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Abstract

The SARS-CoV-2 pandemic has highlighted the need for vaccines that are effective, but quickly 

produced. Of note, vaccines with plug-and-play capabilities that co-deliver antigen and adjuvant 

to the same cell have shown remarkable success. Our approach of utilizing a nitrilotriacetic acid 

(NTA) histidine (His)-tag chemistry with viral adjuvants incorporates both of these characteristics: 

plug-and-play and co-delivery. We specifically utilize the cowpea mosaic virus (CPMV) and the 

virus-like particles from bacteriophage Qβ as adjuvants and bind the model antigen ovalbumin 

(OVA). Successful binding of the antigen to the adjuvant/carrier was verified by SDS-PAGE, 

western blot, and ELISA. Immunization in C57BL/6J mice demonstrates that with Qβ - but 

not CPMV - there is an improved antibody response against the target antigen using the Qβ-
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NiNTA:His-OVA versus a simple admixture of antigen and adjuvant. Antibody isotyping also 

shows that formulation of the vaccines can alter T helper biases; while the Qβ-NiNTA:His-OVA 

particle produces a balanced Th1/Th2 bias the admixture was strongly Th2. In a mouse model 

of B16F10-OVA, we further demonstrate improved survival and slower tumor growth in the 

vaccine groups compared to controls. The NiNTA:His chemistry demonstrates potential for rapid 

development of future generation vaccines enabling plug-and-play capabilities with effectiveness 

boosted by co-delivery to the same cell.

Graphical Abstract

INTRODUCTION

The SARS-CoV-2 pandemic highlights the importance of vaccines that can be produced and 

scaled quickly.1,2 The first COVID-19 vaccines introduced into the clinic had a modular 

platform with rapid antigen exchange capabilities, often referred to as plug-and-play.3 For 

instance, the mRNA vaccines by Moderna and BioNTech/Pfizer were both being studied 

previously for cancer vaccine applications,4,5 but the encapsulated mRNA encoding the 

cancer antigens were replaced with mRNA encoding the spike proteins of SARS-CoV-2 

– a plug- and-play strategy.6,7 The ability to swap the antigen of choice so rapidly while 

keeping the core technology the same is a defining feature of these vaccine platforms, and 

it provided the opportunity to develop their vaccines at a rapid rate. This is most likely 

the reason why the mRNA and viral vector vaccines (e.g., by Janssen and the University 

of Oxford/AstraZeneca), which also have plug-and-play capabilities, were the first to be 

developed and then utilized in the clinic.8 In fact, Moderna started phase I clinical trials for 
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its SARS-CoV-2 vaccine candidate in 10 weeks, a speed that is unparalleled by traditional 

vaccine efforts.9

There are also efforts to co-deliver the adjuvant and antigen in vaccine applications. While 

traditional vaccines may inject the antigen and adjuvant as simple admixtures, newer 

research suggests that co-delivery can boost vaccine effectiveness and reduce side effects.10 

This is mainly due to activation of the antigen presenting cell to the actual target antigen and 

not off-target self-antigens.11 Co-delivered vaccines improve effector B and T cell responses 

improving therapeutic and prophylactic response in not only infectious disease applications 

but also in cancer and chronic diseases.11–15

Here, we set out to develop a vaccine platform capable of both plug-and-play and co-

delivery. We utilized a nitrilotriacetic acid (NTA) linker conjugated to cowpea mosaic virus 

(CPMV), a plant virus, or virus-like particles (VLPs) from bacteriophage Qβ, through 

simple lysine, N-hydroxysuccinimide (NHS) chemistry. Both CPMV and Qβ have shown 

remarkable efficacy as vaccine adjuvants.16–21 The NTA group complexes with any histidine 

(His)-tagged protein of interest in the presence of a nickel (Ni) ion.22 We hypothesized that 

with this method, co-delivery of His-tagged antigen bound to the viral adjuvants (CPMV or 

Qβ) would be achieved. Furthermore, plug-and-play is achieved as the target antigen can 

be exchanged if it contains a His-tag. In fact, many recombinant proteins are already His-

tagged to aid in the protein purification process.23,24 Assuming the His-tag does not alter 

the function or immunogenicity of the antigen, post-purification cleavage and additional 

processing would not be required potentially saving time and lowering costs during vaccine 

formulation.23,25

As with any vaccine platform, the adjuvant choice is as important as the antigen design 

itself. In our case, we utilized the viral adjuvants CPMV and Qβ, which has demonstrated 

efficacy in cancer and infectious disease vaccines.16–21 The virus-based nanotechnologies (a 

plant virus and VLP) cannot replicate in mammals improving safety but are recognized as 

pathogens by pathogen associated molecular patterns (PAMPs).26,27 More specifically, they 

activate pattern recognition receptors such as toll-like receptors thereby instigating innate 

immune responses.26,28,29 Their size also allows for efficient trafficking to the draining 

lymph nodes where uptake by antigen presenting cells can lead to priming of the adaptive 

response.30 Past studies have also demonstrated the safety of both viruses as adjuvants with 

no reported toxicities.20,31

Traditional protocols for viral nanoparticle vaccine formulations have focused on chemical 

conjugation. For example, Kentucky Bioprocessing, Inc. creates their SARS-CoV-2 vaccine 

through chemical conjugation of the receptor binding domain of SARS-CoV-2 onto tobacco 

mosaic virus.32 However, chemical conjugation can have its fair share of drawbacks. First, 

conjugation of large protein antigens is difficult, and it must be tailored to the protein of 

interest, which does not allow for plug-and-play capabilities. Second, chemical conjugation 

may lead to antigen display in different configurations (i.e., when a protein has multiple 

conjugation sites). This can lead to batch-to-batch variability and inconsistent immune 

responses against the target antigen. Lastly, conjugation can lead to epitope masking, 

aggregation, and disruption of protein structures, which must be experimentally resolved and 
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can take extended periods of time.33 To overcome this, peptide epitopes of the antigen have 

been used. These vaccine formulations require simplified bioconjugation/genetic display 

procedures leading to greater yields, better reproducibility, and increased quality control and 

assurance. However, with peptide vaccination, the breadth of antibody response becomes 

quite narrowed leading to limited neutralization34 – vaccine ineffectiveness then leads to 

a complete restart of the vaccine formulation starting from epitope design. The NiNTA:His-

tag approach combats these drawbacks: by binding the full-length antigen in a controlled 

manner through engineered His-tags, we get simple, non-tailored binding with a broad 

antibody response to the full-length protein. We tested this design using the CPMV and 

Qβ adjuvants and the common model antigen ovalbumin (OVA). We test these vaccines for 

improved antibody production compared to simple admixtures of OVA and CPMV/Qβ and 

demonstrate efficacy in a mouse model of OVA-expressing melanoma (B16F10-OVA) in 

C57BL/6J mice.

RESULTS AND DISCUSSION

Vaccine Production and Characterization.

CPMV was harvested from black-eyed pea no. 5 plants while Qβ VLPs were expressed 

and purified from Bl21 (DE3) E. coli as previously reported.19,35 The capsids of CPMV 

and Qβ both contain external lysines (300 on CPMV,36 720 on Qβ37) – thus, the exterior 

lysines on CPMV and Qβ were first conjugated to an NTA-PEG2K-NHS linker (Figure 1). 

The NTA group was then reacted with Ni overnight. Following purification of unbound Ni, 

we ascertained the presence of bound Ni using dithiothreitol (DTT), which causes a color 

change of the solution to a light brown color following reduction of Ni ions (Figure S1).38 

The NiNTA group then serves as a linker to bind a His-tagged protein of interest. Proteins 

are commonly genetically engineered with His-tags for purification.23 For our studies, we 

manually inserted His-tags into native target proteins through bioconjugation (Figure S2). 

This was accomplished by reacting 2-iminothiolane to solvent-exposed lysines on the model 

antigen, OVA, therefore introducing a thiol group to couple to maleimide-terminated His6 

peptides. The successful addition of the His-tag (His6) by chemical conjugation to OVA was 

verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

Western blot (WB) (Figure S2). We acknowledge that chemical tagging of the protein with a 

His-tag may not provide orientational control of display, but we reasoned it would be highly 

effective as a proof-of-concept and to demonstrate that several His-tagged proteins could 

be easily obtained through the chemical coupling of the His-tagged peptides (see Figure 

S3). This approach demonstrates wide pertinency for a variety of applications due to the 

plug-and-play nature of the vaccine formulation.

To ensure that the NiNTA-conjugated virus-based nanoparticles and the His-tagged OVA 

(His-OVA) were indeed coupled with the antigen, dot blots (DBs) were carried out (Figure 

2a). His-OVA was spotted onto a nitrocellulose membrane and then probed with either 

CPMV-NiNTA or native CPMV. Binding was visualized using an α-CPMV antibody and 

a horseradish peroxidase (HRP)-conjugated secondary antibody. Binding to His-OVA was 

only observed using CPMV-NiNTA (Figure 2a). Next, the complex was formed in solution 

and purified, followed by characterization using WB and SDS-PAGE (Figure 2b,c).
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In the WB probed with α-His and α-OVA antibodies, His and OVA were successfully 

detected in the CPMV-NiNTA:His-OVA samples (Figure 2b, for WB, OVA served as the 

control). In SDS-PAGE, it should be noted that free His-OVA is observed, not in complex 

with the CPMV CPs (Figure 2c). However, it is expected that the Ni-NTA:His-OVA complex 

dissociates under the denaturing conditions of SDS-PAGE. While we cannot rule out entirely 

the presence of unbound His-OVA, native gels and ELISA further support the successful 

formation of the CPMV-NiNTA:His-OVA complex (Figure 2d–g). Somewhat contrasting, 

in the Qβ-NiNTA:His-OVA samples, the His-OVA remains bound to the Qβ coat protein 

(CP) as evidenced by the upwards shift of the His-OVA protein band by ∼14 kDa, the 

molecular weight of one Qβ CP.39 While somewhat puzzling, the His-OVA may not release 

after heating and denaturation from Qβ-NiNTA possibly due to the multivalency and avidity 

effects because Qβ exhibits a higher density of lysines and hence NiNTA. The amount of 

NTA bound per particle could not be determined, but there were ∼15 and 13 His-OVA per 

CPMV and Qβ, respectively. The amount of bound OVA was calculated using densitometry 

analysis on ImageJ. As mentioned above, CPMV and Qβ contain 300 and 720 addressable 

lysines on the exterior of the viral capsid.36,37 However based on labeling with fluorophores 

(small molecules) we expect ∼100 NTA displayed per nanoparticle; thus we estimate an 

OVA display efficiency at ∼15%. Based on the size of OVA and the available surface area 

of a 30-nm sized nanoparticle, a densely packed arrangement would equate to ∼39 OVA per 

nanoparticle.

The CPMV-NiNTA:His-OVA and Qβ-NiNTA:His-OVA vaccines were further characterized 

by agarose gel electrophoresis (Figure 2d). Changes in molecular weight and charge can 

influence the electrophoretic mobility. Coupling of the NTA-PEG2K-NHS linker and binding 

of Ni reduced the mobility of the particles. The binding of His-OVA reduced mobility even 

further indicating a step-by-step increase in molecular weight. Co-localization of the RNA 

(genomic RNA for CPMV and host RNA for Qβ) and protein component indicates stable 

particle formulations.40 Furthermore, transmission electron microscopy (TEM) and circular 

dichroism (CD) of both native and OVA-bound viruses confirm structural integrity of the 

vaccine formulations (Figures S4 and S5). TEM shows intact 30 nm-sized nanoparticles and 

binding of OVA did not change the morphology or structure. Consistent with TEM imaging, 

the overlayed CD spectra show consistency between the native and OVA-bound viruses with 

minimal differences in the secondary and tertiary structures which can be explained by the 

OVA protein loading onto the viral nanoparticles.

Modified ELISA protocols were carried out to validate that the His-OVA was indeed 

binding to CPMV/Qβ-NiNTA (Figure 2e–g). The plate was first coated with an α-OVA 

antibody followed by the addition of CPMV/Qβ-NiNTA:His-OVA and controls, and then 

probed using α-CPMV/Qβ antibodies. By utilizing two specific antibodies (α-OVA and 

α-CPMV/Qβ), only samples containing bound OVA and CPMV/Qβ would be able to 

produce a signal (see schematic in Figure 2e). While CPMV-NiNTA:His-OVA produced a 

strong discernible signal, the controls did not produce a significant signal above background 

(Figure 2f). Most importantly, there was no indication of binding or association in the 

CPMV and OVA admixture (CPMV + OVA). We noticed a similar pattern with the Qβ 
samples (Figure 2g).
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Longitudinal studies utilizing the modified ELISA protocols, fast protein liquid 

chromatography (FPLC), and dynamic light scattering (DLS) were also carried out to 

investigate the structural and binding properties of the CPMV/Qβ-NiNTA:-His-OVA with 

respect to time. The ELISAs show that even 4 weeks past the production and assembly of 

the vaccines, the samples produce multi-fold improvements in absorbance over the controls 

indicating binding between the CPMV/Qβ and the His-OVA occurs long-term (Figure S6). 

The DLS data of CPMV-NiNTA:His-OVA shows minor levels of aggregation starting at day 

7 most likely due to the decreased stability of the formulations following OVA disassembly 

(Figure S7a,c). The Qβ-NiNTA:His-OVA displayed slightly different properties in that there 

was almost immediate aggregation of the particles starting 1 day after the vaccines were 

generated, however, to a much smaller degree compared to the CPMV-NiNTA:His-OVA 

(Figure S7b,d). The aggregated particles were in the range of 100–200 nm, and only 

∼50% of the particles were aggregated. The constant nature of the aggregation most likely 

indicates an equilibrium of association/dissociation of the OVA had occurred, which is also 

represented by the similar ELISA levels seen throughout the longitudinal study (Figure S6). 

Unlike the DLS data, the FPLC spectra for both the CPMV and Qβ-NiNTA:His-OVA did 

not show any levels of aggregation and the particles were intact (Figure S8). Additionally, 

there was no presence of unbound OVA at any of the timepoints – a control experiment 

with native CPMV and an equimolar ratio of OVA indicated that if 100% of the OVA 

was unbound, it could be detected by FPLC (Figure S9). This indicates that either (1) the 

OVA remains bound to the CPMV/Qβ-NiNTA or (2) the dissociated OVA is too low in 

concentration to be detected by FPLC.

Demonstration of Plug-and-Play Capabilities.

To validate that the vaccine formulation strategy indeed could be utilized as plug-and-play 

candidates for future vaccine applications, the Qβ-NiNTA was also tested to be complexed 

with other proteins such as bovine serum albumin (BSA) and carbonic anhydrase (CA). 

We chemically His-tagged both of these proteins and then bound them to the Qβ-NiNTA. 

SDS-PAGE characterization of the Qβ-NiNTA:His-CA and Qβ-NiNTA:His-BSA (Figure 

S3) demonstrates the successful binding of these antigens to Qβ-NiNTA and thereby the 

modular platforms capability.

SDS-PAGE reveals the presence of His-CA and His-BSA, but the pattern is distinct: His-CA 

dissociates from the Ni-NTA complex under the SDS-PAGE conditions (Figure S3a). In 

contrast, His-BSA remains stably bound as was observed with His-OVA (Figures S3b 

and 2c). Therefore, in addition to avidity effects from multivalent NiNTA display on the 

Qβ-NiNTA nanoparticles, the charge/hydrophobicity of the target protein may come into 

play to determine the overall stability of the complex. For the Qβ-NiNTA:His-CA complex 

that disassembles under SDS-PAGE conditions, we noted that only His-tagged CA and not a 

mixture of native and His-CA was detectable, which supports that free CA was not present 

in the complex.

Mice Immunization.

Mice Immunization and Antibody Titers.—The CPMV/Qβ-NiNTA:His-OVA vaccine 

formulations were then tested in mice to evaluate effectiveness in generating antibodies 
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against the target antigen, OVA. C57BL/6J mice were immunized using a prime and double-

boost regimen spaced two weeks apart (Figure 3a). Each vaccine was standardized to the 

OVA concentration with dosing of 5 μg/mouse subcutaneously (s.c.). To estimate the OVA 

concentration in CPMV-NiNTA:His-OVA vs Qβ-NiNTA:His-OVA, SDS-PAGE and ImageJ 

lane analysis was performed. Mice received 41 μg of CPMV or CPMV-NiNTA:His-OVA 

and 25 μg of Qβ or Qβ-NiNTA:His-OVA. The molecular weight of CPMV is ∼2.25× greater 

than Qβ, so although similar amounts of OVA were bound to each virus, a greater weight of 

CPMV was injected. Blood was collected every two weeks until week 6 and antibody titers 

and subtypes were evaluated using ELISA.

At week 2, the titers are low as expected; however, even at week 2, data indicate a 4.4-fold 

increase in titers for the Qβ-NiNTA:His-OVA vs the Qβ + OVA admixture (Figure S10). By 

week 4, the Qβ-NiNTA:His-OVA titers were 4.5- and 128-fold that of the admixture (p < 

0.001) and OVA only control (p < 0.0001), respectively (Figure 3b). At the last measured 

timepoint (week 6), the Qβ-NiNTA:His-OVA titers remained 2.3- and 6-fold improved 

compared to the admixture (p < 0.05) and OVA (p < 0.05), respectively. However, unlike 

with the Qβ groups, in the CPMV groups, there was no clear difference between the NiNTA 

vaccine and admixture. At week 4, the CPMV-NiNTA:His-OVA was 2.3- and 88-fold that of 

the admixture (p > 0.05) and OVA only control (p < 0.01), respectively. By week 6, the titers 

between CPMV-NiNTA:His-OVA and CPMV + OVA were identical and notably ∼4.7-fold 

greater than the OVA only control (p < 0.05).

The results demonstrate that with the Qβ formulation, Qβ-NiNTA:His-OVA outperformed 

the simple admixture of Qβ + OVA in terms of antibody production against the target protein 

OVA. This may be explained by the fact that OVA is being co-delivered with Qβ in the 

Qβ-NiNTA:His-OVA formulation, therefore achieving co-delivery of antigen and adjuvant to 

the same cell.41–43

With CPMV there were no clear differences between the CPMV-NiNTA:His-OVA and 

CPMV + OVA formulations which may indicate that (i) not all viral adjuvants may require 

co-delivery to achieve potency, (ii) the complex had dissociated, as observed in the SDS-

PAGE (see Figure 2c), or (iii) that complexation in media led to co-delivery even with the 

admixture. In fact, it was recently shown that proteins may adsorb onto plant viral adjuvants 

even without integrated complexation chemistry and that some plant viral adjuvants remain 

efficacious without complexation.44,45 The data demonstrates that whether or not an antigen 

binds is a function of the protein chemistry of the antigen and viral adjuvant. For future 

experiments, one could utilize a trivalent NTA as opposed to the monovalent one used here 

to improve the binding kinetics between CPMV and OVA (monovalent NTA has a Kd of 

∼10 μM and trivalent NTA has a Kd of ∼1 nM).46,47 The data also indicates that OVA by 

itself can elicit titers after 3 total injections, but that an adjuvant like CPMV or Qβ greatly 

improves titer production.

Lastly, we do concede that conjugation of OVA to the viruses would most likely boost 

antibody response compared to the NTA:His chemistry as the OVA would not dissociate in 

vivo – others have indeed showed that conjugation provides the best antibody response.46 

However, conjugation can be difficult, and in our own experiments, conjugation of OVA 
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to our virus particles utilizing both EDC/NHS and NHS maleimide chemistry were 

unsuccessful (data not shown) providing further evidence that for rapid development of 

vaccine candidates, a non-tailored approach such as with the NTA:His can greatly improve 

the development speed.

Antibody Isotyping.—The antibodies were further investigated for their IgG isotypes as 

well as any other Ig subtypes. A ratio of IgG2b IgG1−1 < 1 is seen as a Th2 balance while a 

ratio > 1 is Th1.48 In the Qβ-NiNTA:His-OVA group, the bias skewed strongly Th1 at week 

2 and then moved to a balanced Th1/Th2 bias starting from week 4 and remained balanced 

at week 6 (Figure 3c). All the other groups (Qβ + OVA, CPMV-NiNTA:His-OVA, CPMV + 

OVA, and OVA) skewed strongly Th2 starting from week 2 and remained Th2 biased. The 

difference in bias between the Qβ-NiNTA:His-OVA and Qβ + OVA indicates that even with 

the same adjuvant/antigen combination, co-delivery can vastly affect the types of antibodies 

that are produced. When looking at the other antibody isotypes, all the vaccine groups were 

able to produce small quantities of IgM, as part of the onset of antibody production and 

IgM-to-IgG switch (Figure S11).49 Other antibody classes were not detected. Of note, IgE, 

which is known to elicit allergic responses, was not detected indicating the safety of the 

vaccines.

For cancer vaccines, generally a Th1 bias is desired, as this promotes cytotoxic T 

cell priming and destruction of cancer cells with increased safety when targeting self-

antigens.50 Alternatively, active immunization to generate therapeutic antibodies (which is 

Th2-mediated) also has shown success, for instance, against HER2-positive cancers.51,52 

Our past research with CPMV and peptide epitopes has generally indicated that CPMV 

vaccination induces a strong Th1 bias.19,53–55 However in complex with OVA, immunization 

promotes Th2 bias – therefore, it appears that the T helper cell bias is directly affected by 

the antigen (this data), vaccine formulation (e.g. implant, microneedle, or bolus injection), 

and the adjuvant, and the bias will have to be experimentally discovered for each antigen/

adjuvant combination.19,53–55

Tumor Challenge and Vaccine Efficacy.

The same mice from above were challenged at week 6 post-immunization with 200,000 

B16F10-OVA cells s.c. to determine whether α-OVA antibodies exhibited a therapeutic 

effect. Indeed efficacy was observed, in particular for the Qβ-NiNTA:His-OVA as well 

as the Qβ + OVA groups, with Qβ-NiNTA:His-OVA being the most potent formulation 

significantly reducing tumor burden. On day 20, the average tumor volume was 28.48 

and 70.54 mm3 for Qβ-NiNTA:His-OVA and Qβ + OVA treated animals (Figure 4a). In 

comparison, the Qβ- and OVA-treated control groups displayed average tumor volumes of 

247.5 and 799 mm3. By day 26, the difference in tumor volume between Qβ-NiNTA:His-

OVA and Qβ + OVA became more pronounced as Qβ-NiNTA:His-OVA had a 3-fold smaller 

tumor volume than Qβ + OVA. In the CPMV vaccine groups, the CPMV-NiNTA:His-OVA 

and CPMV + OVA mice had tumor volumes of 52.4 and 56 mm3, respectively (Figure 4a). 

The CPMV only control had a tumor volume of 319.8 mm3, a 6.1- and 5.7-fold difference, 

respectively. Efficacy data are in good agreement with the antibody titers (see Figure 3): 

Qβ-NiNTA:His-OVA produced more α-OVA antibodies vs the Qβ + OVA admixture and is 
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the more potent vaccine formulation. In contrast, the CPMV-NiNTA:His-OVA and CPMV 

+ OVA groups demonstrated similar antibody production, which was reflected by the tumor 

rejection. It is important to note that the CPMV and Qβ experiments were run at the same 

time, which is why they both show identical OVA tumor volumes. They were split into two 

groups for ease of viewing. The tumor volume curves for all groups can be found in Figure 

S12a.

Efficacy is not only apparent by reduced tumor burden, but also by delayed onset of tumor 

growth. Therefore, we also analyzed how many days passed until tumors were palpable and 

then reached a size of 500 mm3. For Qβ-NiNTA:His-OVA, it was 18.4 days until tumors 

were palpable (Figure 4b). This was 1.3-, 2.3-, and 2.3-fold slower than Qβ + OVA (p > 

0.05), Qβ (p < 0.05), and OVA (p < 0.05), respectively. When measuring the days it took 

tumors to reach 500 mm3, Qβ-NiNTA:His-OVA took 1.1-, 1.5-, and 1.5-fold greater time 

than Qβ + OVA (p > 0.05), Qβ (p < 0.01), and OVA (p < 0.01), respectively (Figure 4c). 

While CPMV-NiNTA:His-OVA fared better than the negative controls, it was in line with the 

CPMV + OVA group (Figure 4b,c). The bar graph displaying all groups simultaneously can 

be found in Figure S12b,c.

The mice were also measured for survival and were sacrificed at a tumor volume endpoint of 

1500 mm3 (Figure S13). Qβ-NiNTA:His-OVA and Qβ + OVA improved survival compared 

to Qβ and OVA with a median survival of 34 and 31 days compared to 26 and 26 days, 

respectively. Survival was not extended with the CPMV vaccine groups compared to the 

negative controls.

CONCLUSIONS

We developed and validated a modular vaccine platform making use of plant viral and 

VLP adjuvant nanoparticles displaying NiNTA for binding of His-tagged antigens. We 

demonstrate the modularity of this platform by binding OVA as well as other model antigens 

allowing for a plug-and-play approach for the generation of future vaccines. We utilized 

the OVA vaccine formulations and demonstrated efficacy in a tumor model using OVA-

expressing melanoma cells (B16F10-OVA). Antibody titers and efficacy (reduction of tumor 

burden/delayed onset of tumor growth) were mirrored demonstrating that Qβ-NiNTA:His-

OVA was the most potent formulation outperforming the Qβ + OVA admixture. In contrast, 

α-OVA antibodies and antitumor efficacy were comparable between the CPMV-NiNTA:His-

OVA vs CPMV + OVA admixture group. Therefore, the Qβ platform appears to be most 

suitable for the proposed modular vaccine strategy. Potential exists to further improve 

efficacy with the use of trivalent NiNTA linkers, and future research should detail whether 

Th1/2 biases could be defined as a function of antigen, adjuvant, and display strategy.

EXPERIMENTAL METHODS

Materials.

Potassium phosphate monobasic, potassium phosphate dibasic, and Tween-20 were 

purchased from Fisher Scientific. Phosphate buffered saline (PBS) was purchased from 

G Biosciences. Dimethyl sulfoxide (DMSO), OVA, bovine serum albumin (BSA), and 
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nickel(II) chloride hexahydrate were purchased from Sigma-Aldrich. 2-iminothiolane, 3-

morpholinopropane-1-sulfonic acid (MOPS) buffer, and Tris acetate EDTA (TAE) buffer 

were purchased from Thermo Fisher Scientific. Dithiothreitol (DTT) was purchased from 

Gold Biotechnologies. The His6-maleimide peptide was purchased from Genscript.

Cells.

The B16F10-OVA cell line was a generous gift from Dr. Mary Jo Turk at Dartmouth 

College. The B16F10-OVA was grown and passaged in RPMI-1640 supplemented with 

10% (w/v) fetal bovine serum (FBS) + 1% (v/v) penicillin/streptomycin (P/S). RPMI was 

purchased from Corning, FBS was purchased from R&D Systems, and P/S was purchased 

from Cytiva. The cells were kept in 5% CO2 and 37 °C.

Preparation of CPMV-NiNTA:His-OVA and Qβ-NiNTA:-His-OVA Vaccines.

CPMV was propagated in black-eyed pea No. 5 plants and purified as previously reported.35 

Qβ VLPs were produced in Bl21 E. coli (DE3) (New England BioLabs) and purified as 

previously reported.19 CPMV was stored in 0.1 M potassium phosphate (KP) buffer pH 7.2 

while Qβ was stored in 1× PBS pH 7.2. Both virus nanoparticles were stored at 4 °C until 

further use.

CPMV and Qβ were resuspended in 10 mM KP by buffer exchange using 100 kDa 

molecular weight cut off (MWCO) spin filters (EMD Millipore). The viral capsids 

were modified with NTA through the addition of 3000 mol equivalents (equiv) per 

virus nanoparticle of NTA-PEG2K-NHS (Nanocs) diluted in DMSO and allowed to react 

overnight (ON) at 4 °C; the final DMSO concentration was kept to a maximum of 10% by 

volume. Excess NTA-PEG2K-NHS was removed using Sephadex G-25 columns (Cytiva) 

according to the manufacturer’s protocols. Ni (5 mM) was added to the solution and 

incubated ON at 4 °C before removal of Ni through dialysis ON in 10 mM KP. The resulting 

samples were stored at 4 °C in 10 mM KP until further use. To ensure the presence of bound 

Ni, the CPMV-NiNTA sample was incubated with 330 mM of DTT; a brown color change 

indicates the presence of Ni within the solution.

OVA was chemically His-tagged for binding to Qβ and CPMV. The OVA was resuspended 

to 10 mg mL−1 in water before the addition of 10 mol equiv of 2-iminothiolane (2 mg mL−1 

in deionized (DI) water) per OVA. The reaction was run for 2 h followed by removal of 

excess 2-iminothiolane using 10 kDa MWCO spin filters. 4 mol equiv of a His-tag with an 

N-terminal maleimide (Genscript, sequence: maleimide-HHHHHHHH or maleimide-His6) 

was conjugated to the introduced thiol groups and allowed to react ON at 4 °C. Excess 

His-tag was removed through dialysis using a 12–14 kDa MWCO dialysis membrane, and 

the OVA-His was stored at 4 °C in DI water until further use.

To create the CPMV-NiNTA:His-OVA or Qβ-NiNTA:His-OVA vaccines, 500 mol equiv of 

the His-OVA was added per CPMV-NiNTA and Qβ-NiNTA and allowed to react ON at 4 

°C. The unbound His-OVA was removed with a 100 kDa MWCO dialysis membrane in 10 

mM KP, and the resulting CPMV-NiNTA:His-OVA and Qβ-NiNTA:His-OVA were stored at 

4 °C in 10 mM KP until further use. The same procedures were carried out using CA and 

BSA proteins.

Chung et al. Page 10

Bioconjug Chem. Author manuscript; available in PMC 2024 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Characterization.

Concentration.—The concentration of CPMV-NiNTA:His-OVA was analyzed using UV–

vis (Nano-drop 2000). The absorbance was measured at 260 and 280 nm, and an 

absorbance ratio of 260 to 280 near 1.8 was used to ascertain unbroken, pure particles. The 

concentration was measured using Beer’s Law and the absorbance value at 260 nm with a 

path length of 0.1 cm and extinction coefficient of 8.1 mL mg−1 cm−1. The concentration of 

Qβ-NiNTA:His-OVA was analyzed using a Pierce BCA assay (Thermo Scientific) according 

to the manufacturer’s protocols. It is noted that the concentrations determined are estimates 

because the additional protein displayed will also be measured.

SDS-PAGE.

SDS-PAGE was carried out to ensure successful conjugation of the His-tag to the OVA and 

binding of His-OVA to CPMV/Qβ-NiNTA. 10 μg of sample was loaded with 4× lithium 

dodecyl sulfate Sample Buffer (Life Technologies). In samples with Qβ, a 10× sample 

reducing agent (Invitrogen) was also added. The samples were then heated at 95 °C for 5 

min before running on a 12% NuPAGE gel (ThermoFisher Scientific) at 200 V, 120 mA, 

and 25 W in 1× MOPS buffer. The gel was visualized with GelCode Blue Safe Protein 

Stain (ThermoFisher Scientific) according to the manufacturer’s instructions. The gel was 

imaged on an AlphaImager (Protein Simple). The amount of bound OVA was calculated 

using densitometry analysis on ImageJ.

Western Blot (WB).

To further ensure successful conjugation of the His-tag to OVA, WBs were carried out 

against the His-tag. Following SDS-PAGE of the His-OVA, the proteins were transferred 

onto a nitrocellulose paper (VWR) for 1 h at 25 V, 160 mA, and 17 W. The paper was 

blocked with 5% (w/v) milk (RPI) for 1 h and washed 3× with 1× PBS. An α-His HRP 

antibody (Biolegend) at 0.5 μg mL−1 in 1× PBS was incubated for 1 h at RT and washed 

3× with 1× PBS. A 3,3′-diaminobenzidine (DAB) substrate was incubated for 5 min before 

washing away 3× with 1× PBS. The nitrocellulose was then read under the AlphaImager 

System.

The CPMV-NiNTA:His-OVA sample was also assessed through WB. The protocol was 

unchanged from before except the samples were incubated with either an α-His HRP 

antibody (0.5 μg mL−1) or an α-OVA mouse antibody (1:1000 dilution, Novus Biologicals). 

In the samples bound with α-OVA, the nitrocellulose was washed 3× with 1× PBS followed 

by the addition of an α-mouse goat AF647 antibody (1:1000 dilution, Biolegend) for 1 h at 

RT. The unbound secondary antibody was washed away 3× with 1× PBS before imaging on 

the AlphaImager System.

Agarose Gel Electrophoresis.

Electrophoresis was carried out using 10 μg of CPMV-NiNTA:His-OVA and Qβ-

NiNTA:His-OVA and a 1.2% (w/v) agarose gel in 1× TAE buffer. 1 μL of GelRed nucleic 

acid gel stain (Gold Biotechnologies) was added to the gel before running the gel at 30 min 

at 120 V and 400 mA. The RNA was first visualized using the AlphaImager using a red 
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filter, and then the protein was visualized by incubating the gel in 0.25% (w/v) Coomassie 

Blue ON followed by imaging on the AlphaImager under white light.

ELISA.

Greiner Bio-One 96-well medium-binding microplates were coated with 100 μL of 10 μg 

mL−1 of an α-OVA mouse antibody (Novus Biologicals) ON at 4 °C. The plate was washed 

3× with 100 μL of PBS + 0.1% (v/v) Tween-20 (PBST). The CPMV/Qβ-NiNTA:His-OVA 

and control samples were then added to appropriate wells at 50 μg mL−1 and incubated for 

1 h at RT. The wells were washed 3× with PBST and incubated with 100 μL of an α-CPMV 

or α-Qβ rabbit antibody (Pacific Immunology) at 10 μg mL−1 for 1 h at RT. The wells were 

washed 3× with PBST followed by incubation of an α-rabbit goat HRP antibody (1:5000 

dilution, Fisher Scientific) for 1 h at RT. The plate was washed 3× with PBST, and 100 μL 

of 1-Step Ultra TMB was added to each well. The TMB was reacted for 2 min followed by 

the addition of 100 μL of 2 N H2SO4. The plate was read on a microplate reader (Tecan) at 

450 nm. All samples were run in triplicate. The ELISAs were carried out on samples 7 and 

28 days following the generation of the vaccines.

TEM.

TEM was carried out on Formvar carbon film coated TEM supports with 400-mesh 

hexagonal copper grids (VWR International). The grids were first incubated with the 

viruses, which were diluted to 0.1 mg mL−1 in DI water, for 2 min followed by staining 

with 2% uranyl acetate for 2 min. The images were taken on a Joel 1400 TEM at 80 kV.

CD.

CD measurements were carried out on an Aviv model 21D CD spectrometer. OVA was 

diluted to 0.5 mg mL−1 while the viruses were diluted to 0.3 mg mL−1 in 0.1 M KP buffer. 

Measurements were taken from 180 to 320 nm at RT at stepwise increments of 1 nm. 

Readings were taken 2–3 times and averaged.

DLS.

The samples were diluted to 0.1 mg mL−1 in DI water before reading on a Zetasizer 

Nano ZSP/Zen5600 (Malvern Panalytical). The samples were run at 25 °C with a 20 s 

equilibration time. The OVA-bound samples were measured on days 3, 7, 14, 21, and 28 

following the binding.

FPLC.

FPLC measurements were taken on an Akta pure 25 M1 (Cytiva). Samples were diluted to 

1 mg mL−1 in 150 μL of 10 mM KP. The flow rate was set to 0.5 mg mL−1 and an isocratic 

elution profile was used. Absorbance measurements were taken at 260 and 280 nm. FPLC 

was run on samples 7, 14, 21, and 28 days following the generation of the vaccines.

Mice Immunization.

All animal experiments were carried out in accordance with the guidelines set out by the 

IACUC of the University of California, San Diego. All mice were purchased from Jackson 
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Labs and housed at the Moores Cancer Center. The mice were granted unlimited food and 

water at all times.

C57BL/6J mice were immunized through 3 injections spaced two weeks apart of CPMV-

NiNTA:His-OVA, Qβ-NiNTA:His-OVA, CPMV + OVA, Qβ + OVA, CPMV, Qβ, and 

OVA. The injections were done s.c. and standardized to the OVA concentration (5 μg), 

which meant that for the CPMV- and Qβ-containing groups, 41 and 25 μg of CPMV/Qβ-

NiNTA:His-OVA and control samples were injected, respectively. Mice blood was collected 

every two weeks through retroorbital (r.o.) bleeding until 6 weeks past the first dose. The 

sera were isolated through centrifugation of blood at 2000 × g for 10 min at 4 °C and 

collection of the supernatant. Sera were stored at −80 °C until further use.

Antibody Titer Measurements and Antibody Isotyping.

Antigen-specific antibodies were quantified using ELISA. Greiner Bio-One medium-binding 

96-well plates were coated with 100 μL of 10 μg mL−1 of OVA in 50 mM carbonate–

bicarbonate buffer pH 9.6 ON at 4 °C. The plates were washed with PBST 3× and blocked 

with 1× casein blocking buffer with fish gelatin (Bioworld) in 1× PBS for 1 h at RT. 

Following washing, the sera of the mice were added at a starting dilution of 1:200 followed 

by serial dilutions of 2. The sera were incubated for 1 h at RT followed by washing. Goat 

α-mouse HRP IgG secondary antibodies specific to the Fc region were added to the plate 

and incubated for 1 h at RT. The secondaries were washed 3× with PBST, and 100 μL of 

1-Step Ultra TMB was incubated for 2 min followed by the addition of 100 μL of 2 N 

H2SO4. The plate was then read on a microplate reader at 450 nm. The endpoint titer was 

considered the dilution at which the absorbance of the samples was greater than twice that of 

the blanks.

The isotype of the antibodies that were produced was also investigated through ELISA. In 

this case, the sera within each group were pooled and diluted 1:1000. When adding the 

secondary antibodies, isotype specific antibodies with conjugated HRP were added (IgGtotal, 

IgG1, IgG2b, IgG2c, IgA, IgM, and IgE). All secondaries were added at a dilution of 1:5000 

except for IgE, which was diluted 1:1000. The ratio of IgG2b IgG1−1 and IgG2c IgG1−1 was 

calculated, and a value <1 was considered a Th2 response while >1 was considered Th1. All 

the secondary antibodies were purchased from Biolegend.

Tumor Inoculation.

In the same mice used above for antibody titer measurements, at week 6, 200,000 B16F10-

OVA cells were injected s.c. in 200 μL of 1× PBS. The tumors were measured every 2 days, 

and the survival of the mice was followed. Mice were euthanized when their tumors reached 

>1500 mm3 with tumor volume measured using the equation: V = l × w2/2.

Statistical Analysis.

ELISA data proving binding between OVA and CPMV/Qβ was analyzed using one-way 

ANOVA. Endpoint titers were analyzed with two-way ANOVA. Tumor volume curves were 

analyzed with two-way ANOVA while the delay of tumor onset bar graphs were analyzed 

with one-way ANOVA. All analyses were done on GraphPad Prism.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Binding schematic of His-tagged OVA to NiNTA-conjugated CPMV/Qβ. The CPMV, Qβ, 

and OVA structures were created using Chimera 1.14 (CPMV PDB ID: 1NY7, Qβ PDB ID: 

1QBE, OVA PDB ID: 1OVA). The chemical structures were created on ChemDraw 19.0. 

The small and large CPs of CPMV are shown in gray and blue, respectively. The Qβ CPs 

down the 5–3-2-fold axis are colored in gray, blue, and magenta, respectively.

Chung et al. Page 18

Bioconjug Chem. Author manuscript; available in PMC 2024 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Characterization of NiNTA:His-OVA vaccine formulations. (a) DB of CPMV-NiNTA vs 

CPMV against His-OVA on a nitrocellulose membrane. (b) WB against His-tag (left) 

and OVA (right). (c) SDS-PAGE. In CPMV-NiNTA:His-OVA (left), OVA dissociates from 

the complex (lane 4); however, in Qβ-NiNTA:His-OVA (right), the CP and OVA remain 

associated (lane 8). (d) Agarose gel electrophoresis of the vaccine formulations. The 

increasing molecular weight is better demonstrated by the sloped red lines. Left is RNA 

staining, right is protein staining. (e) Schematic of ELISA. (f) CPMV-NiNTA:His-OVA 

ELISA and controls. (g) Qβ-NiNTA:His-OVA ELISA and controls. **** = p < 0.0001. The 

schematic in (e) was created using Biorender.com.
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Figure 3. 
Antibody titers against OVA. (a) Injection and bleeding schedule. (b) Complete ELISAs 

at weeks 4 and 6 as well as the endpoint titers. The endpoint titer was determined as the 

dilution at which the absorbance was greater than twice the blank. The week 2 data can be 

found in Figure S5. (c) IgG isotyping. An IgG2b IgG1−1 ratio < 1 was considered Th2 while 

a ratio > 1 was considered Th1. The full antibody profile can be found in Figure S5. * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001, ns = not significant. The injection 

schedule schematic was created on Biorender.com.
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Figure 4. 
Tumor volume curves and graphs. (a) Tumor volume curves. (b) Bar graph indicating how 

long it took before the tumors were discernible for measurement. (c) Bar graph indicating 

how long it took the tumors to reach a volume of 500 mm3. The CPMV and Qβ experiments 

in a-c were all done at the same time, but were separated into two for ease of viewing. The 

full graphs can be seen in Figure S6.
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