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Abstract: 

 Cancer vaccines are designed to elicit an endogenous adaptive immune response that can 

successfully recognize and eliminate residual or recurring tumors. Such approaches can 

potentially overcome shortcomings of passive immunotherapies by generating long-lived 

therapeutic effects and immune memory while limiting systemic toxicities. A critical determinant 

of vaccine efficacy is efficient transport and delivery of tumor-associated antigens to 

professional antigen presenting cells (APCs). Plant viral nanoparticles (VNPs) with natural 

tropism for APCs and a high payload carrying capacity may be particularly effective vaccine 

carriers. The applicability of VNP platform technologies is governed by stringent structure-

function relationships. We compare two distinct VNP platforms: icosahedral cowpea mosaic 

virus (CPMV) and filamentous potato virus X (PVX). Specifically, we evaluate in vivo 

capabilities of engineered VNPs delivering human epidermal growth factor receptor 2 (HER2) 

epitopes for therapy and prophylaxis of HER2+ malignancies. Our results corroborate the 

structure-function relationship where icosahedral CPMV particles showed significantly enhanced 

lymph node transport and retention, and greater uptake by/ activation of APCs compared to 

filamentous PVX particles. These enhanced immune cell interactions and transport properties 

resulted in elevated HER2-specific antibody titers raised by CPMV- vs. PVX-based peptide 

vaccine carriers. The ‘synthetic virology’ field is rapidly expanding with numerous platforms 

undergoing development and preclinical testing; our studies highlight the need for systematic 

studies to define rules guiding the design and rational choice of platform, in the context of 

peptide-vaccine display technologies.   

 

Keywords: Cancer vaccine; viral nanoparticles; HER2; antigen delivery; peptide vaccine 
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Graphical Abstract 
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Introduction:  

 Cancer vaccines are designed to activate or rejuvenate the immune system to recognize 

tumor-associated antigens and eliminate residual or recurring disease following primary 

treatments [1-3]. In stimulating a sustained endogenous immune response and resultant memory, 

cancer vaccines have the potential to overcome the limited, short-term effects associated with 

passive immunotherapies and the accompanying need for frequent administration at high cost. 

Passive immunotherapy, often administered systemically, is also associated with development of 

resistance and toxicities [4, 5].   

 Several cancer vaccines have already been successfully incorporated in the clinic, and 

many different approaches are currently under development [3, 6]. Peptide subunit-based 

vaccines are among the most explored cancer vaccine approaches and rely on the efficient 

presentation of epitopes to the various components of the immune system, a critical role of 

vaccine delivery platforms [7-11]. Nanoparticulate carriers are particularly promising candidates 

capable of delivering high payloads of peptide antigens with enhanced stability and 

bioavailability [12-14]. Moreover, particulate carriers can provide additional immunostimulatory 

impetus by engaging pattern recognition receptors on immune cells, thereby enhancing the 

overall immunogenicity of the vaccine [9, 15]. 

 Plant viral nanoparticles (VNPs) possessing highly ordered and multivalent protein 

capsids are ideally suited to display repetitive arrays of immunogenic peptide epitopes as vaccine 

platforms [16-21]. Conceptually different from viral vector platforms that rely on expression of 

antigenic peptides by antigen presenting cells (APCs) [22-25], VNPs can deliver large payloads 

of genetically fused or chemically conjugated immunogenic epitopes to a wide range of APCs 

[18, 26]. In addition, the physical and genetic stability of VNPs and their non-integrating and 
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non-infectious nature in mammals adds a layer of safety for VNP-based vaccine applications. 

VNPs can also be engineered to co-deliver other immunostimulatory molecules to improve 

vaccine efficacy [9, 27].  

 A unique advantage offered by VNPs as vaccine platforms is their intrinsic immune-

stimulatory properties that obviate the need for toxic adjuvants and co-stimulatory molecules 

[28]. However, the extent and nature of VNP-immune cell interactions has been shown to be 

dependent on particle morphology and molecular composition. The wide array of different 

shapes, sizes and aspect ratios (ratio of length and width) of VNPs bring about significant 

changes in in vivo properties and functionality. This strong structure-function relationship 

determines the suitability of one VNP over another for specific biomedical applications [19, 20, 

29, 30]. High aspect ratio nanoparticles offer significantly higher payload carrying capacity, but 

may also evade phagocytic immune cells (thus providing advantageous properties for drug 

delivery and imaging applications) [18, 29-31]. Low aspect ratio materials, such as icosahedral 

platforms, may be beneficial for application as vaccines and immunotherapies [32]. 

 In this study, we set out to evaluate VNP–immune cell interactions, define their fates in 

vivo, and evaluate their potential to trigger a human epidermal growth factor receptor 2 (HER2)-

targeted humoral response.  We compared two morphologically distinct VNP platforms: the 30 

nm icosahedral cowpea mosaic virus (CPMV) and 515 x 13 nm filamentous potato virus X 

(PVX). Each particle platform was produced through farming in plants and chemically modified 

to display HER2-specific antigens. The immunological properties of the vaccine formulations 

were evaluated in tissue culture and in murine models. 

We chose CPMV and PVX, because both platforms have been previously studied as 

vaccine delivery platforms in conjugation with epitopes derived from tumor antigens or 
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infectious agents, demonstrating efficacy both to prime humoral and cellular responses in the 

context of cancer [32-38]. For example, PVX coupled with weak idotypic tumor antigen has 

been shown to induce protective humoral immunity against murine B-cell malignancy [38]. 

Furthermore, both platforms have been shown to show efficacy when applied as in situ vaccine 

for treatment of cancer: CPMV stimulates a potent systemic anti-tumor immune response in 

mouse models of melanoma, ovarian, colon and breast cancer [28]; and we recently 

demonstrated that PVX also elicits anti-tumor immunity when administered intramurally in a 

dermal melanoma model [Lee, Murray et al, in review]. 

 We chose to target HER2 positive disease, because HER2 overexpression is associated 

with aggressive breast cancer (and other malignancies). Patients with this disease have a high 

incident of metastasis development and relapse [39]. Successful implementation of passive 

immunotherapy with the HER2-specific monoclonal antibody Herceptin is a testimonial to the 

potential of antibody-mediated therapeutic intervention [40], and several other B cell epitopes 

from the extracellular domain of HER2 receptor have been identified and are undergoing testing 

for vaccine development [41-44]. With the long-term goal to establish a VNP-based HER2 

vaccine for treatment of HER2+ patients, either used as a therapeutic or prophylactic vaccine, we 

initiated this project to assess the suitability of the platform technology, CPMV vs. PVX, for 

such development.  

 

Results and Discussion:  

Propagation and Purification of CPMV and PVX particles: CPMV and PVX particles were 

propagated and purified using established methods [45]. The isolation of either VNP yielded 

approximately 1 mg of virus particle per gram of infected leaf material. TEM images show the 
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distinct morphology of the two particles (Figure 1A). CPMV is a 30 nm-sized nanoparticle 

(Figure 1A) containing 60 copies each of a large (L, 42 kDa) and small (S, 24 kDa) coat protein 

arranged with pT=3 icosahedral symmetry. PVX is a flexible filament measuring 515 x 13 nm 

(Figure 1A) and is composed of 1270 identical copies of a 25-kDa capsid protein. Both CPMV 

and PVX particles can be stably stored for long periods of time (months-to-years). The physical 

and genetic stability as well as batch-to-batch structural consistency confer advantageous 

characteristics for application as a nanocarrier. For cellular uptake studies, fluorescently tagged 

CPMV and PVX particles were synthesized using established protocols targeting solvent-

exposed lysine side chains using NHS-active Alexa Fluor 647 dyes (yielding A647-CPMV and 

A647-PVX). UV-vis spectroscopy was used to determine the degree of labelling: A647-CPMV 

was found to display 27 A647 per particle, and A647-PVX was found to display 175 A647 per 

particle. The 6-fold difference in labelling reflects the 6-fold greater molecular weight of PVX. 

Thus, the spatial array of fluorophores is displayed at a similar density yielding particles with 

comparable fluorescent properties. 

 

Figure 1. Comparing CPMV and PVX structure and interactions with APCs. (A) TEM images 
illustrate distinct morphology of CPMV and PVX VNPs. (B) Flow cytometry analysis 
comparing in vitro uptake of A647-CPMV vs. A647-PVX particles following 2 h incubation at 
37°C by CD11c+ BMDCs isolated from FVB mice. Student’s T test was used for statistical 
analysis with ** = p<0.01. (C) Confocal microscopic images show enhanced uptake of A647-
CPMV particles vs. A647-PVX particles (both green) in CD11c stained (red) BMDCs after 2 h 
incubation.  
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Determination of VNP–APCs interactions: Interaction with and activation of professional 

APCs including dendritic cells (DCs) and macrophages are crucial for vaccine efficacy [46-48]. 

DCs sample antigens, transport immunogenic components (including vaccine carriers) to 

secondary lymphoid organs, initiate and sustain humoral and/or cellular responses. Thus efficient 

delivery of antigens to DCs is a critical step in vaccine-mediated immune stimulation. To 

compare the extent of endocytic uptake by DCs, fluorescently tagged CPMV and PVX particles 

(A647-CPMV and A647-PVX) were incubated with bone marrow derived DCs (BMDCs) 

isolated from FVB mice and analyzed using flow cytometry. Percentage of CD11c+VNP+ cells 

was then quantified as a measure of DC uptake (Figure 1B). The results indicated a significantly 

(p<0.01) higher percentage of CD11c+ DCs were CPMV+ (36%) vs. PVX+ (12%), suggesting 

enhanced uptake of CPMV particles by DCs (Figure 1B). The differential uptake was also 

evident through confocal microscopy, where BMDCs stained with anti-CD11c antibodies 

showed increased uptake of A647-CPMV particles over A647-PVX particles (Figure 1C).   

Uptake of antigens and particulate carriers by APCs depends on several properties 

including shape, size, surface charge and receptor interactions [49, 50]. The particulate and 

repetitive nature of VNPs mimics pathogen-associated molecular patterns (PAMPs) which are 

perceived as danger signals and drive protective immunity [51]. Such molecular patterns are 

recognized by diverse pattern recognition receptors (PPRs) such as TLR on immune cells, 

specifically APCs, and facilitate enhanced uptake of nanoparticle-based vaccines by these cells 

[52, 53]. APCs can internalize particulate carriers by phagocytosis, pinocytosis, or receptor-

mediated endocytosis. The observed differences comparing CPMV and PVX may be explained 

by their different surface chemistry and/ or shape. Phagocytic uptake has been shown to be 

dependent on particle shape and size, and is likely to render uptake of PVX by DCs inefficient as 
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compared to CPMV. Low aspect ratio materials, such as CPMV have been shown to exhibit 

enhanced cell uptake kinetics compared to high aspect ratio materials, such as PVX [54, 55]. 

Moreover, previous studies have illustrated natural tropism of CPMV toward professional APCs 

[26]. For example, it has been indicated that CPMV binds to APCs via a 54-kDa cell surface 

form of the structural protein vimentin, which then facilitates receptor-mediated endocytosis the 

particle [56-58]. Thus, a combination of efficient endocytosis and receptor-mediated endocytosis 

together enable enhanced uptake of CPMV by DCs.  

We also observed a differential cytokine activation profile for the two particles. BMDCs 

incubated with equivalent amounts of VNPs (5 µg each of non-fluorescent CPMV and PVX 

particles) resulted in a significantly higher pro-inflammatory TNF-α and IL-6 response to PVX 

as compared to CPMV (Supplementary figure S1). The proinflammatory cytokine profile is 

similar to that of bacterial LPS, which engages TLR4 receptors. While this suggests possibility 

of underlying differences in the interaction and activation of professional APCs by the two 

vaccine delivery vehicles, given the complexity and diversity of cytokines, a more detailed study 

encompassing a significantly larger class of molecules is required.   

Lymph node trafficking and cellular interaction wit hin the draining lymph node: Following 

subcutaneous administration of vaccines, trafficking of antigens from peripheral tissues to 

secondary lymphoid organs, such as draining lymph nodes (dLNs) through the lymphatic system, 

is critical for development of an adaptive immune response. Nanoparticle carriers could 

significantly improve transport of subunit vaccines to lymph nodes and facilitate interactions of 

antigens to the immune system [59]. Size of the carriers is a key design consideration as particles 

smaller than 100 nm generally enter and drain efficiently in the lymphatic system and can be 

transported in free form. Larger particles (100-500 nm), on the other hand, are transported less 
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efficiently and much slower to the lymph nodes – often by phagocytic cells [47, 60]. Here we 

evaluate whether differences observed in in vitro cell uptake studies translate to in vivo models. 

 

Figure 2. Lymph node trafficking and differential localization of CPMV and PVX particles 
within the draining lymph node (dLN). (A) Maestro imaging following footpad injection of 
CPMV-A647 (left footpad) and PVX-A647 (right footpad) in mouse was used to determine 
trafficking of fluorescent VNPs to corresponding draining lymph nodes (pointed by dotted 
arrows) over time (A). Maestro imaging (insets) and immunofluorescence staining show 
differential accumulation and localization of A647-CPMV (B) and A647-PVX (C) particles 
(green) within draining brachial lymph nodes 12 h following sub-cutaneous administration 
behind neck in mice. B cells zones (stained with anti-B220 antibody) are showed in red, T cell 
regions are indicated with yellow arrows. High magnification images showing regions of VNP 
accumulations (indicated with blue arrows) illustrate localization of A647-CPMV and A647-
PVX in subcapsular sinus and B follicle regions, respectively.  

 

In order to observe the kinetics of VNP drainage and retention in dLNs, fluorescent viral 

carriers were injected subcutaneously into the footpad as it allows for easy tracking of particles 
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draining to the popliteal lymph nodes [60]. Equal amounts  (50 µg each; normalization to amount 

of protein administered also normalizes the fluorescent payload) of CPMV and PVX carriers 

were injected as indicated by white and green solid arrows corresponding to CPMV and PVX, 

respectively, and imaged over time (Figure 2A). Within just 4 h post injection, fluorescence from 

both CPMV and PVX particles can be observed in the corresponding dLNs indicated by dotted 

arrows, while a large fraction of injected fluorescent particles are still observed in the footpads. 

The sustained fluorescent signal from CPMV dLNs and site of injection indicated persistent 

trafficking and/or retention of CPMV to dLNs for an extended 96 h period as compared to PVX, 

which begins to be cleared from corresponding dLNs as early as 7-10 h and from the site of 

injection by 55 h following the injection (Figure 2A). These results clearly indicate differential 

drainage or retention mechanism of CPMV and PVX particles. We similarly determined dLNs 

following subcutaneous injections of fluorescent VNPs behind the neck, a site chosen for vaccine 

administration. Mice immunized s.c. behind the neck with A647-CPMV and A647-PVX 

particles were euthanized 12 h post injection, then peripheral LNs were harvested and analyzed 

using the Maestro imaging system (Figure 2B and C). We chose the 12 h time point, because 

other studies demonstrated that LN accumulation of nanoparticles typically peaks 12 h post 

dosing [61, 62]. Both CPMV and PVX predominantly localized to the brachial dLNs with 

fluorescent intensities indicating enhanced accumulation of CPMV particles over PVX, 

mirroring the results observed via the footpad injections and suggesting differential mechanisms 

of drainage (insets, Figure 2B and 2C). While freely transporting CPMV particles are likely to 

reach draining lymph nodes more efficiently over the larger PVX particles, which may drain 

slower through lymphatic vessels, the sustained presence of CPMV in dLNs suggest enhanced 

interaction with resident immune cells over PVX. These results are in agreement with the size 
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dependence of nanoparticle diffusion kinetics through the lymphatic vessels that has been 

extensively studied [59, 63, 64]. 

Interestingly, immunofluorescence analysis using confocal microscopy revealed 

remarkably distinct intra-dLN localization of the two particles: CPMV particles accumulated in 

large numbers at the subcapsular sinus areas of the dLN, regions populated with subcapsular 

sinus macrophages (Figure 2B) and T cell zones (yellow arrow). Subcapsular sinus macrophages 

are the first cells that encounter and phagocytose particulate antigens carried by afferent 

lymphatics reaching the dLNs, which are subsequently passed on to other APCs for processing 

and presentation to T cells. The accumulation and trafficking patterns of CPMV within the dLNs 

are similar to previously reported particulate antigens of comparable sizes [65]. PVX particles, 

on the contrary, were predominantly sequestered in the B cell follicle zones in the dLNs (Figure 

2C). It is apparent that the larger PVX particles are transported less efficiently into the draining 

lymph nodes. Due to the high aspect ratio, PVX may evade phagocytosis and processing by 

subcapsular macrophages or other resident APCs, and instead are captured and transported by 

non-cognate follicular B cells. Follicular B cells have been shown to interact with antigens that 

diffuse through subcapsular sinus and transport antigens to follicular dendritic cells in the 

germinal center [65-68]. We have previously observed, similar patterns, as PVX particles 

accumulates in the B cell follicle regions of the spleen following intravenous injections [20]. 

While data indicate sequestration in the B cell follicle, uptake into B cells is not observed (Figure 

2C). However, proteases in lymphatic fluids have been shown to cleave antigens from 

nanoparticle carriers and thus facilitate antigen-B cell interactions without the requirement of 

nanoparticle uptake [69]. Reduced fluorescence in B cell follicle regions at 24 h following 

dosing may indicate proteolytic processing of PVX (Supplementary figure 2a+b).  
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Again, the distinct localization and transport of CPMV and PVX within dLN can be 

attributed to their molecular or morphological differences or a combination of both. These 

differences are likely to result in distinct pathways of immune stimulation and therefore may 

influence the nature and extent of immune response triggered by the two distinct vaccination 

platforms. 

We further investigated the interactions of VNPs with various APCs within the dLN. 

Total vs. VNP+ immune cell populations (CD11c+ DCs, F/480+ macrophages and CD19+ B cells) 

from dLNs were analyzed by flow cytometry and compared to brachial LNs from naïve mice 

(Figure 3). Total CD11c+ DC population did not change significantly between naïve and 

immunized dLNs over time, indicating no significant influx of DCs into the LNs following the 

administration and trafficking of VNPs. However, the resident DC population does show varying 

degrees of CPMV and PVX uptake with time (Figure 3A). In CPMV-administered mice the 

VNP+ fractions were 36%, 56%, and 43% at 12 h, 24 h and 48 h post-injection, indicating a 

continuous and sustained influx of CPMV particles through lymphatic drainage, which peaks at 

24 h. In PVX-administered mice the VNP+ fractions remained low (11%, 23% and 3% at 12 h, 

24 h, and 48 h post-injection), indicating lower association of PVX particles with CD11c+ DCs 

(Figure 3A). These results mirror the in vitro results showing significantly lower uptake of PVX 

particles by BMDCs and the lymph node trafficking results that indicated rapid clearance of 

PVX from the dLN versus the prolonged presence of CPMV seen in the dLNs injected mice 

(Figure 2A).  
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Figure 3. Cellular interactions of VNP carriers within the draining lymph nodes. (A-C) Flow 
cytometry analysis of digested LN cells was used to determine interactions of CPMV and PVX 
particles with CD11c+ DCs, F4/80+ macrophages and CD19+ B cells at 12 h, 24 h and 48 h 
following particle administration.  Statistical analysis was performed using one-way ANOVA 
followed by Bonferroni correction using GraphPad Prism software. (D-G) Flow cytometry 
analysis was also used to determine activation of CD11c+ DCs and F4/80+ macrophages from 
digested dLNs 24 h following VNP administration. 
 

The F4/80+ macrophage population showed increased accumulation in the dLN post 

treatment with either CPMV or PVX compared to naïve mice (this was observed at 24 h and 48 h 

post injection), indicating increased influx of phagocytic macrophages (Figure 3B). Again, 

CPMV showed significantly higher interaction with the F4/80+ cells over PVX at 24 h and 48 h 

post injection (51% vs. 20% at 24 h and 35% vs. 3% at 48 h for CPMV and PVX, respectively) 

(Figure 3B). A similar increase was observed for CD19+ B cells that showed elevated influx into 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 15

dLNs after VNP immunization (Figure 3C). However, both CPMV and PVX showed lower 

interactions with B cells as compared to DCs and macrophage cell populations, consistent with 

their role as the primary APCs in the dLNs. Further analysis of the activation status of CD11c+ 

DCs and F4/80+ macrophages within the dLNs resulting from these interactions with carrier 

VNPs was performed. Our results indicated significantly higher expression of CD86 and CD40 

co-stimulatory markers on CD11c+ DCs in the dLN of mice injected with CPMV as compared to 

PVX injected mice (Figure 3D, E). Increased expression of CD86, CD40, and several other cell 

surface markers is associated with APCs maturation and is a critical step leading to a cascade of 

immunostimulatory effects [70, 71]. Similarly, CPMV positive F4/80+ macrophages showed 

significantly elevated expression of CD86 co-stimulatory molecule over PVX positive 

macrophage population (Figure 3F). Elevated CD86 expression in macrophage population 

together with absence of any significant CD206 expression over control population (Figure 3G) 

implies activation of a classical M1 phenotype and absence of the alternatively activated 

regulatory M2 phenotype [72].  

 Together, our results suggest that following subcutaneous administration, CPMV 

particles are more efficiently drained into LN compared to PVX. We hypothesize that the high 

aspect ratio of PVX not only impedes lymphatic drainage, but also influences the degree of 

interactions with resident immune cell populations, as indicated by immunofluorescence and 

flow cytometry data. Thus, while CPMV particles undergo macrophage- and DC-mediated 

uptake and processing, PVX is sequestered in B cell rich follicles regions (however, it should be 

noted that uptake into B cells was not apparent), overall indicating a more favorable immune 

activation profile of CPMV over PVX carrier for vaccine applications.  
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Design of CPMV- and PVX-based HER2 vaccine: To test whether enhanced lymphatic 

drainage and uptake by APCs of CPMV vs. PVX, translate to enhanced humoral immune 

stimulation against cancer-specific epitopes, we designed and tested HER2 vaccine formulations. 

CPMV and PVX based HER2 vaccine formulations were designed to display multiple copies of 

validated immunodominant epitopes derived from distinct regions of the HER2 extracellular 

domain:  

 CH401163-182 (YQDTILWKDIFHKNNQLALT) and  

 P4 378-398 (PESFDGDPASNTAPLQPEQLQ).  

 Both CH401 and P4 have been validated in preclinical studies, and peptide formulations 

are subjects of several ongoing clinical trials assessing their safety and efficacy in the setting of 

HER2+ disease [73-75]. Here, the peptides CH401 and P4 were designed with a C-terminal 

cysteine residue to enable chemical coupling to the VNP carrier via an intervening GPSL linker 

[76] (Figure 4A). We also tested the design of vaccine candidates using an intervening GGG 

linker.  No significant differences were observed between the immunogenicity of GPSL and 

GGG linker bearing P4 epitopes (Supporting figure 3 ).  

 The 30 nm icosahedral CPMV capsid and the 515 nm x 13 nm PVX filaments present 

~300 and 1270 reactive lysine residues, respectively, enabling chemical conjugation with 

antigenic epitopes. A bi-functional N-hydroxysuccinimide-PEG4-maleimide (SM-PEG4) linker 

was used for coupling the C-terminal cysteine to the solvent-exposed lysine residues on either 

VNP (Figure 4B).  SDS-gel electrophoresis of purified VNP-peptide formulations showed 

presence of additional higher molecular weight protein bands corresponding to modified coat 

protein subunits (Figure 4C). The small CP subunit of CPMV (S, 24 kDa) showed higher 

molecular weight bands corresponding to CH401- and P4 - modified S protein (lanes 2 and 3, 
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CPMV).  Similar patterns were observed for PVX and its conjugated formulations PVX-CH401 

and PVX-P4 (lanes 2 and 3, PVX). Densitometry analysis of the CP-peptide bands 

corresponding to CPMV-CH401 and CPMV-P4 (lanes 2 and 3 CPMV) indicated ~ 45±5% of 

small coat protein subunits were modified with the antigenic peptides, resulting in ~30 peptides 

per CPMV (it is likely that additional peptides are conjugated to the L protein, however the gel 

analysis did not allow us to quantify loading; mass spectrometry has been attempted with 

CPMV, but the L protein remains challenging to analyze due to its inherent insolubility when not 

assembled into a particle [77]. Similar analysis for PVX-P4 and PVX-CH401 (lanes 2 and 3 

PVX) indicated ~24±3% coat proteins were modified corresponding to ~275 epitopes per PVX. 

With respect to the differences in molecular weights of the VNP formulations, peptide loading 

on PVX is about ~70% higher compared to CPMV attesting to higher payload delivery 

capabilities of the filamentous PVX platform. 
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Figure 4. Design and synthesis of HER2 vaccine based on CPMV and PVX carriers. (A) 
Epitopes CH401 (163-182) and P4 (378-398) are derived from the distinct regions of the extracellular 
domain of HER2 different from Herceptin (Trastuzumab) binding domain. The epitopes were 
designed with a terminal Cysteine residue with an intervening flexible GPLS linker. (B) Epitopes 
were chemically conjugated to the reactive lysine residues on CPMV and PVX capsids in a two-
step process via a bifunctional NHS-PEG4-MAL linker. (C) Denaturing SDS-gel electrophoresis 
analysis shows modification of CPMV and PVX capsid proteins with multiple copies of CH401 
and P4 peptides resulting in appearance of additional high molecular weight bands corresponding 
peptide modified CPs. 
 

 
Stimulation of HER2 peptide specific antibody responses: CPMV- and PVX-based HER2 

vaccine formulations were evaluated for their ability to augment the serum antibody titers against 

the HER2 target. These studies were carried out by immunizing female FVB mice three times, 

biweekly with free peptide epitopes (CH401 or P4; 1.2 µg dose), 50 µg of peptide-loaded CPMV 
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or PVX (carrying 0.8 µg or 1.2 µg of peptides, respectively) (Figure 5A).  Because previous 

studies had shown that the immunostimulatory and adjuvant properties of VNPs obviate the need 

for an external adjuvant [8, 78, 79], we chose not to use any adjuvants in our studies. After the 

initial set of immunizations (d0, d14 and d28), mice were boosted with similar doses of vaccine 

candidates on days 68, 81 and 96 (Figure 5A). Serum was collected prior to the first and all 

subsequent immunizations, and sera were analyzed for peptide epitope specific- and carrier-

specific IgG levels using ELISAs at increasing dilutions (1:500, 1:2500 and 1:12500) (Figure 5B 

and 5C). The results illustrated a clear pattern: while the soluble peptides failed to stimulate 

significant levels of serum antibodies (black curves), multivalent arrays of the same epitopes on 

VNP carriers led to a strong peptide-specific IgG response. IgG levels peaked on day 28 

following the second immunization on day 14; this pattern repeated upon booster administration, 

where the IgG levels peaked following the second booster on day 81. The antibody responses 

varied as a function of VNP carrier and choice of epitope. Overall, CPMV-based vaccine 

formulations (blue curves) triggered a considerably stronger HER2 peptide-specific immune 

response compared to the PVX-based vaccine formulations (red curves) (Figure 5B and 5C). 

These results corroborate enhanced trafficking and retention of CPMV particles to draining 

lymph nodes over PVX and increased uptake of CPMV by APCs, including DCs (Figure 2). 

Thus, CPMV particles as carriers are able to deliver the peptide epitopes to APCs more 

efficiently for processing and presentation, leading to the significantly high sera IgG levels over 

PVX vaccines.  

Furthermore, differences were also observed comparing the different peptide 

formulations: CPMV-CH401 and PVX-CH401 vaccines led to elevated IgG levels over 

corresponding P4 epitope vaccines, suggesting enhanced immunogenicity of CH401 over P4 
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epitope (Figure 5B and 5C). Moreover, the CH401 vaccines (both CPMV and PVX based) 

resulted in sustained IgG levels between the peak days of d28 and d96, as compared to 

corresponding P4 vaccines where the IgG levels fall sharply in this period. Furthermore, booster 

immunization with CPMV vaccines resulted in elevated peptide specific IgG levels on day 96 

(both anti-CH401 and anti-P4), however PVX vaccine boosters did not lead to enhanced IgG 

response with either epitope (Figure 5B). The alternative intervening linker GGG under 

consideration with P4 showed no significant difference in immunogenicity to P4 compared to the 

GPSL linker across all formulations except absence of elevated IgG response on d96 following 

booster administration with CPMV carriers (Supplementary figure S3). This could indicate 

inefficient processing of the GGG linker bearing P4, however, further studies will be needed to 

determine the mechanistic differences arising from peptide linkers. 
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Figure 5. Characterization of antibody response to HER2 vaccines.  (A) Immunization schedules 
with biweekly administration of VNP-based formulations or free peptides over a 96 day period. 
(B, C) ELISAs were performed to detect anti-CH401 and anti-P4 serum IgG levels (at 1: 500, 
1:2500 and 1:12500 serum dilution) following immunization with CPMV vaccines (blue), PVX 
vaccines (red) or free peptides (black). D) Comparable carrier-specific IgG response was 
measured following immunization with CPMV and PVX or the vaccine formulations based on 
the two carrier VNPs.   

 
 
 
 The immunostimulatory nature of VNP carriers is critical and desirable for initiating a 

successful immune response directed against the epitopes. Self-tolerance and 

immunosuppression are often the biggest challenges in cancer vaccine-mediated 
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immunotherapies. It is therefore critical that a vaccine carrier provides the immunostimulatory 

impetus required for reactivating the immune system against tumor antigens by modulating 

antigen-immune cell interactions. However, immunogenicity of capsid proteins could result in a 

VNP-specific immune response at the cost of epitope-specific antibodies in a vaccine setting [80, 

81]. Presence of carrier neutralizing antibodies may also lead to rapid clearance, lower 

bioavailability and potential systemic toxicities, resulting in undesirable off-target effects, and 

therefore is a major obstacle to success of VNP/VLP-based vectors and nanomedicinal platforms 

[21, 82, 83]. Therefore, we assessed the specificity of the IgG response toward HER2 epitopes 

vs. carrier VNPs. Sera from immunized mice were tested on plates coated with corresponding 

VNP (Figure 5D). Dilution series indicates that anti-VNP-specific IgGs were detectable at 

similar levels compared to anti-HER2 IgGs; however, the significantly lower absorbance 

indicates that the anti-VNP antibodies generated have lower affinity relative to the anti-HER2 

antibodies. There were no differences between the humoral responses against the CPMV vs. 

PVX carrier. 

In summary, these results highlight differences in the immunogenicity of the two HER2 

epitopes, the influence of carrier VNP is clearly evident as well. Furthermore, the lack of 

humoral immune-stimulation using free peptides highlights the need of carrier. The data indicate 

that in the context of VNP presentation, the CH401 peptide is more potent compared to P4, and 

CH401 is most effective when presented as a multivalent array on the CPMV carrier (as opposed 

to PVX).  

Differences in the vaccine efficiency of CPMV vs. PVX-based formulations may be 

attributed to the differential immunostimulatory nature of the two carriers, as a result of their 

distinct shape and molecular composition. CPMV with its natural tropism toward primary APCs, 
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may undergo APC- and macrophage-mediated uptake and antigen-processing resulting in more 

efficient immune stimulation involving T helper cells.  PVX particles, on the other hand, avoid 

endocytosis and phagocytosis by APCs and macrophages and are sequestered in B cell rich 

regions, resulting in inefficient immune responses [59, 69]. Both, CPMV and PVX, have been 

previously studied as vaccine delivery platforms, demonstrating efficacy both to prime humoral 

and cellular responses [32-38]. Nevertheless, a direct comparison of the two platforms has not 

been reported. 

 

Figure 6. IgG Isotyping. ELISA measurements were used to determine VNP-specific (A) and 
epitope-specific (B & C) IgG isotypes in immunized mice sera. Isotype breakdown is shown as 
IgG1/IgG2a/IgG2b fractions (representative data are shown with mean and standard deviation 
from 3 technical replica).   
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 IgG isotyping was performed to further characterize the nature of the immune response to 

carriers and vaccines. CPMV-immunized mice showed significantly higher levels of anti-CPMV 

IgG2a/2b isotypes levels over IgG1 isotypes (40.6% and 36.6% vs. 22.8%, respectively), 

whereas PVX immunized mice showed an anti-PVX IgG response skewed toward IgG1 isotype 

(43%) over IgG2a/2b (36/19%, respectively) (Figure 6A). The differences between IgG isotype 

suggest distinct immunostimulatory properties of CPMV and PVX particles and that could, in 

part, arise from their differential trafficking, interactions with immune system components, or 

engagement of distinct TLR receptors. While all the IgG variant bind to Fc receptors and can 

enhance phagocytosis by macrophages, each isotype can confer specific therapeutic advantage. 

Therefore, while IgG1 can fix complement and mediate antibody dependent cell cytotoxicity 

(ADCC) of cancer cells by natural killer cells [84], mouse IgG1 is considered a low effector 

function isotype, whereas IgG2a/2b have the highest binding affinities to FcγRs and are 

particularly potent mediator of ADCC by myeloid cells including neutrophils [85, 86]. The 

carrier immunogenicity seems to influence epitope specific IgG isotype profiles of the two HER2 

vaccines, although the two epitopes also had an impact. CH401-specific IgG showed a broader 

isotype profile when presented on CPMV (IgG1/IgG2a/IgG2b fractions of 34/34/31%) as 

compared to CH401 displayed on PVX (IgG1/IgG2a/IgG2b fractions of 35/45/19%) (Figure 6B). 

The breakdown of P4-specific IgG response on day 28 showed characteristic isotype profiles 

mirroring CPMV and PVX-specific IgG responses skewed toward IgG2a and IgG2b vs. IgG1, 

respectively (Figure 6C). However, at day 96, P4-specific isotypes for both CPMV and PVX 

based vaccines are not significantly different (Figure 6C).  

Anti-sera recognition of cellular HER2 receptor: Next, we determined the whether serum 

IgGs toward the target antigen HER2 target the cellular receptor; flow cytometry and confocal 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 25

microscopy studies using SKBR3 cells were performed as well as ELISA analysis against 

recombinant HER2 protein (Figure 7).  

 SKBR3 cells were incubated with pooled antisera from various immunization groups and 

analyzed by flow cytometry (Figure 7A). A commercial anti-HER2 IgG was used as a positive 

control, whereas serum from naïve mice and commercially procured mouse total IgG were used 

as negative controls. Total IgG from naïve mice showed minimal binding, indicating absence of 

non-specific HER2 affinity in mouse sera. Antisera from CPMV and PVX vaccine immunized 

mice showed variable positive interactions with SKBR3 cells with CPMV-CH401 antisera 

showing significantly higher binding over CPMV-P4 antisera and all PVX-based formulations. 

Increased interaction of CPMV-CH401 antisera over CPMV-P4 sera could reflect higher titers of 

HER2 specific antibody in the former over latter, underlining the higher immunogenicity of 

CH401 peptide over P4 peptide. Moreover, the highly exposed CH401 domain on the HER2 

extracellular domain is likely to contribute towards improved binding of CH401 antisera over P4 

antisera for both CPMV and PVX.  This differential binding affinity with cellular HER2 receptor 

was further validated by confocal microscopy where CPMV-CH401 antisera clearly showed 

enhanced binding with membrane HER2 (Figure 7C) (comparable to anti-HER2 antibody, Figure 

7B) over PVX-CH401 antisera when inoculated with SKBR3 cells (Figure 7D). Furthermore, 

differential binding of CPMV-CH401 antisera or its PVX counterpart with HER2 was also 

confirmed using ELISA, where the former showed ~1.5 times higher binding with HER2 protein 

over the latter (Figure 7E). These results clearly highlight the ability of CPMV-based HER2 

vaccines to stimulate a stronger and specific immune response against HER2. 
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Figure 7. Specificity of serum IgGs toward cellular HER2 receptors. (A) Flow cytometry 
analysis comparing serum IgG binding with HER2+ SKBR3 cells. (B-D) Confocal analysis 
comparing the binding of vaccine stimulated serum IgGs (by CPMV-CH401 and PVX-CH401) 
and anti-HER2 antibody to cellular HER2 receptors on SKBR3 cells. (E) ELISA comparing 
binding of serum IgGs to recombinant HER2 protein. Student T test was used for statistical 
analysis with ** = p<0.01 and *** = p< 0.001. 
 

Conclusions:  

Cancer vaccines can activate the immune system to recognize tumor-associated antigens 

and have the potential to eliminate residual or retuning tumors following primary treatment via 

antigen specific cellular or humoral responses. An effective cancer vaccine combines 

immunodominant epitopes with efficient delivery vehicles, thereby optimizing interactions with 

components of the immune system including secondary lymphoid tissues and antigen presenting 

cells. Plant VNPs with highly organized multivalent architectures and natural tropism for 

immune cells are therefore ideally suited for this role. Based on their structural differences, 

VNPs may engage distinct cellular populations and initiate alternative pathways influencing the 

extent and type of immune response to carrier epitopes. This study highlights the underlying 

differences between in vivo trafficking and cellular interactions that renders one VNP more 
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potent than another. Data indicate CPMV is superior for displaying B cell epitopes and 

stimulating an epitope-specific humoral response (with minimal development of carrier-specific 

antibodies).  In vivo trafficking of PVX deep into the B cell follicles in dLNs may open novel 

applications targeting these immune cell reservoirs. Our studies highlight the need for systematic 

analysis of VNP carriers to define rules guiding the design, and rationale choice of platform, in 

the context of peptide-vaccine display technologies.   
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Materials and Methods: 

VNP propagation: Established procedures were used for the propagation and purification of 

CPMV [87] and PVX [20]. Purified VNPs were stored in 0.1 M potassium phosphate pH 7.0 

buffer at 4°C. Concentrations of VNPs were determined by UV spectroscopy at 260 nm using 

the molar extinction coefficients εCPMV = 8.1 mL mg-1 cm-1 and εPVX= 2.97 mL mg-1 cm-1. 

Synthesis of CPMV and PVX vaccine formulations: HER2 epitopes P4 (378-398) and CH401 

(163-182) were conjugated to purified CPMV and PVX VNPs using NHS chemistry. In a two-step 

protocol, cysteine terminated peptide epitopes P4 (PESFDGDPASNTAPLQPEQLQ-LSPG-C) 

and CH401 (YQDTILWKDIFHKNNQLALT-LSPG-C) with flexible GPSL linker [76] were 

conjugated to VNPs via the heterobifunctional N-hydroxysuccinimide-PEG4-maleimide linker 

SM-PEG4 (Life Technologies). The peptides were synthesized and obtained from Genscript. 

Briefly, CPMV and PVX were reacted with 3500 and 5000 molar excess of SM-PEG4 linker at 

room temperature for 2 h at a 2 mg mL-1 VNP concentration.  Then, 5000 and 7500 molar excess 

of peptides were reacted overnight with SM-PEG4-modified CPMV and PVX, respectively. 

VNP-peptide formulations were purified over a 40% (w/v) sucrose cushion at 160,000 x g for 3 h 

and resuspended in sterile PBS. UV spectroscopy was used to determine VNP concentrations as 

described above and the peptide conjugation was quantified using lane density analysis (ImageJ 

1.44o software (http://imagej.nih.gov/ij)  of protein bands following SDS gel electrophoresis.  

Synthesis of fluorescently tagged VNPs. CPMV and PVX VNPs were covalently modified 

with AlexaFluor 647 (A647) dye using N-hydroxysuccinimide-activated esters targeting surface-

exposed lysine residues on the viral coat proteins (NHS-A647 was obtained from Life 

Technologies). CPMV and PVX were incubated overnight at room temperature with 3500 and 

5000 molar excess of NHS-A647, respectively. CPMV-A647 and PVX-A647 were then purified 
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using ultracentrifugation on a 40% (w/v) sucrose cushion. UV-Vis spectroscopy performed on a 

Nanodrop instrument was used to determine A647/ VNP ratio using fluorophore-specific 

extinction coefficients of εA647 = 270,000 M-1cm-1 at 650 nm, εCPMV = 8.1 mL mg-1 cm-1 at 260 

and εPVX = 2.97 mL mg-1cm-1 at 260 nm.  

Immunization:  All experiments were carried out in accordance with Case Western Reserve 

University’s Institutional Animal Care and Use Committee. Female FVB mice (n=3) were 

immunized subcutaneously on days 0, 14 and 28 with formulations consisting of 50 µg of VNP-

peptide conjugates (CPMV-P4/ CH401 or PVX-P4/ CH401 with CPMV carrying 0.8 µg peptide 

load and PVX carrying 1.2 µg peptide load) or equivalent amounts of free peptides (P4 or 

CH401) or VNP carriers (CPMV and PVX) suspended in 50 µL PBS, followed by a course of 

biweekly booster immunization with these same (on days 68, 81 and 96). Blood was collected 

prior to every immunization (days 0, 14, 28, 68, 81 and 96) and 2 weeks after the last booster 

injection (on day 110) through the retro-orbital plexus. Blood was collected in Greiner Bio-One 

VACUETTE™ MiniCollect™ tubes (Thermo Fisher Scientific, Waltham, MA) and centrifuged 

at 14,800 rpm for 10 min to separate the serum, which was then stored at 4°C until analyzed. All 

mice were euthanized after the last blood collection.  

Enzyme-linked immunosorbent assays (ELISAs): Following immunizations, ELISAs were 

carried out to determine levels of epitope and VNP-specific serum IgG and IgG isotypes as well 

as HER2 specific IgG. Peptide-specific ELISA was performed on the 96-well PierceTM 

Maleimide Activated Plates (Thermo Fisher Scientific) prepared and processed as per 

manufacturer’s instructions. Briefly, plates were coated with 0.4 µg of peptide (P4, P4ii, or 

CH401) per well in coating buffer (0.1M sodium phosphate, 0.15 M sodium chloride, 10 mM 

EDTA, pH 7.2) and incubated overnight at 4°C. Following blocking with 100 µL cysteine 
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solution (10 µg/mL) per well at 37°C for 1 hour, sera from immunized mice at dilutions of,1:500, 

1:2500 and 1:12500 (in coating buffer) were added to the wells and incubated at 37°C for 2 h. 

Plates were washed four times with washing buffer (0.05% (v/v) Tween-20 in PBS, 200 µL per 

well) between all steps. Plates were then incubated with 100 µL of alkaline phosphatase-labeled 

goat anti-mouse IgG (Invitrogen, Thermo Fisher Scientific) in blocking buffer (at 1:3000 

dilution) at 37°C for 1 hour and developed with 100 µL of 1-step PNPP substrate (Thermo Fisher 

Scientific) for 10 min at 4°C. Reaction was stopped using 50 µL of 2 M NaOH. Absorbance was 

then read at 405 nm using a Tecan microplate reader. IgG isotyping was similarly carried out 

using anti-mouse IgG2a, IgG2b and IgG1-alkaline phosphatase antibodies (Novus Biologicals, 

Littleton, CO) at 1:1000 dilutions. VNP-specific IgG and isotypes levels were similarly 

determined on a 96-well Nunc Polysorp Immuno plates (Thermo Fisher Scientific) coated with 1 

µg of VNPs (CPMV or PVX). ΗΕR2 specific serum IgG levels were determined using plates 

coated with 1 µg human HER2/ ErbB2 protein (Acro Biosystems, Newark , DE). 

Cell Binding Assay: HER2+ SK-BR-3 cells (ATCC) were maintained in McCoy’s 5A media 

supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) Penicillin/Streptomycin (all 

reagents from Life Technologies, Grand Island, NY) at 37°C and 5% CO2. For the cell-binding 

assay, 25,000 SK-BR-3 cells per well were cultured on glass coverslips in a 24-well suspension 

culture plate for 24 h. After washing and replacing with fresh media, pooled antisera from mice 

immunized with CPMV- and PVX-based vaccines were added to the culture media (1:500 

dilution) and incubated with cells at at 4°C for 2 h. A rabbit anti-human HER2 Ab (ACRO 

Biosystems, Newark, DE) was used as a positive control. Post-incubation, cells were washed 

thrice with sterile saline and fixed for 5 min at room temperature with DPBS containing 4% (v/v) 

paraformaldehyde and 0.3% (v/v) glutaraldehyde. Antisera treated cells were stained with goat 
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anti-mouse-AlexaFluor 488 secondary antibody (1:1000 dilution; Life Technologies) in 5% (v/v) 

goat serum.  HER2 antibody treated cells were stained with goat anti-rabbit AlexaFluor 488 

secondary antibody (1:1000) (Life Technologies) for 60 min at room temperature. Cells were 

washed thrice with DPBS (Life Technologies). All coverslips were then mounted onto glass 

slides using Fluoroshield with DAPI mounting media (Sigma, St. Louis, MO) resulting in 

nuclear staining and sealed using nail polish. Confocal images were captured on an Olympus 

FluoViewTM FV1000 LSCM and data processed using ImageJ 1.44o software 

(http://imagej.nih.gov/ij).  

Flow cytometry: SKBR3 cells were cultured as described above. The cells were washed with 

PBS, collected in enzyme-free Hank’s-based Cell Dissociation Buffer (Fisher), and re-suspended 

in 200 µL of complete medium in a 96 well plate at 200,000 cells/ well. Cells were then 

incubated for 2 h at 4°C with rabbit anti-HER2 Ab (1:500 dilution), mouse total IgG (1:500 

dilution), sera from naïve mice, and sera from mice immunized with CPMV vaccines (CH401 

and P4) and sera from mice immunized with PVX vaccines (CH401 and P4). Post-incubation, 

cells were washed twice in FACS buffer (1 mM EDTA, 25 mM HEPES, 1% (v/v) FBS in PBS, 

pH 7.0), fixed in 2% (v/v) paraformaldehyde in FACS buffer for 10 min at room temperature and 

washed twice again in FACS buffer. Antisera treated and mouse total IgG treated cells were then 

stained with goat anti-mouse IgG antibody conjugated with AlexaFluor 488 (1: 1000 dilution) 

whereas cells incubated with rabbit anti-HER2 antibody were stained with Cells were then 

stained with goat anti-rabbit Alexa Fluor 488 secondary antibody (1:1000) (Life Technologies) 

for 60 min at 4°C. Cells were then washed twice in FACS buffer, re-suspended in 300 µL FACS 

buffer, and stored at 4°C. Cells were analyzed using a BD LSR II Flow Cytometer and 10,000 

gated events were recorded. Data were analyzed using FlowJo v8.6.3 software. 
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Bone marrow derived dendritic cells (BMDCs) uptake and cytokine activation: BMDC 

were obtained according to previously published protocols [45]. Briefly, a single cell suspension 

of whole bone marrow cells was obtained from the femurs and tibias of female FVB mice.  The 

cells were washed once in PBS and red cells were lysed for 2 minutes at 37oC in 2 ml of ACK 

lysis solution (Lonza, Allendale, NJ).  The cells were filtered, washed, and resuspended at 1x106 

cells/ml in T cell media (RPMI (Corning, Croning, NY) supplemented with 10% GemCell FBS 

(Gemini Bio-Products, Sacramento, CA), 1x penicillin/streptomycin (Corning), 1x MEM non-

essential amino acids (Corning), 1 mM sodium pyruvate (HyClone, South Logan, UT), 2 mM L-

glutamine (Corning), 10 mM HEPES (Corning), and 50 µM beta-mercaptoethanol (Sigma)) 

supplemented with 10 ng/ml mouse IL-4 (Peprotech, Rocky Hill, NJ) and 15 ng/mL mouse GM-

CSF (Peprotech).  3 mL of cells were plated/well of a 6-well plate and incubated at 37oC.  The 

media was removed and replaced with fresh T cell media supplemented with IL-4 and GM-CSF 

on day 3 and an additional 3 mL of fresh T cell media supplemented with cytokines was added 

on day 5.  Cells were harvested on day 7 and used for VNP uptake and cytokine activation 

studies.  All cells were maintained on ice prior to the addition of VNPs. For BMDC uptake 

studies, A647-CPMV and A647-PVX particles (at 50,000 particles/ cell) were incubated with 1 x 

106 cells at 37oC for 2 h. Cells were washed to remove free particles and incubated with 100 µl 

of Fc Block (1:400, anti-CD16/32, eBioscience, San Diego, CA) on ice for 20 minutes to block 

Fc receptor-mediated non-specific interactions.  Following this, cells were stained with PE-anti-

CD11c (1:100, BioLegend, San Diego,  CA) for 30 minutes on ice.  Samples were analyzed on a 

BD Accuri cytometer.  

For cytokine activation assay, BMDCs were incubated with CPMV and PVX particles (5 µg 

VNPs/ million cells) at 37 oC for 24 h in cytokine free T cell media. Bacterial LPS at 100 ng/mL 
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was used as a positive control. Following incubation, cell supernatants were collected and aliquot 

were stored at -20 oC until analyzed by ELISAs (ELISA MAX TM Standard, Biolegend) for 

TNF-α and IL-6.  

Lymph node trafficking and uptake by antigen presenting cells (APCs). Draining lymph 

node (dLN) homing of VNP carriers was studied using the fluorescently tagged CPMV and PVX 

particles (A647-CPMV and A647-PVX, respectively).  First, to observe the differential 

trafficking of CPMV and PVX, female FVB/N mice were subcutaneously injected with 50 µg (in 

20 µL PBS) each of CPMV-A647 and PVX-A647 in left and right footpad, respectively. Maestro 

imaging system (Perkin Elmer) was then used to monitor accumulation of fluorescent signals in 

the corresponding popliteal lymph nodes over time.  To determine the draining lymph node in 

vaccine setting, female FVB/N mice were subjected to a single sub-cutaneous administration of 

100 µg VNPs (in 100 µL PBS) behind the neck. Mice were sacrificed at 12 h, 24 h and 48 h post 

injections and the resected draining LNs (brachial) were imaged for total fluorescence using 

Maestro imaging system and/or digested into a single cell suspension for analysis of VNP 

distribution in various cell types by flow cytometry.  Draining lymph nodes (dLNs) were 

harvested, sliced in half and digested with 0.2 mg/ml collagenase D (Sigma) and 200 units 

DNase-1 (Sigma) for 30 minutes at 37oC and then passed through a 40 µm cell strainer to 

prepare a single cell suspension in FACS buffer. Cells were then treated with anti-CD16/32 Fc 

block (eBiosciences) on ice for 20 minutes and then stained with anti-CD19-FITC (eBioscience), 

anti-CD11c-PE (BioLegend), or anti-F4/80-PE (BioLegend) for 35 minutes on ice. In order to 

determine the activation status CD11c+ dendritic cells and F4/80+ macrophages in the DLNs of 

VNP injected mice, some cells from 24 hr injected LNs were additionally prepared as above and 

stained for 45 minutes on ice with anti-CD11c-biotin (BD Biosciences) in conjunction with 
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either anti-CD86-PE (eBioscience) or anti-CD40-PE (BD Biosciences) followed by a secondary 

staining with Streptavadin-FITC (eBioscience) for 20 minutes on ice.  Additionally, some cells 

were stained with anti-F4/80-FITC (BioLegend) along with either anti-CD86-PE or anti-CD206-

PE (BioLegend) for 45 minutes on ice. 7-AAD (eBioscience) was also used for live-dead cell 

discrimination.  The samples were run on a BD Accuri cytometer for analysis. For IHC analysis, 

draining lymph nodes were harvested 12 h after injecting mice with A647-CPMV or A647-PVX 

particles, fixed overnight in PLP, and then incubated for 24 hrs in sterile 30% sucrose solution at 

4oC.  dLNs were then embedded in OCT and cryosectioned. LN sections were then stained with 

purified rat anti-mouse B220 antibody (BD Pharmingen) followed by AF488-goat anti-rat 

secondary (ThermoFisher) using a Pelco Biowave (Ted Pella, Inc. city ST) and imaged on a 

Olympus Fluoview 1000 microscope.  
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Supplementary material: Cytokine activation measurements following VNP incubation with 

BMDCs (Supplementary figure 1), Immunofluorescence imaging of dLN harvested 24 h 

following subcutaneous A647-PVX injection (Supplementary figure 2) and ELISA 

measurements comparing immunogenicity of P4 peptide (with GPSL linker) and P4(ii) peptide 

(with GGG linker)  (Supplementary figure 3).  
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