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Introduction

In situ vaccine application of inactivated CPMV
nanoparticles for cancer immunotherapyf

Paul L. Chariou, © Yifeng Ma 2" and

Nicole F. Steinmetz

 Veronigue Beiss,
xabcdef

Cowpea mosaic virus (CPMV) is currently in the development pipeline for multiple biomedical applications,
including cancer immunotherapy. In particular the application of CPMV as in situ vaccine has shown
promise; here the plant viral nanoparticle is used as an adjuvant and is injected directly into a tumor to
reverse immunosuppression and prime systemic anti-tumor immunity. Efficacy of this CPMV-based cancer
immunotherapy has been demonstrated in multiple tumor mouse models and canine cancer patients.
However, while CPMV is non-infectious to mammals, it is infectious to legumes and therefore, from a
safety perspective, it is desired to develop non-infectious CPMV formulations. Non-infectious virus-like
particles of CPMV devoid of nucleic acids have been produced; nevertheless, efficacy of such empty
CPMV nanoparticles does not match efficacy of nucleic acid-laden CPMV. The multivalent capsid activates
the innate immune system through pathogen pattern recognition receptors (PRRs) such as toll-like
receptors (TLRs); the RNA cargo provides additional signaling through TLR-7/8, which boosts the efficacy
of this adjuvant. Therefore, in this study, we set out to develop RNA-laden, but non-infectious CPMV. We
report inactivation of CPMV using UV light and chemical inactivation using B-propiolactone (BPL) or
formalin. 7.5 J cm™2 UV, 50 mM BPL or 1 mM formalin was determined to be sufficient to inactivate CPMV
and prevented plant infection. We compared the immunogenicity of native CPMV and inactivated CPMV
formulations in vitro and in vivo using RAW-Blue™ reporter cells and a murine syngeneic, orthotropic
melanoma model (using B16F10 cells and C57BL6 mice). While the in vitro assay indicated activation of the
RAW-Blue™ reporter cells by formaldehyde and UV-inactivated CPMV at levels comparable to native
CPMV; BPL-inactivated CPMV appeared to have diminished activity. Tumor mouse model experiments
indicate potent efficacy of the chemically-inactivated CPMV (UV-treated CPMV was not tested) leading to
tumor regression and increased survival; efficacy was somewhat reduced when compared to CPMV,
however these samples outperformed the empty CPMV nanoparticles. These results will facilitate the
translational development of safe and potent CPMV-based cancer immunotherapies.

combat infectious diseases, cancers, and autoimmune diseases."
Plant viruses are noninfectious to mammals and therefore are

In recent years, plant virus-based nanoparticles have been
investigated for vaccine and immunotherapy applications to
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safer than their mammalian counterparts used in oncolytic
therapies.” They can be manufactured in a cost-effective manner
and in large scales as viral nanoparticles (VNPs) as well as non-
replicative virus-like particles (VLPs) devoid of their genomic
payload.**

Cowpea mosaic virus VNPs (CPMV) and VLPs thereof
(termed empty CPMV or eCPMV®) have been developed for
use as cancer immunotherapy. The native form of CPMV
consists of a bipartite, positive-strand ssRNA virus forming a
~ 30 nm icosahedron with pseudo T = 3 symmetry. The capsid
consists of 60 identical copies of a large (L, 42 kDa) and small
(S, 24 kDa) coat protein encapsidating RNA-1 (5.9 kb) and
RNA-2 (3.5 kb) in separate but identical CPMV particles. eCPMV
nanoparticles have identical protein composition but lack the
viral genome; unlike other VLPs, eCPMV does not package host

© 2021 The Author(s). Published by the Royal Society of Chemistry
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RNA.>® When applied as in situ vaccine, the CPMV or eCPMV
formulation is administered directly into a tumor to reprogram
the tumor microenvironment and launch systemic anti-tumor
immunity. In previous work, we elucidated the mechanism of
anti-tumor immune activation of the CPMV or eCPMV in situ
vaccine.”® In brief, CPMV does not kill tumor cells directly, but
rather acts on and activates the innate immune cells within the
tumor microenvironment (TME). Intratumoral administration
of CPMV results in upregulation of interleukin 6 (IL-6) and
interferon y (IFNy) combined with the downregulation of
interleukin 10 (IL-10) and transforming growth factor p (TGF);
these changes in cytokine levels within the TME promotes the
activation and repolarization of neutrophils and tumor associated
macrophages (TAM) toward an anti-tumor phenotype.”® In addi-
tion, the in situ injection of CPMV induces the recruitment of
natural Killer cells as well as dendritic cells, which in turn convert
myeloid cells into potent antigen presenting cells (APCs).””® CPMV
acts as an adjuvant and the tumor serves as reservoir of antigens;
processing of the antigens by the APCs in turn leads to activation
of the adaptive immune system launching systemic anti-tumor
immunity as evident by activation of effector memory CD4+ and
cytotoxic CD8+ T cells to promote a systemic and tumor-specific
immune response.”®

Recent data indicate that CPMV may have a unique potency
- as other VNPs such as Cowpea Chlorotic mottle virus (CCMV),
Physalis mosaic virus (PhMV), and Sesbania mosaic virus
(SeMV), when applied as in situ vaccine in mouse models of
melanoma or ovarian cancer, do not match the efficacy
observed with CPMV treatment.’ While both CPMV and eCPMV
demonstrated potent antitumor response in mouse models”**%*
and canine patients,'” the RNA containing CPMV formulations
demonstrated higher efficacy than eCPMV through the activation
of additional cytokines and immune cells, which ultimately led to
an extended survival rate of tumor-bearing mice.'® The protei-
naceous nanoparticle presents danger signals that activate the
immune system through pathogen pattern recognition receptors
(PRRs), and the presence of the RNA provides an additional
danger signal.” RNA activates TLR7/8, and induces type I inter-
feron (IFN) secretion, which increases the potency of the CPMV-
based vaccines.">'* This phenomenon was also reported using
papaya mosaic virus as an in situ vaccine.™

While CPMYV is not infectious to mammals, it is infectious to
legumes including Vigna unguiculata (i.e. cowpea) plants. From
a translational point of view, it is thus important to develop
RNA-laden but non-infectious CPMV that are potent but also
safe to the environment and plants. CPMV nanoparticles are
stable in a variety of environmental conditions. CPMV retains
its structural integrity in a wide temperature and pH range
(—80 °C to 60 °C, and pH 4.5 to 8.5); particles also withstand the
presence of harsh chemicals, such as dimethyl sulfoxide at
concentration of up to 50% by volume.'® CPMV particles are
not sensitive to some methods of virus inactivation, including
peptidase or hypochlorite treatment,'”” but showed good
response to ultra-violet (UV) light inactivation.'® To elaborate
on the previous studies, here we investigated UV treatment vs.
chemical treatment of CPMV to render it non-infectious while
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maintaining its potent efficacy as a cancer immunotherapy. We
compared B-propiolactone (BPL) or formalin treatment with the
previously reported UV inactivation method. These chemical
treatment modalities are commonly used to produce non-
virulent vaccines such as polio, hepatitis A, enterovirus 71,
and influenza viruses vaccines.'?® Of particular interest, these
methods do not remove the RNA from the VNP, but rather
create RNA damage preventing its translation and replication.
UV light promotes dimerization of adjacent uracils as well as
RNA-protein crosslinks.'® BPL promotes the alkylation or acyla-
tion of cytidine, deoxyadenosine, and deoxyguanosine. BPL
treatment also leads to protein modifications; for example
poliovirus proteins are more extensively modified by BPL than
nucleic acid during viral inactivation.'® Specifically, PPL acylates
and alkylates to a great extent cysteine, histidine, and methio-
nine, and to a lesser extent aspartic acid, glutamic acid, lysine,
serine, threonine, and tyrosine.'® Lastly, formalin causes RNA-
protein and protein-protein covalent crosslinking.>® UV- or
chemically-inactivated CPMV were produced; infectivity assays
were performed using Vigna unguiculata. We then selected
candidate formulations and compared the immunogenicity
and anti-tumor efficacy of inactivated vs. native CPMV in
RAW-Blue™ reporter cells and a dermal melanoma mouse model
(using B16F10 cells and C57BL6 mice).

Materials and methods
Preparation of native CPMV and eCPMV

Native CPMV was propagated in V. unguiculata (Burpee black-eyed
pea no. 5) plants by mechanical inoculation; propagation and
purification was as previously described.** eCPMV was produced
in Nicotiana benthamiana plants by agroinfiltration; propagation
and purification was as previously described.’

CPMV inactivation using UV light, p-propiolactone, and
formalin

CPMV (1 mg mL™") inactivation was conducted in 0.1 M potas-
sium phosphate (KP) buffer (pH 7.0). Native CPMV was exposed
to UV light at a wavelength of 254 nm (doses: 0.1, 0.2, 0.25, 0.5, 1,
5,7.5,10, and 15 ] cm ™ ?) using a UVP crosslinker (Analytik Jena
AG). UV-inactivation was also performed using a UV light dose of
7.5 ] em™? while changing the CPMV concentration (CPMV was
diluted to 1, 2, 5 and 10 mg mL " in a total volume of 1 mL).
Similarly, we induced the inactivation of native CPMV with
B-propiolactone (BPL, Sigma-Aldrich) (doses: 1, 10, 50, 100, and
250 mM) for 24 h at 4 °C, followed by heat-inactivation of BPL for
2 h at 37 °C. CPMV was also exposed to formalin (Electron
Microscopy Sciences) (doses: 0.1, 0.25, 0.5, 1, 10, 100, 250 mM)
for 5 days at 37 °C. Chemically treated CPMV was centrifuged at
112 000g for 1 h to remove excess BPL or formalin.

Black-eyed pea plants inoculation with native and inactivated
CPMV

V. unguiculata (Burpee black-eyed pea no. 5 plants) were seeded
in 3-1/4” square pots (Greenhouse Megastore) using Pro Mix BX
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soil (Greenhouse Megastore) and maintained in Conviron
A1000 Reach-in growth chambers (Conviron) at 16/8 hour
day/night cycles at 25 °C/22 °C and 60% relative humidity.
When the plants were 10 days old, the primary leaves were
mechanically inoculated with 40 puL (0.1 mg mL™") of native or
inactivated CPMV (see above); the leaves were lightly dusted
with carborundum (Thermo Fisher Scientific) to promote
mechanical lesions on the leaves enabling the virus infection.
10 plants were used per treatment arm; in addition, 10 plants
were not treated. Leaves were imaged and harvested 10 days
post-inoculation and stored at —80 °C until further processing.

Viral RNA extraction

Inoculated leaves were exposed to liquid nitrogen for 30 s to
1 min in a mortar and subsequently pulverized into a thin
powder using a pestle. The resulting leaf powder was sus-
pended into 1 mL of UltraPure DNase/RNase free distilled
water (Thermo Fisher Scientific) per gram of leaf material.
The mixture was vortexed for 1 min and subsequently centri-
fuged at 13000g for 10 min. 500 pL of the supernatant was
isolated and denatured with 1/4 vol. of 10% (w/v) SDS under
heating for 10 min at 60 °C. Samples were treated with
2 volumes of UltraPure phenol:chloroform:isoamylalcohol
(PCI 25:24:1, v/v/v) (Thermo Fisher Scientific), vortexed for
1 min, and centrifuged at 13 000g for 10 min. The upper phase,
which contains the RNA, was collected into a fresh tube and the
PCI extraction was repeated an additional two times. 2 volumes
of 100% (v/v) ethanol were added to the final RNA extract prior
to purification using the Quick-RNA™ Miniprep kit (Zymo). The
purified RNA product was suspended in 30 pL of UltraPure
DNase/RNase free distilled water and stored at —20 °C until
further analysis. The concentration was determined by UV-
visible spectroscopy at 260 nm using the extinction coefficient

for single-stranded RNA: 25 ng mL ™" cm™ ™.

Reverse transcription polymerase chain reaction (RT-PCR)

We used the SuperScript IV One-Step RT-PCR System kit
(Thermo Fisher Scientific) according to the manufacturer’s
specifications. The RNA extracted from native and inactivated
CPMV was reverse-transcribed and amplified into cDNA using
the following reaction mixture: 2.5 pL forward primer
(5’-GGTTCCCGCTTGCTTGGAGC-3', 10 pM), 2.5 pL reverse primer
(5'-GGAGGATTATAAATGTGCG-3/, 10 puM), 25 uL 2X Platinum
SuperFi RT-PCR Master Mix, 0.5 pL SuperScript IV RT Mix, and
1 pg total RNA supplemented with nuclease-free water for a final
volume of 50 pL. The RT-PCR conditions are summarized in
Table 1.

Bioconjugation of cyanine 05 (Cy5) to CPMV

CPMV was labelled with sulfo-Cy5-NHS (Lumiprobe) targeting
its solvent-exposed surface lysine residues (CPMV displays a
total of 300 solvent-exposed surface lysine side chains per
particle®). The reaction was carried out using 5 equivalents
of sulfo-Cy5-NHS per coat protein in 0.1 M KP buffer (pH 7.0) at
room temperature overnight, with agitation. The reaction mixture
was then centrifuged at 112 000g for 1 h to remove excess dyes,
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Table 1 RT-PCR conditions
Step Temp. (°C) Time (min:s) No. cycle
Reverse transcription 50 10:00 1
RT inactivation 98 2:00 1
Amplification 98 0:10 30

50 0:10

72 0:30
Final extension 72 5:00 1
Storage 4 0 1

and resuspended in 0.1 M KP buffer (pH 7.0) overnight. Further
purification to remove potential aggregates involved centrifuga-
tion at 13000g for 10 min. CPMV-Cy5 was eluted using PD
Minitrap G-25 desalting columns (GE Healthcare) to remove
excess free Cy5 dyes.

UV/vis spectroscopy

The UV/vis spectra of native, inactivated, and Cy5-labeled CPMV
(CPMV(ys5) were obtained using a NanoDrop Spectrophotometer
(Thermo Fisher Scientific). Cy5 labelling was quantified based on
the dye-to-CPMV ratio and the Beer-Lambert law. CPMV:
£(260 nm) = 8.1 mL mg ' ecm ™', molecular weight of CPMV =
5.6 x 10° g mol . Cy5: £(647 nm) =271 000 M™~* em™", molecular
weight of Cy5 = 777 g mol .

Dynamic light scattering (DLS)

A Zetasizer Nano ZSP/Zen5600 instrument (Malvern Panalytical)
was operated to measure the hydrodynamic radii of native and
inactivated CPMV (1 mg mL™ ') nanoparticles. The particle
diameter was calculated as the weighted mean of the intensity
distribution.

Transmission electron microscopy (TEM)

Formvar copper grids coated with carbon film (Electron Micro-
scopy Sciences) were rendered more hydrophilic using the
PELCO easiGlow operating system. Drops of CPMV (10 pL,
0.5 mg mL~") were deposited onto the grids for 2 min at room
temperature. The grids were then washed twice with deionized
water for 30 s and subsequently stained twice with 2% (w/v)
uranyl acetate for another 45 s. A Tecnai transmission electron
microscope was used to capture images of the samples at 80 kV.

Size exclusion chromatography (SEC)

200 pL of native and inactivated CPMV samples were eluted
through a Superose 6 increase column using the AKTA Explorer
chromatography system (GE Healthcare). The flow rate was set
to 0.5 mL min~" in 0.1 M KP buffer (pH 7.0) and the absorbance
at 260 nm and 280 nm was recorded.

Agarose gel electrophoresis

Agarose gels were run in 1x Tris-acetate-ETDA (TAE) running
buffer in the presence of Nucleic Acid Gel Stain (GoldBio)
diluted 1:20 000 (v/v). Native and inactivated CPMV formula-
tions were analyzed using 3 pg of sample on 1.2% (w/v) agarose
gels for 45 min at 110 V. Similarly, 1 ng of RNA extracted from
native or inactivated CPMV was analyzed on 1.2% (w/v) agarose

© 2021 The Author(s). Published by the Royal Society of Chemistry
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gels for 35 min at 110 V in the presence of a 1 kbp Plus DNA
ladder (Invitrogen). Finally DNA amplicons were analyzed using
2.5 pL of RT-PCR product on 1.8% (w/v) agarose gels for 45 min
at 110 V in the presence of a 100 bp Plus DNA ladder (Invitrogen).
Gels were imaged before and after staining with Coomassie
Brilliant Blue G-250 (0.25% w/v) using the FluorChem R imaging
system under UV light or white light.

Denaturing gel electrophoresis

Native and inactivated CPMV (12 pg) was supplemented with
4x LDS loading dye (Thermo Fisher Scientific) and denatured at
100 °C for 5 min. The L and S subunits were separated on 12%
SDS-PAGE precast gels in 1x morpholinepropanesulfonic acid
(MOPS) buffer (Thermo Fisher Scientific) for 40 min at 200 V and
120 mA in the presence of SeeBlue Plus2 ladder size markers
(Thermo Fisher Scientific). Gels were stained with GelRed, (Bio-
tium) and Coomassie Brilliant Blue G-250 (0.25% w/v) and sub-
sequently imaged with the FluorChem R imaging system under UV
light, white light, and MultiFluor red light using a 632 nm LED.

Virus overlay binding protein assay (VOBPA)

Vimentin was diluted at a concentration of 1 mg mL™" in 4 mM
HCI and incubated at 100 °C for 10 min in the presence of
4x LDS loading dye. 5 pg of vimentin were loaded in each well
of a 4-12% SDS-PAGE gel for 40 min at 200 V and 120 mA in the
presence of SeeBlue Plus2 ladder size markers. The gel was then
transferred to a membrane at 160 mA for 1 h. The resulted
blotted vimentin was denatured and gently rocked for 10 min twice
at room temperature using denaturing buffer (6 M guanidine-HClI,
2 mM EDTA, 50 mM DTT, 50 mM Tris/HC], final pH of 8.3). Then,
the membrane was moved to 4 °C and gently rocked for 10 min in
20 mL of renaturing buffer (10 mM Tris/HCI, 150 mM NaCl, 2 mM
EDTA, 2 mM DTT, 0.1% Triton X-100, final pH 7.3) supplemented
with 7.64 g of guanidine-HCI (4 M). After 10 min, 6.5 mL of
renaturing buffer was added, followed by another 13.5 mL, and
40 mL in intervals of 10 min, gradually diluting the guanidine-HCl
to 1 M. All solution was removed and another 20 mL of fresh
renaturing buffer was added for 10 min (0 M guanidine-HCI). The
membrane was then moved to room temperature and gently
rocked overnight in 5% (w/v) milk solution in renaturing buffer.
100 pg of CPMV, UV-CPMV, BPL-CPMV, Form-CPMV were incu-
bated individually with the membrane in renaturing buffer sup-
plemented with 1% (w/v) milk and 5% (v/v) glycerol. Membranes
were washed 4 times for 5 min in TBST. A 1:5000 dilution of
primary rabbit anti-CPMV antibody were added in 5% (w/v) milk/
TBST and gently rocked for 1 h. Membranes were once again
washed 4 times for 5 min in TBST. A 1:5000 dilution of secondary
HRP-labeled goat anti-rabbit antibody was added in 5% (w/v) milk/
TBST for 1 h. Membranes were washed 4 times for 5 min in TBST.
The DAB/Ni Peroxidase Substrate Kit (Vector Biolabs) was used to
stain the membranes prior to imaging with the FluorChem R
imaging system under white light.

Cell culture

B16F10 (ATCC CRL-6475, mouse skin melanoma) were cultured
in Dulbecco’s modified Eagle medium (DMEM, ATCC) with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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t-glutamine supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% (v/v) penicillin-streptomycin. RAW-Blue™ cells
(Invivogen) were maintained according to manufacturer’s
recommendation in DMEM with r-glutamine supplemented
with 10% (v/v) heat inactivated FBS, 1% (v/v) penicillin-
streptomycin, 100 pug mL~' Normocin, 200 ug mL™" Zeocin.
Cells were grown at 37 °C and 5% CO,.

Flow cytometry

RAW-Blue™ cells were grown to 70% confluency, washed twice
with PBS, and collected with a cell scraper. Cells were pelleted
at 500 g for 5 min and resuspended in 1 mL of test medium
(DMEM with r-glutamine supplemented with 10% (v/v) heat
inactivated FBS and 1% (v/v) penicillin-streptomycin). A Coun-
tess I FL Automated Cell Counter (Thermo Scientific) was used
to prepare a 1500 000 cells mL™ " stock solution in test medium.
Cells (300000 cells/200 pL media per well) were seeded on
96-well v-bottom plates, and triplicates of CPMVys5, UV-CPMVys,
BPL-CPMV(ys5, Form-CPMVy; were added at a concentration
100000 particles per cell and incubated for 1 h and 8 h at 37 °C
and 5% CO,. Cells were then washed twice in FACS buffer (0.1 mL
0.5 M EDTA, 0.5 mL FBS, and 1.25 mL 1 M HEPES pH 7.0 in Ca*"
and Mg”* free PBS (50 mL total volume)) and fixed with 2% (v/v)
paraformaldehyde in FACS buffer for 10 min at room temperature
and subsequently washed twice more. Samples were analyzed
using a BD Accuri™ C6 (BD Biosciences) and processed with the
FlowJo software (https://www.flowjo.com/).

RAW-Blue™ cell activation assay

The assay was performed as per manufacturer’s recommenda-
tion. RAW-Blue™ cells were grown to 70% confluency, washed
twice with PBS, and collected with a cell scraper. Cells were
pelleted at 500 g for 5 min and resuspended in 1 mL of test
medium (DMEM with r-glutamine supplemented with 10%
(v/v) heat inactivated FBS and 1% (v/v) penicillin-streptomycin).
A Countess II FL Automated Cell Counter (Thermo Scientific)
was used to prepare a 550 000 cells per mL stock solution in test
medium. Cells (100000 cells/200 pL media per well) were
seeded on 96-well flat-bottom plates, and triplicates of CPMV,
UV-CPMV, BPL-CPMV, Form-CPMV were added at a concen-
tration of 5 ug per well and incubated for 18 h at 37 °C and 5%
CO,. Triplicate negative controls of cells only and media only,
as well as a triplicate control of 1x lipopolysaccharide (LPS,
Thermo Fisher Scientific) were also tested. Subsequently, 20 pL
of media per well was incubated with 180 puL of QUANTI-Blue
solution (Invivogen; serves as substrate for secreted embryonic
alkaline phosphatase, SEAP, which serves as the reporter gene
in RAW-Blue™ cells) for 2 h at 37 °C and 5% CO,. The SEAP level
was quantified using an Infinite M200 plate reader (Tecan) at
655 nm. Statistical significance was quantified using a 1 way
ANOVA test; P value < 0.0001 = **** P value < 0.001 = ***,
Pvalue < 0.01 =**, Pvalue < 0.05 = *, ns = non-significant data.

Tumor mouse model and in situ vaccination

Female C57BL/6] mice were purchased from The Jackson
Laboratory. Mice used in experiments were 8 week old and
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mouse studies were approved by the Institutional Animal Care
and Use Committee of the University of California, San Diego.
The murine B16F10 melanoma cell line (ATCC) was implanted
(200000 cells in 30 pL) by intradermal injection in the mice’s
right flank. Tumors were apparent by day 6 and animals;
animals that did not bear tumors by day 6 were excluded from
the study. 10 uL PBS (n =9), 100 pg of CPMV (n = 10), BPL-CPMV
(n = 10), or Form-CPMV (n = 10) in 10 pL of 0.1 M KP buffer
(pH 7.0) were injected into the base of the tumors on days 7, 12,
and 17, and 22. The mice were monitored every second or third
day for signs of tumor progression (weight, tumor volume, and
signs of visual pain). Tumor volume was calculated based on
the following equation: tumor volume = (tumor length® x
tumor width)/2. Animals were sacrificed when their tumor
reached 1000 mm®, their weight decreased by 15%, or when
they showed visible signs of pain. Surviving animals were
monitored until day 60. On day 80, surviving animals were
re-challenged with B16F10 (200000 cells in 30 pL), and mon-
itored for an additional 40 days. No animals enrolled in the
experiments were excluded during analysis. Statistical signifi-
cance was quantified using a one-way ANOVA test; P value <
0.0001 = **** Pyalue < 0.001 = *** Pvalue < 0.01 = **, Pvalue
< 0.05 = *, ns = non-significant data.

Results and discussion
Nanoparticle characterization

We assessed the effect of UV light, BPL, and formalin treatments
on CPMV’s structural integrity and genome stability (Scheme 1).
The potential sites of UV light mediated dimerization of adjacent
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uracils are highlighted in Fig. S1 (ESIt); RNA-1 and RNA-2 of
CPMV contain a total of 2905 uracil nucleotides, including more
than 700 sites of adjacent uracils. Amino acid prone to BPL
mediated alkylation or acylation or formalin crosslinking have
also been highlighted on the interior and exterior surface of
CPMYV in Fig. S2 (ESI). Native and treated CPMV particles were
characterized by a combination of dynamic light scattering
(DLS), transmission electron microscopy (TEM), and size exclu-
sion chromatography (SEC) to assess their physical state (Fig. 1
and Fig. S3-S7, ESIt). Data were consistent and indicated that for
most conditions tested, CPMV particles exposed to UV, BPL or
formalin remained structurally sound; 30 nm-sized particles
were imaged in TEM and measured by DLS; also, SEC elution
profiles were in agreement showing the typical elution profiles
(at ~12 mL from the Superose6 10/300 column) with a
260:280 nm ratio of 1.7 indicative of intact CPMV particles.

However, treatment of CPMV with UV using dosage of 7.5 cm™
and higher resulted in particle aggregation. DLS measurement
indicated radii of 71, 91, and 101 nm for CPMV treated with 7.5,
10, and 15 ] cm ™ ?, respectively (Fig. 1A). This was also consistent
with apparent particle aggregation in the TEM images and SEC
elution profiles (Fig. 1B, C and Fig. S3-S5, ESIt). While not
apparent in DLS, SEC data indicate some degree of aggregation
of CPMV treated with a UV dosage of 5 ] cm 2. The data attests to
the robustness of the CPMV nanoparticle and also highlights the
potency of UV irradiation to induce protein crosslinking and
particle aggregation.

UV/vis spectroscopy gave insight into the RNA-to-protein
ratio; for intact CPMYV, the absorbance ratio at 260:280 nm is
1.7. Data revealed that the RNA to protein ratio remained close
to 1.7 for most treatment conditions (Fig. 2A). There was

2

' uracil dimer

Ry TI/\/OH

(0]

HO\n/\/Nu—R1

(o]

2O
2O
d\’r)

2
alkylation

crosslinking H
+ =0 + Ry—NH, R1/N\/NU\R1
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Scheme 1 CPMV viral inactivation. Left: Structure of CPMV using the UCSF Chimera software (PDB ID: INY7); the small coat protein is shown in black
and the large coat protein is shown in grey. RNA-1 and RNA-2 are encapsidated in different but identical CPMV particles (shown is one RNA strand). To
the right, (1) inactivation of RNA using a 254 nm wavelength UV light to promote uracil dimers. In the RNA schematic, blue = adenine, green = cytosine,
yellow = uracil, and red = guanine (2) BPL induced acylation and alkylation of RNA and proteins. (3) Formalin induced cross-linking of RNA and proteins.
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Fig. 1 Structuralintegrity of UV, BPL, and formalin inactivated CPMV particles. (A) Dynamic light scattering of CPMV treated with (left) UV light (O, 1, 5, 7.5,
10, and 15 J cm™2), (middle) PPL (0, 1, 10, 50, 100, 250 mM), and (right) formalin (0, 0.5, 1, 10, 100, 250 mM). Table summarizes the average hydrodynamic
diameter (denoted as D in nm) of each formulations. (B) TEM images of the native and inactivated CPMV formulations (negatively stained with UAc). Scale
bars correspond to 100 nm. (C) Size exclusion chromatography (SEC) of CPMV treated with UV light. Blue = 260 nm, red = 280 nm. The ratio of RNA to
coat protein (260 :280) is included in each panel; additional SEC panels are presented in the ESIL.{

however a decrease in the 260:280 ratio of Form-CPMV treated
with 100 mM (260:280 = 1.58) and 250 mM (260:280 = 1.53)
formalin. UV/vis spectroscopy and SEC were in good agreement
(Fig. S4 and S5, ESIt). While a lower 260:280 nm ratio may
indicate loss of RNA, data indicate that these changes in
absorbance may be attributed to extensive RNA and RNA-
protein crosslinking rather than RNA loss. Indeed, extensive
RNA crosslinking was observed when RNA was extracted from
formalin treated CPMV and analyzed by UV/vis spectroscopy
(Fig. 2B) or agarose gel electrophoresis (Fig. 2C). Treatment

© 2021 The Author(s). Published by the Royal Society of Chemistry

with 1] em ™2 UV light or 1 mM BPL or 1 mM formalin had little
effect on the RNA, and RNA-1 and RNA-2 were detectable as
sharp bands in the gels. At higher dosage or concentration -
independent of the treatment modality, RNA crosslinking was
apparent: for UV and BPL-treated samples, extracted RNA had
higher mobility and individual RNAs could not be resolved,
which would indicate inter- and/or intramolecular RNA cross-
linking resulting in a more compact form of the RNA enhancing
its mobility. For the formalin-treated samples, extensive RNA-
RNA crosslinking and likely more extensive RNA-protein
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Fig. 2 CPMV RNA integrity following UV, BPL, and formalin treatment. (A) UV-visible light spectra of inactivated CPMV and corresponding 260 : 280 nm
ratio. (B) UV-visible light spectra of RNA extracted from treated CPMV and corresponding yields. (C) Agarose electrophoretic gel of the RNA extracted

from UV-CPMYV, BPL-CPMYV, and Form-CPMV under UV light.

crosslinking occurred resulting in loss of mobility of the RNA
(Fig. 2Q).

To gain further insights into whether and to what degree
RNA-protein crosslinking occurred, intact and denatured
CPMV particles pre- and post-inactivation were analyzed by
native gel electrophoresis (agarose GE) and denatured samples
were analyzed by SDS-PAGE. All gels were imaged after staining
for proteins (Coomassie) and nucleic acid (Gel Red) under
white light and UV light, respectively. In the native agarose
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GE, two distinctive protein bands were observed due to the
presence of two electrophoretic (fast and slow) forms of CPMV
particles (Fig. 3A); the fast form of CPMV is the result of a
24 amino acid loss at the C-terminus of the small coat protein
due to proteolysis in plant cells.” In all samples, nucleic acids
and proteins traveled through the agarose gel together, confirm-
ing the entrapment of the RNA within the CPMV particles. CPMV
treated with doses of 5, 7.5, 10 and 15 J cm > of UV showed signs
of particle aggregation, as indicated by the presence of a smear

Formalin in mM
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0 25010010 1 _0
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— 191 = RNA
uZEEE.
39 w0 - — SCP
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Fig. 3 Gel electrophoretic mobility of native and inactivated CPMV. (A) Non-denaturing agarose gel electrophoresis images of CPMV treated with UV
light, BPL, and formalin under white light after Coomassie staining (protein detection), and UV light after GelRed staining (RNA detection). Note that the
RNA stain corresponding to the native CPMV in the upper left panel appears very faint due to the increased signal intensity of crosslinked, UV treated RNA.
(B) Corresponding denaturing SDS-PAGE under white light after Coomassie staining, and under UV light after GelRed staining.
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instead of two distinct bands (this is consistent with DLS and SEC
data). Compared to CPMV, BPL-CPMV and Form-CPMV traveled
farther through the gel proportionally to the concentration of fPL
and formalin used to inactivate CPMV. These results could reflect a
change in overall particle charge due to the action of BPL (alkylation
and acylation) and formalin (crosslinking) on proteins and RNA.

Next, samples were denatured and the L and S coat protein
subunits were separated and analyzed by SDS-PAGE; L and S
were visualized as single bands at 42 kDa and 24 kDa, respec-
tively (Fig. 3B). The band intensity of UV-CPMV coat proteins
(CP) decreased with increasing dose of UV-radiation, indicative
of the presence of particle aggregates resulting in reduced
yields of free L and S protein. In particular, aggregation resulted
in smeared proteins when CPMV was treated with 5 ] cm ™2 or
higher doses of UV light. BPL-CPMV showed no sign of aggre-
gation or protein regardless of the dose of BPL used during
treatment. In contrast, the higher the dose of formalin, the
more inter-CP crosslinking was observed; and this effect was
apparent at doses as low as 0.5 mM (Fig. S7, ESIt). GelRed
staining was added to SDS-PAGE gels to assess the RNA content
of particles. RNA from UV-CPMV and Form-CPMV particles did
not travel through the gel (but rather were detectable in the
wells), most likely due to intra-RNA and RNA-coat protein
crosslinking. RNA from BPL-CPMV matched the profile of that
released from CPMV; however, at high BPL concentrations RNA
breakage was observed (as evident by increased electrophoretic
mobility) - this is also consistent with UV-visible spectroscopy
and SEC data as described above.

Non-infected Leaves 10 J.cm?

UV light

©

Non-infected Leaves

©

50 mM

VO
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Together, data indicate that at doses higher than 1 J cm 2 UV
light or 1 mM BPL or 1 mM formalin, RNA and protein modifica-
tions and crosslinking occur. At high concentration of UV light
(=5 J em %) CPMV particle aggregation is observed, and at high
BPL concentrations (>10 mM), RNA breakage is indicated.

UV light- and chemically-treated CPMV exhibit diminished
infectivity

To determine the dose of UV, BPL, or formalin required to
inactivate CPMV, we mechanically inoculated 40 pg of UV light-
and chemically-treated CPMV formulations onto primary leaves
of cowpea plants. Plants were monitored for the appearance of
symptoms at 10 days post inoculation. Ten cowpea plants were
inoculated per treatment arm, and a negative (not infected) and
positive (infected with untreated CPMV) group were included.
Necrotic or chlorotic lesions were observed in leaves infected
with less than 7.5 J em™? treated UV-CPMV, 10 mM treated
BPL-CPMV, and 1 mM treated Form-CPMV (Fig. 4). Reverse
transcription (RT) polymerase chain reaction (PCR) was carried
out on the total RNA content extracted from individual leaves to
further attest for the presence of CPMV infection (Fig. S8-511,
ESIT). One leaf from five different plants was randomly selected
in each treatment group. The forward primer (5'-GGTTCCCGCTT-
GCTTGGAGC-3/, RNA-2 nucleotide position 2630-2649) and
reverse primer (5'-GGAGGATTATAAATGTGCG-3’, RNA-2 nucleo-
tide position 2823-2805) were previously reported to yield high
amounts of amplicons, 177 bps in size.”> RT-PCR products were
analyzed by agarose gel electrophoresis and confirmed that leaves

5J.cm? 1J.cm? CPMV

10 mM CPMV

____mm —{RT-PeR

BPL

©

Formalin

O O] ©)

Photographs

e

CPMV
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’@ i@ ®
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Fig. 4 Analysis of the infectivity of UV-CPMV, BPL-CPMV, and Form-CPMV using V. unguiculata (black eyed pea no. 5) plants. Depiction of individual
leaves infected with CPMV, UV-CPMV, BPL-CPMV, or Form-CPMV at various doses; positive red symbols represent leaves showing visual symptoms of
infection, while green negative symbols depicts leaves that show no symptoms of infection. Total RNA was extracted from the leaves and RT-PCR
amplicons were obtained proportionally to the CPMV infectivity level. Green box indicates minimal dose required to inactivate CPMV. For the leaf
inoculated with 7.5 J cm ™2 treated UV-CPMYV, the burnt lesion observed at the tip of the leaf was caused by residual carborundum during the inoculation

process and is not a sign of infection.
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mechanically inoculated with CPMV inactivated through UV treat-
ment at doses of 7.5 J em™ > and higher were indeed effectively
inactivated: CPMYV infection was not detectable by symptoms or
RT-PCR (Fig. 4). Similarly, CPMV formulations treated with 50 mM
BPL-CPMV and 1 mM Form-CPMV were confirmed to be fully
inactivated. It is worth mentioning that leaves inoculated with
10 mM BPL-CPMV showed no visual symptoms of infection, yet
these leaves tested positive by RT-PCR - the latter is a more
sensitive assay.

Based on the inactivation studies and infection assays in
plants, for all subsequent experiments, we used the inactivated
CPMV formulation obtained from 7.5 ] ecm ™2 UV, 50 mM BPL,
and 1 mM formalin. The UV-CPMV (7.5 ] cm™?) sample was
structurally intact but to some degree aggregated, and there
was evidence of RNA-RNA and RNA-protein crosslinking. The
BPL-CPMV (50 mM) sample remained structurally sound and
monodisperse but its RNA was severely damaged. And the
Form-CPMV (1 mM) sample also retained its size and mono-
dispersity even though protein-protein, protein—-RNA, and
RNA-RNA crosslinking occurred.

CPMV inactivation by UV light was previously reported and
only required a dose of 2.5 ] cm™? to prevent infection.'® This
difference highlights one of the hurdles to standardizing UV
inactivation across systems; we employed a UVP crosslinker
(Analytik Jena AG) delivering 7 mW c¢m ™, and samples were
prepared using a 1 mg mL ™" solution placed 20 cm away from
the UV source. Rae et al relied on a Stratalinker 1800 UV
Crosslinker (Stratagene) delivering 3 mW cm™?, and their
samples were irradiated 15 cm from the UV source at a
concentration of 2 mg mL™". In addition, the volume to surface
area ratio of the prepared samples could have also influenced
the results. Single-stranded RNA containing mammalian
viruses have also been inactivated to produce vaccines. Among
them hepatitis A,>* HIV,>® and influenza® reported inactivation
doses of 0.3, 1, and 1 J em ™2, respectively. The need for use of
higher dosage to inactivate the plant virus may reflect the
higher stability of the plant viral nanoparticle and its require-
ment to remain stable in the environment when exposed to UV
light. As aforementioned, BPL and formalin are commonly used
to produce inactivated mammalian virus vaccines.*®*° The dose
required to inactivate CPMV using PPL (50 mM) and formalin
(1 mM) is very similar to those reported in the literature for
mammalian viruses. For example, the eastern equine encepha-
litis and poliomyelititis type II,>” equine herpesvirus type I,>®
HIV,> and the influenza virus®® have been successfully inacti-
vated with 5-60 mM BPL; similarly, hepatitis A,** HIV,* influ-
enza A virus,”” Japanese encephalitis virus,>* and rabies®* were
successfully inactivated using 5-120 mM of formalin.

Effect of inactivation on the chemical reactivity of CPMV

CPMYV viral capsids contain 300 solvent-exposed lysine residues
that can be chemically modified to impart new functionalities
through isothiocyanate and N-hydroxysuccinimide (NHS)-ester
coupling. Examples include the conjugation of targeting ligands
(e.g. folic acid®), therapeutics (e.g. doxorubicin®®), and fluorescent
dyes (e.g. Alexa Fluor dyes*'). To verify that CPMV retained its

1652 | Mater. Adv, 2021, 2,1644-1656
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chemical reactivity, CPMV, UV-CPMV, BPL-CPMV, and Form-
CPMV were incubated with 5 molar excess of sulfo-cyanine
5-NHS per coat protein overnight, followed by centrifugation
and desalting column techniques to remove the excess dyes.
The level of Cy5 labeling of the CPMVcys, UV-CPMVcys, BPL-
CPMVys, and Form-CPMV; formulation was quantified using
UV-visible spectroscopy; all samples produced dyes per particle
values similar to CPMV (30 to 35 dyes per particle) (Fig. 5A). SDS-
PAGE analysis further confirmed the chemical conjugation of Cy5
to both the L and S coat protein subunits (Fig. 5B). Thus, UV, BPL
and formalin inactivated CPMV particles retain similar surface
chemical reactivity.

Effect of inactivation on the biological activity of CPMV

Although CPMV is a plant virus which does not infect mamma-
lian cells, CPMV is known to bind to the mammalian protein
vimentin; while a cytoskeleton protein, vimentin is also surface
displayed and secreted by immune cells, epithelial cells, as well
as cancer cells (e.g. breast cancer and colon adenocarcinoma)
and plays a role in inflammation and cell migration.*"*”*® These
natural CPMV-vimentin interactions can be harnessed for example
to target CPMV to tumor neovasculature.*® Here, we tested whether
the UV or chemical inactivation of CPMV would alter the CPMV-
vimentin binding. Using a Virus Overlay Protein Binding Assay
(VOPBA; for details see Methods Section), we observed no differ-
ence in vimentin binding comparing CPMV, UV-CPMV, fPL-CPMV
and Form-CPMV, indicating that bio-specificity of the plant viral
nanoparticles is retained (Fig. 5C).

To determine whether inactivated CPMV retained its potent
immunogenicity, we first assayed immunogenicity using the
RAW-Blue™ assay (Fig. 5D). RAW-Blue™ cells are derived from
murine RAW264.7 macrophages and express numerous
pattern-recognition receptors such as toll-like receptors,
nucleotide-binding oligomerization domain like receptors, retinoic
acid-inducible gene-I like receptors, and C-type lectin receptors.
Upon activation of the receptors, RAW-Blue™ cells secrete alkaline
phosphatase (secreted embryonic alkaline phosphatase, SEAP),
which serves as the reporter (enzymatic activity is the quantitative
read out). While this assay does not give any information about
which innate pathways the CPMV particle activate, the assay
provides a quantitative read out and allows to compare the relative
immunogenicity of the various CPMV formulations. 5 pg of CPMV,
UV-CPMV, BPL-CPMV, Form-CPMV and eCPMV were incubated
with RAW-Blue™ cells for 18 h before the cell’s SEAP levels were
quantified (Fig. 5D). A positive (1x LPS) and a negative control (no
particles) were included. CPMV, UV-CPMV, and Form-CPMV
showed significant and comparable levels of activation in the
RAW-Blue™ assay: CPMV resulted in a 1.9-fold increase of SEAP
level, and UV-CPMV and Form-CPMV resulted in 2.2-fold
increase of SEAP levels (there was no statistical significance
difference comparing these groups). Of note is that PL-CPMV
appeared to be less effective, matching eCPMV, in activating
RAW-Blue™ and SEAP levels were increased only by 1.3-fold -
therefore CPMV, UV-CPMV and Form-CPMV were almost 2-fold
more effective (P value < 0.001).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Chemical reactivity and biological activity of inactivated CPMV. (A) UV-visible spectra of native and inactivated CPMV conjugated to Cy5, and table
reporting the number of Cy5 dye conjugated per CPMV particles. (B) Corresponding denaturing SDS-PAGE electrophoresis gels under white light after
Coomassie staining, and under red fluorescent light. (C) Schematic of a VOPBA assay against vimentin (on the left), SDS-PAGE gel of vimentin under with
light after Coomassie staining (middle, red box), and corresponding white light image of CPMV binding to vimentin during VOBPA assay (on the right).
(D) Activation of RAW-Blue™ cells by CPMV, UV-CPMYV, BPL-CPMV, and Form-CPMV and eCPMV. (E) Corresponding rate of cellular internalization
measured by flow cytometry after 1 h and 8 h of incubation with RAW-Blue™ cells. Statistical significance was obtained using a 1 way ANOVA test; P value
< 0.0001 = ****, P value < 0.001 = *** Pvalue < 0.01 = **, Pvalue < 0.05 = * ns = non-significant data.

These differences in SEAP secretion levels may either be
attributed to the chemistry of the CPMV formulation or this
could be attributed to differences in cellular uptake rates. To

probe for the latter, we used flow cytometry to measure CPMV
cell uptake. Data indicate that all particle formulations showed
similar internalization rates; and indeed PBPL-CPMV were
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internalized to a lesser degree (Fig. 5E). We hypothesize that the
diminished immunogenicity of PPL treated CPMV can be
explained by a combination of reduced cell uptake and more
severe RNA damage including RNA breakage (as indicated by
shortening of the RNA and lower A260:280 nm ratios).

Lastly, we used a dermal mouse tumor model to validate the
efficacy of the chemically-inactivated CPMV probes vs. the
native CPMV; we also considered an eCPMV nanoparticle, as
we have previously shown that eCPMV does not match the
efficacy of CPMV when used as in situ vaccine.”® UV-inactivation
was not tested and these experiments will be carried out in
future work. Here, we thought to test the chemically-inactivated
CPMV nanoparticles, because these showed distinct behavior
in vitro. Our goal was not to establish the mechanism of action
of the individual CPMV formulation, but to determine if they
retain their anti-tumoral properties. Dermal tumors were
induced by transdermal injection of murine B16F10 melanoma
cells using C57BL/6] mice (for details, see Methods sections).
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Seven days post-tumor challenge, tumor-bearing mice (n = 10,
tumor sizes ~30 mm?®) were treated by intratumoral adminis-
tration of 100 ug CPMV/10 pL; the treatment arms were CPMV,
eCPMV, BPL-CPMV, Form-CPMV, or PBS. Three additional
boosts were administered on day 12, 17, and 22. Mice were
sacrificed once the tumor volume reached 1000 mm?, their
weight decreased by 15%, or when visible signs of pain were
observed (Fig. 6 and Fig. S11, ESIt). The PBS control group was
characterized by a median overall survival (mOS) of 23 days and
100% of the mice were sacrificed by day 25 due to tumor
progression beyond the ethical limit. In stark contrast, 7/10
mice treated with CPMV experienced complete disease regres-
sion and were tumor free by day 32 (n=1), 37 (n=5),and 39 (n=1).
The remaining 3/10 mice did not experience tumor growth until
day 30 but had to be sacrificed on day 35, 38 and 40 due to visible
symptoms of pain and weight loss. Previous data indicate that
CPMV is well tolerated at doses of up to 100 mg kg™ " of mouse
body weight; therefore we do not attribute the weight loss observed
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Fig. 6

In situ vaccine efficacy of inactivated CPMV nanoparticles in a dermal mouse tumor model. (A) Survival plot of C57BL/6J mice (n = 10) transdermally

injected with B16F10 melanoma cells and subsequently treated with PBS (black), eCPMV (red), CPMV (green), BPL-CPMV (grey), or Form-CPMV (orange). (B)

Temporal average tumor volume of the corresponding treatment groups.

(C) Individual tumor volume progression in each treatment group. Statistical

significance was obtained using a 1 way ANOVA test; P value < 0.0001 = **** P value < 0.001 = *** P value < 0.01 = ** Pvalue < 0.05 = *, ns = non-

significant data.
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in some animals as toxicity from the CPMV nanoparticle.>*’
However the intratumoral treatment and resulting local immune
response causes some tumors to collapse on themselves, and an
ulcer is formed. In some animals, this ulcer can cause pain and
loss in appetite. Compared to PBS, eCPMV treated mice exhibited a
slower disease progression with a mOS of 28 days but ultimately all
mice were sacrificed by day 33 due to their tumor volume. We have
previously observed efficacy of eCPMV® — however the efficacy of
eCPMV vs. CPMV is reduced."® We hypothesize that the RNA
provides additional signaling through TLR-7/8 which enhances
the potency of RNA-laden CPMV.

The chemically-inactivated CPMV nanoparticles demonstrated
efficacy against the dermal melanoma as evident by reduced
tumor burden and increased survival compared to PBS and
eCPMV. BPL-CPMV and Form-CPMV treatment exhibited some-
what diminished anti-tumoral efficacy characterized by a mOS of
40 days and complete tumor regression in 1 BPL-CPMV and 2
Form-CPMV treated mice. This data highlights that the RAW-
Blue™ and macrophage uptake studies only give limited insights
into the efficacy of CPMV nanoparticles; this is expected as the
situation in vivo is not realistically mimicked by nanoparticle—cell
studies using a single cell type in 2D culture. Nevertheless, the
in vitro assays can provide clues. There was no apparent difference
comparing the efficacy of fPL-CPMV vs. Form-CPMV, which may
indicate that either formulation would be a suitable candidate for
future translational development. The somewhat reduced efficacy
compared to CPMV may be explained by cross-linking of the RNA
to itself and to protein, which reduced recognition by TLRs.

Conclusions

We developed protocols yielding non-infectious CPMV particles
using 7.5 ] cm™ > UV, 50 mM BPL and 1 mM formalin. While UV
treatment led to some degree of nanoparticle aggregation at the
required inactivation dose of 7.5 ] cm™?, the resulting UV-CPMV
remained its structure, chemical reactivity, and most importantly
retained their biological activity; chemically-inactivated CPMV
was tested in vivo and data demonstrate efficacy of the nano-
particle formulations against dermal melanoma; these formula-
tions were less effective when compared to CPMV yet more
effective when compared to eCPMV. Together, these findings
presented here pave the way for the translational development of
(environmentally) safe yet potent CPMV-based nanoparticles for
use as in situ vaccine or immunotherapy and vaccine application.
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