
formulation, but also storage conditions; typically, VNPs do not require cold chains.

Efforts have been invested in studying the freeze-drying processes for viruses. Hansen et al.
[146] reviewed freeze-drying approaches applied to live, attenuated viruses for vaccine
development, discussing the mechanisms and strategies for virus stabilization, such as the
use of cryoprotectants and adjustment of freezing rate and drying temperature. Moreover,
Czyz and Pniewski [147] described a freeze-drying protocol for formulating a plant made
viral protein antigen that self-assembles into a VLP and acts as an oral vaccine candidate
against hepatitis B virus (HBsAg). Through modification of cryoprotectants, processing and
storage conditions, authors observed the preservation of VLP structure and immunogenicity
of freeze-dried HBsAg, as demonstrated during in oral immunisation trials (where similar
immune response was obtained as routine vaccination). Nevertheless, little is known about
the impact of these formulation and process parameters on VNPs stability throughout the
lyophilization process. In a recent study by Zheng et al. [148], it was found that freeze-dried
CPMV which has been used for anti-tumour /n situ vaccination and treatment of canine
patients [149], lost its RNA molecules in the course of freeze-drying. However, no further
insights have been provided to clarify whether this only occurs for CPMV or is a generic
phenomenon. In fact, the loss of RNA under VNP freeze-drying conditions would make a
crucial matter of research and needs to be carefully considered when dealing with RNA
cargoes critical to the intended applications (e.g. therapeutic RNA).

Another promising VNP-based formulation includes the VNP:hydrogel composites.
Luckanagul et al. [150] embedded ligand-decorated TMV particles in alginate-based
hydrogels to enhance local bio-adhesivity on subcutaneous implantation for regenerative
medicine. Lin et al. [151] recently prepared agarose-based hydrogels encapsulating
recombinant PV X that displays mineralization- and osteogenesis-associated peptides for
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bone tissue engineering; data demonstrated much better mineralization with nanocomposites
than free peptides. TMV particles were also used as a biocompatible coating to enhance cell
interactions of mesoporous silica NPs (MSNPs) in a TMV-MSNP hybrid formulation for
biomedical applications [152]. A few attempts have been made so far in our labs to
formulate VNP-based depots for controlled delivery applications. For example, our group
formulated CPMV-dendrimer hydrogels for extended immunostimulation after I.P.
administration for ovarian cancer treatment. Data indicate that the prolonged presence as a
result from the slow-release of the CPMV particles from the CPMV-dendrimer hydrogels led
to prolonged efficacy avoiding the need for boost administrations (repeated dosing is
required to achieve potent anti-tumor efficacy when soluble CPMV is used) [153]. Another
slow-release concept was developed using magnesium-based micromotors for extended and
active local delivery of immunogenic bacteriophage @, which resulted in prolonged
immune stimulation in the intraperitoneal region and therefore enhanced immunotherapy
efficacy in the treatment of ovarian tumors in an orthotopic mouse model [154]. In another
study, bacteriophage @p displaying peptide epitopes from the human papillomavirus (HPV)
was encapsulated in PLGA-based implants using a melt-processing system to formulate a
single dose HPV-anti vaccine, which stimulated murine anti-HPV antibodies with
neutralizing activity towards HPV [155] (unpublished data).

While only a few studies have been done on VNP depots, there are numerous reports
providing insights into extended-release formulations of mammalian viruses. These include
slow-release systems composed of gelatin-alginate hybrid microparticles [156] as well as
hydrogels made of collagen [157], poloxamers [158] or silk-elastin-like protein polymer
[159,160]. For example, silk-elastin-like protein polymer hydrogels demonstrated localized
release of adenoviral vectors carrying therapeutic genes for applications in cancer gene
therapy [161]. The hydrogel formulated viral vector exhibited lower liver invasion and 4 to
8-fold higher gene expression levels compared to its soluble counterpart; and therefore, the
hydrogel formulation led to significantly greater efficacy as evident by reduced tumor
burden in mouse models. In the frame of local delivery systems for viruses, it is worth
mentioning our recent development of a transdermal microneedle patch for autonomous
administration of a VNP-based cancer immunotherapy [162]. This study applied
intratumoral delivery of CPMV to B16F10 melanomas using an innovative microneedle
patch technology; integration of magnesium particles into the patch enables active delivery
of the therapeutic ingredient (here the VNP); the propulsion of the therapeutic enables
homogenous delivery deep into the tumor tissue. In comparison with the conventional needle
injection of CPMV solution, active microneedle injection enhanced tumour regression,
extended animal survival and improved antitumor immune responses locally and
systemically.

In sum, the structural robustness of VNPs offers the opportunity for new applications in
various dosage forms for future clinical use. Since VNPs technology is moving stepwise
towards the clinic, there is a need to consider exploring pharmaceutical formulation
technology to increase the chances for further translational development. At this preclinical
stage, extensive investigation of VNPs formulation in various dosage forms would allow
tuning VNPs shelf-life stability and compatibility with the clinically relevant routes of
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administration to optimize product efficacy or safety and project future cost and patient
convenience.

2.3.2. Routes of administration for VNPs—The routes of administration have
different impact on the fates of NPs 7 vivo [163-166], since each route exhibits specific
features when compared to others (Figure 2). Most of the clinically exploited routes have
been used for VNPs administration to animal models for /n vivo investigations. The study by
Rioux et al. is a good example of respiratory administration of VNPs for lung diseases such
as influenza infections [167]. It was observed that the intranasal instillation of the trivalent
inactivated flu vaccine (T1V) adjuvanted by PapMV led to enhanced pulmonary antibody
responses and more robust mucosal immunity against influenza infection than TIV alone.
Another elegant illustration of the influence of administration route on VNPs tissue
distribution was reported by Gonzalez et al. [168]. The authors observed that, following I.P.
and L.V. inoculation, CPMV particles were considerably present in all the dendritic cell types
(including lymphoid, myeloid, and plasmocytoid cell populations); while CPMV particles
were mainly found in the lymphoid cell type following oral gavage.

In a toxicological study, Vardhan et al. compared mice treated with 100-200 mg/kg oral and
40-80 mg/kg 1.V. administrations of SeMV [169]. Irrespective of the administration route or
the doses, no overt histopathological, haematological or biochemical changes were observed,
suggesting good biocompatibility for SeMV particles. Similar results were observed with
CPMV particles conjugated to Gd3* or Th3* complexes. These particles showed no signs of
toxicity following 1.V. administration of 1-100 mg/kg [170], except a slight leukopenia trend
at the highest dose, which however may be attributed to Gd3* or Th3* ions used for
bioimaging. Another interesting illustration of toxicological relevance of VNP
administration is the work reported by Denis et al. [171]. The authors observed no local
toxicity following S.C. administration of PapMV loaded with M2e influenza epitope (M2e),
while S.C. injection of free M2e led to the formation of granulomas at the site of injection;
this data demonstrates the potential of VNPs to attenuate or impede therapeutic ingredient’s
toxicity. This has been observed in particular when toxic drugs, such as chemotherapies are
being delivered by VNPs or other NPs (see discussion in section 3.1.2). In addition to
injection route, formulation impacts the toxicology of the VNPs — for example, Luckanagul
et al. reported that the immune response for subcutaneous TMV decreased markedly upon
incorporation in alginate-hydrogel, leading to the absence of signs of toxicity [150].

Beyond the conventional routes of administration, as discussed above, we note the potential
delivery of VNPs through the mucosal routes (e.g. oral, nasal, and vaginal mucosa). In fact,
VNPs may be highly suitable for these applications given their small size and zwitterionic
surface properties [173, 174]. Rapid diffusion of VNPs through mucus was first observed
studying mammalian viruses such as human papilloma virus (HPV) and Norwalk virus
[173]; and these observations have inspired nanotechnology design of NPs to incorporate
features to mimic the virus characteristics yielding mucus-penetrating NP formulations
[175-178]. In a recent study, Berardi et al. [179] studied diffusion properties of CPMV
through mucin glycoprotein gels (mucin glycoprotein is the main component of mucus).
Data suggest a non-sticky nature of CPMV and demonstrate great potential for its delivery
via the mucosal routes. Although mucosal routes are not commonly exploited in the clinic,
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mucosal administration of biologics and vaccines has gained attention based on the potential
to elicit potent IgA antibody responses critical for elimination of mucosal infections; the
book by Rosales-Mendoza and Gonzalez-Ortega [180] is a good reference for interested
readers.

3. Pharmacological considerations of VNPs

The increasing interest in VNPs for biomedical applications underlines the need for better
understanding of the consequences that may arise from their interactions with the biological
systems. As much as data have demonstrated the effectiveness of VNPs as vaccine
adjuvants, drug delivery systems and imaging platforms [181], it is critical to anticipate
potential adverse effects to ensure optimal medical outcomes. Sufficient evidence
established that the fate of NPs in biological systems depends upon both particle
characteristics (e.g. size, shape, surface charge, composition and stability) and particle-
unrelated factors, such as routes of administration and biodistribution profiles [39,182]. This
implies that the identified parameters are key to the adjustment of the interactions between
VNPs and biological structures to control formulation’s toxicity or biocompatibility. Herein,
we refer VNPs’ toxicity to the ability to adversely affect the physiology or biological
structure of tissues and organs, while biocompatibility refers to the absence of toxicity signs
[172]. In this section, we highlight some of the important observations from the /n vitro and
in vivo evaluation of VNPs pharmacokinetics, toxicity and biocompatibility profiles.

3.1. Biological interactions and cytocompatibility

3.1.1. VNP-cell interactions—Many studies have demonstrated the abilities of VNPs
to bind to and be taken up by mammalian cells, distribute to the subcellular structures and
affect the biological functions [80,89,93,183 —187]. For example, CPMV has shown
attractive interactions with antigen presenting cells (APCs) [168]. Interestingly, this
targeting of APCs is mediated in part through molecular interaction with the protein
vimentin, a type 111 intermediate intracellular filament, that is secreted and surface expressed
on a subset of immune cells [188-190]. Koudelka et al. demonstrated the implications of
vimentin surface protein in the entry of CPMV particles into different mammalian cells,
including not only immune cells but also inflamed endothelial cells and cancer cell lines that
are positive for surface vimentin staining [189,191]. In fact, the CPMV-vimentin interaction
is known to be part of the cell entry mechanisms for a number of mammalian viruses,
including the Theiler’s murine encephalomyelitis virus [192] and the porcine reproductive
and respiratory syndrome virus [193]. The binding of the plant virus CPMV to the
mammalian protein vimentin can be explained by the fact that CPMV is a plant picornavirus
and as such shares structural and genomic similarities with mammalian viruses [189,191].

CPMV interactions with surface vimentin on APCs have laid the foundation for CPMV-
based immunotherapies (as detailed under the immunological section). Similarly, the affinity
of CPMV for vimentin on the surface of professional APCs (e.g. dendritic cells and
macrophages) was reported to be beneficial for drug targeting to eliminate chronic infectious
diseases [194]. In addition, the overexpression of vimentin in atherosclerotic lesions or
inflammatory vasculatures offers the opportunity to exploit the CPMV-vimentin interactions
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for early detection, follow up and non-invasive treatment of cardiovascular disorders [168].
Lastly, because vimentin is highly expressed during the epithelial mesenchymal transition
[195], surface-expressed vimentin enables targeting of CPMV to cancer cells (e.g. cervical,
breast, and colon cancers) [190].

Plant VNP-mammalian cell/receptor interactions are not unique to CPMV. Another plant
VNP not from the picornavirus family, SeMV, was found to enter a range of cancer cells,
and this was attributed also to interactions with different surface proteins, including
vimentin, voltage-dependent anion-selective channel protein, and annexin A2 isoform 2
[196]. Another example of unique (and somewhat unexpected) VNP-cell interactions worth
mentioning is the tropism of PVX to B cell lymphomas. Shukla et al. [122] recently reported
that PV X homes to malignant B cells, specifically Non-Hodgkin’s Lymphoma (NHL). The
study showed that PV X co-localizes to metastatic lymphoma in an orthotopic murine NHL
model. PV X interacts preferentially interacts with malignant B cells and when conjugated
with the anti-mitotic agent monomethyl auristatin (MMAE) induces efficient cell killing of
malignant but not healthy B cells or other malignant cell types. The tropism and specificity
are striking — however at this point it is unknown whether this NHL tropism is shape-
mediated and could be explain by lymphatic transport or whether there is a specific receptor
that guides targeting and NHL cell entry.

While specific interactions have been observed and reported and/or can be engineered into
the VNP; the literature indicates that the native plant VNPs — just like synthetic NPs — are
taken up by cells through a combination of different pathways (such as microtubules
transport, micropinocytosis and endocytosis mediated by caveolar, clathrin or integrin
receptors). For example, Plummer and Manchester [197] observed that CPMV entered both
human epithelial cells and murine RAW?264.7 macrophages through a combination of
caveolar endocytosis and micropinocytosis pathways; data revealed co-localization of
CPMV with an endosomal marker (Rab5). Tian et al. [198] witnessed integrin-mediated
endocytosis of TMV particles by human epithelial cells as a result of their conjugation to
cyclic Arg-Gly-Asp (cRGD) ligand, which suggests the potential influence of surface
composition on cell entry mechanisms. In another study, Liu et al. [199] elucidated the
structure-function relationship comparing TMV nucleoprotein assemblies of distinct aspect
ratio to dissect the impact of aspect ratio on cell uptake and trafficking. Using an epithelial
cell type (HeLa) and an endothelial cell type (HUVEC), the authors demonstrated that cell
internalization mechanisms are not only cell-type dependent but also particle-shape
dependent: TMV rods with aspect ratios 4 and 8 have both entered HeLa via microtubules
transport, while their entry in HUVEC was mediated by clathrin endocytosis. However,
TMV rods with aspect ratio 17 (TMV wild type) were internalized by the two cell types
(HeLa and HUVEC) through a combination of caveolae endocytosis and microtubules
transport (Figure 3). The outcome from this study decouples cell entry mechanisms from
particle charge and composition leverage, but also triggers the need for assessing the uptake
mechanisms of different types of VNPs using a range of cell lines.

Following cell entry, VNPs undergo intracellular trafficking through various compartments
and enzymes located in organelles. Our group and others constantly witnessed the
intracellular metabolization of VNPs. This is evidenced, for instance, by the endosomal
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release of fluorophores from CPMV [140] as well as protein cargo removal from engineered
TMV particles (Figure 4) [200]; illustrating the VNPs potential for intracellular cargo
release [184]. This cargo release can be explained by the proteolytic activity within the
acidic endolysosomal environment. Because of this hostile/harsh environment, both pH
labile as well as pH stabile cargoes are quickly released, and thus happen to achieve the
desired course of action within the cell. This was demonstrated in studies comparing
different chemical bonds used to conjugate CPMV to doxorubicin (DOX). These include the
comparative studies of CPMV-DOX containing pH labile hydrazone bond vs. stabile amide
bond [92], as well as amide bond vs. disulphide bond [201]; either nanoparticle formulation
achieved drug delivery and cytotoxicity.

There is evidence that VNPs traffic through the endolysosomal pathway; however, the fact
that VNPs have been successful in delivering fragile materials such as nucleic acids (Table
2) also indicates that some VNPs enter cells through alternate pathways or escape from the
endosomal vesicles. However, reported data are contradictory: While some reports state that
lipofectamine or cell penetrating peptides are needed to achieve efficient delivery of
therapeutic nucleic acids (such as mRNA delivered by CCMV [131] or siRNA delivered by
CCMV [130] or TMV [143]), some reports indicate that VNPs can effectively deliver genes
without the aid of transfecting adjuvants. For instance, TMV loaded with mRNA encoding
for enhanced green fluorescent protein (eGFP) exhibited good transfection efficiency in
BHK-21 cells [128], and further induced antibodies against green fluorescent protein in
BALB/c mice [129], which demonstrated the potential of TMV-mediated gene delivery for
vaccine development. Similarly, VLPs from native CCMV coat protein were used to
encapsulate mRNA encoding for eGFP; and, while no transfecting adjuvants were
incorporated, the findings demonstrated excellent transfection efficiency in a range of
mammalian cells (HEK293, HeLa and HK2 cells) [202]. Overall, these data underline the
potential of VNPs for gene and drug therapy, but also highlight that a deeper understanding
of the intracellular fates is needed to effectively tailor VNP-based therapies.

3.1.2. In vitro biocompatibility of VNPs—Methods for in vitro nanotoxicity
assessment generally involve the determination of cell viability (live/dead ratio) or analysis
of cytotoxicity mechanisms, which include oxidative stress and DNA damage. The
techniques for NPs toxicity assessment have been reviewed [203—-206]. The viability
protocols are categorised into cell proliferation, necrosis, apoptosis or stress assays [206].
Several VNPs have been studied for targeted drug delivery and imaging applications. In
most cases, the viral carrier itself showed no toxicity toward cells but was effective in
delivering the cargo to achieve the drug-mediated cytotoxic effects; cell toxicity of VNPs
used for imaging applications was not reported (Table 3). Nonetheless, beyond assessment
of cell viability, data are scarce, and more research is needed to elucidate the
biocompatibility of VNPs.

NPs in general do not enhance efficacy of therapeutics — however NP-mediated delivery
changes the biodistribution of the cargo allowing drug to be concentrated in target tissue
while avoiding healthy tissues; therefore, increasing therapeutic outcomes. Similarly, VNPs
have demonstrated the ability to impede drug toxicity on normal cells. An illustrative
example is HCRSV particles loaded with doxorubicin and decorated with folic acid, this
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targeted VNP-drug formulation showed no cytotoxicity on normal cells, but good cytotoxic
activity on multiple cancer cell lines [86]. Furthermore, often NP- and VNP-drug conjugates
exhibit lower 1Cgq values in tissue culture experiments. For example, Le et al. [207] reported
on doxorubicin-loaded PV X, which showed lower cytotoxicity on cancer cells compared to
free doxorubicin. Similarly, free doxorubicin exhibited greater cytotoxicity compared to
doxorubicin-loaded PhMV when tested against a panel of cancer cell lines: MDA-MB-231
(IC50 0.63 vs 0.98 UM for free DOX vs. PhMV-DOX), A2780 (ICsq 0. 35 vs 1.16 uM for
free DOX vs. PAMV-DOX), SKOV-3 (ICsq 0.33 vs 1.84uM for free DOX vs. PhMV-DOX)
and PC-3 (ICsq 1.15 vs 3.85 puM for free DOX vs. PhMV-DOX) cells [118]. These
differences can be explained by the distinct cell uptake routes and intracellular processing of
the cargo comparing VNP/NP-delivered vs. free drug. Similar observations have been made
using synthetic nanoparticles such as liposomes [209]. On the other hand, Franke et al. [210]
observed that cisplatin-loaded TMV exhibited markedly high cytotoxicity on cisplatin-
resistant ovarian cancer cells. This phenomenon may be explained also by distinct cell
uptake and trafficking routes of free vs. VNP-delivered drug; the latter strategy may
overcome drug transporters mediating drug resistance to free drug entering the cells via the
cell membrane — in contrast the VNPs enter via a combination of endocytosis and
micropinocytosis (see Figure 3).

Consistently, studies have shown that native VNPs are non-toxic toward mammalian cells.
This also holds true for VNP delivering light-activated cytotoxic agents (for photodynamic
or photothermal therapy), which showed cytotoxicity only upon illumination (but not in the
dark) [94,208]. Toxicity is conferred only through the delivered active ingredient. VNP
carrier formulation chemistry and mechanism of drug loading and release will affect efficacy
and biocompatibility. For instance, Cao et al. observed bimodal release kinetics when
loading RCNMV with doxorubicin drug using two different techniques: infusion and
electrostatic attachment [81]. The release of electrostatically surface-bound molecules
occurred quickly while infused molecules were released later at slower rate, being partly
driven by RCNMV’s pores sensitivity to changes in pH and divalent cations concentration
[61]. Pitek et al. observed that doxorubicin conjugated to TMV through amide linkages
showed 2-fold higher cytotoxicity (ICsg 0.32 and 0.43 uM for MDA-MB231 and 4T1 cells)
than doxorubicin conjugated via hydrazone bonds (ICsq 0.61 and 0.80 uM for the
aforementioned cells) [92]. This is solely due to the difference in drug release kinetics;
amide bonds being cleaved by cellular amidases (leading to relatively faster release), while
hydrazone bridges might have required timely exposure to endosomal acidification for
complete pH-trigged release — making acid-dependent release a useful strategy for non-
invasive delivery. Toward this end, our group recently also designed PhMV particles
encapsulating doxorubicin equipped with pH-sensitive hydrazone linker for acid-triggered
drug release behaviour [118]. Because of pH-dependent/tissue-specific drug release
(selective delivery to acidic tumor microenvironment and endosomes), PhMV formulations
exhibited 3.4-fold higher anticancer efficacy in breast tumor mouse model compared to free
doxorubicin. Such targeted drug delivery approaches hold promise to overcome
cardiotoxicity associated with many chemotherapy regimens [211].

Albeit the reported cell viability data support the biocompatibility of VNPs, it is important to
mention the lack of studies discussing biomarker analysis to detect signs of nonnecrotic
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cellular disturbances, which is recommended prior to categorizing NPs as inert [203].
Drawing from clinically established synthetic nanoplatforms, such as iron oxide NPs
(IONPs), an intriguing example of diligent cytocompatibility profiling could be the study by
Pongrac et al. [212]. The authors tested IONPs on murine neural stem cells and observed
various adverse effects at subcellular levels, i.e. loss of mitochondrial homeostasis, DNA
damage, etc., while cell viability remained unchanged after 24 hours incubation with up to
200 pg/mL. In the field of VNP bioengineering, one of the few toxicity studies addressing
nonnecrotic cellular perturbations was reported by Li et al. [213]. The authors observed that,
when TMV’s RNA was administered by electroporation with Lipofectamine™ 2000,
expression of glucose-regulated protein GRP78 (a marker of endoplasmic reticulum stress)
was induced; further, they observed autophagy in human epithelial carcinoma cells (HeLa
cells). This data highlights potential interactions between viral components and host cell
biomolecules, but also demonstrates further the protective effects of viral protein cage as a
vehicle. Native TMV did not induce autophagy. However, to our best knowledge, no study
has attempted to interrogate the structure-function relationship of VNP shape, size, and
surface chemistry on cell interactions. Although toxicity is not expected, treatment with
plant virus carriers may induce stress. It would therefore be insightful to evaluate whether
plant virus exposure to mammalian cells alters expression of proteins involved in pro-
inflammatory responses (e.g. HSP90, IL-18, IL-1), DNA damage and repair (e.g. PCNA,
RAD32), and apoptosis (e.g. CASP1, CASP8, or ERGI); which are part of nanotoxicity
mechanisms as extensively described for synthetic nanoparticles [214-216]. Particle
characteristics, such as size, surface chemistry and composition, have been reported to be the
acellular parameters that determine the NP-induced oxidative stress; the mainstay of
multiple pathophysiological effects such as genotoxicity, inflammation and fibrosis [217].
Smaller NPs were reported to induce higher oxidative stress owing to surface area
enhancement (i.e. increased number of accessible reactive groups/sites) [218,219]. A
contradictory opinion was postulated when lung toxicity of single-walled carbon nanotubes
was attributed to nanotubular aggregation instead of individual particles of high aspect ratios
[220]. Nonetheless, the endogenous induction of oxidative stress due to cell function
perturbations upon NPs internalization (i.e. mitochondria responses particularly) [221,222]
underlines the key role of cell entry in the stress paradigm. In this context, the particle size,
charge, shape and other properties driving NPs cell uptake appear to be paramount
important. Thus, the tuneable structure of VVNPs offers great opportunity for in-depth
exploration of cell nanotoxicity mechanisms. Thorough investigation of the influence of
VNPs surface functionalities and structural properties on cell functions would enable setting
up the design principles to inform synthetic nanotechnologists.

Although plant viruses do not replicate in mammalian cells, their intracellular trafficking
needs to be carefully examined considering cell metabolization processes. Within cells
VNPs are generally assumed to be broken down into nucleic acids (generally labile RNAS)
and coat proteins, which then are further broken down in peptides and amino acids. While
these processes may induce some level of cellular stress, one might think that because VNPs
are broken down into biological building blocks, they may have a higher degree of
biocompatibility compared to synthetic materials of non-biological origins, which either take
much longer to break down (e.g. carbon nanotubes [223]) or change the environment as they
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break down (e.g. poly(lactide-co-glycolide)/PLGA and iron oxide NPs/IONPs). For
instance, IONPs biodegradation leads to increasing loads of divalent iron cations (Fe*2)
[224]. Due to Fe*2 intracellular accumulation, IONPs generate reactive oxygen species
(ROS) and induce oxidative stress as well as apoptosis through perturbation of mitochondrial
and nuclear functions (including DNA damage) [225-228]. Contrary to IONPs, PLGA
degradation by-products (e.g. lactic and glycolic acids) are known to be safe; lactic and
glycolic acids are eliminated through normal cell metabolization (the respiration Kreb’s
cycle) into carbon dioxide and water [229,230]. Nevertheless, local accumulation of these
acidic by-products due to poor elimination can result in acidification of the cells/tissues,
which can disrupt the local biological response [231]. These illustrative safety concerns
pertaining formulation degradation by-products highlight the need for in-depth
investigations to fully elucidate the fate of VNPs and their by-products.

In fact, studies have demonstrated that the intracellular processing of VNPs is the ground for
their usage as epitope display technology for vaccines and immunotherapy: immune cells
process VNPs and delivered peptide epitopes leading to presentation of the latter major
histocompatibility complex (MHC) I or 11 [232]. For instance, Makarkov et al. recently
witnessed the uptake and processing of plant-derived viral nanoparticles displaying
influenza hemagglutinin-derived peptide epitopes in human monocyte-derived macrophages
[233]. Data indicated co-localization of MHC | with the delivered peptide epitopes, which
confirms the breakdown of VNPs by the cellular machinery up to peptide level. Nonetheless,
no meticulous analyses have been done to interrogate the toxicological impact of VNPs
peptide by-products on biological functions and activities of cells. Inspirational examples
can be drawn from studies with clinically used systems, such as PLGA drug delivery
systems, which have been extensively investigated for biosafety profiling at cellular level.
For instance, He et al. [234,235] established the biocompatibility of PEG-PLGA-poly(L-
lysine) NPs by assessing: (i) protein synthesis, cell membrane integrity and chromatin
agglutination in Huh7, L02, and RAW 264.7 cells; (ii) the release of interleukin-1, tumour
necrosis factor-a and transforming growth factor-S1 from THP-1 cell-derived macrophages;
as well as (iii) the potential impact on embryonic development using zebrafish embryos.
Such in-depth studies are highly desired for the VNP field. The development pipeline is
moving rapidly and therefore pharmacology and detailed cellular toxicity studies are
urgently needed.

3.2. VNPs pharmacokinetics and in vivo biocompatibility

Although /n vitro nanotoxicity data are relevant for preliminary insights anticipating /n vivo
behaviour, the prognosis based on /n vitro data only serves as a herald to encourage /n vivo
testing for further confirmation [204]. In addition to the complexity of the /n vivo setting, the
extrapolation of cell-based data into /n7 vivo scenario is problematic because of the extreme
conditions used /n vitro; usually ultra-high NPs doses exposed for a long period to
investigate dose-related cell toxicity [37]. Although seen as a relatively time-consuming,
complicated, and animal-sacrificing approach, /7 vivo testing remains critical since
systematic evaluation of nanotoxicity is needed to establish the design rules for safe
nanoengineering [206]. The methods for /n vivo nanotoxicity assessment mostly evaluate
histopathological changes and pharmacokinetic parameters such as biodistribution,
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haematology, metabolism (biochemical changes), and clearance [236,237]. From the
literature discussing /n7 vivo nanotoxicity assessment for VNPs (Table 4), we observed that
most studies focused on histopathological, haematological and body weight variations. In
the following paragraphs, we discuss the toxicological considerations of VNPs as a function
of /n vivo circulation, with an emphasis on VNPs tissue accumulation and clearance to
provide insights into potential toxicity or biocompatibility profiles.

3.2.1. VNP pharmacokinetics and biodistribution—In general, NPs are known to
distribute to almost all the tissues and organs following their administration through any
routes [241]. Depending on NPs properties, routes of administration and body physiology,
NPs accumulate in different tissues and organs at various concentrations [242]. Since NPs
systemic exposure is common to most administration routes (Figure 2), the fate of NPs in the
bloodstream is frequently investigated in biodistribution studies owing to its remarkable
impact on NPs tissue accumulation and clearance [243]. In fact, upon entry in the
bloodstream, NPs interact with plasma proteins and a protein corona is formed surrounding
the NP; this protein corona affects the NP’s in vivo behaviour due to the change in particle
size and surface characteristics [4]. While VNPs are also recognized as foreign nanoparticles
by the body, data indicate however that fewer corona proteins/less protein corona is formed
on the proteinaceous nanoparticles vs. synthetic nanoparticles [244]. This may be explained
by the zwitterionic nature of the proteinaceous nanoparticles, owing to the presence of both,
basic and acidic amino acids, which minimizes the VNP interactions with other
biomolecules (i.e. plasma proteins) sharing similar zwitterion properties [176,179]. Pitek et
al. [244] revealed that the amount of protein corona formed on TMV was 6-fold lower
compared to the protein corona formed on synthetic NPs; and the TMV protein corona was
made mainly of immune system proteins, i.e. complement proteins and immunoglobulins. It
was observed that protein corona affected the TMV—cell interactions, and this was
dependent on the cell type under investigation: enhanced interaction was observed with
HelLa cells, while no influence was observed on TMV-macrophage (SC and RAW264.7)
interactions [244]. In the same study, the molecular recognition of TMV conjugated to PEG
and targeting ligands (for integrins or fibrinogen) was found to be affected by protein
corona. Surface modification with appropriate ligands is therefore key to controlling TMV
particles interactions with plasma proteins (i.e. protein corona formation), promoting their
dispersion in plasma. PEGylation was reported to be effective in minimizing the amount of
protein corona on particles surface.

Many studies have focused on detailing that protein corona composition is critical to the /n
vivo fate of NPs. Protein corona containing opsonins (such as complement proteins,
immunoglobulins and laminin) induces fast recognition and quick uptake by the immune
cells [245,246]. This can initiate a complement cascade immune response, induce cytokine
secretion and generate systemic immune response, which can result in immunotoxicity
[247,248]. While polymer-coatings can reduce the immunogenicity of NPs including VNPs;
data indicate that PEGylation may not be effective to completely eliminate immune
surveillance — e.g. Hu et al. [90] witnessed the formation of immunoglobulins and
complement proteins corona on PEGylated PhMV particles (Figure 5A). In a different
approach, stealth coatings can be applied: for example, serum albumin coatings on TMV
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were hown to significantly enhance TMV’s biocompatibility by overcoming immune
recognition and avoiding capture by neutralizing antibodies [249]. These properties also
conferred increased blood circulation time of serum albumin-coated TMV [200]. The serum
albumin-coated TMV formulation was also explored as a carrier for doxorubicin and Gd3*
complexes for cancer therapy and magnetic resonance imaging (MRI), respectively [92].
While these findings set the foundation for serum albumin surface decoration as a strategy to
improve VNPs biocompatibility, no further studies have interrogated the efficiency of serum
albumin surface technology when coating VNPs with different sizes, shapes or aspect ratios;
which could provide insights into optimal design rules of biocompatible NPs.

Since the interactions with plasma proteins and cells depend on particle surface composition,
VNPs blood circulation and clearance profiles vary markedly from one VNP to another. For
example, Lee et al. [250] observed that non-PEGylated PV X displayed one-phase plasma
elimination pattern, whereas PEGylated PV X exhibited two-phase decay from the
bloodstream. The study demonstrated distinct half-lives for PEGylated PV X depending on
the type of PEG used: the initial fast and slow clearance half-lives (1, and t''y 5,
respectively) for PVX conjugated to branched 5 kDa PEG were 14 and 1142 min
respectively, while PV X attached to linear 5 kDa PEG exhibited t'4, =11 min and t''y;, =409
min — quite different from PVX with linear 20 kDa PEG (t'4/, =27 min and t'';, =231 min).
Similarly, PEGylated TMV particles showed different plasma circulation/clearance when
compared to TMV modified with serum-albumin; the reported half-lives for the two nano-
formulations were 10 and 100 min, respectively [251]. The circulation time of native CPMV,
which has an icosahedral shape and negative surface charge, was found to be slightly longer
than that of PV X particles, which have a filamentous shape and overall positive charge, with
half-lives of 20.8 and 12.5 min, respectively [108]. Among all the VNPs, PEGylated PhMV
particles have so far shown the most long-lasting plasma circulation time, with t'1, = 133
and t!'y;, = 2616 min (Figure 5B) [90]; which is also much longer than some of the clinically
established synthetic NPs (i.e. dextran-coated Fes04 NPs, with t'4/» =9.7 min and t'!1, =150
min) [252]. In general, extended plasma circulation is desired to increase the chance for
enhanced tumour tissue accumulation. For the PhMV platform, Hu et al. [90] demonstrated
that these VNPs can be tailored for imaging of prostate tumors in mice over time periods as
long as ~10 days (dual-modal optical-MRI was demonstrated) (Figure 6), which makes
PhMVs an intriguing platform for longitudinal imaging applications to follow disease
progression or treatment response.

However long circulation may not always be the key to treatment success; Madden et al.
observed that doxorubicin-loaded RCNMYV exhibited faster plasma clearance (t1/, = 42—60
min) but much greater tumor homing (ratio of tumor AUCq_jast to plasma AUC.Tjast = 19—
21) than the marketed PEGylated doxorubicin-liposomes (Lipodox®) (ty; = 528 min and
ratio tumor AUCq_Tjast t0 plasma AUCq_1jast = 0.14), when tested in melanoma A375 and
ovarian carcinoma SKOV3ip1 models [253]. Efforts are often dedicated to extending plasma
circulation, but one should rather directly focus on site-specific/non-invasive delivery;
especially since longer plasma residence might be a double-edged sword for VNP
formulations designed to interact with the immune system (e.g. VNPs — as discussed later).
Thus, there is a need for careful structure-bioactivity optimization of VNPs to anticipate any
unwanted in vivo performance.
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In addition to plasma clearance mainly due to uptake by immune cells, another /n vivo
challenge for VNPs/NPs is the unavoidable off-target tissue accumulation, which can lead to
loss of efficacy or increased tissue toxicity. It is well established that NPs tissue
accumulation is driven by two factors: phagocytosis by immune cells and infiltration through
fenestrated endothelia in reticuloendothelial system (RES, which includes liver, spleen, etc.)
[254]. For example, PEGylated PV X particles exhibited extended plasma circulation, but
their biodistribution was consistent with clearance mechanism by the RES organs [250]. In
fact, being considered as foreign particles to the body, VNPs make no exception to the
general clearance and accumulation mechanisms of NPs. Efforts have been made to tailor
VNPs surface chemistry and shape to tune particles circulation, accumulation and clearance
for enhanced efficacy, reduced toxicity or improved biocompatibility of VNP-based
formulations (Table 4). For instance, Bruckman et al. compared the pharmacokinetics,
biodistribution and biocompatibility profiles of fluorescently labelled sphere-like, rod-
shaped native and PEGylated TMV particles [93]. While circulation time is short no matter
which particle formulation was tested, differences were apparent with longer blood
circulation time for TMV rods (phase | half-life 3.5 min) compared to the sphere (phase |
half-life 2.3 min), and that PEGylated rod exhibited phase I half-life of 6.3 min (i.e. 2-fold
higher plasma half-life than native particles); which was expected as PEGylation is known to
minimize protein corona formation. All the three particles were found to distribute to the
RES organs at similar extents, but tissue clearance patterns were different: sphere-like TMV
particles were cleared within 24 hours while TMV rods were still detectable up to 96 hours.
Despite the difference in the course of clearance, the three formulations induced no
histopathological changes in the RES organs and no clotting or haemolysis was observed
[93], suggesting good histocompatibility and hemocompatibility. Indeed, fast clearance of
VNPs from the RES organs is a desirable behaviour for safe drug delivery or imaging
applications, avoiding any potential toxicity due to extended cargo accumulation. In this
regard, with 24-96 hours of tissue accumulation, most VNPs appear to be cleared — this is
consistent with clearance time of some of the soft synthetic systems, e.g. PLGA [255]; and
in contrast to hard synthetic NPs such as metallic NPs [256] and carbon nanotubes [257],
which may persist in tissues (for more than a month) and lead to adverse effects.

Comparisons of biodistribution between different VNPs have been reported. For example,
Shukla et al. compared the biodistribution of icosahedral CPMV and filamentous PVX: PVX
accumulated mainly in the spleen while most CPMV particles were found in the liver 24
hours after IV injection [108]. It was also noted that PV X exhibited increased transport
properties into solid tumors. The comparison of CPMV and PV X, however, is problematic
because the observed differences in biodistribution could be attributed to shape, charge or
surface chemistry. PVX and CPMV have different nanoparticles shapes and volumes;
normalization of the administered dose therefore may lead to observed changes (one could
normalize to the number of particles or amount of protein). While CPMV has an overall
negative surface charge, PVX has an overall positive surface charge [108], and this may
attribute to increased tumor transport properties. At the same time, differences may be due to
shape and different transport behaviour; elongated nanoparticles avoid phagocytosis and
have enhanced margination properties [258-260]. Lastly, more recently Shukla et al.
reported tropism of PV X to B cell lymphomas (see section 3.1.1) [122], and this may point
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toward some unknown molecular interactions that may lead to the observed distinct
biodistribution profiles.

To some degree one may argue that the differences noted could be mainly attributed to
differences in shape; as this has been commonly observed using synthetic nanoparticles
[112,258-261]. For example, shape-mediated effects were observed with synthetic silica
NPs of 200-1800 nm size, where thinner disks showed the potential to be more effective in
targeting the diseased microvasculature than spheres and rods [262]. In another study,
Finbloom et al. [116] witnessed the shape-depend efficacy of different VLPs in glioma-
bearing mice, comparing TMV disks versus nanophage filamentous rods and MS2 spheres
(sphere-like icosahedrons) loaded with doxorubicin. Amongst, TMV disks afforded the
highest animal survival rates followed by the MS2 spheres. This could be due to the shape-
related discrepancies in particle diffusion within the tumour tissue [263], but again one can
think about the influence of surface chemistries (as the compared nanomaterials had
different chemical compositions). In this context, our previous study [113] comparing the
impact of aspect ratio (AR) on the biodistribution and tumor homing of nanomaterials
derived from TMV appears valuably instructive. We observed that the nanorods with the
lowest AR (3.5) showed the best passive tumor homing feature; while AR 7 rods decorated
with RGD ligand exhibited excellent actively targeted tumor homing. Overall, it is realistic
to hypothesize shape-mediated distinct tissue distribution profiles between VNPs (i.e.
filaments, rod and icosahdrons); however, it is worth considering the insights from other
instructive studies that raise different opinions. For example, in a comparative study between
PVX and its filamentous plant virus relative (pepino mosaic virus (PepMV)), data indicated
similar biodistribution patterns, but the accumulation in breast and ovarian cancer tissues
was different: PepMV exhibited about 2-fold higher tumour homing than PV X [264]. The
reason for greater tumour homing of PepMV has not yet been investigated. Nonetheless,
from our previous observation that CPMV particles accumulated markedly in the sites of
inflammation and embryo endothelium owing to their binding to vimentin [188-190], it can
be anticipated that VNPs tissue distribution is not only a matter of particle sizes and shapes.
There are certainly some chemical characteristics, such as surface chemistry, composition
and charge, that play an important role in VVNPs biodistribution.

In sum, the discrepancies in the in vivo fates of VNPs are partly related to the variability in
particles structural morphology and composition, underlying different pharmacological and
toxicological consequences depending on particle design. Therefore, VNPs formulations are
to be analysed thoroughly and individually to evaluate any pharmacological or toxicological
aspects associated with their structure and morphology attributes.

3.2.2. In vivo biocompatibility of VNPs—Data from the nanotoxicity assessment of
VNPs show good biocompatibility profiles for most of the formulations investigated (Table
4), but they also highlight the need for more toxicological investigations in the growing field
of VNP bioengineering. Some of the common outcomes includes the fact that both native
and chemically modified VNPs show no overt signs of tissue toxicity while being used as
therapeutic adjuvants or nano-vehicles for antigenic, therapeutic and/or imaging agents. An
example is the study reported by Alemzadeh et al., where Johnson grass chlorotic stripe
mosaic virus (JyCSMV) conjugated to folic acid (FA) was used for targeted delivery of
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doxorubicin to the athymic mice bearing human breast cancer xenografts [85]. In
comparison with free doxorubicin, drug-loaded JgJCSMV-FA particles exhibited better
pharmacological profiles, encompassing effective tumor growth inhibition and reduced drug-
related cardiotoxicity. These pharmacological improvements are similar to those achieved by
liposomes [265]. In another study, Czapar et al. [80] observed that phenanthriplatin loaded
TMV significantly inhibited tumor growth while the free phenanthriplatin drug candidates as
well as cisplatin drug were inefficacious at the dose of 1.0 mg/kg. In addition, toxicological
study revealed that the TMV drug delivery systems triggered no significant variations in the
levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT); viability
indicators for all organs in general and liver functions, respectively. While liver functions
were found to be maintained, the histology staining unveiled signs of necrosis in the kidneys
which could be attributed to the inherent nephrotoxicity of the platinium compound. Since
no weight loss or changes in animal activity were observed, the authors hypothesized a
promising safety profile of phenanthriplatin-loaded TMV owing to the possibility of easily
managing the reported potential nephrotoxicity; through either use of diuretics [266] or
TMV surface modification with polymers (e.g. PEG) to reduce VNP kidney clearance [250].
In addition to CPMV, TMV and PV X discussed in the previous paragraphs, CCMV was also
reported to be biocompatible following 1V administration to female Balb/c mice [238]; since
no remarkable histopathological changes were observed in the RES organs. Beyond tissue
toxicity assessment, there are also a few studies investigating VNPs’ teratogenicity in
chicken embryos. The native TBSV and PV X particles tested showed no signs of erythrocyte
toxicity or teratogenicity at the doses of 1 ng—10 pg/embryo [239].

Careful safety profiling requires insights beyond histopathological and haematological
evaluations, looking into molecular biomarker analysis to detect signs of nonnecrotic
biological perturbations. In conjunction with this, previous studies with established
nanoparticles, such as liposomes, would make instructive illustrations for VNPs
bioengineers. For instance, Knudsen et al. [267] investigated the biocompatibility of cationic
liposomes through histological, haematological and chemico-clinical evaluations. The
findings revealed no significant changes after repeated doses; however, genotoxicity
assessment of the same formulation unveiled DNA strand breaks as well as elevated
expression of cytokines in the lung and spleen tissues. These observations are arguably part
of the scarce data demonstrating the need for a thorough organ-function assessment when
characterizing the safety profile of a given NP formulation, and VNPs make no exception to
this diligent consideration. Extended toxicological studies are lacking to provide further
insights into the VNPs’ biosafety, considering individual product attributes as well as
relevant animal model specifications.

Immunological considerations of VNPs

VNPs exhibit inherent immunostimulatory properties that have set the foundation for their
applications as vaccine adjuvants and immunotherapeutic agents. Owing to their optimal
structural characteristics (i.e. size, shape and rigidity), most VNPs cross the lymph vessel
pores and traffic into the lymph node, where they markedly stimulate the antigen-presenting
cells (APCs) (Figure 7) [268]. The importance of structural organisation of VNPs has been
established from the observation that disassembled coat protein was much less immunogenic
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than VNPs or VLPs [114,269], although the immune system of mammals identifies viral
proteins as immunological aliens [124]. VNPs stimulate APCs through interactions with
their pattern recognizing receptors (PRRs) such as toll-like receptors (TLRs) [270]. In
general, immune cells express PRRs in response to pathogens invasion for early recognition
and subsequent activation of innate immune system as well as adaptive immunity [271].

Compared to other nanomaterials used for epitope display, VNPs are putative vaccine
adjuvants that achieve targeted delivery of foreign epitopes while interacting with the
immune cell network. For example, TMV-T cell epitope display vaccine formulations
exhibited superior antitumor efficacy compared to free T-cell peptide epitopes alone in
C57BL/6 mice bearing EG.7-Ova and B16 melanomas [127, 272]. Other VNPs vaccine were
designed using PapMV, PV X and CPMYV; which were used for display and delivery of M2e
influenza epitopes [171], hepatitis C virus epitope R9 [273] and HER2 CH401 epitope

[125], respectively. The multivalent epitopes display capacity and their natural interactions
with and activation of innate immune cells lay the foundation for the application of VNPs/
VLPs in vaccinology against cancers [27,274] and infectious diseases [233,275]. Since this
section broadly covers immunogenicity of VNPs, readers interested in comprehensive details
regarding VNP-based vaccines can look into the recent review by Rybicki [276] or Balke
and Zeltins [277], where broader applications such as allergies and autoimmune diseases are
discussed.

There is an intriguing immunogenic property of VNPs that resides in their potency to induce
long-lasting stimulation of system anti-tumor immunity when said VNP is injected into the
tumor tissue — the concept of the in situ vaccination [278,279]. Numerous studies have
demonstrated the potential of CPMV in particular as immune modulator of the tumor
microenvironment (TME) [280,281]. When injected into the TME, CPMV induces
activation and recruitment of innate immune cells such as monocytes, tumor infiltrating
neutrophils and natural killer cells that are cytotoxic to cancer cells [282-284]. By
increasing the influx of APCs upon tumor antigen release in the TME, these events lead to
adaptive anti-tumor immunity through CD4+/CD8+ cells, which results in systemic efficacy
and immunological memory against metastases [280]. It is important to mention that the
immunogenicity of CPMV is not solely due to its multivalent, proteinaceous capsid. In fact,
our group previously observed no matching in efficacy between native (RNA-loaded) and
empty CPMV: the former showed greater animal survival rate than the latter [282], which
was attributed to additional interactions between RNA and TLR-7/8 (leading to enhanced
APCs boosting and cytokines activation) [270]. This is also consistent with observations
made using PapMV as an /in situ adjuvant for cancer immunotherapy; also here the efficacy
was attributed to efficient TLR-7/8 signalling [285].

Apart from CPMV, several other VNPs were tested for /n situ vaccination applications. Our
group recently compared the /n situ vaccine efficacy of CPMV with that of other ~30 nm
icosahedral plant viruses (CCMV, PhMV, SeMV) as well as other icosahedrons such as
VLPs from bacteriophage Qf and Hepatitis B virus core particles (HBVc) [286]. The
findings demonstrated unique immunological properties of CPMV; with CPMV being the
most potent immune stimulant amongst all the VNPs/VVLPs assessed against melanoma,
ovarian cancer and colon cancer models. In agreement is an earlier study by Murray et al.
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[287]; where we conducted a comparative study testing /n situ vaccine efficacy of CPMV
versus TMV particles of different aspect ratio (300 x 18 nm native TMV versus 50 x 18 nm
short TMV nanorods versus sphere-like TMV particles). According to the data, CPMV
showed the most potent antitumor immunity against dermal melanoma; all the TMV types
showed less potent efficacy with no significant difference related to particle shape, size or
aspect ratio. The difference in immunostimulatory potency between CPMV and TMV was
proposed to arise from the immune activation mechanisms, particularly the pro-
inflammatory cyto/chemokine profiling: CPMV establishes immune cell signalling through
IFN-y pathway, while TMV early on triggers primarily IL-6. However, other VNPs also
have been reported to have remarkable immunostimulatory properties, these include the
filamentous nanoparticles formed by PapMV [285,288] and PV X [289]; the former acting
mainly through IFN-a secretion while the latter stimulates IFN-y pathway (like CPMV).

Noteworthy, all these interactions with the immune system and cells can be regarded as a
double-sided sword: desired for immunotherapy applications and a challenge for drug
delivery and imaging applications. TMV for example is prevalent in the human population
as TMV is found in tobacco products; the anti-TMV antibodies (1gG, 1gG1, 19gG3, 1gG4,
IgA, and IgM) have been detected in the serum of healthy smokers, smokeless-tobacco
users, as well as non-smokers [290]. With plant viruses being part of the food chain, there is
likelihood for a pre-existing immunity. Therefore, careful consideration of the VNP platform
and careful /n vivo characterization should be carried out — ideally using naive mice as well
as mice pre-exposed to the VNP. As an illustration, Shukla et al. [291] observed that weekly
administrations of PVVX led to increasing levels of circulating anti-PVX IgM and 1gG
antibodies that affected PV X bioavailability. The specificity of these antibodies to PVX was
confirmed by marked aggregation (i) /n vitro incubation of serum from immunized mice
with PVX, and (ii) /n vivo - significant PVVX—-antibody aggregates were observed in the
murine vasculature using intravital two-photon laser scanning microscopy. This data
highlights, that as with other biologics, immunotoxicity must be part of the pharmacology
package and particular attention must be paid to pre-existence or development of potentially
neutralizing antibodies. The influence of the immunogenicity on nanocarriers efficacy and
safety profiles can be illustrated by studies performed on mammalian viral vectors such as
adeno-associated virus (AAV) used for gene therapy [292,293]. Although these are
attenuated mammalian viruses with demonstrated transfection efficiency, induction of strong
innate and adaptive immune responses still pose safety risks [294]. The use of AAV in the
clinic is highly challenged by the pre-existing immunity arising from the widespread
exposure to the wild type AAV variants and serotypes within the human population; the
clinical efficacy is often affected by high levels of neutralizing antibodies. Interested readers
are referred to some of the latest reviews discussing challenges associated with viral vector
immunogenicity [295-298].

There are different approaches currently investigated at clinical or engineering levels to
address AAV immunogenicity. The strategies proposed to improve the clinical outcome of
AAV-based gene therapy embrace [299]: (i) selecting subjects showing low or no anti-AAV
antibodies response; (ii) conducting plasmapheresis to reduce the amount of neutralizing
antibodies; (iii) accomplishing isolated perfusion of organs; (iv) increasing the capsid dose,
and (v) immunosuppression. For instance, a 10-patients case study demonstrated significant
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reduction in anti-AAV titers to undetectable levels in seropositive patients receiving
immunosuppressor therapy [300]. In another study, plasmapheresis achieved effective
removal of AAV binding antibodies and enhanced gene transfection efficiency (from 10 to
60%) at the same extent as observed for AAV sero-negative nonhuman primates (53%),
while immunosuppression failed to improve gene expression [301]. In nanoparticle
engineering, one of the promising strategies involves immunoediting to tune domains that
can affect immunogenicity, e.g. here we can learn from the oncolytic viral therapy
engineering: it has been shown that genetic editing allows tailoring the interaction with the
immune structures, such as PRRs [302]. For example, Faust et al. [303] genetically
engineered an AAV variant with depleted CpG sequences, a gene set encoding for TLR9
AAV ligand. Data indicated that the engineered AAV achieved excellent transgene
expression as well as immune system invasion and reduced infiltration of effector cells. An
alternative approach under investigation includes the incorporation of a TLR9-inhibitory
sequence (e.g. TTAGGG from human telomeres) into the viral genome, which demonstrated
the potential to avoid the murine innate immunity [293,304]. Indeed, rational mutagenesis
and combinatorial libraries producing AAV capsid variants that are not detected by anti-
AAV antibodies are promising, but their application requires a combination with
immunosuppression to prevent de novo antibodies induction. Transient immunosuppression
holds a promise to overcome cellular and humoral responses but does fail to address pre-
existing neutralizing antibodies. Therefore, the shielding of viral capsid through particle
surface modification (covalent attachment or coating) with polymers or biomaterials has
been proposed for the engineering of immunotolerant AAV particles [305]. These principles
can be extended to plant VNPs for ideal product safety and efficacy.

Nonetheless, more data are needed to fully define and predict all the aspects of
immunogenicity to establish the immuno-safety of each VNP formulation. These include for
instance the studies interrogating the potential immunotoxicity signs such as fever-like
reactions due to the induction of cytokines/interferons, hypersensitivity due to complement
activation as well as interaction with coagulation factors. In addition, the existence of
diseases that can potentially affect the immune system (such as lysosomal or metabolic
alterations [306]) is a further motivation for much deeper understanding of VNP-immune
system interactions to anticipate possible interferences. The field of VNP bioengineering
continues to rapidly evolve, transitioning from preclinical studies toward translational
efforts; therefore, detailed analyses of potential immunotoxicities related to plant viral
nanocarriers are highly desired to ensure successful implementation of this high-value
technology in the clinic.

4. Conclusion

The increasing interests in VNP nanoengineering has prompted extensive research that has
led to remarkable advances in VNP design, fabrication and manufacturing. The field is
rapidly evolving, and several formulations and approaches are poised to make a clinical
impact. In this report, we discussed the key concepts surrounding the toxicological
considerations of VNPs, including particle properties engineering, formulation concepts and
pharmacological profiles. We mainly discussed VNPs as therapeutic adjuvants, excipients or
vehicles that hold the potential to display, enhance, reduce or suppress the toxicity of a given
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formulation. Most toxicological studies on VNPs commonly reported no overt signs of
toxicity /n vitro or in vivo. However, majority of these studies focused on routine cell
viability assays as well as histopathological and haematological explorations of animal
tissues, looking into cell apoptosis, necrosis or tissue degeneration; with no insights from
extensive organ-function investigations. In addition, the lack of studies using unified
protocols to interrogate the correlations between VNPs structural modifications and toxicity/
biocompatibility is apparent. Yet, the robust-soft structure of VNPs can be valuably
exploited to tailor particles’ properties, control biological interactions and determine the
structure-nanotoxicity relationships. In depth VNPs structure-toxicity studies could be useful
to inform nanoengineers of particulate or molecular mechanisms of nanotoxicity for safe
development of nanomedicines. Moreover, systematic studies with several VNP systems
side-by-side may provide clues whether there are underlying design concepts, i.e. appraising
whether VNPs can be grouped into different classes with distinct pharmacological profiles,
or there is indeed a need to study each one separately. The efficacy and safety being the main
factors that anticipate product clinical success, thorough explorations of VNPs’ toxicity/
biocompatibility will guarantee futuristic blossoming of VNP-based formulations as superior
nanomedicines.
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Research Highlights

Plant viruses and their virus-like particles have been recognized as platform
technologies for applications in nanomedicine.

Plant virus-based nanoparticles (VNPSs) can be repurposed and engineered as
smart bio-vehicles for targeted drug delivery and imaging; plant VNPs also
find applications in vaccines and immunotherapy.

Given the growing body of data that indicate that plant VNPs are promising
high value nanocarriers with potential for translational development, it is
critical to gain in-depth understanding of their pharmacology to further
advance the field.

The pharmacology of VNPs as a function of formulation and route of
administration is discussed; most studies reported no overt toxicity /7 vitro or
in vivo;, however, majority of these studies focused on routine cell viability
assays as well as histopathological and haematological explorations ; with no
insights from extensive organ-function investigations.

Data highlights the potential for VNPSs to impact disease management and
treatment, but also underlines the need for meticulous VNP structure-
nanotoxicity studies to improve our understanding of their /n vivo fates and
pharmacological profiles to pave the way for translation of VNPs into the
clinical setting.

Virology. Author manuscript; available in PMC 2022 April 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Nkanga and Steinmetz

Figure 1:
Overview of plant VNP shapes; from left to right: icosahedron, rigid tubular, and

filamentous. Green = coat proteins; red = RNA. Not drawn to scale. This Figure was
prepared by Dr. Duc Le (Radbound University, Nijmegen, Netherlands).
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Figure 2:
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IV route

Systemic toxicity

Transdermal route

Local irritation

Key characteristics of the main routes for administration of biomedical NPs [37,172]
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Figure 3:
Ilustrating the manufacture of TMV-based rods of different aspect ratios, and the

discrepancies in their cell entry mechanisms. TMV,, TMVg and TMV17 indicate to particles
of aspect ratio 4, 8 and 17 (TMV wild type). Reproduced with permission from [199]
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Figure 4:
Schematic illustration of intracellular trafficking of VNPs: endocytosis and intracellular fate/

metabolization of serum albumin-coated tobacco mosaic virus (TMV) by a macrophage.
Adapted from [200] with permission from the Royal Society of Chemistry.
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Figure 5:
(A) SDS-PAGE fingerprint of protein corona formed on PEGylated PhMV particles after

1hour incubation with human plasma. (B) Pharmacokinetic profile of PEGylated PhMV
(coloaded with Cy5.5 and Gd3*) in Balb/C mice following I.V. injection of 200 ug.
Reprinted from [90], Copyright 2019, with permission from American Chemical Society.
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Figure 6:

Non-invasive near-infrared fluorescence (NIRF) bioimaging using Cy5.5-GdPhMV particles
decorated with DGEA peptide (or with PEG, control group) for targeting prostate tumors in
athymic nude mice following 1.V. injection of 200 pg. (A) Longitudinal visualization of
PhMV particles using NIRF imaging. (B) In vivo localization of PhMV particles in the RES
organs. (C) Long-term quantitation of fluorescence signals in prostate tumors. (D) Ex vivo
NIRF imaging of major organs 240 hours post-injection. (E) Organs distribution/
biodistribution profiles of Cy5.5-Gd-PhMV-DGEA particles using ex vivo NIRF imaging
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data — control group being untreated animals. Reprinted from [90], Copyright 2019, with
permission from American Chemical Society.
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A injection
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B Lo :

CPMV

Figure 7:
Draining lymph node (dLN) homing of CPMV and PV X loaded with Alexa Fluor 647 dye.

(A) Longitudinal fluorescence imaging of dLN trafficking and retention (dashed arrows)
following S.C. injection into the left (CPMV 50ug/20ul) and right (PVX 50ug/20ul)
footpads of FVB/N mice: indicating sustained dLN retention of CPMV as compared to
PVX. (B) and (C) Confocal microscopy visualization of immunofluorescence staining
(green) and imaging of CPMV and PV X accumulations (insets A and B, respectively) in the
brachial dLN 12 hours following S.C. injection behind the mice’s neck: showing retention of
CPMYV in the subcapsular sinus (blue arrow) and T cell zones (yellow arrow), while PVX
accumulate (blue arrow) in the follicle zones (red area, anti-B220 antibody staining).
Reprinted from [268], Copyright 2016, with permission from Elsevier.
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Table 1:
Summary of typical structural characteristics of plant viruses discussed rn this review
Plant virus (family) Protein constitution Nucleic acid Capsid shape Size (nm)  Ref.
CPMV (Comoviridae) 60 asymmetrical CPs (24 and Two positive sense single icosahedral 30 [50,51]
41 kDa subunits) stranded RNAs

CCMV (Bromoviridae) 180 CPs (20.3 kDa) Three positive sense single icosahedral 28 [52,53]
stranded RNAs

HCRSV (Tombusviridae) 180 CPs (37 kDa) One positive sense single- icosahedral 30 [54]
stranded RNA

JGCSMV (Tombusviridae) 180 Cps (41 kDa) One positive sense single- icosahedral 30 [55]
stranded RNA

PapMV (Alphafiexiviridae) 1400 CPs (23.8 kDa) One positive sense single- helical, 13x530  [56,57]
stranded RNA filamentous

PhMV ( Tymoviridae) 180 CPs (21 kDa) One positive sense single- icosahedral 30 [58]
stranded RNA

PV X (Flexiviridae) 1300 CPs (28 kDa) One positive sense single linear helical, 13x515  [59]
RNA filamentous

RCNMV ( Tombusviridae) 180 CPs (37 kDa) Two positive sense single icosahedral 35 [60,61]
stranded RNAs

SeMV (Solemoviridae) 180 CPs (29 kDa) One positive sense single- icosahedral 30 [62,63]
stranded RNA

TBSV (7ombusviridae) 180 CPs (41 kDa) One positive sense single- icosahedral 33 [64,65]
stranded RNA

TMV (Virgaviridae) 2130 CPs (18 kDa) One positive sense single- helical, rigid 18x300  [66,67]

stranded RNA
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Table 2:
Examples of cargo-loaded and functionalized VNPs developed for biomedical applications

Application area/Molecule VNP Cargo loading strategy No. of cargo Intended application Ref.
of interest molecules per VNP
Drug delivery (chemotherapy)
Aldoxorubicin prodrug PhMV r—re stacking interactions 1570 Breast cancer (pH-dependent [118]
(cytotoxic anticancer drug) and covalent attachment to drug release)

internal cysteine through

pH-sensitive hydrazone

linkages
Cisplatin (cytotoxic ™V Electrostatic entrapment 1900 Platinum-resistant (PR) ovarian ~ [119]
anticancer drug) cancer
Doxorubicin (cytotoxic RCNMV  Infusion process 900-1000 Melanoma and ovarian cancer [120]
anticancer drug)
Mitoxantrone (anti-neoplastic =~ CPMV Infusion process 20-50 Primary brain tumors such as [121]
agent) glioblastoma multiforme
Monomethy! auristatin PVX Covalent attachment to 400 B cell malignancies such as [122]
(antimitotic anticancer agent) external cysteine lymphoma
Phenanthriplatin (cytotoxic T™MV Electrostatic entrapment ~2000 Triple negative breast cancer [80]
anticancer drug candidate)
Epitope display (Vaccines and Immunotherapy)
Cancer testis antigen NY- CPMV Covalent attachment to 30-60 Triple-negative breast cancer, [123]
ESO-1 external lysine melanoma, myeloma, and

ovarian cancer

Hepatitis C Virus E2 epitope PapMV Genetic fusion to C- 560 Hepatitis C [124]

terminus of the viral coat

protein
HER2-derived antigen CPMV Covalent attachment to 30 HER2+ tumors such as HER2+  [125]
CH401 external lysine breast cancer
HIV-1 glycoprotein 41- PVX Genetic fusion to N- - AIDS [126]
derived 2F5e terminus of the viral coat

protein
Melanoma-associated CTL T™MV Covalent attachment to >1917 Melanoma [127]
epitope p15e and tyrosinase- genetically inserted viral
related protein 2 (Trp2) lysine
peptides
Nucleic acid delivery (Gene therapy)
CPG Oligodeoxy-nucleotides = CCMV Self-assembly/caging 50 Colon cancer and melanoma [78]
ODN1826
Flock House virus RNA T™MV Self-assembly - Vaccine/proof of concept [128]
encoding GFP
mRNA encoding GFP T™MV Self-assembly - Vaccine/proof of concept [129]
siRNAs targeting GFP and CCMV Self-assembly/caging Cancer therapy [130]
forkhead box transcription
factor
Replicons encoding eYFP CCMV Self-assembly/caging - Vaccine/proof of concept [131]
Protein delivery
Bacterial cytochrome P450 CCMV Self-assembly/caging 14 Bioactivation of [132]
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Application area/Molecule VNP Cargo loading strategy No. of cargo Intended application Ref.
of interest molecules per VNP
Staphylococcus aureus PVX Genetic fusion to N- - Immunoabsorbent for antibody ~ [133]
protein A domain B terminus of the viral coat biosensing

protein
Streptokinase ™™V Covalent attachment to ~767 Thrombolytic therapy [134]

genetically inserted external

lysine
Tissue plasminogen activator ~ TMV Covalent attachment to 50-100 Thrombolytic therapy [135]
(tPA) genetically inserted external

lysine
Tumor necrosis factor-related ~ PVX Covalent attachment 490 Breast cancer [136]
apoptosis-inducing ligand through Ni-NTA linker
(TRAIL) conjugated to external lysine
Contrast agent delivery (Bioimaging)
Alexa Fluor 488/555/647/750  CPMV Covalent attachment to the 120 Intravital vascular mapping of [137]
dyes external lysine tumour growth or

embryogenesis
Cy5.5 dye and Gadolinium PhMV Covalent attachment to the ~20 and ~130 Near-infrared fluorescence and ~ [90]
complexes internal cysteine (respectively) magnetic resonance imaging of
prostate cancer

Gadolinium complexes CPMV Covalent attachment to the ~225 Magnetic resonance imaging [138]

external lysine (MRI)
Green fluorescent protein PVX Genetic fusion to N- 1:3 fusion protein to Molecular imaging of tumour [139]
(GFP) terminus of the viral coat coat protein ratio cells/tissues

protein
SulfoCy5 dye T™MV Covalent attachment to 68-555 and 124-613  Optical mapping of particles [140]

internal glutamate or (respectively) cellular processing and uptake

external tyrosine kinetics
Targeting ligand (non-invasive delivery)
Asp-Gly-Glu-Ala (DGEA) ™™V Covalent attachment to ~20% surface Targeting integrin a2f1 for [88]
peptide plus Cy7.5 dye and external tyrosine with Cy7.5  coverage with ligand non-invasive bimodal (near
Dy complex and Dy conjugated to and 380 Cy7.5 and infrared and MRI) imaging of

internal glutamate 980 Dy molecules prostate cancers
Folic acid plus doxorubicin JgCSMV  Covalent attachment to 300-350 folic acid Tissue-specific breast cancer [85]

external lysine and and 2579 doxorubicin  therapy

doxorubicin loaded by moieties

infusion
EGFL7-binding peptide CPMV Covalent attachment to the ~25 A647 dye Intravitreal imaging of tumour [141]
E7p72 plus A647 dye external lysine (E7p72 not neovasculature

quantified)
EGFR-binding peptide GE11 ~ PVX Covalent attachment to 40% surface coverage  Targeted imaging of EGFR+ [142]
plus A647 external lysine with ligand and 300 cancer cells
A647 molecules

TAT peptide plus GFP siRNA  TMV Covalent attachment to 45-60% surface Gene knockdown in GFP- [143]

external tyrosine plus
external siRNA loading via
electrostatic interaction with
TMV-TAT

coverage with TAT
ligand (SIRNA
loading not
quantified)

expressing metastatic
hepatocellular carcinoma
(proof-of-concept)

AIDS: Acquired immunodeficiency syndrome. DGEA: Asp-Gly-Glu-Ala sequence. eGFP: Enhanced green fluorescent protein. eYFP; Enhanced
yellow fluorescent protein. EGFR: Epidermal growth factor receptor. EGFL7: Epidermal growth factor-like domain 7. HER2: Human epidermal
growth factor receptor 2. HIV: Human immunodeficiency virus. MRI: Magnetic resonance imaging. Ni-NTA: Nickel-nitrilotriacetic acid. TAT:

Transacting activator of transduction. TRAIL: Tumor necrosis factor-related apoptosis-inducing ligand.
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Table 4:

Summary of /n vivo studies evaluating the biocompatibility and toxicity of VNPs in the context of
biodistribution studies, immunotherapy/vaccines, drug delivery, or imaging
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Formulation Dose (Administration Animal model (organ/ Biocompatibility-/toxicity-related outcomes Ref.

composition route) tissue target)

Biodistribution study

Native CCMV 50 pg in 200 pL (1V) Female Balb/c mice No remarkable histopathological signs were [238]
(lung, liver, spleen and observed over 24 hrs
kidney)

Native PVX 10-200 ug (1V) Cerquaglia Farm chicken  No signs of toxicity or teratogenicity at the [239]
(blood, chicken doses of 1 ng—10 pg/embryo. Slight haemolysis
embryos) rate of 1.8 and 2.7% at higher doses (100 and

200 pg)
Native SeMV 40-80 mg/kg (IV) and Female Swiss albino Biochemical and haematological parameters [169]
100-200 mg/kg (oral) mice (blood, brain, remained unchanged after 6 and 72 h, except
kidneys, liver, lungs, mild leukopenia at the highest dose. No
spleen) histopathological changes were observed

Native TBSV 10-200 ug (1V) Cerquaglia Farm chicken  No effects on erythrocytes integrity. No signs [239]
(blood, chicken of toxicity or teratogenicity at the doses of 1
embryos) ng—10 pg/embryo

Native and PEGylated 10 mg/kg (1V) Healthy Balb/c mice No histopathological changes observed over 14 [93]

TMV rods and spheres (liver and spleen) days post-injection. No clotting or haemolysis

noted after 1 hr of incubation of 2.5 mg/mL
TMV with 5x108 RBCs/mL

Immunotherapy and vaccine

PapMV coat protein (CP) 100 pg/injection (SC) Balb/c mice PapMV-CP-M2e showed no local toxicity, [171]

encapsulating M2e (subcutaneous tissue/ while alum-M2e generated obvious granulomas

influenza epitope (M2e) injection site) at injection site

Trivalent inactivated flu 21 pg/injection Balb/c mice (respiratory ~ No induction of tumour necrosis factors or [167]

vaccines (TIV) adjuvanted  (intranasal or SC) mucosa) inflammatory reactions

with PapMV

Complexes of rubella 100 pg per IM injection Female Balb/c mice A4-SP showed no lethality (acute toxicity), and  [240]

tetraepitope A (A,) and (blood/sera) the body weights remained unchanged with no

spherical particles (SP) pathological signs nor physiological changes

from thermal remodelling (no chronic toxicity) after three doses over 42

of TMV days

Drug delivery

Nickel-coordinated PVX 12-15 ug/kg per injection  Female NCR nu/nu mice  Ni-PVX showed no cell toxicity, while TRAIL-  [136]

loaded with tumor (injected intratumorally) and TNBC cell lines loaded Ni-PVX was cytotoxic after 12 h

necrosis factor-related incubation. The two formulations induced no

apoptosis-inducing protein body weight changes over 30 days

(TRAIL)

Phenanthriplatin-loaded Equivalent to 1 mg/kg Balb/c mice (liver and No body weight variation nor animal [80]

T™MV phenanthriplatin (1V) kidney) misbehaviour. No overt liver toxicity or

significant changes in enzymes levels, but only
marked necrosis in the kidneys due to platinum
side effects
Imaging
CPMV particles labeled 1-100 mg/kg (1V) Balb/c mice (blood, and No signs of tissue degeneration, necrosis or [170]

with Gd3* or Tb%*
complexes

tissues from all mouse
organs)

apoptosis over 24 hrs. Haematology was
normal, except the leukopenia trend at highest
doses
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Formulation
composition

Dose (Administration
route)

Animal model (organ/
tissue target)

Biocompatibility-/toxicity-related outcomes

Ref.

Tissue engineering

Alginate hydrogel
containing native and
RGD-mutant TMV

6.35x2mm gel disk
containing TMV 0.1%
(SC)

Male Balb/c mice
(blood, liver, lung, brain,
heart, and spleen)

No chronic and/or major inflammatory and
toxicity reactions in the RES, and blood cell
numbers remained normal after 4 weeks of gel
implantation

[150]
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