Published on 02 March 2023. Downloaded on 5/2/2024 8:46:57 AM.

#® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry B

View Article Online

View Journal | View Issue

W) Cheok for updates A co-formulated vaccine of irradiated cancer cells
and cowpea mosaic virus improves ovarian cancer

Cite this: J. Mater. Chem. B, 2023, . -

11, 5429 rejectiont

Zhongchao Zhao, (22°¢ Oscar A. Ortega-Rivera, {2 Young Hun Chung, 2 <°

Andrea Simms?® and Nicole F. Steinmetz () ¥2°<9¢f9

Ovarian cancer ranks fifth in cancer deaths amongst women, and most patients are diagnosed with late-
stage and disseminated diseases. Surgical debulking and chemotherapy remove most of the tumor
burden and provide a short period of remission; however, most patients experience cancer relapse and
eventually succumb to the disease. Therefore, there is an urgent need for the development of vaccines
to prime anti-tumor immunity and prevent its recurrence. Here we developed vaccine formulations
composed of a mixture of irradiated cancer cells (ICCs, providing the antigen) and cowpea mosaic virus
(CPMV) adjuvants. More specifically we compared the efficacy of co-formulated vs. mixtures of ICCs and
CPMV. Specifically, we compared co-formulations where the ICCs and CPMV are bonded through
natural CPMV-cell interactions or chemical coupling vs. mixtures of PEGylated CPMV and ICCs, where
PEGylation of CPMV prevents ICC interactions. Flow cytometry and confocal imaging provided insights
into the composition of the vaccines and their efficacy was tested using a mouse model of disseminated
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DOI: 10.1039/d2tb02355e simple mixtures of the ICCs and (PEGylated) CPMV adjuvants were ineffective. Overall, this study

highlights the importance of the co-delivery of cancer antigens and adjuvants in ovarian cancer vaccine
rsc.li/materials-b development.
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The jJournal of Materials Chemistry B is one of the most important journals for researchers in the field of development and application of biomaterials and
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sophisticated virus-based nanomaterials as cancer immunotherapeutics has been a hot topic in the cancer immunotherapy field and has grown with the Journal
of Materials Chemistry B. 1 sincerely celebrate the 10th anniversary of the Journal of Materials Chemistry and would like to contribute further to the growth of the
journal.
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to a short period of cancer remission, but most patients
experience cancer relapse and eventually succumb to this disease.
Therefore, developing a vaccine that would elicit potent anti-
tumor immunity during the remission period to prevent ovarian
cancer relapse is an important goal to improve survival rates.

The approval of immune checkpoint blockade (ICB) drugs
targeting CLTA4, PD1 and PDL1 established immunotherapy as
a new pillar for cancer treatment.®® While clinical success has
been observed for many tumor types, ICB has little efficacy in
women with ovarian cancer,”'° likely due to the highly immuno-
suppressive tumor microenvironment (TME)."' Therapeutic vac-
cines have been investigated for cancer treatment and prevention
of recurrence - these include cell-based vaccines using dendritic
cells (DCs) loaded with tumor lysates or tumor antigens,">"* and
subunit vaccines that deliver the tumor associated antigens (TAASs)
as a protein, peptide antigen,"*" or gene.'®'” However, many
cancer vaccines have shown only moderate efficacy in clinical
trials."® A highly potent adjuvant is needed to prime potent and
durable adaptive anti-tumor immunity.

Our vaccine strategy utilizes plant viruses (specifically cowpea
mosaic virus, CPMV) as immunostimulants and adjuvants and
we make use of irradiated tumor cells as the antigen/neoantigen
source. Irradiation is a suitable method to produce the source of
antigen, because irradiation can cause slow immunogenic cell
death while maintaining cancer neoantigens."” In the transla-
tional setting, ovarian tumor tissues collected during surgery
could be irradiated, mixed with the CPMV antigen and then
administered to boost the patient’s immune system to launch
anti-tumor immunity. This is a personalized approach utilizing
the patient’s own tumor.**2°

Immunostimulatory adjuvants, e.g., TLR agonists CpG
ODNs*! and poly-IC,>* have previously been applied in combi-
nation with tumor cell lysates or irradiated cancer cells (ICCs),
but clinical success however was limited. This in part may be
explained that the small molecule agonists do not mimic the
3D architecture of natural pathogen-associated molecular pat-
terns (PAMPs); also, the low molecular weight may lead to rapid
clearance. To overcome these challenges we turned toward
CPMV as an adjuvant: CPMV is a multi-toll-like receptor agonist
that signals through TLRs 2, 4, and 7,*® thereby eliciting
immunomodulation via multiple pathways. The multivalent
architecture functions as a danger signal and provides signal
enhancement through avidity effects; the nanoscale size allows
for effective tissue retention and uptake by draining lymph
nodes.>* Furthermore, T helper cell epitopes within the capsid
structure further boost immunity.>> CPMV has already demon-
strated utility as a potent adjuvant in infectious diseases and
cancer. For example, we produced subunit vaccine candidates for
COVID-19 by displaying peptide antigens on CPMV. The formula-
tion elicited neutralizing antibodies against SARS-CoV-2.%® We
also developed CPMV cancer vaccines displaying HER2>**” or NY-
ESO-1*® peptides to prime humoral and cellular anti-tumor
immune responses for breast cancer treatment. Finally, CPMV is
uniquely potent as an in situ vaccine for cancer treatment includ-
ing ovarian cancer in mouse models**>' and cancer in canine
patients.** Intratumorally injected CPMV activates and polarizes
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innate immune cells to antitumor phenotypes within the TME,
resulting in a durable cytotoxic T-lymphocyte (CTL) response and
immune memory.>*?**3%%373% Therefore, we hypothesized that
CPMV could function as a potent adjuvant for the formulation
of ovarian cancer cell vaccines.

In a previous study, we demonstrated that irradiated murine
ovarian cancer ID8-Defb29/Vegf-a-Luc cells (ICCs) mixed with
CPMV protect mice from the ovarian tumor challenge - the
CPMYV outperformed other adjuvants such as monophosphoryl
lipid A (MPLA).>®

In the present work, we set out to investigate the vaccine
formulation in more detail; we hypothesized that the excep-
tional efficacy of the ICC + CPMV vaccine candidate is, in part, a
result of the co-delivery of the antigens (ICCs) and adjuvants
(CPMV). A growing body of data indicates that synchronous
delivery of antigens and adjuvants to antigen presenting cells
(APCs) reduces adverse effects and focuses immune responses
on the target by significantly boosting the stimulation of
dendritic cells (DCs) and induction of CTL responses.””*° To test
our hypothesis that co-delivery of ICCs and CPMV is required for
potency, we formulated a series of vaccine candidates using
unmodified /modified CPMV that would either naturally bind
to, chemically conjugate to, or be shielded from ICCs; vaccines
were formulated at 4 °C or 37 °C to promote cell binding or
uptake. Vaccine efficacy was studied using the murine ID8-
Defb29/Vegf-a-Luc ovarian cancer model and C57BL/6 mice. Flow
cytometry and confocal imaging were used to investigate whether
co-delivery was achieved or prevented, and immunological assays
were used to assay tumor-specific CTL responses.

Materials and methods
Production of CPMYV vaccine candidates

CPMV was propagated in black eyed pea no. 5 plants and
purified as previously reported.*’ Following purification, an
additional step using a PD-10 desalting column (Cytiva) was
added to buffer exchange to PBS pH 7.4 (Corning), which was
used throughout this study. CPMV was then filtered using
a 33 mm-diameter membrane syringe-driven filter device with
0.22 pm pore size (MilliporeSigma) to remove any aggregates and
contaminants. The concentration of CPMV was determined using
ultraviolet-visible (UV-vis) spectroscopy (NanoDrop 2000, Thermo
Scientific) and CPMV’s extinction coefficient (¢) at 260 nm =
8.1 mg (mL x ecm) . Lastly, potential endotoxin contamination
was examined using a Pierce Chromogenic Endotoxin Quant Kit
(ThermoFisher). For CPMV preps having endotoxin higher than
12.3 EU mg ', endotoxin was removed using the established
Triton X-114 method for CPMV.** CPMV was stored at 4 °C at
10 mg mL %,

CPMV-SM(PEG),, CPMV-PEG5000, CPMV-Cy5, CPMV-SM(PEG) -
Cy5, and CPMV-PEG5000-Cy5 were synthesized by covalently
conjugating the N-hydroxysuccinimide (NHS) ester groups of
Sulfo-Cys5 (777.95 g mol ', NHS-Sulfo-Cy5, Lumiprobe), SM(PEG),
(513.5 ¢ mol ', Thermo Fisher), and PEG5000 (5000 g mol *,
NHS-mPEG5000, Nanocs) to CPMV’s solvent-exposed surface
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lysine residues. First, 50 mg mL ™" NHS-Sulfo-Cy5 and 20 mg mL ™"
SM(PEG), were prepared by dissolving them in Ultra-Pure DMSO
(VWR), followed by 50 mg mL ™" NHS-mPEG5000 in PBS (Corning).
To synthesize CPMV-Cy5, CPMV-SM(PEG),, and CPMV-PEG5000,
a 3000-molar excess of NHS-Sulfo-Cy5, SM(PEG),, and NHS-
mPEG5000 was mixed with 2 mg mL ™" (final concentration) of
CPMV (molecular weight = 5.6 x 10° g mol ') in PBS for 2 h at
room temperature. To synthesize CPMV-SM(PEG),-Cy5 or CPMV-
PEG5000-Cy5, a 1500 molar excess of NHS-Sulfo-Cy5 and a 3000
molar excess of SM(PEG), or a 1500 molar excess of NHS-Sulfo-Cy5
and a 5000-molar excess of NHS-mPEG5000 were mixed simulta-
neously with 2 mg mL™' of CPMV in PBS for 2 h at room
temperature. There were two major steps to purify conjugated
CPMV particles: (i) the first step utilized Amicon Ultra-0.5 mL
Centrifugal Filters with 100 kDa cutoff (MilliporeSigma) and 3
washes in PBS to remove excess reagents; (ii) conjugated CPMV
particles were passed through a PD MidiTrap G-25 column (Cytiva)
for further purification according to the manufacturer’s protocol.

Characterization of CPMV vaccine candidates

After the last purification step, all CPMV vaccine concentrations
were adjusted to 1 mg mL™~* for characterization using UV-vis
spectroscopy, dynamic light scattering (DLS), SDS-PAGE, agarose
gel electrophoresis, size exclusion chromatography (SEC), and
transmission electron microscopy (TEM).

UV-vis spectroscopy. To determine the number of conju-
gated Sulfo-Cy5 per CPMV-Cy5, CPMV-SM(PEG),-Cy5, or CPMV-
PEG5000-Cy5 particles, nanodrop measurements and the molar
extinction coefficient for sulfo-Cy5 (271 000 L mol ' cm™") were
used at 647 nm.

DLS. All DLS measurements were carried out using a Zeta-
sizer Nano ZSP/Zen5600 (Malvern PANalytical) instrument. In
each measurement, 100 uL of sample was used and measured
three times at room temperature.

SDS-PAGE. To prepare samples for SDS-PAGE, 10 pL of each
sample was mixed with 4 pL of 4x lithium dodecyl sulfate
buffer (Life Technologies), 1 pL of 10x reducing agent (Invitrogen),
and 5 pL of PBS and heated at 95 °C for 8 min. 20 pL of each
sample were loaded onto a 4-12% NuPAGE gel (ThermoFisher
Scientific) and run at 200 V, 120 mA, and 25 W for 35 min using
1x morpholinepropanesulfonic (MOPS) buffer (ThermoFisher
Scientific). All gels were stained with Coomassie blue and imaged
using an Alphalmager System (Protein Simple). For samples with
conjugated sulfo-Cy5, gels were imaged for Cy5 signals (MultiColor
red filter) prior to Coomassie blue staining.

Agarose gel electrophoresis. To prepare samples for agarose
gel, 10 ng of each sample was mixed with 3 uL of 6x Gel
Loading Purple dye (Biolabs) and 5 pL of PBS. 18 pL of each
sample was loaded onto a 1.2% (w/v) agarose gel stained with
GelRed nucleic acid gel stain (Gold Biotechnologies) and run at
100 V and 400 mA for 35 min with 1x Tris acetate EDTA (TAE)
buffer (ThermoFisher Scientific). RNA (UV light) and the Cy5
signal were first imaged prior to protein imaging with Coomas-
sie blue staining. All gels were imaged using an Alphalmager
System (Protein Simple).
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SEC. All SEC experiments were performed using an Akta
Pure FPLC (Cytiva) mounted with a Superose 6 Increase 10/300
GL column with a flow rate of 0.5 mL min~'. 100 puL of each
sample was injected in each run, and absorbance curves at 260,
280, and 647 nm (for sulfo-Cy5 conjugated particles) were
collected.

TEM. All samples were first diluted to 0.5 mg mL ™" in PBS.
4 pL of each sample was applied to a glow-discharged carbon
film with a 300-mesh Cu grid for 30 s, blotted using filter paper,
and then stained with 4 puL of 0.75% (w/v) uranyl formate (UF) for
30 s, followed by blotting with filter paper. After one wash using
4 pL of Milli-Q water, the grid was blotted and air dried. Images
were collected using a ThermoFisher Talos Transmission Elec-
tron Microscope at a nominal magnification of 120 000x.

Cell lines and cell culture

All cells were maintained at 37 °C with 5% CO,. The murine
ovarian cancer cell line ID8-Defb29/Vegf-a-Luc*®> was cultured
using RPMI 1640 medium with r-glutamine (Corning) supple-
mented with 10% (v/v) fetal-bovine serum (FBS) (VWR), 1% (v/v)
penicillin/streptomycin (Pen/Strep) (Cytiva), 1 mM sodium pyru-
vate (ThermoFisher Scientific), and 0.05 mM B-mercaptoethanol
(ThermoFisher Scientific). The murine colon cancer cell line CT26
was purchased from ATCC and cultured using RPMI 1640 med-
ium with r-glutamine supplemented with 10% (v/v) FBS and
1% (v/v) Pen/Strep. Trypsin-EDTA (Corning) was used to harvest
ID8-Defb29/Vegf-a-Luc and CT26 cells. PBS was purchased from
Corning to wash cells. Cell dissociation buffer (Gibco) was used
when harvesting cells for flow cytometry experiments.

Cancer cell vaccine formulation

Each vaccine formulation contained 5 x 10° irradiated cancer
cells (ICCs) and 100 pg of CPMV in 200 pL of PBS. Vaccine
formulations were prepared as previously established.?® First,
CPMV, CPMV-SM(PEG), and CPMV-PEG5000 were adjusted to
1 mg mL™" in PBS. ID8-Defb29/Vegf-a-Luc cells were harvested,
washed once using PBS, and then resuspended in PBS giving
50 x 10° cells per mL. To obtain ICCs, ID8-Defb29/Vegf-a-Luc
cells were irradiated with 70 Gray using a Cs-137 source (10 Gy
per 1.18 min for 8.26 min). ICCs were then mixed with CPMV,
CPMV-SM(PEG),, and CPMV-PEG5000 in a 1:1 ratio, which
were termed as ICCs—-CPMV, ICCs-CPMV-SM(PEG),, and ICCs-
CPMV-PEG5000, respectively, and kept on ice for 30 min prior
to intraperitoneal (i.p.) injection. Two additional vaccine for-
mulations were prepared by mixing ID8-Defb29/Vegf-a-Luc cells
with CPMV first in a 1: 1 ratio and incubated at 4 °C or 37 °C for
30 min followed by irradiation. These two formulations were
termed CPMV 4 °C-ICCs and CPMV 37 °C-ICCs.

Mice

All mouse studies were carried out in accordance with the
guidelines of the Institutional Animal Care and Use Committee
(IACUC) of the University of California, San Diego (UCSD), and
were approved by the Animal Ethics Committee of UCSD.
Because ovarian cancer only afflicts women, all experiments
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were conducted using female C57BL/6 mice purchased from
Jackson Laboratories.

Vaccination and tumor challenge in mice

All mice were subjected to a prime and boost vaccination
regimen. In detail, on day —14 and day —7, all mice (n = 5
per group) were i.p. injected with 5 different formulations of
vaccines: ICCs-CPMV, ICCs-CPMV-SM(PEG),, ICCs-CPMV-
PEG5000, CPMV 4 °C-ICCs, and CPMV 37 °C-ICCs in 200 pL
with 5 x 10° ICCs and 100 pg of CPMV per mouse. 200 pL of
PBS served as a control group. On day 0, ID8-Defb29/Vegf-a-Luc
cells were harvested, washed once using PBS, and then adjusted
to 5 x 10° cells in 200 uL of PBS and were i.p. injected to each
mouse for tumor challenge. Mice were monitored 3 times per
week for tumor progression measured by increases in body
weight and circumference. Mice were euthanized when their
body weight reached 35 g or circumference reached 9 cm.

Detection of a CTL response via ELISpot and the enzyme-linked
immunosorbent assay (ELISA)

3 mice were immunized with PBS (control) or 5 x 10° ICCs
mixed with 100 pug of CPMV (ICCs-CPMV vaccine) in 200 pL of
PBS using the prime-boost regimen. On day 10, spleens were
collected from all mice and single cell splenocyte suspensions
were prepared using the Spleen Dissociation Kit for the mouse
and a gentleMACS Dissociator (Miltenyi Biotec) according to
the manufacturer’s protocols.

ELISpot assay

To assay for tumor-specific CTL responses, ELISpot assays were
carried out using a Mouse interferon (IFN)-y single color ELI-
SPOT kit with pre-coated 96-well plates (Cellular Technology
Limited) as done previously.”® Splenocytes were adjusted to
5 x 10° cells per mL in CTL test media. ID8-Defb29/Vegf-a-Luc
cells and CT26 cells were harvested and resuspended in CTL
test media at 5 x 10° cells per mL. 100 pL of the splenocyte
suspension was aliquoted into each well (5 x 10° cells per well),
and then 100 pL of 5 x 10° cells per L of ID8-Defb29/Vegf-a-Luc
cells, 100 uL of 10 ug mL~" CPMYV, 100 uL of 5 x 10° cells per mL
of CT26 cells (specificity control), 100 pL of 50 ng mL ™" phorbol
12-myristate 13-acetate (PMA) with 1 pg mL ™" ionomycin (Sigma-
Aldrich) (positive control), or 100 pL of CTL test media (negative
control) were added. The plates were incubated at 37 °C and 5%
CO, for 48 h. After incubation, bound cancer cells were gently
removed using a stainless-steel spatula and the plates were
washed with PBST (0.05% (v/v) Tween-20). Following the manu-
facturer’s protocol and reagents, the plates were processed to
develop IFN-y spots. The colored spots were quantified using an
Immunospot S6 Entry analyzer (Cellular Technology Limited).
The splenocytes were evaluated per animal and tested in tripli-
cate for each stimulant.

ELISA assay

ELISA was performed using the IFN-y Mouse Uncoated ELISA
Kit (ThermoFisher Scientific). Similar to the ELISpot setup,
1 x 10° cells of each splenocyte were mixed with 1 x 10° ID8-
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Defb29/Vegf-a-Luc or CT26 cells, 10 pg of CPMV, 50 ng of PMA
with 1 pg of ionomycin (positive control), or CTL test media
(negative control) in a 24-well plate (1 mL per well) to stimulate
IFN-y production. The plates were incubated at 37 °C and 5%
CO, for 43 h, and the medium from each well was collected and
subjected to IFN-y detection using an ELISA kit as per the
manufacturer’s protocol.

Detection of free thiols on the ID8-Defb29/Vegf-a-Luc cell
surface

ID8-Defb29/Vegf-a-Luc cells were harvested and resuspended in
PBS, and then mixed with 0.1 pg mL™' Oregon Green 488
(OG488) or 0G488 Maleimide in PBS (both from ThermoFisher
Scientific) in a 96-well V-shape plate (Fisher Scientific) (1 x 10°
cells in 100 pL per well). The plate was incubated at room
temperature for 15 min. The cells were washed three times
using PBS to remove excess dye, resuspended in 200 pL of FACS
buffer (2% (v/v) FBS and 0.09% (w/v) NaN; in PBS), and
immediately analyzed by flow cytometry. All cells were analyzed
using a BD Accuri C6 Plus Flow Cytometer (BD Biosciences).
50000 events were recorded for each sample, and all events
were analyzed using FlowJo 10.7 software.

Interactions between cancer cells and CPMYV vaccine
candidates

ID8-Defb29/Vegf-a-Luc cells (4 x 10° cells per mL) were resus-
pended in FBS-free culture media and irradiated with 70 Gy to
prepare ICCs. Then, 37.2 pg mL ™" (or 4 x 10" particles per mL)
CPMV-Cy5, CPMV-SM(PEG),-Cy5, and CPMV-PEG5000-Cy5 were
prepared in FBS-free media.

Flow cytometry

100 pL of the ID8-Defb29/Vegf-a-Luc cells or ICCs were aliquoted
into each well (400 000 cells per well) of a 96-well V-shape plate,
and then mixed with 100 L of each CPMV formulation (1 x 10°
CPMV per cell) and incubated at 4 °C or 37 °C for 30 min. The
samples were analyzed in duplicate, and experiments were
repeated 3 times. After incubation, the cells were washed thrice
using PBS (and centrifuged at 500 x g for 5 min at 4 °C) to
remove excess CPMV. Samples were divided and one half was
resuspended in 200 pL of FACS buffer and the other half was first
treated with 1 mg mL ™" pronase (Sigma-Aldrich) in PBS for
15 min at room temperature. Pronase was washed away with
PBS, and the cells were resuspended into 200 puL of FACS buffer
and analyzed immediately. All cells were analyzed using a BD
Accuri C6 Plus flow cytometer (BD Biosciences). 50000 events
were recorded for each sample, and all events were analyzed
using FlowJo 10.7 software.

Confocal microscopy

The cells not analyzed by flow cytometry were used to prepare
slides for confocal microscopy. Briefly, the cells were fixed with
4% (v/v) paraformaldehyde (Electron Microscopy Sciences) in
PBS for 10 min at room temperature and washed 3 times with
PBS followed by centrifugation at 500 x g for 5 min at 4 °C and
resuspension in 100 pL of PBS. The cells were spun onto

This journal is © The Royal Society of Chemistry 2023
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Superfrost Plus Microscope slides (Fisher Scientific) using a
Statspin Cytofuge Cytocentrifuge (BECKMAN COULTER) at
27 x g for 4 min. Cell membranes were first stained using
Alexa Fluor 555-conjugated wheat germ agglutinin (WGA555,
ThermoFisher Scientific) (1:1000 dilution with 5% (v/v) goat
serum albumin (GSA) in PBS) for 45 min at room temperature
and washed 3 times using PBS. The cell nucleus was then
stained with DAPI (ThermoFisher Scientific) (1:7500 dilution
in PBS) for 5 min at room temperature and washed 3 times
using PBS. After the cells were air dried, 4 pL of Fluoroshield
(Millipore Sigma) was applied to a circular cover glass with a
diameter of 12 mm (Fisherbrand), which was then mounted
onto each slide. Fluorescence images were obtained using a
Nikon A1R Confocal microscope with an Apo TIRF 100x/1.49
oil objective (Nikon). Collected images were analyzed using NIS-
Elements AR Analysis 5.30 software (Nikon).

Results and discussion
Production and characterization of CPMV particles

CPMV was propagated and purified from black eyed pea no. 5
plants as previously reported*’ with a yield of 1 mg of CPMV per
gram of infected leaves. CPMV is ~30 nm in diameter with a
pseudo-T = 3 symmetry.** Each CPMV particle is comprised of
60 copies each of a small (S, 24 kDa) and large (L, 42 kDa) coat
protein (CP); it has a bipartite RNA genome with RNA-1 and
RNA-2 packaged in separate yet identical particles.*> CPMV
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presents with 300 solvent-exposed lysine residues, which can
be modified wusing N-hydroxysuccinimide (NHS) ester
bioconjugation.”>** Here we modified CPMV with dyes, PEGs,
and SM(PEG), linker molecules. The dye (sulfo-cyanine 5, sulfo-
Cy5) was used for imaging, the PEG shields the CPMV from cell
interactions, and the SM(PEG), linker served to conjugate
CPMV to the ICCs. Specifically, NHS-Sulfo-Cy5, SM(PEG),, and
NHS-mPEG5000 were conjugated yielding CPMV-SM(PEG), and
CPMV-PEG5000 for efficacy studies and CPMV-Cy5, CPMV-
SM(PEG),-Cy5, and CPMV-PEG5000-Cy5 for mechanistic inves-
tigation (Fig. 1).

CPMYV nanoparticles were purified through dialysis and then
biochemically characterized (Fig. 2 and Fig. S1, ESIY). First, the
concentration of CPMV and the degree of Cy5 labeling were
determined using UV-vis spectroscopy and the CPMV extinction
coefficient at 260 nm was found to be 8.1 mL mg ' cm ™’
and the Cy5-specific extinction coefficient was found to be
271000 L mol ™' em ™" at 647 nm, respectively. CPMV-Cys5,
CPMV-SM(PEG),-Cy5, and CPMV-PEG5000-Cy5 displayed 48,
33, and 37 Cy5 per particle, respectively (Fig. S1b, ESIf). To
confirm the covalent conjugation of Cy5, PEG5000, and the
SM(PEG), linker, all samples were analyzed using denaturing
SDS-PAGE and native agarose gel electrophoresis (Fig. 2(a) and
Fig. S1a, ESIt). SDS-PAGE revealed the presence of S and L CP
as well as modified CPs: CPMV-SM(PEG), showed a distinct CP
dimer band (~66 kDa); we often observe this for CPMV-
SM(PEG), - while we cannot rule out crosslinking, it is likely
that CPs are associated non-covalently, because the introduced

bopw dppindad dep

a: NHS-sulfo-Cy5

NHy| :@Z @,}NHZ] i {Pf
&

CPMV-SM(PEG)4 CPMV

cPMV CPMV-Cy5  CPMV
NHy|
—_—
CPMV CPMV-PEG5000

b: SM(PEG),

¢: NHS-mPEG5000

CPMV-SM(PEG)+-Cy5

NH, a6
s

CPMV CPMV-PEG5000-Cy5

Fig. 1 Schematic of CPMV bioconjugations. NHS-Sulfo-Cy5, SM(PEG)4, and NHS-mPEG5000 were conjugated to the CPMV's surface-exposed lysine
residues through N-hydroxysuccinimide (NHS) chemistry. CPMV-Cy5, CPMV-SM(PEG)4, and CPMV-PEG5000 were synthesized by mixing CPMV with
NHS-Sulfo-Cy5, SM(PEG)4, and NHS-mPEG5000 with a 1:3000 molar ratio. CPMV-SM(PEG)4-Cy5 and CPMV-PEG5000-Cy5 were synthesized
by mixing CPMV with NHS-Sulfo-Cy5 and SM(PEG)4 (1:1500:3000 molar ratio) or with Sulfo-Cy5 and NHS-mPEG5000 (1:1500:5000 molar ratio).
The figure was generated using ChemDraw 20.1.1, Biorender, and Adobe Illustrator 2020.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Characterization of CPMV and its bioconjugates. (a) SDS-PAGE (left) and agarose gel electrophoresis (right) of CPMV, CPMV-SM(PEG),4, and
CPMV-PEG5000. SDS-PAGE shows the S (24 kDa) and L (42 kDa) proteins of CPMV. (b) SEC elution profiles. The inset shows the absorbance ratio of
260 Nnm/280 nm - a ratio of ~1.8 at the elution peak indicates intact CPMV. (c) DLS showed a single peak of CPMV, CPMV-SM(PEG)4, and CPMV-

PEG5000, indicating a homogeneous particle distribution. The insets provide

average sizes and polydispersity index (PDI) of three measurements. (d) TEM

images of negatively stained (UF) CPMV, CPMV-SM(PEG),, and CPMV-PEG5000 particles. Scale bar = 100 nm.

maleimide remains available for conjugation. Conjugation of
PEG5000 was apparent as higher molecular weight bands were
detected for the L and S protein at < 55 kDa and < 45 kDa; the
bands were more clearly detectable for L-PEG5000, because
S-PEG5000 overlaid with the native L CP. Gel densitometry
analysis using Image] showed that ~28 PEG5000 molecules
were conjugated to each CPMV. Native agarose gels also indi-
cated the conjugation of Cy5, SM(PEG),, and PEG5000; small
molecule conjugation to CPMV results in increased mobility
toward the anode due to the reduction of positive lysine side
chains, while larger molecules, such as PEG, reduced mobility
due to molecular weight increases. The banding pattern is
consistent with SM(PEG), and PEG5000 conjugation (Fig. 2(a)).

5434 | J Mater. Chem. B, 2023, 11, 5429-5441

The RNA (EtBr imaging), Cy5, and protein bands colocalized under
native gel electrophoresis and therefore indicate that conjugated
CPMV remained intact. Fluorescence imaging of the agarose gel
and SDS-PAGE also revealed the co-localization of Cy5 with CPs
indicating covalent attachment (Fig. Sla and b, ESIY).

SEC, DLS, and TEM were in agreement indicating the
production of intact and monodisperse particles. The SEC
elution profiles of CPMV and CPMV-Cy5 were comparable and
indicated the co-elution of RNA (260 nm), protein (280 nm), and
Cy5 (647 nm, for Cy5-conjugated particles). CPMV and CPMV-Cy5
eluted at ~10 mL while CPMV-PEG5000 and CPMV-PEG5000-Cy5
eluted at ~9 mL indicating the increased hydrodynamic radius
post conjugation - this is in agreement with the native agarose gel

This journal is © The Royal Society of Chemistry 2023
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electrophoresis (Fig. 2(b) and Fig. Sic, ESIT). All samples showed
the characteristic absorbance ratio of ~1.8 between 260 and
280 nm at the elution peak, a sign of intact CPMV with packaged
RNA.” DLS corroborated this result (Fig. 2(c) and Fig. Sic, ESIt).
DLS data displayed a single peak with a homogeneous
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distribution for all samples; broken particles or aggregated
particles were not appare