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Abstract

Viral immunotherapies are being recognized in cancer treatment, with several currently approved 

or undergoing clinical testing. While contemporary approaches have focused on oncolytic viral 

therapies, our efforts center on the development of plant virus-based cancer immunotherapies. 

In a previous work, we demonstrated the potent efficacy of the cowpea mosaic virus (CPMV), 

a plant virus that does not replicate in animals, applied as an in situ vaccine. CPMV is 

an immunostimulatory drug candidate, and intratumoral administration remodels the tumor 

microenvironment leading to activation of local and systemic antitumor immunity. Efficacy has 

been demonstrated in multiple tumor mouse models and canine cancer patients. As wild-type 

CPMV is infectious toward various legumes and because shedding of infectious virus from 

patients may be an agricultural concern, we developed UV-inactivated CPMV (termed inCPMV) 

which is not infectious toward plants. We report that as a monotherapy, wild-type CPMV 

outperforms inCPMV in mouse models of dermal melanoma or disseminated colon cancer. 

Efficacy of inCPMV is less than that of CPMV and similar to that of RNA-free CPMV. 

Immunological investigation using knockout mice shows that inCPMV does not signal through 

TLR7 (toll-like receptor); structure–function studies indicate that the RNA is highly cross-linked 

and therefore unable to activate TLR7. Wild-type CPMV signals through TLR2, -4, and -7, 

whereas inCPMV more closely resembles RNA-free CPMV which signals through TLR2 and 

-4 only. The structural features of inCPMV explain the increased potency of wild-type CPMV 

through the triple pronged TLR activation. Strikingly, when inCPMV is used in combination with 

an anti-OX40 agonist antibody (administered systemically), exceptional efficacy was demonstrated 

in a bilateral B16F10 dermal melanoma model. Combination therapy, with in situ vaccination 

applied only into the primary tumor, controlled the progression of the secondary, untreated 

tumors, with 10 out of 14 animals surviving for at least 100 days post tumor challenge without 

development of recurrence or metastatic disease. This study highlights the potential of inCPMV as 

an in situ vaccine candidate and demonstrates the power of combined immunotherapy approaches. 

Strategic immunocombination therapies are the formula for success, and the combination of in situ 

vaccination strategies along with therapeutic antibodies targeting the cancer immunity cycle is a 

particularly powerful approach.
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INTRODUCTION

The approval of the oncolytic viral immunotherapy Imlygic (Amgen) for treatment of 

melanoma1 and the development of recombinant poliovirus for treatment of recurrent 

glioblastoma2 highlight the potential of viruses in cancer immunotherapy. Imlygic is a 

genetically engineered oncolytic virus, a modified form of the herpes simplex virus (HSV). 

When administered within a lesion, it acts as an in situ vaccine by two mechanisms: (1) 

direct tumor cell killing as a function of the oncolytic nature of the virus; and (2) innate 

immune cell recruitment as a function of expression of the cytokine granulocyte-macrophage 

colony-stimulating factor—the gene that was inserted as part of the genetic modification of 

HSV.3 While mammalian viral vectors have made headway in human medicine, limitations 

are that these attenuated viruses can be infectious. In addition, Imlygic and other oncolytic 

virotherapies have a high price per dose and poor stability at room temperature, requiring 

storage at −80 °C that will significantly limit the market for and access to this technology. 

Additionally, the necessary repeated treatments of oncolytic therapies increase the risk 

of development of neutralizing antibodies against the biologic, thereby hindering their 

infectivity and potentially reducing their efficacy.4,5

To develop effective in situ vaccination approaches that address the challenges associated 

with oncolytic viral therapies, we have investigated plant virus-based biologics. Specifically, 

we have developed nanoparticles based on the cowpea mosaic virus (CPMV) for in situ 

vaccination. We have demonstrated that, when applied intratumorally, CPMV initiates 

remodeling of the tumor microenvironment and stimulates a potent antitumor immune 

response in mouse models of melanoma, ovarian cancer, breast cancer, colon cancer,6,7 and 

glioma.8 The antitumor response is systemic and accompanied by immunological memory, 

which can prevent recurrence. Ongoing trials in companion dogs with melanoma indicate 

that the potent antitumor efficacy of CPMV or virus-like particles (VLPs) of CPMV that 

lack RNA can be replicated in these animals.9-11

In a recent study, we delineated the mechanism of immune activation of CPMV, which 

provides insights into the differences in potency observed comparing native versus RNA-free 

formulations of CPMV, termed empty or eCPMV. Although CPMV is noninfectious toward 

mammals, it is immunogenic. The repetitive, multivalent protein assemblies are recognized 

as pathogen-associated molecular patterns (PAMPs) that act as danger signals and activate 

the innate immune cells, including neutrophils, dendritic cells, macrophages, and natural 

killer cells. The primary PAMP receptors that recognize proteins are toll-like receptors 

(TLRs).12 RNA-free, empty CPMV (eCPMV) particles are recognized by TLR2 and TLR4, 

while wild-type RNA-containing CPMV particles also signal through TLR7.13 In particular, 

CPMV generates a variety of proinflammatory cytokines, including interferon gamma6,7 

as well as type-I interferons.13 The triple-pronged activation of RNA-laden CPMV likely 

underlies its increased potency.

The plant virus in situ vaccination strategy differs from oncolytic viral therapies: while 

the oncolytic virus relies on the tumor cell uptake to execute its cytotoxic function, 

the plant virus orchestrates tumor cell killing indirectly through innate immune cell 
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activation: (1) CPMV engages with innate immune cells in the tumor microenvironment, 

(2) innate immune cells respond to CPMV by activating, and (3) these innate immune 

cells kill tumor cells and process tumor-associated antigens. These antigen-presenting 

cells then subsequently elicit an adaptive immune response that generates systemic 

immunity and immune memory.7,14 Therefore, CPMV-based immunotherapy is not subject 

to neutralization by antidrug antibodies. In contrast, the anti-CPMV antibodies (which are 

formed during the repeated treatment cycles) lead to opsonization, which stimulates innate 

immune cell uptake, and enhanced immune-mediated antitumor efficacy.15 Another positive 

attribute of CPMV and of plant viruses, in general, is that these biologics have outstanding 

thermal stability. CPMV withstands temperatures of 37 °C for 46 days16 and 60 °C for up to 

1 h,17 and therefore it does not require freezers for storage or distribution.

While wild-type CPMV is not known to be infectious or communicated by humans 

or mammals, it does infect plants. In addition to the natural hosts, that is, black-eyed 

peas, species from several families—including legumes and Nicotiana benthamiana—are 

known to be susceptible to the virus, and transmission can be achieved experimentally by 

mechanical inoculation. In systemically infected plants CPMV typically causes mosaic or 

mottling symptoms.18 Therefore, agricultural safety must be considered when developing 

plant virus-based therapeutics. In our efforts toward environmentally safe plant virotherapy, 

we recently established chemical [using β-propiolactone (βPL) or formalin] and UV light 

inactivation of CPMV. We reported that 750 mM βPL, 1 mM formalin, or 7.5 J cm−2 UV 

sufficiently inactivated CPMV (inCPMV) and prevented plant infection. When used as in 

situ vaccine treatment, chemically inCPMV outperformed RNA-free VLPs but was less 

efficacious than wild-type CPMV in a murine dermal melanoma model; UV inCPMV was 

not tested.19

Building on these findings, we aimed to further investigate the efficacy of UV inCPMV. 

We assayed whether the structural changes resulting from UV exposure, such as RNA 

cross-linking within the nanoparticles and/or cross-linked to the protein capsid, could 

underlie these differences. The structural studies were complemented with immunological 

investigations of the relative accessibility of inCPMV RNA as a target of TLR signaling 

pathways. Finally, we evaluated inCPMV in combination dual therapy with OX40 agonist. 

OX40 is an immune stimulatory surface receptor that promotes T cell clonal expansion 

and activation with ligand binding. We chose OX40 therapy because we previously 

reported synergistic effects of combination therapy with wild-type CPMV and OX40 in 

multiple mouse tumor models.20 Here, we report the efficacy, structural, and immunological 

mechanism data of inCPMV in both solo and combination cancer immunotherapy strategies.

MATERIALS AND METHODS

CPMV Production and UV Inactivation.

Native CPMV was propagated in Vigna unguiculata (Burpee black-eyed pea No. 5) plants 

by mechanical inoculation; propagation and purification were as previously described.21 

eCPMV was produced in N. benthamiana plants by agroinfiltration; propagation and 

purification were as previously described.22 Cowpea chlorotic mottle virus (CCMV) was 

used as a control and propagated in V. unguiculata (Burpee black-eyed pea No. 5) plants 
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by mechanical inoculation; propagation and purification were as previously described.23 UV 

inactivation was carried out using previously established methods;19 in brief, native CPMV 

(1 mg mL−1) was exposed to UV light at a wavelength of 254 nm using a dose of 7.5 J·cm−2 

using a UVP cross-linker (Analytik Jena AG).

Characterization of CPMV and inCPMV.

The concentration of CPMV and inCPMV was determined by UV–vis spectroscopy using a 

NanoDrop spectrophotometer (Thermo Fisher Scientific) and the Beer–Lambert law. CPMV: 

ε(260nm) = 8.1 mL mg−1 cm−1; molecular weight of CPMV = 5.6 × 106 g·mol−1.

The hydrodynamic diameter of native and inCPMV was determined by dynamic light 

scattering (DLS). Samples in 1 mg/mL in 0.01 M potassium phosphate buffer (pH 7.4) were 

analyzed using a Zetasizer Nano ZSP/Zen5600 instrument (Malvern Panalytical, Malvern, 

UK).

For transmission electron microscopy (TEM), the samples were diluted to 0.5 mg/mL in 

Milli-Q water; 10 μL of inCPMV was absorbed onto FCF400-CU 400-mesh copper grids 

(Electron Microscopy Sciences) for 2 min at room temperature, then the grid was washed 

twice for 30 s with Milli-Q water, and the sample was stained with 10 μL of 2% (w/v) uranyl 

acetate for 1 min. The grid was blotted with the Whatman filter paper to remove excess 

solution and examined at 80 kV using a FEI Company (Hillsboro, OR, USA) Tecnai G2 

Spirit transmission electron microscope.

200 μL (1 mg mL−1) of CPMV and inCPMV were analyzed by size exclusion 

chromatography (SEC) using a Superose 6 Increase column and an ÄKTA Explorer 

chromatography system (GE Healthcare). The flow rate was set to 0.5 mL min−1 in 0.1 M 

potassium phosphate buffer (pH 7.0), and the absorbance at 260 and 280 nm was recorded.

Native CPMV and inCPMV (10 μg) were analyzed on agarose gels (0.8% w/v) run for 30 

min at 120 V in 1× Trisacetate-ETDA running buffer in the presence of nucleic acid gel stain 

(GelRed, Biotium). 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.

CPMV and inCPMV (10 μg) were denatured in 4× LDS loading dye (Thermo Fisher 

Scientific) at 100 °C for 5 min, and the L and S coat proteins were separated on 4–12% 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) precast gels in 1× 

morpholinepropanesulfonic acid buffer (Thermo Fisher Scientific) for 35 min at 200 V and 

120 mA in the presence of SeeBlue Plus2 ladder size markers (Thermo Fisher Scientific). 

Gels were stained with GelRed (Biotium) and Coomassie brilliant blue G-250 (0.25% w/v) 

and subsequently imaged with the FluorChem R imaging system under UV light or white 

light. ImageJ software (https://imagej.nih.gov/ij/download.html) and band analysis tool were 

used for image analysis.

Koellhoffer et al. Page 5

Mol Pharm. Author manuscript; available in PMC 2022 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://imagej.nih.gov/ij/download.html


Immunological Assays.

Female C57BL/6J, MyD88−/−, TLR2−/−, TLR4−/−, TLR5−/−, TLR7−/−, and TLR9−/− 

mice (6–8 weeks old) were purchased from The Jackson Laboratory and bred at the 

Dartmouth College. These mouse studies were approved by the Institutional Animal Care 

and Use Committee of Dartmouth College. Splenocyte assays established previously13 were 

modified and set up from different mouse strains. Briefly, spleens from corresponding 

mouse strains were harvested, and 5 × 105 splenocytes were cultured with either CPMV 

or inCPMV (12 μg/mL) in 200 μL of complete RPMI for 24 h in 96-well plates. The 

conditioned medium was stored frozen (−20 °C) for cytokine quantification prior to assay by 

enzyme-linked immunosorbent assay (ELISA) to detect interleukin-6 (IL-6) or interferon β 
(IFN-β). Unless otherwise mentioned, these cells were cultured in RPMI1640 supplemented 

with 10% v/v fetal bovine serum and antibiotics. All cell cultures were maintained in a 5% 

CO2 incubator at 37 °C.

Data are presented as the mean ± standard error of the mean (SEM). The results shown here 

are representative responses from biological triplicates. T-test p-values <0.05 were required 

to assign significance and are represented as an asterisk (*) in the figures, p < 0.01 as **, 

and p < 0.001 as ***.

Tumor Mouse Models and CPMV Immunotherapy.

All tumor treatment experiments were conducted in accordance with the University of 

California, San Diego Institutional Animal Care and Use Committee and involved female 

C57BL6 or Balb/c mice (The Jackson Laboratory) 6–8 weeks of age.

For the dermal melanoma tumor model (one tumor), 2.5 × 105 B16F10 cells were suspended 

in 50 μL of PBS and were injected intradermally (i.d.) into the right flank of C57BL6 mice 

on day 0. CPMV, eCPMV, CCMV, and inCPMV (100 μg) were administered by intratumoral 

injection in 10 μL of PBS; weekly treatment was given starting ~7 days post tumor challenge 

when the tumors reached ~60 mm3. For the bilateral tumor model, 1.5 × 105 B16F10 cells 

were suspended in 20 μL of PBS and were injected (i.d.) into the left flank of C57BL6 

mice on day 0; on day 3, 7.5 × 104 B16F10 cells were suspended in 10 μL of PBS and 

were injected (i.d.) into the right flank of C57BL6 mice to induce the secondary tumor. Only 

the primary tumor was treated using CPMV or inCPMV (100 μg) solo or in combination 

with rat anti-mouse OX40 IgG1 (clone OX86, BioXCell; 100 μg) on days 3, 8, and 13 

post primary tumor challenge. OX40 was administered systemically via intraperitoneal 

injection. The primary tumors were surgically removed either when their volumes reach 

500 mm3 or on day 15, whichever was earlier. These tumors were subsequently processed 

for immunofluorescence; see below. Tumor volumes were measured using a digital caliper. 

The tumor volume (mm3) was calculated as follows: (long diameter × short diameter2)/2. 

Animals were euthanized when the tumor volume exceeded 1000 mm3.

For the colon tumor model, 5 × 105 CT26-luc cells/200 μL of PBS were injected 

intraperitoneally (i.p.) into Balb/c mice. CPMV or inCPMV (100 μg) was administered 

on days 7, 14, and 21 by injection (i.p.) in 200 μL of PBS. Tumor growth was monitored by 

body weight and total bioluminescence imaging based on the i.p. injection of 100 mg kg−1 
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luciferin (Thermo Fisher Scientific), followed by analysis in an IVIS Spectrum Imaging 

System (PerkinElmer). Mice were euthanized when their weight reached 30 g.

Statistical analysis.—All results are expressed as the mean ± SEM, as indicated. 

Student’s t-test was used to compare the statistical difference between two groups, and 

one-way or two-way analysis of variance (ANOVA) with Sidak’s or Tukey’s multiple 

comparison tests were used to compare three or more groups. Survival rates were analyzed 

using the log-rank (Mantel–Cox). P values <0.05 were considered statistically significant: 

(*p < 0.05, **p < 0.05, etc.). All statistical tests were performed using GraphPad Prism v7.0 

(GraphPad Software).

Immunofluorescence Staining of Tumor Tissue.

Two staining panels were used, one to target CD8+ T cells and the other to identify CD4+ 

T cells and Tregs. For the CD8+ T cell panel, primary antibody was rabbit anti-mouse CD8 

monoclonal antibody (Abcam, ab209775, 1:500 dilution) and secondary antibody was goat 

anti-rabbit Alexa Fluor 488 (Abcam, ab150077, 1:500 dilution). For the CD4+ T cell and 

Treg panel, primary antibodies were rabbit anti-mouse CD4 monoclonal antibody (Abcam, 

ab183685, 1:400 dilution) and rat anti-mouse FoxP3 monoclonal antibody (ThermoFisher 

Scientific, FJK-16S, 1:400 dilution) and secondary antibodies were goat anti-rabbit Alexa 

Fluor 555 polyclonal antibody (Abcam, ab150078, 1:500 dilution) and goat anti-rat Alexa 

Fluor 488 polyclonal antibody (Abcam, ab150165, 1:500 dilution).

Tissue was flash frozen in OCT media with isopentane (cooled by dry ice to −78.5 °C). 

Tumors were cryo-sectioned into 5 μm transverse sections (orthogonal to the longest axis). 

Tumor sections were fixed with cooled 100% acetone (−20 °C), then washed with PBS, 

and blocked (1× PBS/5% (v/v) normal goat serum (Cell Signaling Technology, 5425S)/

0.3% (v/v) Triton X-100) for 1 h at room temperature. Primary antibody staining was 

subsequently performed overnight at 4 °C. The sections were then washed in PBS and 

stained with secondary antibodies at room temperature for 2 h. After washing with PBS 

and drying, the sections were stained and mounted with Prolong Gold Antifade reagent with 

DAPI (Cell Signaling Technology, 8961S). Sections were visualized on a Keyence BZ-X710 

all-in one microscope (Keyence Corporation) with a filter set (DAPI, TRITC, and FITC) and 

accompanying imaging analysis software.

RESULTS AND DISCUSSION

CPMV Outperforms inCPMV as Solo Treatment in Mouse Models of Melanoma and Colon 
Cancer.

We treated dermal melanoma using C57Bl6. Treatment began ~7 days post tumor challenge 

when palpable B16F10 tumors ~60 mm3 in volume were apparent, and animals were 

sacrificed when the tumors reached 1500 mm3. In the CT26 i.p. disseminated colon cancer 

model using Balb/C mice, tumor establishment was confirmed by bioluminescence imaging 

of the luc-expressing CT26 cells (not shown). Because imaging is only informative at 

early time points before the development of ascites, we applied imaging only to confirm 

successful tumor formation. We subsequently monitored the body weight and the abdominal 
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circumference to assess tumor burden, and 30 g body weight was defined as the endpoint 

for the study. Weekly treatments were administered as a bolus injection either intratumorally 

(B16F10) or i.p. (CT26). The treatment groups were as follows: CPMV, inCPMV, PBS 

(negative control), eCPMV (which does not contain RNA22), or CCMV. Here, we used 

CCMV as a control particle: we previously reported that CCMV is not an effective 

in situ vaccine reagent. Based on the RAW Blue TLR reporter cell line assay,23 it is 

only moderately immunostimulatory. It does not engage with TLRs in HEK reporter cell 

lines24 and does not prime antitumor efficacy.23 Therefore, CCMV served as a negative 

control. Compared to PBS or any other treatment group, CPMV demonstrated the most 

potent efficacy in both tumor models, increasing and prolonging survival. Neither inCPMV, 

eCPMV, nor CCMV conferred statistically significant survival benefit under the treatment 

and dosing scheme used (Figure 1).

This does not necessarily indicate that none of these formulations can induce antitumor 

efficacy. Based on previous investigations, we can hypothesize that further modifications 

to the treatment dosing and administration may augment the efficacy observed in vivo. 

For example, while CCMV is not an effective in situ vaccine reagent, when loaded with 

CpG, a TLR-9 agonist, CpG-CCMV induces potent efficacy as was demonstrated in a 

mouse model of triple negative breast cancer.24 We have also reported that the eCPMV has 

antitumor efficacy in tumor mouse models and canine cancer patients,7,11 albeit at lower 

degree compared to CPMV.25 This relative deficit in efficacy of eCPMV was attributed 

to the lack of RNA TLR7 signaling as eCPMV is devoid of RNA.13 Additionally, our 

previous data demonstrated that chemically inCPMV was less efficacious than CPMV but 

more so than eCPMV.19 Furthermore, our previous report indicated that UV inCPMV—just 

like chemically inCPMV—maintained immunostimulatory properties as measured by TLR 

activation in the RAW Blue TLR reporter cell line.19 Indeed, we find that initiating treatment 

earlier resulted in measurable efficacy of inCPMV in a bilateral tumor model of B16F10 

dermal melanoma; see data and discussion below. Therefore, it is also possible that an 

alternate treatment schedule, with earlier treatment, more frequent treatments, or higher dose 

would result in efficacy of inCPMV therapy.

Cross-linked RNA of inCPMV is Inaccessible for TLR7 Stimulation.

Since the RNA containing inCPMV behaved similarly to RNA-lacking eCPMV, we 

investigated the condition of the RNA in the inCPMV. First, we performed DLS, TEM, 

and SEC to assess whether inCPMV was intact, broken, or aggregated. Consistent with 

our previous reports,19 inCPMV showed some degree of aggregation. This was evidenced 

by an increased size and polydispersity index (PDI) in DLS measurements with inCPMV 

measuring ~56 nm (PDI of 0.43) versus ~37 nm (PDI of 0.19) for CPMV (Figure 2A). Also, 

TEM imaging confirmed the presence of intact particles. inCPMV were observed in clumps 

which may indicate some degree of interparticle cross-linking (Figure 2B). Aggregation was 

also observed by SEC and evident by a sharp peak at <10 mL elution volume from the 

Superose 6 Increase column. Unaggregated inCPMV eluted at ~12 mL which is consistent 

with the elution profile of native CPMV. The A260/280 nm ratio of 1.7 is indicative of intact 

CPMV with an RNA-to-protein ratio similar to that of native CPMV. Broken particles and 

free coat proteins or RNA, which would have higher elution volumes, were not detectable. 
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Therefore, SEC indicates that UV inactivation results in intact inCPMV particles without 

loss of encapsulated RNA, albeit with some degree of interparticle aggregation (Figure 2C).

To gain further insight into the mechanism of action of inCPMV, we performed structure–

function studies. First, CPMV and inCPMV preparations 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 and 24 kDa, respectively (Figure 2D). The band intensity of inCPMV 

coat proteins was reduced compared to the bands of CPMV coat proteins which indicates 

intercoat protein or coat protein–RNA cross-links resulting in reduced yields of free L 

and S protein. Low mobility, high-molecular-weight protein bands were not detectable by 

SDS-PAGE. These bands may be smeared and, therefore, are below the detection limit of the 

Coomassie blue staining. GelRed staining was added to SDS-PAGE gels to assess the RNA 

content of the particles. In contrast to native CPMV, much of the RNA from inCPMV did 

not travel through the gel and was detected in the well of the gel (Figure 2D). This band 

pattern is indicative of cross-linking of the RNA molecules and between RNA and the coat 

protein.

Next, we analyzed CPMV versus inCPMV by native agarose gel electrophoresis. Here, 

we also considered CPMV versus inCPMV stored in aqueous buffer versus lyophilized 

and reconstituted preparations. Lyophilization was utilized because we previously observed 

that freeze-drying results in loss of RNA from CPMV.26 CPMV and inCPMV exhibit 

comparable electrophoretic mobility under native agarose gel electrophoresis; the GelRed- 

and Coomassie-stained bands colocalize, indicating that intact, RNA-laden CPMV, and 

inCPMV migrate through the electrophoretic field and agarose gel (Figure 2E, lanes 1 + 2).

We note that the RNA staining for inCPMV is much stronger compared to that for native 

CPMV (the latter is hardly detectable but present), indicating that the cross-linked RNA 

is a better template for intercalation of the dye (GelRed). This was also consistent with 

previous findings.19 The band pattern observed after the samples were freeze-dried and 

restored in aqueous buffer prior to electrophoretic separation was remarkable. Lyophilization 

of native CPMV (lyo-CPMV) resulted in a loss of RNA as free RNA and free empty capsids 

were imaged (Figure 2E, lane 3). In contrast, RNA loss was only partial when inCPMV is 

lyophilized (lyo-inCPMV, Figure 2E, lane 4, and Figure 2F). Lane analysis using ImageJ 

software indicates that lyo-CPMV has complete loss of genomic RNA, whereas 60% of the 

RNA content remains associated with lyoinCPMV. Hence, only 40% of the RNA was no 

longer inside the protein coat.

We also considered the more extensive interparticle aggregation resulting from 

lyophilization of inCPMV. While aggregation of inCPMV was also apparent by SEC 

analysis (Figure 2C), it was not apparent by agarose gel electrophoresis for samples stored 

in aqueous buffer. The freeze-drying process, however, also concentrated the samples and 

fostered aggregation behavior as evident from the band pattern observed (Figure 2E, lane 

4). Together, these data support the hypothesis that RNA is cross-linked to the protein 

capsid in inCPMV, leading to a higher degree of dye intercalation and resulting in more 

stable packaging. In part, this could be due to RNA-coat protein cross-linking or simply be 
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steric hindrance for the cross-linked RNA to pass through the sub-nanometersized pores at 

CPMV’s five-fold axis.27

inCPMV is an Ineffective TLR7 Agonist and Inducer of Cytokine Production.

We set out to address whether the cross-linked RNA within inCPMV could still engage 

with and activate TLR7. MyD88 is a central adaptor protein for TLR recognition. In 

a recent work, we delineated that CPMV signals through MyD88-dependent TLR2, −4, 

and −7 and that the triple-pronged immune activation induces IL-6 and IFN-β.19 Using 

transgenic knockout (KO) mice and our established splenocyte assays,19 we compared the 

levels of IL-6 and IFN-β induction following stimulation with CPMV or inCPMV. Both 

CPMV and inCPMV induced IL-6 and IFN-β production in splenocytes from C57Bl6 mice; 

however, CPMV led to 2-fold higher levels of IL-6 and a 3.7-fold increase in IFN-β levels 

compared to inCPMV. Cytokine expression was lost when splenocytes from MyD88−/− 

were used, indicating that both CPMV and inCPMV are immunostimulatory and signal 

through MyD88-dependent pathways (Figure 3A,C).

Next, we investigated the induction of cytokines in relevant MyD88-dependent TLR KO 

mice, that is, TLR2−/−, TLR4−/− TLR5−/−, TLR7−/−, and TLR9−/−.28 IL-6 and IFN-β 
levels were comparable when splenocytes from TLR7−/− mice were stimulated with either 

CPMV or inCPMV (Figure 3A,C). A direct comparison between wild-type C57BL6 and 

TLR7−/− mouse splenocyte assays (Figure 3 and Figure S1) showed that the superior 

induction ability of CPMV observed in wild-type mouse splenocyte assay was lost, when 

compared to that of inCPMV, in the TLR7−/− KO mouse splenocyte assay.

This indicates that the increased IL-6 and IFN-β levels observed in wild-type mouse 

splenocytes with CPMV stimulation, relative to the levels produced in response to inCPMV 

stimulation, reflected differences between CPMV and inCPMV in signaling through 

TLR7. TLR7 is responsible for viral ssRNA recognition and can induce type I interferon 

secretion.29,30 That inCPMV does not signal (or signals poorly) through TLR7 is consistent 

with the structural data provided in Figure 2. Data suggest that the cross-linked RNA 

(RNA–RNA and RNA–protein) within inCPMV is a poor TLR7 agonist compared to the 

intact ssRNAs that are encapsulated within CPMV. Since type I interferon is critical for the 

superior antitumor efficacy,31 this also explains the reduced efficacy when inCPMV was 

used as monotherapy for treatment of melanoma or colon cancer in mice (see Figure 1).

Last, KO models of TLR2, -4, -5, and -9 did not completely abolish the induction of 

IL-6 by CPMV or inCPMV (Figure 3B). This finding is aligned with our previous data 

demonstrating that TLR2, -4, and -7 are responsible for CPMV recognition. TLR2 and -4 are 

complimentary for CPMV capsid recognition (i.e., RNA-free eCPMV signals only through 

TLR2 and -4), and TLR7 is responsible for recognition of the packaged ssRNA.19 Although 

there is no statistical difference in IL-6 induction between CPMV- and inCPMV-treated 

splenocytes from TLR2, -4, -5, or -9 KO mice, there is a trend of increased average IL-6 

induction by CPMV than inCPMV across all KO models. This is consistent with stimulation 

of either TLR2, -4, or -7 leading to increased proinflammatory cytokines; moreover, this 

is in line with our previous report that CPMV induced higher IL-6 and better antitumor 

efficacy compared to eCPMV, and this was attributed to additional TLR7 signaling through 
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the packaged ssRNAs of CPMV.19 inCPMV only showed negligible-to-no IFN-β induction 

compared to CPMV when splenocytes from TLR2, -4, -5, or -9 KO mice were stimulated 

with inCPMV versus CPMV (Figure 3D). These data further strengthened our conclusion 

that inCPMV is a poor TLR7 agonist and that UV cross-linking likely renders the RNA 

inaccessible to TLR7 recognition or activation.

inCPMV in Combination with OX40 Agonist Serves as Highly Potent Cancer 
Immunotherapy.

While preliminary efficacy studies (Figure 1) and structure–function studies (Figures 2 and 

3) clearly indicate that inCPMV is less potent compared to CPMV and exhibits cross-linked 

RNA inaccessible for TLR7 stimulation, we were not discouraged to further elucidate the 

potential of inCPMV as a cancer immunotherapy. Previous data indicate potent efficacy of 

eCPMV as an in situ vaccine,7,11 and the efficacy of eCPMV (which does not contain RNA) 

is mediated solely through TLR2 and TLR4 signaling.13 inCPMV is immunostimulatory in 

the RAW Blue cell assay.19 These data motivated us to investigate the therapeutic potential 

of inCPMV in combination with immune checkpoint therapy. The application of inCPMV 

may be of benefit because it is safer from an agricultural perspective, and we previously 

reported that inCPMV is noninfectious toward its host V. unguiculata.19 Plant viruses have 

been reported in human feces,32 and it is possible that “shedding” of the plant viral therapy 

may occur in patients. While it is unlikely to present a translational barrier, non-infectious 

formulations would be generally safer from an agricultural perspective.

In previous work, we demonstrated that CPMV treatment leads to various changes within 

the tumor microenvironment by reversing immunosuppression and launching potent and 

systemic antitumor immunity. Along with the observed changes, we also observed increased 

expression of checkpoint regulators on Foxp3− CD4+ effector T cells in the tumor 

microenvironment, including OX40. OX40 is an immune stimulatory surface receptor that is 

expressed on CD4+ and CD8+ effector T cells, as well as regulatory T cells. When OX40 

is engaged with its ligand, the NF-κB signaling pathway is activated leading to T cell 

clonal expansion and activation.33,34 Agonistic OX40-specific antibodies can promote T cell 

activation.35 We observed that synergistic efficacy can be achieved through a combination 

of CPMV with agonistic OX40-specific antibodies. We observed reduced tumor burden, 

prolonged survival, and induced tumor antigen-specific immunologic memory to prevent 

relapse in three immunocompetent syngeneic mouse tumor models, including melanoma.20 

Building on these data, we tested the efficacy of inCPMV combined with agonistic OX40-

specific antibodies in a bilateral dermal melanoma model using B16F10 cells and C57Bl6 

mice.

First, the mice were challenged with one tumor (left flank). Three days later, the mice 

were challenged with a second tumor inoculation on the contralateral flank (right flank). 

The primary tumor was removed when its volume reached 500 mm3 or on day 15 after 

the primary tumor challenge, whichever was earlier. Tumor resection kept the tumor 

burden below the humane endpoint threshold and to enable longitudinal monitoring of the 

secondary tumor’s progression. Treatment began 3 days after the left flank tumor challenge, 

and a total of three treatments of inCPMV were administered intratumorally treating only 
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the primary tumor (left flank) as a monotherapy or in combination with systemically 

administered OX40 agonist (Figure 4A).

Treatment with the OX40 agonist alone did not slow the growth rate of the treated tumor. 

While there was a moderate slowing of growth rate of some of the untreated tumors, the 

treatment conferred no improvement on survival compared to the survival of the PBS-treated 

control group. In contrast to the earlier treatment studies (Figure 1), inCPMV exhibited 

efficacy, and this difference may be explained by the difference in the treatment schedule: 

In this experiment, the primary tumor was treated 3 days after it was inoculated, when the 

tumors were small but palpable (Figure 4). The treatment start point in the study from Figure 

1 was 7 days after inoculation of the primary tumor, when the tumors reached 60 mm3 

(Figure 1A). inCPMV significantly reduced primary tumor burden and exhibited efficacy in 

delaying progression of the secondary tumor, evidenced by reduced tumor burden compared 

to the PBS-treated control group (Figure 4B,C). inCPMV also increased survival; the last 

animal in the inCPMV reached endpoint at 36 days post primary tumor challenge, while all 

PBS animals reached endpoint by 25 days post primary tumor challenge (p < 0.005) (Figure 

4C).

The combination of inCPMV and OX40 agonist reached unmatched potency. The 

therapeutic effects were dramatic when assessing systemic efficacy by elimination of the 

established untreated tumor. Tumor growth was controlled over the 100 day longitudinal 

study with 10 out of 14 animals surviving; notably the survivors were tumor-free with no 

palpable tumors and no signs of metastatic disease (Figure 4C,D; p < 0.00005 vs PBS).

These data highlight the potential of inCPMV as an in situ vaccine candidate and 

demonstrate the power of agonistic OX40 antibody as part of immunocombination therapies. 

The immunostimulatory agent used for in situ vaccination leads to innate immune cell 

activation and recruitment, leading to tumor cell death and processing of tumor-associated 

antigens, thus connecting activation of the innate arm of the immune system with the 

adaptive arm for a more targeted response.36 Immunofluorescence staining of the sectioned 

tumor tissue of the treated primary tumors, 12 days following initial treatment, clearly 

showed infiltration of CD4+ and CD8+ T cells within the tumor microenvironment, both 

within the peripheral and deep tumors (because the treatment was effective, secondary 

tumors could not be collected). Animals treated with inCPMV and inCPMV + OX40 agonist 

led to increase in CD4+ and CD8+ T cells within the tumor (Figure 5); in both treatment 

groups, only a negligible number of FoxP3 regulatory T cells (Tregs) were observed—this 

is desired because Tregs are often associated with acquired resistance to immunotherapy. 

In stark contrast, there was no significant staining for CD4, CD8, or FoxP3 when animals 

received PBS or OX40 agonist alone (not shown). These data further support that the 

combination with an in situ vaccination strategy enables expansion of the pool of tumor-

specific T cells generated by in situ vaccination to maximize the antitumor response.

CONCLUSIONS

UV inCPMV is an immunostimulatory reagent that is noninfectious toward plants. The 

UV treatment cross-links the encapsulated ssRNA molecules. Immunological investigation 
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further indicates that these structural changes render inCPMV a poor TLR7 agonist. 

Nevertheless, inCPMV remains immunostimulatory through the TLR2 and -4 pathways, 

which are activated by the protein, not the RNA cargo. We demonstrate potent, systemic 

antitumor immunity in a bilateral dermal melanoma mouse model when inCPMV is used in 

combination with an OX40 agonist. Together, these findings support inCPMV as a suitable 

therapeutic candidate for human or veterinary oncology applications, particularly when used 

in combination with other approaches to stimulate T cell effector function.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CPMV outperforms inCPMV as monotherapy in mouse models of melanoma and colon 

cancer. (A) Treatment of B16F10 dermal melanoma bearing female C57Bl6 mice by weekly 

intratumoral injection of CPMV (n = 8), inCPMV (n = 7), or CCMV (n = 8) (100 μg) 

vs PBS (n = 7); three treatments were given. Treatment began when the tumors reached 

60 mm3
=, and endpoint was defined as tumors exceeding 1500 mm3. (B) Treatment of 

i.p. disseminated CT26 tumors in female Balb/C mice; treatment began 7 days post tumor 

challenge, and mice reaching 30 g was defined at the endpoint. Treatment was by weekly 

i.p. administration using CPMV (n = 8), inCPMV (n = 9), or eCPMV (n = 8) (100 μg) vs 

PBS (n = 9) (three treatments were given before endpoints were reached). Survival data were 

plotted, and statistical analysis was performed using Mantel–Cox test (*p < 0.05, **p < 0.05, 

***p < 0.0005).
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Figure 2. 
Characterization of inCPMV nanoparticles by SEC and electrophoresis. (A) DLS of CPMV 

and inCPMV. (B) TEM of negatively stained (UAc) inCPMV. (C) SEC of CPMV (inset) 

and inCPMV using a Superose 6 Increase column and an ÄKTA Explorer chromatography 

system. (D) SDS-PAGE under white light after Coomassie staining and under UV light 

after GelRed staining; + and − denote inCPMV treated with UV light and native CPMV 

(untreated), respectively. M = SeeBlue Plus2 molecular weight marker. (E) Native agarose 

gel electrophoresis images of CPMV and inCPMV with and without lyophilization treatment 

(lyo-CPMV and lyo-inCPMV) prior to electrophoresis; gels were imaged with UV light 

after GelRed staining (RNA detection) or white light after Coomassie staining (protein 

detection). (F) Lane 4 of C (see red box), GelRed stain was analyzed using a band 

analysis tool and ImageJ software. The area under the curve was measured to quantify 

RNA associated with CPMV capsids (packaged RNA) vs free RNA (higher mobility bands).
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Figure 3. 
InCPMV is a poor TLR7 stimulant, leading to low cytokine induction compared to 

CPMV. Splenocyte assays established previously19 were set up from C57BL6, MyD88−/−, 

TLR7−/−, TLR2−/−, TLR4−/−, TLR5−/−, and TLR9−/− mice (n = 3/strain). Supernatant 

was analyzed by (A,B) IL-6 ELISA and (C,D) IFN-β ELISA. Data for bar graphs were 

calculated using unpaired Student’s t-test with p < 0.05 as *, p < 0.01 as **, and p < 0.001 as 

***.
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Figure 4. 
In situ vaccination with inCPMV and OX40 agonist generates potent systemic antitumor 

immunity. (A) Treatment of a bilateral B16F10 dermal melanoma model using female 

C57Bl6 mice; secondary tumor challenge was performed 3 days after the primary tumor 

challenge; primary tumors were surgically removed on day 15; and treatment was given 

by intratumoral injection of anti-OX40 antibody (n = 9), inCPMV (n = 13), inCMV + 

anti-OX40 antibody (n = 14), or PBS (n = 11). (B,C) Tumor burden was measured, and the 

volume is reported of the primary tumor (B) and secondary tumor (C) [in panel (C), data 

points are shown for the groups with at least n = 3 animals remaining in the study]. (D) 

Survival data were plotted, and the statistical analysis was performed using Mantel–Cox test 

(****p < 0.00005).
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Figure 5. 
Immunofluorescence staining of secondary tumors indicate infiltration of CD4 and CD8 

cells. Treated primary tumors were collected from animals treated with PBS, OX40 agonist, 

inCPMV, and inCPMV + OX40 12 days after the initial treatment. Tumor sectioned from 

animals treated with PBS or OX40 agonist showed no staining for CD4, CD8, or FoxP3 (not 

shown). Significant staining with CD4 and CD8 marker is apparent in both the peripheral 

and deep tumors from animals receiving inCPMV and inCPMV + OX40 agonist. Only a 

small number of Tregs (FoxP3) were detected. Representative images are shown; blue = 

DAPI staining of the cell nuclei; red and green = antibody-specific staining as indicated in 

the legends.
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