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Abstract

Toll-like receptors (TLRs) are promising targets in cancer immunotherapy due to their role in
activating the immune system; therefore, various small-molecule TLR agonists have been tested in
clinical applications. However, the clinical use of TLR agonists is hindered by their non-specific
side effects and poor pharmacokinetics. To overcome these limitations, we used plant virus
nanoparticles (VNPs) and bacteriophage virus-like particles (VLPs) as drug delivery systems. We
conjugated TLR3 or TLR7 agonists to cowpea mosaic virus (CPMV) VNPs, cowpea chlorotic
mottle virus (CCMV) VNPs, and bacteriophage Q8 VLPs. The conjugation of TLR7 agonist,
2-methoxyethoxy-8-0x0-9-(4-carboxybenzyl)adenine (1V209), resulted in the potent activation of
immune cells and promoted the production of pro-inflammatory cytokine interleukin 6. We found
that 1209 conjugated to CPMV, CCMV, and Qg reduced tumor growth in vivo and prolonged
the survival of mice compared to those treated with free 1209 or a simple admixture of 1209
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and viral particles. Nucleic acid-based TLR3 agonist, polyinosinic acid with polycytidylic acid
(poly(l:C)), was also delivered by CPMV VNPs, resulting in enhanced mice survival. All our
data suggest that coupling and co-delivery are required to enhance the anti-tumor efficacy of TLR
agonists and simple mixing of the VLPs with the agonists does not confer a survival benefit. The
delivery of 1209 or poly(l:C) conjugated to VNPs/VLPs probably enhances their efficacy due
to the multivalent presentation, prolongation of tumor residence time, and targeting of the innate
immune cells mediated by the VNP/VLP carrier.

Graphical Abstract
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INTRODUCTION

Toll-like receptors (TLRs) are important pattern recognition receptors (PRRs) that are
expressed on antigen-presenting cells such as dendritic cells, macrophages, neutrophils,
natural killer cells, T cells, and B cells. TLRs detect pathogen-associated molecular patterns
(PAMPs) and induce innate immune responses.! Following the recognition of PAMPs, TLRs
signal through four cytosolic toll-interleukin-1 receptor (TIR) domain-containing adaptor
proteins (TIRAPs): myeloid differentiation primary response 88 (MyD88), MyD88 adaptor-
like protein (MAL), TIR domain-containing adapter-inducing interferon-g, and TRIF-related
adaptor molecule. This results in the activation and translocation of the nuclear factor kappa
B transcription factor (NF-«xB), interferon (IFN) regulatory factors, and/or mitogen-activated
protein kinases (MAPKS) that regulate IFN gene expression.2 TLR-based immunotherapy
has been extensively investigated as either a single or combinational approach because it
triggers a strong immune response.3-> Accordingly, TLR agonists have been evaluated as
promising vaccine adjuvants for cancer treatment.

The TRL7 agonist, 2-methoxyethoxy-8-o0x0-9-(4-carboxybenzyl)adenine (1V209), is a
synthetic molecule developed as an alternative to imiquimod and the only TRL7 ligand
currently approved by the US Food & Drug Administration (FDA).> Although 1V209

is well known for its anti-tumor effects and immunogenicity, its clinical application

is limited by its low solubility and stability and potent cytokine production following
systemic administration, resulting in toxicity and hyper-inflammation.” The TLR3 agonist,
polyinosinic acid with polycytidylic acid (poly(l:C)), is a double-stranded RNA recognized
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by endosomal TLR3, which subsequently regulates melanoma differentiation-associated
protein 5 (MDADS) and retinoic acid-inducible gene-1 protein (RIG-I), ultimately triggering
IFN signaling.8 Poly(1:C) has been investigated as a potent immunostimulant or adjuvant

to cancer treatment. Despite the potential efficacy of the nucleic acid derivatives, their
applications are limited due to the rapid degradation by nucleases and the toxicity caused
by the off-target toxicity.® Therefore, various drug delivery platforms have been investigated
to overcome the shortcomings of free drug administration and to amplify the therapeutic
efficacy using a co-delivery system.

Plant viruses and bacteriophages have emerged as promising drug delivery and
immunomodulators. For example, Cowpea mosaic virus (CPMV) is an icosahedral plant
virus with a positive-sense bipartite RNA genome and a capsid ~28 nm in diameter. When
administered intratumorally (i.t.), CPMV is a potent in situ vaccine that activates TLR2,
TLR4, and TRL7, and the resulting anti-tumor immune responses have been investigated

in the context of colon cancer, breast cancer, glioma, ovarian cancer, and melanoma.10-12
CPMV has also been used as a delivery platform for proteins,13 peptides,4 small-molecule
drugs,1® and imaging agents'8 through the direct modification of the capsid. Cowpea
chlorotic mottle virus (CCMV) is structurally similar to CPMV but has no anti-tumor
efficacy.11 However, it has also been studied as a drug delivery vehicle due to its ability

to undergo reversible structural phase transition.#1’ CCMV can be disassembled and
reassembled with cargo by controlling the pH and salt concentrations (Ca2* or Mg2*). We
have previously developed a self-assembling CCMV delivery platform for the class B CpG
oligodeoxynucleotide ODN1826, which triggers TLR9 signaling. Encapsulated ODN1826
stimulated the tumor-associated macrophages in the tumor microenvironment to a greater
extent than did free ODN1826, demonstrating higher efficacy against colon cancer and
melanoma.* Bacteriophage Q3 is similar in size and structure to the two plant viruses and
has been investigated for the delivery of drugs against bacterial infections,8 cardiovascular
diseases, 19 autoimmune disorders,20 and cancer.?! CpG-laden QA virus-like particles (VLPs)
are undergoing clinical testing for cancer therapy.2?

Here, we developed TLR agonist co-delivery platforms to boost systemic anti-tumor
immunity using CPMV, CCMV, and Q. TLR agonists have been delivered using various
synthetic nanoparticles; here, the issues addressed were, first, whether the addition of

TLR agonists would enhance the efficacy of CCMV or Qg, which alone are not potent
immunomodulators when used as an in situ vaccine. Second, whether the addition of the
TLR3 agonist could also boost CPMV efficacy because CPMV signals only through TLR2,
4, and 7 but not through TLR3. Third, we probed whether co-delivery is required or whether
admixtures could also potentiate efficacy. The anti-tumor efficacy and immunogenicity

of 1209 conjugated to CPMV, CCMV, and Qg were tested in experimental B16F10
melanoma and CT26 colon cancer models. TLR3 agonist, poly(l:C), was also conjugated
to CPMV particles to induce synergy between poly(1:C) and CPMV, which was also tested
in the B16F10 melanoma model.
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RESULTS AND DISCUSSION

Characterization of 1V209-Conjugated Viral Particles.

We conjugated the TRL7 agonist to plant VNPs and bacteriophage VLPs (Figure

1). We also conjugated the virus particles to poly(I:C) and cyanine 5 (Cy5) for

the evaluation of combination therapy and particle stability. CPMV, CCMV, and QS
were prepared and purified as previously described,2324 and the exposed lysine (Lys)
residues were reacted with 1209 using A~hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) chemistry. EDC activates the carboxylic acid
group of 1209, and NHS then forms a stable amine-reactive sulfo-NHS ester that binds
the exposed Lys on the viral surfaces. The conjugated particles are hereafter described as
CPMV-1V209, CCMV-1V209, and Q5-1V209.

The conjugation efficiency was determined by subtracting the remaining concentration of
free 1209 after the reaction from the initial 1209 concentration, revealing that CPMV,
CCMYV, and Qg carried 67, 103, and 286 1V209 molecules, respectively. Conjugation

was confirmed by agarose gel electrophoresis (Figure 2A). The electrophoretic mobility of
CPMV-1V209, CCMV-1V209, and QA-1V209 toward the anode increased with the number
of conjugated 1209 molecules (1209 conjugates to Lys side chains and each conjugation
therefore replaces a positive charge). The conjugated particles remained intact, and their
morphology was similar to the corresponding native particles, as confirmed by transmission
electron microscopy (TEM) (Figures 2B and S1A). Likewise, dynamic light scattering
(DLS) experiments showed that the native and conjugated particles had similar average
diameters of ~30 nm with no evidence of aggregation (Figure 2C). The size exclusion
chromatography (SEC) elution profiles including the absorbance ratios of CPMV-1V209,
CCMV-1V209, and QB-1V209 at 260/280 nm and the volume of elution were also similar
to those of the native particles, further confirming their integrity and purity (Figures 2D and
S1B).

Immunogenicity of 1V209-Conjugated Viral Particles.

We investigated the immunogenicity of the 1VV209-conjugated VNPs/VLPs using RAW-Blue
macrophages, which express various PRRs and a secreted embryonic alkaline phosphatase
(SEAP) reporter allowing us to monitor NF-«xB activation using a Quanti-Blue assay
(Figure 3A). The SEAP level increased sharply in response to CPMV, which was ~5.5-fold
higher than CCMV and ~7.4-fold higher than Q. This is consistent with prior work

that indicates that CPMV is more immunogenic than the other particles due to its multi-
pronged ability to trigger TLR2, TLR4, and TLR7 signaling.1! The admixture of CPMV +
1V209 produced ~1.3-fold more SEAP than CPMYV alone, but the admixtures of the other
particles with 1209 did not significantly increase the SEAP activity compared to that in
the native particles. In contrast, CPMV-1V209, CCMV-1V209, and QB-1V209 increased
SEAP activity by ~1.1-fold, ~3.2-fold, and ~4.2-fold, respectively, compared to those by the
admixtures of each native particle + 1V209.

Next, we compared the effect of 1VV209-conjugated particles on TLR7-mediated interleukin
(IL)-6 secretion (Figure 3B). IL-6 levels induced by native CPMV were ~21-fold higher
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compared to native CCMV and ~32-fold higher compared to native Q, which was
consistent with the RAW-Blue assay. The admixtures of CPMV, CCMV, and Qg with

1V209 activated RAW 264.7 cells at a similar level to each native particle, indicating no
synergistic effects with 1V209. In contrast, CPMV-1V209, CCMV-1V209, and Q5-1V209
significantly increased the IL-6 levels in RAW264.7 cells by ~1.2-fold, ~1.7-fold, and
~7.4-fold, respectively, compared to that in the corresponding admixture groups (Figure 3B).
Together, these data indicate that 1209 must be conjugated to and not co-delivered with the
viral particles in order to achieve enhanced immunogenicity.

Efficacy of 1V209-Conjugated Virus Particles In Vivo.

The therapeutic efficacy of the 1\VV209-conjugated particles was evaluated in dermal
melanoma and colon cancer models. For the dermal melanoma model, female C57BL/6
mice were inoculated with B16F10 cells [2 x 10° cells, intradermally (i.d.)]. The particles
were injected intratumorally (i.t.) when the tumor reached a volume of ~30 mm3 (~ day

12) for a total of three weekly injections (Figure 4A). In the mice injected with native
CPMV, tumor growth was reduced by 66.5% on day 28 compared to that in the PBS control
group (Figure 4B,C). CPMV performed better than CCMV (17.3% growth reduction) and
Qp (22.75% growth reduction) (Figure S2A), which is consistent with the unique anti-cancer
immunity induced by CPMYV, as previously reported.1! The admixture of CPMV + 1V209
inhibited tumor growth by 68%, which was similar to that of CPMV alone. However,
CPMV-1V209 inhibited tumor growth by 85% (Figure 4B,C) and increased the median
survival rate to 50 days (Figure 4D), which was an improvement compared to the other
groups (PBS control, 26 days; CPMYV, 33 days; and CPMV + 1V209, 35 days). CCMV

and the admixture of CCMV + 1V209 inhibited tumor growth on day 28 by 17.2 and
26.8%, respectively (Figure 4B,C), and resulted in median survival rates of 24 and 30 days,
respectively, indicating no significant anti-tumor efficacy. However, CCMV-1V209 inhibited
tumor growth by 54.6% on day 28 and prolonged the median survival period to 33 days
(Figure 4D). Similarly, Qg and the admixture of Qg+ 1V209 inhibited tumor growth on
day 28 by 22.7 and 10%, respectively (Figure 4B,C), and the median survival periods

were 27 and 28 days, respectively (Figure 4D). However, Q3-1V209 showed a potent
anti-cancer effect, inhibiting tumor growth by 80% and prolonging the median survival
period to 33 days. When comparing CCMV and QJ, neither particle was efficacious as a
solo therapy, but Q4-1V209 performed better than CCMV-1V209 presumably because more
1V209 molecules were conjugated to each Qg particle (Figure 1).

In the CT26 colon cancer model, BALB/c mice were challenged intraperitoneally (i.p.) with
CT26 cells and treated with particles 3 days post-inoculation (Figure 5A). CPMV inhibited
tumor growth by 26.5% compared to that in the PBS-treated controls on day 22 and was
significantly more effective than CCMV and Qg (Figure S2B). The admixture of CPMV

+ 1V209 and the CPMV-1V209 particles did not show any synergistic inhibition of tumor
growth compared to native CPMV, with 24.6 and 28.5% inhibition on day 22, respectively
(Figure 5B,C). The median survival periods for the native CPMYV, admixture, and conjugated
particles were 30, 30, and 34 days, respectively (Figure 5D). The similar performance of

the three CPMV-based treatments probably reflects the already potent anti-tumor effect of
native CPMV in the CT26 colon cancer model.11 CCMV and the admixture of CCMV +
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1V209 inhibited tumor growth by 8.4 and 6.5% on day 22, respectively, which did not differ
significantly from the PBS control (Figure 5B,C). Similarly, the median survival periods

of the PBS control, CCMV, and CCMV + 1V209 admixture were 22, 20, and 22 days,
respectively (Figure 5D), confirming that these formulations showed no anti-tumor efficacy.
However, CCMV-1V209 reduced tumor growth by 17.5% compared to the PBS control on
day 22 and prolonged the survival to 30 days. Finally, Q8-1V209 reduced tumor growth by
21% compared to the PBS control, whereas the native Q3 particles (0.65% reduction) and
admixture with 1209 (12.2% reduction) did not show a significant effect. CCMV-1V209
was less effective than Q-1V209, again presumably due to the number of conjugated

drug molecules. The accumulation of blood and other body fluids in the peritoneal space
increased the circumference and body weight of the treated mice (Figure 5B,E).

We also assessed the retention of CPMV, CCMV, and Qg in tumors after intratumoral
administration to understand the relationship between particle stability and therapeutic
efficacy. Long-term tumor retention and multivalent/polyvalent binding of TLRs are
important factors for in situ vaccination, which determine therapeutic efficacy.2> For

live animal 1VIS imaging, CPMV, CCMYV, and Qg were labeled with Cyb5, resulting in
CPMV-Cy5, CCMV-Cy5, and QB-Cy5 particles. These were characterized by agarose gel
electrophoresis and SEC to confirm their integrity (Figures S2 and S3) before injection

into mice bearing B16F10 tumors with a volume of at least ~100 mm3. The intratumoral.
injection of CPMV-Cy5, CCMV-Cy5, and QB-Cy5 resulted in similar retention times
exceeding 7 days in all tumors (Figure S4), suggesting that the observed differences in
therapeutic efficacy reflect the conjugation efficiency rather than the stability of each type
of particle. Future studies should also focus on detailing the biodistribution of the cargo;
while 1V209 is a stable molecule, it is a small molecule that may suffer rapid wash-out
effects if cleaved from the nanoparticle surface. Also, the poly(1:C) agonist may be prone to
degradation, and future studies need to detail whether the nanocarrier confers advantages by
reducing nuclease access, thereby increasing the stability of poly(l:C).

Characterization, Immunogenicity, and Efficacy of Poly(l:C)-Conjugated Viral Particles.

We previously demonstrated that CPMV exerts its potent immunogenicity by activating
TLR2, TLR4, and TLR7.10 The combination of CPMV and 1V209 showed moderate
improvement compared to native CPMV, which may be explained by the fact that CPMV
already signals through TLR7. While the conjugation of 1209 to CPMV did not increase
efficacy, therapeutic effect was more potent for CCMV-1V209 and Q-1V209 vs their non-
conjugated versions when tested in the B16F10 and CT26 models (Figures 4 and 5). CCMV
and Qg do not signal through TLR7. Therefore, to determine whether synergy could be
achieved by combining CPMV with TLRs other than TLR2, TLR4, and TLR7, we combined
it with the TLR3 agonist poly(1:C). The amine residues in CPMV were conjugated to
poly(I:C) using EDC and 1-methylimidazole (Melm) (Figure S5A). The 5’-end phosphate
group of poly(l:C) was functionalized by EDC and Melm to form a phosphoramidate in the
presence of the primary amine group of CPMV Lys residues. The conjugation efficiency
was measured by subtracting the free poly(1:C) remaining after conjugation from the total
initial amount, revealing the presence of ~25 poly(l:C) strands per particle. CPMV and

the conjugated derivative CPMV-poly(1:C) were shown to be monodisperse, icosahedral
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particles by TEM, and DLS indicated particle diameters of ~31.7 nm (PDI = 0.1) and ~34.5
nm (PDI = 0.22), respectively (Figure S5B,C). The surface charge of CPMV was recorded
as —13.5 mV, which increased to —5.6 mV following conjugation (Figure S5D). Accordingly,
the poly(1:C)-conjugated CPMV were less mobile in agarose gels compared to the native
CPMV particles (Figure S5E). The underlying factor that contributes to the lower negative
zeta potential is counterintuitive because poly(l:C) carries negative charge; nevertheless, zeta
potential and native gels show consistent results. SEC confirmed the structural integrity of
CPMV and CPMV-poly(l:C) with the same elution volume of ~11 mL and an absorbance
ratio at 260/280 nm of ~1.7, indicating intact capsid proteins and RNAs (Figure S5F).

We next investigated the immunogenicity of CPMV-poly-(1:C) using RAW-Blue cells
(Figure S6). Native CPMV and the CPMV + poly(l:C) admixture activated RAW-Blue cells
to a similar extent, but the CPMV-poly(l:C) particles increased the amount of SEAP by
~1.3-fold compared to that in CPMV. To investigate the potential synergistic effect of CPMV
and poly(l:C) in vivo, B16F10 cells were injected i.d. into the flank of C57BL/6 mice. When
the tumor reached a volume of ~30 mm3 (~ day 12), we administrated native, admixed

or conjugated particles (Figure 6A). CPMV-poly(1:C) did not inhibit tumor growth to a
significantly greater extent than the native CPMV particles (Figure 6B) but prolonged the
median survival period to 52 days, compared to 33 days for the native particles and 39 days
for the CPMV + poly(l:C) admixture (Figure 6C). This data may indicate that the addition
of further TLR agonists to CPMV does not confer enhanced anti-tumor potency potentially
due to the similar signaling pathways between TLRs. Adding TLR3 does not do much
because the maximum signaling through that pathways has already been reached. In other
work, we will focus on other combinations, e.g., we already demonstrated synergy with NK
agonists,28 checkpoint inhibitors,2 radiation therapy,28 cryoablation,2® and chemotherapy.3©

CONCLUSIONS

TLR agonists are powerful adjuvants for cancer immunotherapy. We have demonstrated
the potential of a nanoscale TLR agonist, namely small molecule 1109 or poly(l:C),
conjugated to the plant viruses CPMV and CCMV and bacteriophage QA to act as
immunomodulators for intratumoral immunotherapy. The conjugated, nanoscale TLR7
agonist (CPMV-1V209, CCMV-1V209, and Qf-1V209) activated immune cells, induced
the production of pro-inflammatory cytokines, and inhibited tumor growth in the B16F10
melanoma and CT26 colon cancer models. The CCMV-1V209 and QB-1VV209 conjugates
showed greater therapeutic efficacy than the admixtures of each native particle and 1209,
confirming that drug carriers are necessary to improve drug efficacy. CPMV did not show
a significant synergistic effect when combined with TLR3 and TLR7 agonists. This also
demonstrates that CPMV itself is a potent immuno-adjuvant that may not benefit from
additional TLR activation.

MATERIALS AND METHODS
Preparation of CPMV, CCMV, and Qg.

CPMV and CCMV were produced in black-eyed pea no. 5 plants as previously
described.2431 QB was expressed in Escherichia coliBL21 (D3) cells as previously
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reported.23 All the viral particles were purified by ultracentrifugation in a sucrose gradient.
The concentrations of CPMV and CCMYV were determined by UV-vis spectroscopy and
Beer-Lambert Law using the specific extinction coefficients of 8.1 and 5.85 mg=1 mL cm™1,
respectively. The concentration of Qg was verified using a Pierce BCA protein assay kit
(Thermo Fisher Scientific).

Bioconjugation of CPMV, CCMV, and Qg.

CPMV and Qg were suspended in 10 mM potassium phosphate (KP) buffer (pH 7.0),
whereas CCMV was suspended in 10 mM A-2-hydroxyethylpiperazine- A/ -2-ethanesulfonic
acid (HEPES) buffer (pH 7.4). 2400 molar excess of free 1209 (MedChem Express) was
activated with NHS and EDC in dimethyl sulfoxide for 2 h before mixing with CPMV,
CCMV, and Qg suspensions and incubating for 2 h at room temperature (RT). The particles
were then purified using PD MidiTrap G-25 columns (Cytiva) and 0.5 mL of 100 kDa
molecular weight cutoff (MWCO) spin filters (EMD Millipore). The amount of 1209
conjugated to CPMV, CCMV, and Qg was calculated by subtracting the concentration of
1V209 remaining in the supernatant from the total added to the reaction (determined by
measuring the absorbance at 283 nm). For poly(l:C) conjugation, 2000 molar excess of
poly(l:C) (InvivoGen) was activated with EDC and Melm in nuclease-free water for 30

min at RT before mixing with CPMV and incubating for 2 h at RT. Excess reagent was
removed by ultracentrifugation (52,000g, 2 h, 4 °C), and the supernatant was collected to
determine the conjugation efficiency. The concentration of poly(1:C) in the supernatant was
determined by measuring the absorbance at 266 nm using UV-vis. The amount of poly(l:C)
conjugated to the particles was determined by subtracting the unconjugated fraction from
the total poly(l:C). For Cy5 labeling reactions, CPMV, CCMV, and QB were mixed with
700 molar excess of sulfo-Cy5 NHS ester (Lumiprobe) for 2 h at RT. The reaction mixtures
were purified on a 30% (w/v) sucrose cushion by ultracentrifugation (52,000g, 2 h, 4

°C) to remove excess Cy5 dye. The conjugation of Cy5 was quantified based on the
dye-to-VNP/VLP ratio and the Beer—Lambert law (molecular weight of CPMV = 5.6 x 106
g mol~1, CCMV =2 x 10% g mol™1, Q8= 3.6 x 104 g mol~1, and Cy5 = 747 g mol™1). The
number of Cy5 dyes per particle was determined by UV-vis spectroscopy (using a Nanodrop
2000) and Beer-Lambert Law based on the specific extinction coefficients (CPMV g0 =
8.1 mg~1 mL cm™, CCMV 560 = 5.85 mg™1 mL cm™1, Q260 = 8.1 mg~ mL cm™1, and
Cy5,647 = 271,000 mg~1 mL cm™1). All native and conjugated CPMV, CCMV, and Q8
particles were stored at 4 °C until needed for further analysis.

Gel Electrophoresis.

CPMV and Qg particles (10 pg) were analyzed by 0.8% (w/v) agarose native gel
electrophoresis in Tris—acetate—EDTA buffer for 30 min at 120 VV and RT. CCMV particles
were analyzed using the same method but in virus electrophoresis buffer (0.1 M sodium
acetate, 1 mM EDTA, pH 5.5) for 60 min at 60 V and 4 °C as previously described.1’
Agarose gels were stained with GelRed nucleic acid to detect RNA and Coomassie brilliant
blue to detect protein. The gels were imaged using an Alphalmager System under UV
light, white light, and MultiFluor red light for visualization of RNA, protein, and Cy5,
respectively.
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Transmission Electron Microscopy.

CPMV, CCMV, and Qg particles were suspended at 1 mg mL~1 in deionized water and
deposited onto Formvar carbon film-coated copper TEM grids (Ted Pella) for 2 min,
followed by washing twice with deionized water for 1 min. The TEM grids were coated with
2% (w/v) uranyl acetate for 2 min. TEM images were acquired using a JEOL JEM-1400Plus
microscope.

Dynamic Light Scattering.

CPMV, CCMV, and Qg particles were dispersed at a concentration of 0.1 mg mL™1 in 0.1 M
KP buffer for CPMV and Qg and 0.1 M sodium acetate buffer (pH 4.8) for CCMV. The size
was measured on a Zetasizer Nano ZSP/Zen5600 (Malvern Panalytical).

Size Exclusion Chromatography.

CPMV, CCMV, and Qg particles were prepared at a concentration of 3 mg mL~1 and loaded
onto a Superose 6 Increase column mounted on an AKTA pure chromatography system
(Cytiva). The flow rate was set to 0.5 mL min~t in 0.1 M KP buffer for CPMV and Qg or
0.1 M sodium acetate buffer for CCMV. The absorbance was recorded at 260 and 280 nm,
and the fluorescent particles were also measured at 647 nm to detect Cy5.

Cell Studies.

B16F10 (ATCC CRL-6475, mouse skin melanoma) and CT26 (ATCC, mouse colon cancer)
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) and Roswell Park
Memorial Institute (RPMI) 1640 medium, respectively, each supplemented with 10%

(v/v) fetal bovine serum (FBS; Atlanta Biologicals) and 1% (v/v) penicillin/streptomycin
(P/S; Thermo Fisher Scientific). RAW-Blue cells (InvivoGen) were grown in DMEM
supplemented with 10% (v/v) FBS, 1% (v/v) P/S, 50 mg mL1 normocin, and 100 mg mL™1
zeocin and were maintained according to the supplier’s instructions. RAW264.7 (ATCC)
macrophages were grown in DMEM supplemented with 10% (v/v) FBS and 1% (w/v) P/S.
All cells were maintained at 37 °C in a humidified incubator with a 5% CO, atmosphere.

RAW-Blue Assay.
RAW-Blue cells were seeded in 96-well plates (1 x 10° cells/well) and treated with 1 /g
of native or 1V209-conjugated CPMV, CCMV, and Qg (as well as controls). After 24 h,
20 4L of the supernatant from each well was mixed with 180 /i of Quanti-Blue solution
(InvivoGen) and incubated for 6 h at RT before recording the absorbance at 630 nm on a
Tecan plate reader.

Enzyme-Linked Immunosorbent Assay.

RAW264.7 cells were seeded into 24-well plates (5 x 10° cells/well) and treated with 5 /g
of native or 1V209-conjugated CPMV, CCMV, and Q. After 24 h, the supernatants were
collected from each well and the quantities of IL-6 were determined using the appropriate
enzyme-linked immunosorbent assay (ELISA) kits (Thermo Fisher Scientific).

Bioconjug Chem. Author manuscript; available in PMC 2024 September 20.
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Animal Studies.

C57BL/6 and BALB/c mice (The Jackson Laboratory) were used for animal experiments
carried out in accordance with the guidelines set out by the Institutional Animal Care

and Use Committee of the University of California, San Diego. For the melanoma model,
C57BL/6 mice were inoculated i.d. with B16F10 cells (2 x 10° cells in 20 zL of PBS) in

the left flank. The mice then i.t. received three treatments with native or conjugated CPMV,
CCMV, and Qg particles starting 12 days post-inoculation with 1 week intervals between
injections. Animal survival and tumor volume were recorded every 2 days, and the tumor
volume was calculated using the following equation: tumor volume = (tumor width? x tumor
length)/2. For the colon cancer model, BALB/c mice were injected i.p. with CT26 cells (5

x 105 cells in 100 L of PBS). The mice then i.p. received three treatments with native or
conjugated CPMV, CCMV, and Qg particles starting on day 3 with 1 week intervals between
the injections. We measured the change in the abdominal circumference with a measuring
tape and monitored the body weight of the mice every 2 days.

Fluorescence Imaging.

Mice were inoculated i.d. with B16F10 cells (2 x 10° cells in 20 /i of PBS). When the
tumors had grown to ~100 mm3, Cy5-conjugated CPMV, CCMV, and Q2 particles (100 /g
in 20 yL of PBS) were injected into the tumors. Fluorescent images were acquired using

an in vivo imaging system (IV1S, Xenogen), and longitudinal imaging was carried out for 7
days.

Statistical Analysis.

Data from in vitro and in vivo studies were analyzed in GraphPad Prism v8 and are
presented as means + standard deviations. For multiple comparisons, statistical significance
was determined using one-way ANOVA with a post-hoc Tukey’s HSD test. For survival
data, curves were generated according to the Mantel-Cox test and were compared
statistically using the log-rank test. Significance was assigned at < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synthesis of CPMV-1V209, CCMV-1V209, and Q5-1V209 particles. We used EDC/NHS

chemistry, and the resulting conjugation efficiency was determined by UV-vis absorbance
spectrophotometry. Data are mean + standard deviation (7= 3). EDC—1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, NHS—A+hydroxysuccinimide.
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Figure 2.

Characterization of CPMV-1V209, CCMV-1V209, and Q5-1V209 particles. (A) Analysis
of 1V209-conjugated and native particles by 0.8% (w/v) agarose gel electrophoresis. Gels
were stained with GelRed and visualized under UV light (left panel, RNA detection) and
stained with Coomassie brilliant blue and visualized under white light (right panel, protein
detection). The conjugation drives the migration from the cathode (-, top) toward the anode
(+, bottom). (B) Representative TEM images (scale bar = 200 nm). (C) Size distribution

of the particles determined by DLS. The boxed insets show the average diameter (D, nm)
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and polydispersity (PDI) of the particles. (D) SEC profiles of the conjugated particles. The
boxed insets show the elution volume (V; mL) and the absorbance ratio at 260 and 280 nm
(A260/280).
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Figure 3.

The immunogenicity of 1V209 is enhanced by conjugation to CPMV, CCMV, and Qg.
(A) Evaluation of NF-xB/AP-1 activation in RAW-Blue cells. (B) IL-6 levels measured
by ELISA. The admixture of VNPs/VLPs and 1209 is named as VNPs/VLPs + 1V209,
and the conjugation of VNPs/VLPs and 1209 is named as VNPs/VLPs — 1VV209. Data
are means £ SEM (7= 6). The results were compared by one-way ANOVA with Tukey’s
multiple comparisons test (***P< 0.001, **P< 0.01, and *P< 0.05).
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Figure 4.

Therapeutic effects of CPMV-1V209, CCMV-1V209, and QB-1V209 particles in the in
vivo B16F10 melanoma model. (A) Timeline of B16F10 cell inoculation and intratumoral
particle injections. (B) Tumor growth curves. Blue arrows indicate the treatment days. (C)
Volumetric scatter plot of individual tumors on day 28. Data are means + SEM (7= 15).

The results were compared by one-way ANOVA with Tukey’s multiple comparisons test
(***P<0.001 and **P< 0.01). (D) Survival rates of tumor-bearing mice over 70 days
(dashed lines show the intersection with median survival for each treatment). The results
were compared using the log-rank (Mantel-Cox) test (*/~ < 0.05). (All the groups were
treated at the same time; therefore, there is only one PBS group. For clarity, we arranged the
graphs by VNP/VLP formulation.)

Bioconfug Chem. Author manuscript; available in PMC 2024 September 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Jung et al. Page 18

Balb/C N L ¥ N
T T T T >
A CTZSG colon Day 3 Day 10 Day 17
5.0x105cells (i.p.) Troatinonts
(100 pg per mouse, i.p.)
104 PBS 10-
_ | = cPmv _ 100 - PBS |
£ -+ CPMV+1V209 £ * 3 ~~ CPMV *
g 8] cPmv-1v209 g & * s —— CPMV+1V209
s § = > L —— CPMV-1v209
8 3 A Y € 504----------=t---1-1
@
E s E o } . 3 E
o e I
(3] o L
- 1]
4+ T v ] 4— 0 T T T T T T g
o7 Ao 720 30 40 Day 22 0 10 20 30 40 50 60 70
DPI Time
10, > PBS 10
—_ -=- CCmV 100 PBS
E -+ CCMV+1V209 E * 3 ccmv +
g 8{ -~ CCMV-1v209 3 8] Py s cCMV+1v209 | |*|*
5 5 iz a CCMV-1v209
g £ A RS
s -
£ (= [
(3] o
a4 T T ) — 0 —
0 Ao 20 30 40 Day 22 0 10 20 30 40 50 60 70
DPI Time
104 PBS 10-
- - Qp —_ ke 100 — PBS
§ | = ap+1v209 £ ok 3 | | ~ Qp .
o 8] —+ Qp-1v209 E‘ 8- s —— QB+1v209 | [*|*
8 2
g g T4 3 ~— QB-1v209 I
g 8 Bl £ S0y~
E s E 6 8
g + § I
(3] (3] . ﬂ
44 r : ) e 0 R
o” Ao 720 30 40 Day 22 0 10 20 30 40 50 60 70
DPI Time
60- 60- 60-
- PBS - PBS - PBS
= CPMV = Qp -= CCMV
S 404 ~ CPMV+1V209 S 404 + Qp+1v209 S 404 *+ CCMV+1v209
= - CPMV-1v209 = - Qp-1V209 = -+ CCMV-1V209
=3 = =3
(3 (3 (3
2 201#m4l5:§§.¥;;g§ 2 20--.-—-—"'-##:\‘;-—-—- 2 20-
o 10 20 30 0 0 10 20 30 0 0 10 20 30 40
DPI DPI DPI

Figure5.
Therapeutic effects of CPMV-1V209, CCMV-1V209, and QB-1V209 particles in the in

vivo CT26 colon cancer model. (A) Timeline of CT26 cell inoculation and treatment. (B)
Tumor growth curves. Blue arrows indicate the treatment days. (C) Volumetric scatter plot
of individual tumors on day 22. Data are means + SEM (7= 5). The results were compared
by one-way ANOVA with Tukey’s multiple comparisons test (**P< 0.01 and *P < 0.05).
(D) Survival rates of tumor-bearing mice over 70 days (dashed line shows the intersection
with median survival for each treatment). The results were compared using the log-rank
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(Mantel-Cox) test (**P< 0.01 and *P< 0.05). (E) Relative body weight of tumor-bearing
mice over 40 days.
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Figure 6.
Therapeutic effect of CPMV-poly(l:C) particles in the in vivo B16F10 melanoma model. (A)

Timeline of B16F10 cell inoculation and intratumoral particle injections. (B) Relative tumor
volume in tumor-bearing mice following the injection of PBS, CPMV, CPMV + poly(l:C),
or CPMV-poly(l:C). Blue arrows indicate the treatment days. Data are means + SEM (n=
5). (C) Survival rates of tumor-bearing mice over 60 days (dashed line shows the intersection
with median survival for each treatment). The results were compared using the log-rank
(Mantel-Cox) test (**£< 0.01).
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