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Abstract

Cowpea mosaic virus (CPMV) is a nucleoprotein nanoparticle that functions as a highly potent 

immunomodulator when administered intratumorally and is used as an in situ vaccine. CPMV 

in situ vaccination remodels the tumor microenvironment and primes a highly potent, systemic, 

and durable antitumor immune response against the treated and untreated, distant metastatic sites 

(abscopal effect). Potent efficacy was demonstrated in multiple tumor mouse models and, most 

importantly, in canine cancer patients with spontaneous tumors. Data indicate that presence of 

anti-CPMV antibodies are not neutralizing and that in fact opsonization leads to enhanced efficacy. 

Corresponding Author Nicole F. Steinmetz – Department of NanoEngineering, University of California San Diego, La Jolla, 
California 92039, United States; Center for Nano-ImmunoEngineering, Department of Bioengineering, Department of Radiology, 
Moores Cancer Center, and Institute for Materials Discovery and Design, University of California San Diego, La Jolla, California 
92039, United States; nsteinmetz@ucsd.edu.
¶Author Contributions
J.F.A.dO. and S.K.C. contributed equally.

Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsnano.2c06143.
Detailed experimental procedures and supporting data for CPMV stability under simulated gastric and intestinal fluid as well as 
additional biodistribution data and photographs of plants (PDF)

The authors declare the following competing financial interest(s): Dr. Steinmetz is a co-founder of, has equity in, and has a financial 
interest with Mosaic ImmunoEngineering Inc. Dr. Steinmetz serves as Director, Board Member, and Acting Chief Scientific Officer, 
and paid consultant to Mosaic. The other authors declare no potential conflict of interest.

HHS Public Access
Author manuscript
ACS Nano. Author manuscript; available in PMC 2023 January 14.

Published in final edited form as:
ACS Nano. 2022 November 22; 16(11): 18315–18328. doi:10.1021/acsnano.2c06143.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubs.acs.org/doi/10.1021/acsnano.2c06143


Plant viruses are part of the food chain, but to date, there is no information on human exposure 

to CPMV. Therefore, patient sera were tested for the presence of immunoglobulins against CPMV, 

and indeed, >50% of deidentified patient samples tested positive for CPMV antibodies. To get 

a broader sense of plant virus exposure and immunogenicity in humans, we also tested sera for 

antibodies against tobacco mosaic virus (>90% patients tested positive), potato virus X (<20% 

patients tested positive), and cowpea chlorotic mottle virus (no antibodies were detected). Further, 

patient sera were analyzed for the presence of antibodies against the coliphage Qβ, a platform 

technology currently undergoing clinical trials for in situ vaccination; we found that 60% of 

patients present with anti-Qβ antibodies. Thus, data indicate human exposure to CPMV and other 

plant viruses and phages. Next, we thought to address agronomical safety; i.e., we examined the 

fate of CPMV after intratumoral treatment and oral gavage (to mimic consumption by food). 

Because live CPMV is used, an important question is whether there is any evidence of shedding 

of infectious particles from mice or patients. CPMV is noninfectious toward mammals; however, 

it is infectious toward plants including black-eyed peas and other legumes. Biodistribution data 

in tumor-bearing and healthy mice indicate little leaching from tumors and clearance via the 

reticuloendothelial system followed by biliary excretion. While there was evidence of shedding of 

RNA in stool, there was no evidence of infectious particles when plants were challenged with stool 

extracts, thus indicating agronomical safety. Together these data aid the translational development 

of CPMV as a drug candidate for cancer immunotherapy.

Graphical Abstract
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INTRODUCTION

Several nanoparticle formulations have progressed through clinical development and are 

now approved for use in humans or companion animals.1,2 Each formulation, viral or 

synthetic, has their advantages and properties to be utilized in nanomedicine.3 Our interests 
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lie in the development of plant viral nanoparticles (VNPs) and virus-like particles (VLPs) 

that can be manufactured at high yields through plant molecular farming or fermentation.4-7 

The diversity of plant viruses offers a library of biological materials with different structures 

to choose from, including icosahedrons, nanotubes, or filamentous structures (typically 

<500 nm in size).8-11 Their structural properties lend them as templates for chemical and 

synthetic engineering such as shape-tuning, encapsulation or infusion, bioconjugation, or 

genetic tailoring with cargos ranging from small molecules to proteins and even synthetic 

nanoparticles.12-15 VNPs and their noninfectious counterparts, the VLPs, also offer a high 

degree of structural uniformity, quality control, and assurance, as they yield monodispersed 

nanoparticles.16

Mammalian viruses have been established for use in gene therapy and immunotherapy, 

with some vaccines being produced using inactivated viruses or VLPs.17-20 Examples 

include vaccines against hepatitis B virus (Sci-B-Vac) and human papilloma virus (Cervarix, 

Gardasil, and Gardasil9).21,22 More recent formulations use plant viruses and VLPs from 

bacteriophages, for example, Checkmate Pharmaceuticals’ Vidutolimod (formerly known 

as CMP-001, CYT003, or QbG10), which is a CpG-A-loaded Qβ VLP used as a cancer 

immunotherapeutic.23,24 Relevant to COVID-19, plant-based vaccines have also emerged as 

an attractive alternative to rapidly produce COVID-19 vaccines through molecular farming. 

Among some companies, Medicago developed the CoVLP vaccine candidate—a VLP 

expressed in plant tissue—while US-based Kentucky BioProcessing (KBP) developed the 

KBP-201 vaccine candidate based on tobacco mosaic virus (TMV) displaying the SARS-

CoV-2 RBD domain.25

Our laboratory is developing a plant-virus-based in situ vaccine (ISV) with demonstrated 

efficacy in multiple tumor mouse models and canine patients. Specifically, cowpea mosaic 

virus (CPMV)26-30 is used, and we capitalize on the immunostimulatory nature of the plant 

virus that when injected intratumorally (I.T.) activates innate immune cells within the tumor 

microenvironment (TME), therefore overcoming the immunosuppressive features of cold 

and aggressive tumors. The potency of CPMV as an ISV has been demonstrated in multiple 

tumor mouse models and canine cancer patients; abscopal effect and long-lasting protection 

from rechallenge or recurrence of the disease was documented.31-34

CPMV, a plant virus in the Secoviridae family, measures 30 nm in diameter and consists 

of 60 copies each of large (L) and small (S) coat protein subunits.35 In previous research, 

we considered CPMV, genome-free CPMV (termed empty CPMV or eCPMV36), as well 

as UV-inactivated CPMV33,34,37,38 and determined that the wild-type CPMV is the most 

potent ISV formulation. eCPMV-ISV being the least potent of the three formulations still 

demonstrates high antitumor potency in mouse models and canine patients;30-32 however, 

direct comparison with chemically inactivated CPMV or native CPMV highlights the 

importance of the nucleic acid cargo for immune cell signaling through Toll-like receptor 

(TLR)-7.33,38 Mechanism of action studies revealed that CPMV primes innate immune 

activation through MyD88-dependent pathways and signals through TLR-2, −4, and −7.33 

UV-inactivated CPMV (with heavily cross-linked RNA and protein components) and 

eCPMV do not signal through TLR-7 and therefore lack type I interferons, which may be 
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a critical stimulation in potentiating antitumor immunity.33,37 For these reasons, we propose 

native, live CPMV for translational development.

Although wild-type CPMV is not known to be infectious to humans or mammals, it infects 

plants, including black-eyed peas and other legumes.39,40 Currently, it is estimated that 

around 1000 plant viruses are known41 which cause negative impacts on crop production, 

food security, and ultimately cause an economic burden.42-44 It is also known that there is 

human exposure to plant viruses. Some plant viruses are commonly found in the human 

gut virome (tobacco mosaic virus, TMV; pepper mild mottle virus, PMMoV; tomato mosaic 

virus, ToMV),45-48 and there are reports of shedding of plant viruses from humans.48 For the 

translational development of live CPMV as a drug candidate, it is important to understand 

human exposure and potential shedding of infectious particles to determine agronomical 

safety.

To the best of our knowledge, there are no reports investigating human exposure to CPMV. 

Therefore, our first aim was to probe whether humans are exposed to CPMV. We analyzed 

human plasma from a 50 patient cohort for the presence of anti-CPMV antibodies. We also 

considered TMV, potato virus X (PVX), cowpea chlorotic mottle virus (CCMV), and the 

bacteriophage Qβ to obtain broader insights into plant virus and phage human exposure. 

Our second aim was to investigate the biodistribution and clearance of CPMV in healthy 

and tumor-bearing mice (a murine melanoma model was used) when administered orally or 

intratumorally. Specifically, we considered whether infectious particles were shed in urine or 

stool.

RESULTS AND DISCUSSION

CPMV and Cy5-CPMV Synthesis and Characterization.

Native and fluorescently labeled Cy5-CPMV was prepared, and the latter was 

used for particle trafficking studies. Cy5-CPMV was synthesized by conjugating N-

hydroxysuccinimide (NHS) ester of sulfo-Cy5 (NHS-Sulfo-Cy5) to CPMV’s solvent-

exposed lysine residues.49 CPMV and Cy5-CPMV were characterized to confirm the 

degree of labeling, purity, and particle integrity (Figure 1). Native and denaturing gel 

electrophoresis was consistent with the presence of intact CPMV and Cy5-CPMV particles, 

and protein contaminants or free dye were not apparent. Native gels of intact particles 

showed cocolocalization of RNA and protein components and, in the case of Cy5-CPMV, 

also fluorescence (Figure 1B). Denaturing sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) (Figure 1C) showed the ~24 kDa (S) and ~42 kDa (L) coat 

protein subunits for CPMV and fluorescently labeled coat proteins of Cy5-CPMV. The 

degree of labeling was determined by UV–vis (Figure 1D), revealing labeling with ~40 Cy5 

dyes per CPMV.

Particle integrity was determined using size exclusion chromatography (SEC, Figure 1E), 

transmission electron microscopy (TEM, Figure 1F), and dynamic light scattering (DLS, 

Figure 1G). Both CPMV and Cy5-CPMV showed similar elution profiles and eluted at 10–

15 mL from a Superose 6 increase column with the characteristic 260/280 ratio of ~1.8.50 

TEM imaging depicts monodisperse ~30 nm sized particles; data were corroborated by 
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DLS measurements, which indicated a hydrodynamic diameter of CPMV and Cy5-CPMV 

measuring ~35 nm with a narrow polydispersity index (PDI) of 0.1.

Prevalence of Anti-VNP/VLP Antibodies in Humans.

We searched viral databases developed by the University of Georgia’s Center for 

Invasive Species and Ecosystem Health (https://www.prevalentviruses.org/index.html) and 

the Center for Agriculture and Bioscience International (CABI, https://www.cabi.org/what-

we-do/invasive-species/) for the global and U.S. distribution of CPMV and other plant 

viruses (TMV, CCMV, and PVX). From this, TMV is the most prevalent plant virus with 

distribution throughout the U.S. and globally (Figure 2).46,51 PVX also showed a broad U.S. 

and global distribution—it is found in places where potatoes are produced and traded.52 

CPMV and CCMV, both of which infect legumes including black-eyed peas, have narrow 

distribution; principally, they are found in Nigeria, Uganda, and some states in the U.S., 

such as Missouri, Texas, and Michigan (Figure 2B).53 A common insect vector for bean-

infecting viruses is the Ceratoma trifurcata beetle,54 and this is commonly found around the 

Mississippi Delta and in Ontario, Canada (which shares a border with Michigan).55 CPMV 

and CCMV appear to be prevalent in the regions where C. Trifurcata is found.55

To assess human exposure to CPMV and other plant viruses, we tested a cohort of 50 

deidentified patients for the presence of antibodies against CPMV, TMV, PVX, and CCMV; 

we also included VLPs from bacteriophage Qβ (Figure 3). Under-standing prevalence of 

antiviral antibodies in humans provides insights into human exposure of different plant 

viruses and their immunogenicity. This is of importance for the translation of CPMV into 

clinical trials as the presence of anti-CPMV antibodies may impact the clinical dosing 

strategy. For CPMV-ISV, antibody opsonization does not limit efficacy but instead boosts 

it: antibody opsonization of CPMV results in more rapid uptake by innate immune cells, 

which are the target cell population, and data indicate that animals preimmunized against 

CPMV with confirmed anti-CPMV titers exhibit enhanced antitumor potency compared to 

CPMV-ISV using naïve tumor-bearing animals.27,50 This phenomenon also holds true in the 

CpG-laden Qβ-ISV platform.23 In fact, here, because Qβ does not interact efficiently with 

innate immune cells, patients are first vaccinated against Qβ; only after establishment of 

anti-Qβ immunity is ISV treatment performed. However, it should be noted that CPMV, in 

stark contrast to Qβ, efficiently targets and is taken up by innate immune cells even in the 

absence of opsonizing antibodies. Nevertheless, understanding the prevalence of anti-CPMV 

antibodies in humans is important to gain an understanding of plant virus exposure and may 

help define clinical protocols for CPMV-ISV.

CCMV was included in the study due to its similar distribution compared to that of CPMV. 

It also shares structural similarity in that is forms 30 nm sized icosahedrons packaging 

a multipartite RNA genome27 but is generally less stable when compared to CPMV. We 

included TMV in this study because of its wide distribution globally, and because anti-TMV 

antibodies have been documented in humans,46,51 TMV served as a positive control. To 

test another example of a plant virus with broader global distribution but unknown human 

exposure, we also considered the filamentous PVX.58,59
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Patients’ plasma samples were obtained from UC San Diego’s Research Biobank and 

screened for anti-VNP/VLP antibodies using enzyme-linked immunosorbent assay (ELISA). 

In this cohort, 52% of patients presented anti-CPMV antibodies with titers in varying 

degrees, which may be attributed to dietary differences.60 As expected,46,51 92% of patients 

presented anti-TMV antibodies. Interestingly, CCMV antibodies were not detected in the 

patient cohort, and only 18% of patients presented anti-PVX antibodies, which is in contrast 

with the global distribution of PVX. We hypothesize that prevalence of antiplant virus 

antibodies is a combination of distribution and exposure through food but also a result of 

particle stability—antibodies are prevalent for TMV and CPMV, which are the more stable 

nanoparticle formulations compared to PVX and CCMV. While TMV and CPMV are known 

to be stable under a wide range of pH, resistant to various solvents and temperature,39,61-63 

CCMV undergoes pH- and salt-dependent disassembly,64 and the PVX coat protein is 

sensitive to proteolysis by the digestive enzymes presented at the gastrointestinal tract 

(GI).65 Decreased stability may lead to degradation after oral uptake, therefore preventing 

bioavailability and development of immune responses against the particle. Lastly, 60% of 

the patient cohort also tested positive for anti-Qβ antibodies. Qβ is a coliphage and thus 

infects Escherichia coli present in the gut of humans and other mammals; this may explain 

Qβ exposure.66 To conclude, these findings indicate that humans are exposed to CPMV and 

that anti-CPMV antibodies are prevalent.

Immunogenicity of CPMV in Mice.

Previous research using a mouse model of intraperitoneal (I.P.) disseminated ovarian cancer 

indicates that anti-CPMV antibodies are produced over the course of ISV treatment (six 

weekly doses of 100 μg of CPMV).50 Here, we determined whether antibodies are also 

produced after CPMV-ISV using a dermal melanoma model. Further, because we found 

that anti-CPMV antibodies are prevalent in humans (see Figure 3), we also tested the 

immunogenicity of the CPMV after oral gavage (O.G.) administration. Healthy and B16F10 

dermal melanoma-bearing mice received three doses (O.G. or I.T.) of CPMV or Cy5-CPMV, 

5 days apart (100 μg/20 μL phosphate-buffered saline (PBS) for I.T. and 100 μg/300 

μL PBS for O.G.), to mimic consumption through feeding or the CPMV-ISV schedule 

for treatment of dermal melanoma, respectively. Sera were collected and analyzed for anti-

CPMV antibodies using ELISA (Figure 4).

CPMV and Cy5-CPMV are highly immunogenic, with end point titers that reach 1:800 after 

a single I.T. dose, 1:204,800 after the second I.T. dose, and 1:819,200 after the third I.T. 

dose (Figure 4A). While comparable titers were observed after prime-boost for the O.G. 

group (Figure 4B,C), repeated dosing was needed to detect any antibodies; this may be 

explained by the delayed processing time of the samples when subjected to the oral route. 

Overall data are consistent and expected; CPMV is immunogenic, and antibodies against the 

plant virus are produced independently of the administration route.

Biodistribution and Clearance of CPMV.

CPMV in vivo trafficking was evaluated using CPMV and Cy5-CPMV particles in tumor-

bearing (B16F10 melanoma) and healthy C57BL/6 mice. Mice received three doses of 100 

μg of CPMV either I.T. or orally. This dose was chosen based on our standard dosing 
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scheme used for mouse model studies and canine patient treatment. The typical dose used 

for canine patients is 0.2 mg of CPMV; for example, a beagle presenting with a 5 cm 

large oral melanoma was treated using four injections of 0.2 mg of CPMV, administered 

I.T. over a 14 day treatment window.30 A beagle weighs ~20 kg, hence the treatment dose 

was 0.1 mg/kg of CPMV, and we anticipate a similar dose for human clinical trials. In the 

present study, we used 5 mg/kg (0.1 mg per mouse), which is a 50-fold excess compared 

to the projected clinical dose and thus expected to provide insights into the biodistribution 

and clearance. Oral administration was included because data indicate the prevalence of 

anti-CPMV antibodies in humans, likely through exposure through the food chain. To assay 

for bioaccumulation and organ distribution, live animal imaging was performed (Figures 5); 

then organs and tumors were excised 24 h after the final treatment, and homogenized tissues 

were analyzed by fluorescence measurements (if treated with Cy5-CPMV, Figure 6A) and 

reverse transcription quantitative polymerase chain reaction (RT-qPCR) (Figure 6B,C).

Live animal imaging and fluorescence measurements indicate minimal accumulation in 

organs independent of the administration route—most interesting is the observation that 

I.T.-dosed CPMV persists within the tumor with minimal to no apparent leaching and 

systemic exposure (Figures 5 and 6A). We observed in previous studies that CPMV has 

good tumor retention properties, and mouse studies demonstrated that CPMV could be 

detected for up to 4 days post-I.T. administration in dermal melanoma,67 up to 7 days 

post-administration in I.P. disseminated ovarian tumors,68 and up to 5 days in orthotopic 

glioma.29 The nanoparticle nature of CPMV likely prevents leaching and clearance from 

tumor tissue—in stark contrast, this presents a challenge for topical and I.T. administered 

small molecule therapeutics,69 which also is clearly seen here—Cy5 is rapidly cleared 

from the tumors, but Cy5-CPMV persists for at least 5 days (Figure 5). Retention may be 

mediated simply by the nanoparticle size and hence slow tissue diffusion rate, phagocytosis 

by innate immune cells, and/or be in part mediated by CPMV’s affinity to bind to surface-

expressed vimentin found in various tumors.27,70

Next, RT-qPCR was used to further analyze the biodistribution profiles by probing for 

CPMV RNA-2, which encodes the CPMV coat proteins.71,72 A standard curve was used to 

quantify the copy number of the CPMV RNA-2/ng total RNA (Figure 6B). Amplification 

efficiency above 90% was observed with correlation coefficient (R2) > 0.99. In agreement 

with previous work analyzing CPMV after oral or intravenous (I.V.) administration,60 we 

detected CPMV RNA-2 in all the organs independent of administration route (I.T. or O.G.) 

(Figure 6B,C). While broad biodistribution was apparent, the highest amount of CPMV was 

detected in the tumors after I.T. administration, mirroring the fluorescence analysis (Figures 

5 and 6A).

While the majority of the I.T.-injected dose remains in the tumor, particles that leached were 

cleared by the liver, spleen, and kidneys with 2 × 107 and 3.8 × 107 copies of RNA-2/ng of 

total RNA for liver and spleen, respectively, and 1.8 × 107 copies of RNA-2/ng of total RNA 

for kidneys—in contrast, 5 × 108 copies of RNA-2/ng of total RNA were detected in the 

tumor. It was noted that independent of the route of administration, CPMV particles were 

found in the lungs. For the O.G. administration, CPMV nanoparticles were largely found in 
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the stomach, large intestine, and lungs. Overall, the results for Cy5-CPMV are in agreement 

with results from CPMV-treated animals, as expected (Figure 6B,C).

Our data are consistent with previous work on the biodistribution, toxicology, and pathology 

of CPMV assessed in mice.73 In previous works, the CPMV fate was studied after I.V. 

administration, and the key reported findings are as follows: CPMV particles are cleared 

rapidly from plasma (~20–30 min). The majority of I.V.-administered CPMV is cleared 

by the liver and to a lesser extent by the spleen. At doses of up to 100 mg/kg body 

weight, no toxicity was noted. Hematology was essentially normal, although the mice were 

somewhat leukopenic. Histological examination of the spleen showed cellular infiltration, 

attributed to elevated B lymphocytes on the first day following I.V. administration of 

CPMV. Microscopic evaluation of various other tissues revealed a lack of apparent tissue 

degeneration or necrosis. The study concluded that CPMV appears to be a safe and nontoxic 

platform for in vivo biomedical applications at doses up to 100 mg/kg of body weight.73 Our 

data also indicate broad biodistribution with clearance by the reticuloendothelial system and 

biliary (and lesser extend renal) excretion.

Next, we sought to address whether there was any evidence of shedding of infectious CPMV 

or noninfectious components thereof; that is, whether CPMV protein and/or RNA could be 

detected in urine and stool specimens by Western blot and RT-PCR, respectively (Figure 

6D,E). PBS treatments were used as controls, and data are shown in Figure S1. Longitudinal 

Western blot tests did not indicate any evidence of CPMV coat proteins in urine or stool 

(Figure 6D and Figure S1C). RT-PCR did not detect any CPMV RNA-2 in urine after 

CPMV administration independent of the administration route. However, in stool, CPMV 

RNA-2 was detected after I.T. administration but not after O.G. More specifically, one out 

of every three samples tested positive for CPMV RNA-2 in stool (Figure 6D, lane 7). This 

suggests that, while there is no shedding of infectious particles after ingestion of plant 

viruses, RNA shedding in stool after I.T. administration is possible. Therefore, we tested 

whether there was any indication that stool (or urine) could contain CPMV that is infectious 

in plants.

Infectivity of Excreted CPMV toward Plants.

Using pooled urine and stool samples as well as CPMV and healthy plant controls, we 

mechanically inoculated primary leaves of black-eyed pea plants. Plants were monitored for 

the appearance of symptoms and photographed 10 days postinoculation. Visual inspection 

did not indicate symptoms on any leaves except the CPMV-infected positive control plants 

(Figures 7A and S2); the latter showed the typical mosaic and mottled yellow spots. To 

further validate this finding, we carried out Western blot and RT-PCR analysis on the plant 

sap extracted from individual leaves, and CPMV could not be detected, neither on the 

protein nor at the RNA level (Figure 7B,C), which suggests that the RNA detected in stool 

may not be infectious toward plants. This is congruent with data surrounding SARS-CoV-2, 

where viral RNA with a mitigated replicative capacity can be detected in stool samples.74

From a translational perspective, these data convey that shedding of infectious CPMV was 

not evident after I.T. or oral dosing. We sought to further investigate the fate of CPMV 

after administration via the oral route because previous work demonstrated that CPMV 
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is orally bioavailable60 and is stable in gastric and intestinal fluids.60,63 Our data are in 

agreement with previous reports showing that CPMV is detectable in all organs after O.G.60 

(see Figure 6C), albeit at low levels, and that anti-CPMV immunity was induced after O.G. 

(see Figure 4B). We probed the stability of CPMV under simulated gastric and intestinal 

fluids (SGF and SIF) with and without pepsin or pancreatin, GI tract enzymes. In contrast 

to bovine serum albumin (BSA) controls, CPMV remained somewhat stable under SGF 

and SIF conditions without GI enzymes (Figure S3), as per native gel electrophoresis 

and SDS-PAGE. However, CPMV particle instability and coat protein degradation were 

apparent within 1 h of exposure to pepsin, with no protein was detectable at 24 h of 

incubation (Figure S3A).60,63 On the other hand, CPMV (but not BSA) was found to be 

more stable under SIF conditions with and without pancreatin (Figure S3B); while coat 

protein degradation was not apparent, the BSA control was digested. Interestingly, the 

CPMV RNA was not observed on the native agarose gels, despite the presence of coat 

proteins. This indicates protein stability but RNA instability under SIF conditions. Together, 

the data indicate limited stability of CPMV after the oral route and therefore limited risk of 

shedding of infectious particles after food consumption.

CONCLUSIONS

While plant virus nanotechnology is a small branch of the nanomedicine field,21,75-77 

several candidates have or are undergoing clinical testing (NCT0330105178 and 

NCT03739112,78 NCT0223381679 and NCT0223602,79 NCT01991561,80 NCT0098494,81 

NCT04636697,82 NCT02567955,83 NCT00534638,84 and NCT0009022085), which shows 

that the technology has matured. Plant viruses are biologics, but they are also nanoparticles 

as their capsids are nanoscale materials self-assembled from a coat protein unit. Here, 

we focused on translational studies for development of CPMV as an in situ vaccine for 

cancer therapy. In prior work, we discovered that intratumoral CPMV nanoparticles prime 

potent, durable, systemic antitumor immunity with demonstrated efficacy in mouse models 

and canine patients.26,30-32 The work presented here was motivated as a prelude toward 

investigational new drug (IND)-enabling toxicology studies. We analyzed prevalence of 

anti-CPMV antibodies in humans and performed biodistribution and clearance studies to 

gain insight into the pharmacology and fate of CPMV (i.e., determine the degree of leaching 

and whether shedding occurs).

Our data indicate the prevalence of anti-CPMV antibodies in humans, which would indicate 

human exposure—likely through food consumption. There was no correlation between 

plant virus in the U.S. or global distribution and antibody prevalence in humans, and 

data indicate that other factors, such as virus particle stability, may come into play. 

Limitations of the present data are the small cohort of patients (50 patients) and lack of 

information about residence and travel abroad or dietary information. CPMV has limited 

global distribution and is principally found in Nigeria and Uganda—in the U.S., it has 

been reported in Missouri, Texas, and Michigan.53 Therefore, it would be important to 

understand whether patients who consume cowpeas and who have traveled or reside in areas 

where CPMV is found have a higher likelihood for CPMV antibodies versus patients that 

do not consume legumes susceptible to CPMV infection. Further, a growing body of data 

suggests that plant viruses are an integral component of the microbiome.45-48,86,87 With 
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plant viruses advancing toward human clinical applications, more research is needed to gain 

a fundamental understanding of the plant virus–human interactions. From a translational 

perspective, the prevalence of anti-CPMV antibodies is not expected to be a hurdle: previous 

research demonstrated that anti-CPMV antibodies are not neutralizing the efficacy of 

CPMV-ISV.50 Nevertheless, clinical protocols should consider that some humans (>50% 

of patients with the pool analyzed) present with anti-CPMV antibodies; even if patients test 

negative for anti-CPMV antibodies, repeat ISV treatment will lead to humoral50 and cellular 

immunity28 against CPMV.

We analyzed the biodistribution and clearance of CPMV after I.T. and O.G. dosing. Data 

demonstrate prolonged retention in the tumor after I.T. treatment, with minimal leaching 

observed. While biodistribution was broad with all major organs testing positive for CPMV 

after I.T. or O.G. administration, concentrations of CPMV in all tissues but the tumor were 

low. Clearance via the reticuloendothelial system followed by biliary (and lesser extend 

renal) excretion was indicated. Genomic CPMV RNA-2 was detectable only in some stool 

samples after I.T. treatment in tumor-bearing mice, but there was no evidence of protein 

shedding, and RNA was not infectious toward black-eyed pea plants when these samples 

were mechanically inoculated on their leaves.

It is important to note that there are limitations to the data presented, and this body of 

work should be considered a prelude toward IND-enabling toxicology: first, even though 

we found that there is minimal leaching of intratumorally administered CPMV from the 

B16F10 dermal tumors, one may consider assessing the degree of leaching in several tumor 

types with varying degrees of vascularization; the degree of leaching from the tumor may 

also be influenced by the injection volume and technique. Second, while previous data 

indicate the safety of CPMV in mice after intravenous injection at doses up to 100 mg/kg of 

body weight,73 detailed organs and immunological toxicity after intratumoral administration 

should be carefully considered, and this will be part of IND-enabling toxicology studies. 

Lastly, our data indicate that presence CPMV RNA in some stool samples from mice 

receiving intratumoral CPMV; however, the pooled stool samples were not infectious toward 

cowpea plants. Future studies may consider testing additional plant species and analyzing 

a larger cohort of mice or large animals. For example, in ongoing work, we are testing the 

CPMV-ISV in canine patients with spontaneous tumors, and blood and urine/stool samples 

will be analyzed to gain further insight into pharmacology of CPMV.

Taken together, these results reported here provide insights of human exposure to CPMV 

as evidenced by the presence of anti-CPMV antibodies. We provide insights into the 

pharmacology of CPMV and observed that CPMV has good tumor retention properties 

(attesting to its nanoparticle features) with minimal systemic exposure; shedding of 

infectious CPMV was not detected. We propose live CPMV as a drug candidate for 

human clinical trials, and these data indicate the agronomical safety of CPMV cancer 

immunotherapy.
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METHODS

Cowpea Mosaic Virus Propagation and Preparation of Cy5-CPMV.

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

inoculation and purified as reported in previous work.88 N-Hydroxysuccinimide chemistry 

was used to conjugate fiuorescent dye cyanine-5 succinimide ester (NHS-sulfo-Cy5; 

Lumiprobe) to CPMV’s surface lysine residues to obtain Cy5-CPMV. Briefly, 900 molar 

excess of NHS-sulfo-Cy5 was added to the CPMV in 10 mM potassium phosphate (KP) 

buffer (2 mg·mL−1) and mixed at room temperature for 2 h, protected from light.50 The 

solution was ultracentrifuged at 4 °C at 52000g for 1 h over a 30% (w/v) sucrose cushion. 

The resulting pellet was resuspended in 10 mM KP and stored at 4 °C until further 

characterization.

Tobacco Mosaic Virus, Potato Virus X, Chlorotic Cowpea Mosaic Virus Propagation, and 
Qβ VLP Production and Characterization.

TMV,89 CCMV,90 and PVX91 were propagated in plants and purified using our established 

protocols. Bacteriophage Qβ VLPs were expressed in BL21 Escherichia coli and purified 

as previously reported.92 Characterization of the plant viruses and VLPs was reported 

elsewhere.89,90,92-94

CPMV and Cy5-CPMV Characterization.

UV–Vis.—CPMV concentration and the degree of Cy5 labeling were determined using a 

UV–vis Nanodrop 2000 (Thermo Fisher Scientific). The concentration of CPMV and Cy5-

CPMV was calculated using Beer–Lambert law with the extinction coefficient of CPMV at 

260 nm (εCPMV = 8.1 L mol−1 cm−1) and Cy5 at 647 nm (εCy5 = 270,000 L mol−1 cm−1).

Agarose Gel Electrophoresis.—A total of 6× gel loading purple dye (Biolabs) was 

added to CPMV and Cy5-CPMV particles (10 μg) and then loaded onto a 1.2% (w/v) 

agarose gel stained with GelRed (Gold Biotechnologies) in TAE buffer (gels were run for 

30 min at 120 V and 400 mA). Gels were imaged under UV light to visualize the RNA, 

MultiFluor Red channel (607 nm excitation) to image the Cy5 dye, and then stained with 

Coomassie Brilliant Blue G-250 (0.25% w/v) and imaged under white light to detect the 

protein.

SDS-Gel Electrophoresis.—CPMV and Cy5-CPMV (10 μg) were loaded with 4× 

lithium dodecyl sulfate sample buffer (Life Technologies) and 10× NuPAGE sample 

reducing agent (Invitrogen). The particles were denatured (95 °C, 5 min) and analyzed 

on NuPAGE 4–12% bis-Tris protein gel (Invitrogen) in 1× morpholinepropanesulfonic acid 

(MOPS) buffer (ThermoFisher Scientific) (200 V, 120 mA, and 25 W for 40 min). The gel 

was imaged using the MultiFluor Red channel and then stained with GelCode Blue Safe 

protein stain and visualized under white light to image both the Cy5 label and CPMV’s coat 

proteins.

Dynamic Light Scattering.—The hydrodynamic diameters of CPMV and Cy5-CPMV 

were assessed using a Zetasizer Nano ZSP/Zen5600 (Malvern Panalytical) at 25 °C with 
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three measurements per sample; the particle diameter was calculated as the weighted mean 

of the intensity distribution.

Transmission Electron Microscopy.—Formvar carbon film-coated TEM supports with 

400-mesh hexagonal copper grids (VWR International) were rendered more hydrophilic 

using the PELCO easiGlow operating system. CPMV and Cy5-CPMV (0.1 mg·mL−1 in 

DI H2O) were loaded onto the grids and then stained with 2% (w/v) uranyl acetate (Agar 

Scientific). The samples were imaged using a FEI TecnaiSpirit G2 BioTWIN TEM at 80 kV.

Size Exclusion Chromatography.—CPMV and Cy5-CPMV (0.5 mg/mL) were 

analyzed on an ÄKTA pure fast protein liquid chromatography system (GE Healthcare 

LifeSciences) using a Superose 6 increase column size-exclusion column at a 0.5 mL min−1 

flow rate. The elution profile was isocratic, and the UV detectors were fixed at 260 (nucleic 

acid), 280 (protein), and 647 nm (Cy5).

Detection of Anti-VNP/VLP Antibodies in Human Plasma.

ELISA was used to detect levels of VNP/VLP-specific IgG in human plasma generously 

provided by UC San Diego Research Biobank (Altman Clinical and Translational Research 

Institute). The 96-well microplates (Nunc MaxiSorp flat-bottom, Thermo Fisher Scientific) 

were coated with 1 μg of VNPs/VLP in their appropriate buffer (Table 1) and incubated 

overnight at 4 °C. Plates were washed three times with washing buffer (0.05% (v/v) 

Tween-20 in PBS, 300 μL per well) after coating and between all subsequent steps. The 

plate was then blocked with 200 μL of blocking solution (3% (w/v) BSA, in PBS) and 

placed in a microplate shaker incubator (37 °C, 1 h). Plasma from human patients was added 

to the wells in 1:200 serial dilutions, and 1:1000 dilution of respective rabbit anti-VNP/VLP 

antibody (Pacific Immunology) was used as a positive control (100 μL/well, 1% (w/v) BSA 

in PBS). As a negative control, no plasma sample was added to the wells, followed by 

the addition of 100 μL/well of 1% (w/v) BSA in PBS. Plates were then incubated (37 

°C, 1h) in a microplate shaker incubator. Next, after the plates were washed three times 

with washing buffer, they were incubated with 1:5000 dilution (100 μL/well, 1% (w/v) 

BSA in PBS) of horseradish peroxidase (HRP)-labeled rabbit anti-human IgG Fc (Novus 

Biologicals) for human plasma wells and HRP-labeled goat anti-rabbit IgG (H+L) (Fisher 

Scientific) for VNP/VLP positive control wells, respectively. The wells were developed 

with 100 μL of 1-Step Ultra TMB-ELISA substrate solution (Thermo Fisher Scientific) 

for 2 min at room temperature and quenched with 50 μL of 2 N sulfuric acid (Spectrum 

Chemical). Absorbance was read at 450 nm using the Infinite 200 Pro microplate reader and 

the software i-control (Tecan, Männedorf, Switzerland).

Tumor Model and Biodistribution Study.

All animals used in this study were 7–8 week old female C57BL/6 mice obtained from 

The Jackson Laboratory (Strain #000664). All animal experiments were carried out in 

accordance with the University of California San Diego’s Institutional Animal Care and Use 

Committee (IACUC).
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Murine B16F10 melanoma cells (ATCC) were maintained at 37 °C (5% CO2) in Dulbecco’s 

modified Eagle’s medium (Corning, 10-017-CV) supplemented with 10% (v/v) fetal bovine 

serum (Cytiva, SH30071.02) and 100 units/mL penicillin and 100 μg/mL streptomycin 

(Cytiva, SV30010). B16F10 cells (200,000 cells in 30 μL of sterile PBS, Corning, 21-040-

CV) were administered dermally into the right flank. Mice were monitored daily for signs of 

tumor progression. When tumors were palpable and reached 30 mm3, CPMV or Cy5-CPMV 

(n = 4, 100 μg in 20 μL of PBS) were administered I.T., three times, every 5 days. PBS 

(20 μL) and free sulfo-cyanine-5 normalized to Cy5-CPMV were used as controls. For O.G., 

mice were fasted for 4 h prior to O.G.; animals received three treatments every 5 days using 

CPMV or Cy5-CPMV (n = 4, 100 μg in 300 μL of sterile PBS).

For live animal imaging studies, mice were imaged using the IVIS Spectrum Imaging 

System (PerkinElmer Ltd.) 1 h after every I.T. injection and then daily until the next 

treatment. Cy5 fluorescence was determined using Living Image software (PerkinElmer 

Ltd.). Regions of interest were quantified as average radiance (photons/s).

For ex vivo biodistribution studies, mice were euthanized 24 h after the third I.T. injection 

or O.G. Heart, brain, lung, stomach, spleen, liver, kidneys, large and small intestines, and 

tumors were collected and kept in RNAlater stabilization solution (Thermo Fisher Scientific) 

at −20 °C until further analysis. Collection of mice urine and stool was performed using 

metabolic cages. Samples were collected for 4 h before treatment and four post-24 h after 

treatment, which was either I.T. using tumor-bearing mice or O.G. using healthy mice. 

Samples were stored at −20 °C until further analysis.

For fluorescence measurements, frozen organs from Cy5-CPMV-treated animals and 

controls were thawed, cut, weighed, and mixed with PBS (100 mg organ/mL PBS). They 

were then homogenized using a gentleMACS dissociator (Miltenyi Biotec) and centrifuged 

at 3000g for 5 min to remove tissue debris. The Cy5-specific fluorescence emissions 

(λEx = 633 nm and λEm = 665 nm) in the clarified tissue supernatants were determined 

using the Infinite 200 Pro microplate reader and the software i-control (Tecan, Männedorf, 

Switzerland). Organs from CPMV-treated animals were analyzed by RT-qPCR as described 

below.

RNA Extraction from Organs, Stool, Urine, and Plant Sap.

RNA extraction from organs was performed using an RNAqueous kit according to the 

manufacturer’s protocol. Briefly, organs were cut, weighed, and thoroughly homogenized 

using 10–12 μL·mg−1 of tissue lysis/binding solution using a gentleMACS dissociator.

Urine collected from mice was centrifuged at 1500g for 10 min to pellet down any cellular 

material. Stool was diluted in sterile PBS (Corning, 21-040-CV) and centrifuged at 4000g 
for 20 min to obtain a supernatant. Processed urine and stool were kept at −80 °C before 

RNA extraction.

Cowpea (V. unguiculata) leaves (see below) were also analyzed: leaves were pulverized 

under liquid nitrogen using a mortar and pestle. The resulting leaf powder was suspended 

into 1 mL of KP (0.1 M, pH 7) per gram of leaf material. The mixture was filtered through 
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two layers of miracloth and centrifuged at 13,000g for 10 min to recover plant sap that was 

kept at −20 °C before RNA extraction.

RNA extraction from urine, stool, and plant sap was performed using a QIAamp Viral 

RNA mini kit (cat. no. 52904) according to manufacturer’s protocol. RNA purity and 

concentration were quantified using a Thermo Scientific Nanodrop 2000 spectrophotometer 

at a ratio of 260/280 and 260/230 and kept at −80 °C until further analysis. Pure RNA should 

yield around 2 or higher for both ratios.

Reverse Transcription and (Quantitative) Polymerase Chain Reaction (RT-qPCR).

RT-qPCR on RNA from Organs.—RT-qPCR on RNA-extracted organs was 

performed using TaqMan Fast Virus 1-Step Master Mix (cat. no. 444432) according 

to manufacturer’s protocol. The CPMV TaqMan gene expression assay (20×) 

was designed using the IDT PrimerQuest tool. The expression assay consisted 

of a probe (5′-/56-FAM/TATAGCTCC/ZEN/AAGCAAGCGGGAACC/3IABkFQ/-3′), a 

reverse primer (5′-CATGGGCTATACACATCTGAGG-3′), and a forward primer (5′-
GGTATAGGTTCTAATCCGGGTATTG-3). The ratio of primers to probe is 2:1. The RT-

qPCR reactions were performed on BioRad CFX96 touch real-time PCR detection system. 

All samples were run in triplicate. Quantification cycle (Cq) values were tabulated by CFX 

Maestro software.

RT-qPCR Standard Curve Using CPMV RNA.—Standard curve was constructed using 

CPMV RNAs extracted from wild-type CPMV. Serial dilutions of CPMV RNAs (100, 10, 

1, 0.1, and 0.01 ng) and NTC (no template control) were used as templates to perform 

RT-qPCR as described above. All samples were run in triplicate. Quantification cycle (Cq) 

values, PCR efficiency (E), and correlation coefficient (R2) were tabulated by CFX Maestro 

software.

RT-PCR on RNAs from Urine, Stool, and Plant Sap.—RT-PCR on RNA extracted 

urine and stool was performed using Invitrogen SuperScript IV one-step RT-PCR (cat. no. 

12594100) according to manufacturer’s protocol. The RT-PCR reactions were performed on 

a BioRad T100 PCR detection system. All samples were run in triplicate. PCR products 

were analyzed on 1.2% (w/v) TAE agarose gel.

Western Blot on Stool, Urine, and Plant Sap Samples.

Total protein in urine and stool samples was quantified using a Pierce BCA protein assay 

(cat. no. 23277) in triplicate according to manufacturer’s protocol. Forty micrograms of 

total protein from urine and stool samples and 10 μL of plant sap extract supernatant 

were separated on 4–12% SDS-PAGE precast gels in 1× MOPS buffer (Thermo Fisher 

Scientific) for 40 min at 200 V and 120 mA. SeeBlue Plus2 (Thermo Fisher Scientific) 

was used as a marker. Proteins were then electrotransferred onto a nitrocellulose membrane 

(Amersham Protran Premium 0.45 μm nitrocellulose, GE Healthcare). The membranes 

were blocked with 5% (w/v) BSA in PBS (room temperature, 1 h) and then washed with 

PBS. Primary antibody incubation proceeded with 1:1000 dilution of rabbit anti-CPMV 

polyclonal antibody (PAC 12273/12274) in 5% (w/v) BSA in PBS with 0.05% (v/v) 
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Tween-20 (PBS-T buffer at room temperature, 1 h) followed by washing three times with 

PBS-T. Secondary antibody incubation proceeded with HRP-labeled goat anti-rabbit IgG 

(H+L) (Fisher Scientific) in 2% (w/v) BSA in 1× PBS-T (room temperature, 1 h) followed 

by washing three times with PBS-T and one time with PBS. Membranes were developed 

using Thermo Scientific Pierce ECL Western Blotting substrate for 1 min and imaged using 

chemiluminescence on ProteinSimple FluorChem R.

Detection of Anti-CPMV Antibodies in Mice Plasma.

Blood samples were collected through retro-orbital bleeding before any I.T./O.G. procedure 

(i.e., prebleed) and then right before the second, third, and post-24 h after the last I.T./O.G. 

procedure (referred to as first, second, and third I.T./O.G. bleed). Serial plasma dilutions 

(1:200 to 1:204,800) were tested for anti-CPMV antibodies using ELISA as described 

above, except that we used 1:5000 HRP-labeled goat anti-mouse IgG H+L (Invitrogen) as 

the secondary antibody.

Infectivity of CPMV from Stool and Urine in Plants.

Seven days after seeding, primary leaves of V. unguiculata (California black-eye bush beans 

No. 5) were mechanically inoculated with carborundum (Thermo Fisher Scientific) and 20 

μL per leaf of pooled stool or urine samples from O.G. or I.T.-treated animals. Pretreatment 

samples served as negative controls, and CPMV served as a positive control; for the latter, 

leaves were dusted with carborundum and inoculated using 20 μL per leaf of 0.1 mg·mL−1 

CPMV in 10 mM KP. Leaves were photographed and harvested 10 days postinoculation and 

stored at −80 °C until further experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization and bioconjugation of CPMV and Cy5-CPMV particles. (A) Structure 

of CPMV and Cy5-CPMV was created on UCSF Chimera X, version 1.2 (2021-05-24) 

using Protein Data Bank (PDB) entry 1NY7 for CPMV and RNA PDB 4GXY. NHS 

chemistry was used to conjugate fluorescent dye Sulfo-Cy5 to the CPMV’s surface lysine 

residues (reaction scheme was created using ChemDraw Ultra 7.0). (B) Native agarose gel 

electrophoresis stained with GelRed nucleic acid stain and Coomassie Brilliant Blue; gels 

were imaged under UV light and white light. (C) Denaturing 4–12% Nu-PAGE was imaged 

on a FluorChem R imager, first using the MultiFluor Red channel under 607 nm excitation 

(fluorescence image) to verify dye conjugation and then stained with GelCode Blue Safe 

protein stain and visualized under white light (stained image). The small (S, 24 kDa) and 
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large (L, 42 kDa) coat proteins of CPMV were detected. (D) UV–visible light spectra and 

260/280 nm ratio of CPMV and Cy5-CPMV. (E) Particle integrity was determined using size 

exclusion chromatography and a Superose 6 increase column; the A260/A280 nm ratio is 

shown and Cy5 is detected at 647 nm. (F) TEM images of negatively stained CPMV and 

Cy5-CPMV. Scale bars correspond to 100 nm. (G) Dynamic light scattering of CPMV and 

Cy5-CPMV. Average hydrodynamic diameter (denoted as D in nm) and polydispersity index 

are shown.
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Figure 2. 
(A) Overview of the global distribution of plant viruses56 and (B) widely prevalent plant 

viruses in the U.S.57 The figure was created with BioRender.com.
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Figure 3. 
Detection of antiplant virus antibodies in human plasma using an ELISA-based assay. The 

presence of anti-VNP/VLP antibodies was evaluated in a 50 patient cohort. Individual 

ELISA results as well as % positive patients are shown.
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Figure 4. 
Immunogenicity of CPMV and Cy5-CPMV after oral gavage (O.G.) or intratumoral (I.T.) 

administration; mice received three doses (100 μg particles, 5 days apart). Anti-CPMV 

antibody titers after I.T. (A) and O.G. (B) administration and end point IgG titers (C) as 

determined by ELISA. Statistical analysis was performed by ordinary one-way ANOVA and 

Tukey’s multiple comparisons test using GraphPad Prism software.

Affonso de Oliveira et al. Page 25

ACS Nano. Author manuscript; available in PMC 2023 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Biodistribution of Cy5-CPMV after I.T. administration (three times in 5 day intervals) into 

dermal B16F10 tumors using C57BL/6 mice; imaging was performed daily and up to 24 h 

after the third I.T. treatment using IVIS. Cy5-CPMV and free Cy5 were compared; while 

Cy5 is cleared rapidly, Cy5-CPMV persists within the tumor. Inset shows quantification of 

the signals (average signals and standard deviation) over the 5 day time course after the first 

and second I.T. administration.
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Figure 6. 
Biodistribution of CPMV/Cy5-CPMV after I.T. or O.G. administration (three treatments 

every 5 days) using B16F10 tumor-bearing mice or healthy C57BL/6 mice; tissues were 

collected 24 h after the final treatment. (A) Fluorescence signals of homogenized organs 

of animals receiving Cy5-CPMV. (B) RT-qPCR standard curve of CPMV. (C) RT-qPCR 

of homogenized organs of animals receiving CPMV; data are graphed with and without 

the tumor. To evaluate possible shedding of CPMV particles, stool and urine samples were 

collected and analyzed using (D) Western blot and (E) RT-PCR to detect protein or RNA. 

For RT-PCR, a 100 bp DNA ladder was used as the marker (M).
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Figure 7. 
Analysis of the infectivity of urine and stool collected from mice receiving I.T. or O.G. 

dosing of CPMV; the natural host V. unguiculata (black-eyed pea No. 5) and a mechanical 

inoculation protocol were used. (A) Photographs of leaves 10 days after mechanical 

inoculation. (B) Western blot of sap from pulverized leaves probed with a primary rabbit 

anti-CPMV antibody followed by secondary goat anti-rabbit HRP-conjugated antibody. (C) 

Total RNA was extracted from leaf sap, and RT-PCR was performed. A 100 bp DNA ladder 

was used as the marker (M).
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Table 1.

Rabbit Anti-VNP/VLP Antibody (Pacific Immunology) Used As Positive Controls on ELISA

VNP/VLP buffer

rabbit anti-VNP/
VLP polyclonal

antibody

cowpea mosaic virus (CPMV) KP 0.1 M, pH 7 PAC 12273/12274

cowpea chlorotic mottle virus (CCMV) buffer B (0.1 M NaOAc, 1 mM EDTA), pH 4.8 PAC 11777/11778

tobacco mosaic virus (TMV) KP 10 mM, pH 7 PAC-12267/12268

potato virus X (PVX) KP 0.1 M, pH 7 PAC 12269/12270
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