Accepted Manuscript

Biomaterials

Plant viral nanoparticles-based HER2 vaccine: Immune response influenced by
differential transport, localization and cellular interactions of particulate carriers

Sourabh Shukla, Jay T. Myers, Sarah E. Woods, Xingjian Gong, Anna E. Czapar,
Ulrich Commandeur, Alex Y. Huang, Alan Levine, Nicole F. Steinmetz

Pl S0142-9612(16)30749-9
DOI: 10.1016/j.biomaterials.2016.12.030
Reference: JBMT 17879

To appearin:  Biomaterials

Received Date: 26 October 2016
Revised Date: 18 December 2016
Accepted Date: 27 December 2016

Please cite this article as: Shukla S, Myers JT, Woods SE, Gong X, Czapar AE, Commandeur

U, Huang AY, Levine A, Steinmetz NF, Plant viral nanoparticles-based HER2 vaccine: Immune
response influenced by differential transport, localization and cellular interactions of particulate carriers,
Biomaterials (2017), doi: 10.1016/j.biomaterials.2016.12.030.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.biomaterials.2016.12.030

Plant viral nanoparticles-based HER2 vaccine:
Immune response influenced by differential
transport, localization and cellular interactions o

particulate carriers

Sourabh Shukfa*, Jay T Myers, Sarah E Woods Xingjian Gong, Anna E. Czapdr Ulrich
CommandetrAlex Y Huang ", Alan Levine®, Nicole F Steinmef?” Ik

Department ofBiomedical EngineeringRadiology, Materials Science and Engineering,
*Macromolecular Science and Engineeringediatrics, Case Comprehensive Cancer Center,
“Molecular Biology and MicrobiologyDivision of General Medical Sciences-Oncology, Case
Western Reserve University, Cleveland, OH 44fD@partment of Molecular Biotechnology,

RWTH-Aachen University, 52064 Aachen, Germany.

*Co-corresponding authors: sourabh.shukla@caseréchle.steinmetz@case.edu




Abstract:

Cancer vaccines are designed to elicit an endageadaptive immune response that can
successfully recognize and eliminate residual auméng tumors. Such approaches can
potentially overcome shortcomings of passive imntbe@pies by generating long-lived
therapeutic effects and immune memory while lingtgystemic toxicities. A critical determinant
of vaccine efficacy is efficient transport and detly of tumor-associated antigens to
professional antigen presenting cells (APCs). Plardl nanoparticles (VNPs) with natural
tropism for APCs and a high payload carrying capaeiay be particularly effective vaccine
carriers. The applicability of VNP platform techagles is governed by stringent structure-
function relationships. We compare two distinct VidRitforms: icosahedral cowpea mosaic
virus (CPMV) and filamentous potato virus X (PVXgpecifically, we evaluaten vivo
capabilities of engineered VNPs delivering humaitdepnal growth factor receptor 2 (HER2)
epitopes for therapy and prophylaxis of HER®alignancies. Our results corroborate the
structure-function relationship where icosahedi@M¥ particles showed significantly enhanced
lymph node transport and retention, and greateakepby/ activation of APCs compared to
filamentous PVX particles. These enhanced immurleireractions and transport properties
resulted in elevated HER2-specific antibody titemssed by CPMV- vs. PVX-based peptide
vaccine carriers. The ‘synthetic virology’ field fapidly expanding with numerous platforms
undergoing development and preclinical testing; studies highlight the need for systematic
studies to define rules guiding the design andomafi choice of platform, in the context of

peptide-vaccine display technologies.
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Introduction:

Cancer vaccines are designed to activate or regateethe immune system to recognize
tumor-associated antigens and eliminate residualresurring disease following primary
treatments [1-3]. In stimulating a sustained endogs immune response and resultant memory,
cancer vaccines have the potential to overcomdintited, short-term effects associated with
passive immunotherapies and the accompanying r@eflefjuent administration at high cost.
Passive immunotherapy, often administered systéimica also associated with development of
resistance and toxicities [4, 5].

Several cancer vaccines have already been susltgsetorporated in the clinic, and
many different approaches are currently under agveént [3, 6]. Peptide subunit-based
vaccines are among the most explored cancer va@ppeoaches and rely on the efficient
presentation of epitopes to the various componehthe immune system, a critical role of
vaccine delivery platforms [7-11]. Nanoparticulateriers are particularly promising candidates
capable of delivering high payloads of peptide gerits with enhanced stability and
bioavailability [12-14]. Moreover, particulate cems can provide additional immunostimulatory
impetus by engaging pattern recognition receptarsinemune cells, thereby enhancing the
overall immunogenicity of the vaccine [9, 15].

Plant viral nanoparticles (VNPs) possessing higbigered and multivalent protein
capsids are ideally suited to display repetitivays of immunogenic peptide epitopes as vaccine
platforms [16-21]. Conceptually different from Mingector platforms that rely on expression of
antigenic peptides by antigen presenting cells ($)H22-25], VNPs can deliver large payloads
of genetically fused or chemically conjugated immgenic epitopes to a wide range of APCs

[18, 26]. In addition, the physical and genetidbgity of VNPs and their non-integrating and



non-infectious nature in mammals adds a layer tdtgdor VNP-based vaccine applications.
VNPs can also be engineered to co-deliver other unostimulatory molecules to improve
vaccine efficacy [9, 27].

A unique advantage offered by VNPs as vaccinefgstas is their intrinsic immune-
stimulatory properties that obviate the need fodd@adjuvants and co-stimulatory molecules
[28]. However, the extent and nature of VNP-immwed interactions has been shown to be
dependent on particle morphology and molecular amitipn. The wide array of different
shapes, sizes and aspect ratios (ratio of lengthvadth) of VNPs bring about significant
changes inin vivo properties and functionality. This strong struetfunction relationship
determines the suitability of one VNP over anotloerspecific biomedical applications [19, 20,
29, 30]. High aspect ratio nanoparticles offer gigantly higher payload carrying capacity, but
may also evade phagocytic immune cells (thus pmogicadvantageous properties for drug
delivery and imaging applications) [18, 29-31]. Laspect ratio materials, such as icosahedral
platforms, may be beneficial for application asciaes and immunotherapies [32].

In this study, we set out to evaluate VNP—-immuek iateractions, define their fates
vivo, and evaluate their potential to trigger a humaidermal growth factor receptor 2 (HER2)-
targeted humoral response. We compared two margloallly distinct VNP platforms: the 30
nm icosahedral cowpea mosaic virus (CPMV) and 51B3xnm filamentous potato virus X
(PVX). Each particle platform was produced throigming in plants and chemically modified
to display HER2-specific antigens. The immunolobiogoperties of the vaccine formulations
were evaluated in tissue culture and in murine risode

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

vaccine delivery platforms in conjugation with @pies derived from tumor antigens or



infectious agents, demonstrating efficacy both timmg humoral and cellular responses in the
context of cancer [32-38]. For example, PVX coupleth weak idotypic tumor antigen has
been shown to induce protective humoral immunitgiegt murine B-cell malignancy [38].
Furthermore, both platforms have been shown to siitiesacy when applied as in situ vaccine
for treatment of cancer: CPMV stimulates a potergtesmic anti-tumor immune response in
mouse models of melanoma, ovarian, colon and breastcer [28]; and we recently
demonstrated that PVX also elicits anti-tumor immurmvhen administered intramurally in a

dermal melanoma model [Lee, Murray et al, in reyiew

We chose to target HER2 positive disease, bedd&$®2 overexpression is associated
with aggressive breast cancer (and other maligeahcPatients with this disease have a high
incident of metastasis development and relapse. [88fcessful implementation of passive
immunotherapy with the HER2-specific monoclonalilzady Herceptin is a testimonial to the
potential of antibody-mediated therapeutic intetisan [40], and several other B cell epitopes
from the extracellular domain of HER2 receptor hbeen identified and are undergoing testing
for vaccine development [41-44]. With the long-tegoal to establish a VNP-based HER2
vaccine for treatment of HERDatients, either used as a therapeutic or proptiglaaccine, we
initiated this project to assess the suitabilitytioé platform technology, CPMV vs. PVX, for

such development.

Results and Discussion:

Propagation and Purification of CPMV and PVX patrticles: CPMV and PVX particles were
propagated and purified using established methd8§ [The isolation of either VNP yielded

approximately 1 mg of virus particle per gram dected leaf material. TEM images show the



distinct morphology of the two particles (Figure )LACPMV is a 30 nm-sized nanoparticle
(Figure 1A) containing 60 copies each of a large4@ kDa) and small (S, 24 kDa) coat protein
arranged with pT=3 icosahedral symmetry. PVX igeailble filament measuring 515 x 13 nm
(Figure 1A) and is composed of 1270 identical comEa 25-kDa capsid protein. Both CPMV
and PVX particles can be stably stored for londgagaksr of time (months-to-years). The physical
and genetic stability as well as batch-to-batchucstiral consistency confer advantageous
characteristics for application as a nanocatrrier.dellular uptake studies, fluorescently tagged
CPMV and PVX particles were synthesized using distadd protocols targeting solvent-
exposed lysine side chains using NHS-active Alexar647 dyes (yielding A647-CPMV and
A647-PVX). UV-vis spectroscopy was used to deteentime degree of labelling: A647-CPMV
was found to display 27 A647 per particle, and ABAZX was found to display 175 A647 per
particle. The 6-fold difference in labelling refteadhe 6-fold greater molecular weight of PVX.
Thus, the spatial array of fluorophores is dispthge a similar density yielding particles with

comparable fluorescent properties.

A cPMV: 30 nm PVX: 515 x 13 nm B
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Figure 1. Comparing CPMV and PVX structure and interactiaith APCs. (A) TEM images
illustrate distinct morphology of CPMV and PVX VNP¢B) Flow cytometry analysis
comparingin vitro uptake of A647-CPMV vs. A647-PVX particles follavg 2 h incubation at
37°C by CD11& BMDCs isolated from FVB mice. Student’s T test wesed for statistical
analysis with ** = p<0.01. (C) Confocal microscopmages show enhanced uptake of A647-
CPMV patrticles vs. A647-PVX patrticles (both greem)CD11c stained (red) BMDCs after 2 h
incubation.



Determination of VNP—APCs interactions: Interaction with and activation of professional
APCs including dendritic cells (DCs) and macroplsagee crucial for vaccine efficacy [46-48].
DCs sample antigens, transport immunogenic comgenéncluding vaccine carriers) to
secondary lymphoid organs, initiate and sustaindrairand/or cellular responses. Thus efficient
delivery of antigens to DCs is a critical step iaceine-mediated immune stimulation. To
compare the extent of endocytic uptake by DCs, rélscently tagged CPMV and PVX particles
(A647-CPMV and A647-PVX) were incubated with bonarrow derived DCs (BMDCs)
isolated from FVB mice and analyzed using flow oyétry. Percentage of CDIMNP+ cells
was then quantified as a measure of DC uptake (EigB). The results indicated a significantly
(p<0.01) higher percentage of CD11RCs were CPMV+ (36%) vs. PVX+ (12%), suggesting
enhanced uptake of CPMV particles by DCs (Figurg. IBe differential uptake was also
evident through confocal microscopy, where BMDCairgd with anti-CD11c antibodies
showed increased uptake of A647-CPMV patrticles &6%7-PVX particles (Figure 1C).

Uptake of antigens and particulate carriers by AREpends on several properties
including shape, size, surface charge and recapteractions [49, 50]. The particulate and
repetitive nature of VNPs mimics pathogen-assodiaelecular patterns (PAMPS) which are
perceived as danger signals and drive protectivaunity [51]. Such molecular patterns are
recognized by diverse pattern recognition recep(®®Rs) such as TLR on immune cells,
specifically APCs, and facilitate enhanced uptakeamoparticle-based vaccines by these cells
[52, 53]. APCs can internalize particulate carribys phagocytosis, pinocytosis, or receptor-
mediated endocytosis. The observed differences aongp CPMV and PVX may be explained
by their different surface chemistry and/ or shapkagocytic uptake has been shown to be

dependent on particle shape and size, and is likelgnder uptake of PVX by DCs inefficient as



compared to CPMV. Low aspect ratio materials, sashCPMV have been shown to exhibit
enhanced cell uptake kinetics compared to highchs#io materials, such as PVX [54, 55].
Moreover, previous studies have illustrated nattragism of CPMV toward professional APCs
[26]. For example, it has been indicated that CPbiMds to APCs via a 54-kDa cell surface
form of the structural protein vimentin, which thiailitates receptor-mediated endocytosis the
particle [56-58]. Thus, a combination of efficietdocytosis and receptor-mediated endocytosis
together enable enhanced uptake of CPMV by DCs.

We also observed a differential cytokine activatpwafile for the two particles. BMDCs
incubated with equivalent amounts of VNPsu® each of non-fluorescent CPMV and PVX
particles) resulted in a significantly higher prdlammatory TNFe. and IL-6 response to PVX
as compared to CPMVS(pplementary figure S). The proinflammatory cytokine profile is
similar to that of bacterial LPS, which engages #Lfeceptors. While this suggests possibility
of underlying differences in the interaction andiation of professional APCs by the two
vaccine delivery vehicles, given the complexity ainersity of cytokines, a more detailed study
encompassing a significantly larger class of mdkscis required.

Lymph node trafficking and cellular interaction wit hin the draining lymph node: Following
subcutaneous administration of vaccines, traffigkiof antigens from peripheral tissues to
secondary lymphoid organs, such as draining lyngaes (dLNs) through the lymphatic system,
is critical for development of an adaptive immuresponse. Nanoparticle carriers could
significantly improve transport of subunit vaccirtedymph nodes and facilitate interactions of
antigens to the immune system [59]. Size of theexaris a key design consideration as particles
smaller than 100 nm generally enter and drain iefiity in the lymphatic system and can be

transported in free form. Larger particles (100-5M0), on the other hand, are transported less



efficiently and much slower to the lymph nodes teonfby phagocytic cells [47, 60]. Here we

evaluate whether differences observethivitro cell uptake studies translateitovivo models.

m— () D)

injection

CPMV-A647 PVX-AB47

CPMV

Figure 2. Lymph node trafficking and differential localimat of CPMV and PVX patrticles
within the draining lymph node (dLN). (A) Maestrmaging following footpad injection of
CPMV-A647 (left footpad) and PVX-A647 (right footfhain mouse was used to determine
trafficking of fluorescent VNPs to correspondingaiding lymph nodes (pointed by dotted
arrows) over time (A). Maestro imaging (insets) amdmunofluorescence staining show
differential accumulation and localization of A6GERMV (B) and A647-PVX (C) particles
(green) within draining brachial lymph nodes 12 dildwing sub-cutaneous administration
behind neck in mice. B cells zones (stained witti-rBA20 antibody) are showed in red, T cell
regions are indicated with yellow arrows. High miéigation images showing regions of VNP
accumulations (indicated with blue arrows) illustrdocalization of A647-CPMV and A647-
PVX in subcapsular sinus and B follicle regionspextively.

In order to observe the kinetics of VNP drainagd eetention in dLNs, fluorescent viral

carriers were injected subcutaneously into thepadtas it allows for easy tracking of particles
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draining to the popliteal lymph nodes [60]. Equaloaints (5Qug each; normalization to amount
of protein administered also normalizes the flucees payload) of CPMV and PVX carriers
were injected as indicated by white and green salidws corresponding to CPMV and PVX,
respectively, and imaged over time (Figure 2A).Aitust 4 h post injection, fluorescence from
both CPMV and PVX patrticles can be observed incihreesponding dLNs indicated by dotted
arrows, while a large fraction of injected fluorest particles are still observed in the footpads.
The sustained fluorescent signal from CPMV dLNs aitd of injection indicated persistent
trafficking and/or retention of CPMV to dLNs for axtended 96 h period as compared to PVX,
which begins to be cleared from corresponding diaNsearly as 7-10 h and from the site of
injection by 55 h following the injection (FiguréA? These results clearly indicate differential
drainage or retention mechanism of CPMV and PVXigas. We similarly determined dLNs
following subcutaneous injections of fluorescentR&\behind the neck, a site chosen for vaccine
administration. Mice immunized s.c. behind the negith A647-CPMV and A647-PVX
particles were euthanized 12 h post injection, thempheral LNs were harvested and analyzed
using the Maestro imaging system (Figure 2B andWy.chose the 12 h time point, because
other studies demonstrated that LN accumulatiomarfoparticles typically peaks 12 h post
dosing [61, 62]. Both CPMV and PVX predominantlycdtized to the brachial dLNs with
fluorescent intensities indicating enhanced accatimii of CPMV particles over PVX,
mirroring the results observed via the footpaddtigs and suggesting differential mechanisms
of drainage (insets, Figure 2B and 2C). While fygehnsporting CPMV particles are likely to
reach draining lymph nodes more efficiently oves targer PVX particles, which may drain
slower through lymphatic vessels, the sustainedgomee of CPMV in dLNs suggest enhanced

interaction with resident immune cells over PVX.e$h results are in agreement with the size
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dependence of nanoparticle diffusion kinetics tigiouhe lymphatic vessels that has been
extensively studied [59, 63, 64].

Interestingly, immunofluorescence analysis usingnfecal microscopy revealed
remarkably distinct intra-dLN localization of thevd particles: CPMV particles accumulated in
large numbers at the subcapsular sinus areas alliNe regions populated with subcapsular
sinus macrophages (Figure 2B) and T cell zonesofyedrrow). Subcapsular sinus macrophages
are the first cells that encounter and phagocyfoseiculate antigens carried by afferent
lymphatics reaching the dLNs, which are subsequeraksed on to other APCs for processing
and presentation to T cells. The accumulation eaftidking patterns of CPMV within the dLNs
are similar to previously reported particulate geis of comparable sizes [65]. PVX particles,
on the contrary, were predominantly sequestereaddrB cell follicle zones in the dLNs (Figure
2C). It is apparent that the larger PVX particles @mansported less efficiently into the draining
lymph nodes. Due to the high aspect ratio, PVX reagde phagocytosis and processing by
subcapsular macrophages or other resident APCsinatehd are captured and transported by
non-cognate follicular B cells. Follicular B celtgve been shown to interact with antigens that
diffuse through subcapsular sinus and transporigemsg to follicular dendritic cells in the
germinal center [65-68]. We have previously obsgrveimilar patterns, as PVX particles
accumulates in the B cell follicle regions of th@egn following intravenous injections [20].
While data indicate sequestration in the B celidtd, uptake into B cells is not observed (Figure
2C). However, proteases in lymphatic fluids haveerbeshown to cleave antigens from
nanopatrticle carriers and thus facilitate antigenell interactions without the requirement of
nanoparticle uptake [69]. Reduced fluorescence ioeB follicle regions at 24 h following

dosing may indicate proteolytic processing of P\&Xigplementary figure 2a+b).
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Again, the distinct localization and transport dPMV and PVX within dLN can be
attributed to their molecular or morphological diffnces or a combination of both. These
differences are likely to result in distinct pattywaof immune stimulation and therefore may
influence the nature and extent of immune resparnggered by the two distinct vaccination
platforms.

We further investigated the interactions of VNPshwiarious APCs within the dLN.
Total vs. VNP immune cell populations (CD11®&Cs, F/480 macrophages and CD1B cells)
from dLNs were analyzed by flow cytometry and coregato brachial LNs from naive mice
(Figure 3). Total CD1Ic DC population did not change significantly betweesive and
immunized dLNs over time, indicating no significantlux of DCs into the LNs following the
administration and trafficking of VNPs. Howeverettesident DC population does show varying
degrees of CPMV and PVX uptake with time (Figure).3lh CPMV-administered mice the
VNP" fractions were 36%, 56%, and 43% at 12 h, 24 h4fd post-injection, indicating a
continuous and sustained influx of CPMV particlesotigh lymphatic drainage, which peaks at
24 h. In PVX-administered mice the VNRactions remained low (11%, 23% and 3% at 12 h,
24 h, and 48 h post-injection), indicating lowesasation of PVX particles with CD11®Cs
(Figure 3A). These results mirror thevitro results showing significantly lower uptake of PVX
particles by BMDCs and the lymph node traffickirgsults that indicated rapid clearance of
PVX from the dLN versus the prolonged presence BME seen in the dLNs injected mice

(Figure 2A).
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Figure 3. Cellular interactions of VNP carriers within theaining lymph nodes. (A-C) Flow
cytometry analysis of digested LN cells was useddtermine interactions of CPMV and PVX
particles with CD11t DCs, F4/80 macrophages and CD1® cells at 12 h, 24 h and 48 h
following particle administration. Statistical dysis was performed using one-way ANOVA
followed by Bonferroni correction using GraphPadsir software. (D-G) Flow cytometry
analysis was also used to determine activation@11&" DCs and F4/80macrophages from
digested dLNs 24 h following VNP administration.

The F4/80 macrophage population showed increased accumulatiche dLN post
treatment with either CPMV or PVX compared to naiviee (this was observed at 24 h and 48 h
post injection), indicating increased influx of gloaytic macrophages (Figure 3B). Again,
CPMV showed significantly higher interaction withet F4/80 cells over PVX at 24 h and 48 h
post injection (51% vs. 20% at 24 h and 35% vs.&8%8 h for CPMV and PVX, respectively)

(Figure 3B). A similar increase was observed forl@DB cells that showed elevated influx into
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dLNs after VNP immunization (Figure 3C). Howeventlio CPMV and PVX showed lower
interactions with B cells as compared to DCs androghage cell populations, consistent with
their role as the primary APCs in the dLNs. Furtaealysis of the activation status of CD11c
DCs and F4/80 macrophages within the dLNs resulting from theseractions with carrier
VNPs was performed. Our results indicated signifigahigher expression of CD86 and CD40
co-stimulatory markers on CD11BDCs in the dLN of mice injected with CPMV as comgghto
PVX injected mice (Figure 3D, E). Increased expmssf CD86, CD40, and several other cell
surface markers is associated with APCs maturatiwhis a critical step leading to a cascade of
immunostimulatory effects [70, 71]. Similarly, CPMpbsitive F4/80 macrophages showed
significantly elevated expression of CD86 co-stiatoty molecule over PVX positive
macrophage population (Figure 3F). Elevated CD8fression in macrophage population
together with absence of any significant CD206 egpion over control population (Figure 3G)
implies activation of a classical M1 phenotype amissence of the alternatively activated
regulatory M2 phenotype [72].

Together, our results suggest that following stdnoeous administration, CPMV
particles are more efficiently drained into LN caangd to PVX. We hypothesize that the high
aspect ratio of PVX not only impedes lymphatic dagie, but also influences the degree of
interactions with resident immune cell populatioas, indicated by immunofluorescence and
flow cytometry data. Thus, while CPMV particles engo macrophage- and DC-mediated
uptake and processing, PVX is sequestered in Bricalifollicles regions (however, it should be
noted that uptake into B cells was not apparentgrall indicating a more favorable immune

activation profile of CPMV over PVX carrier for veioe applications.
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Design of CPMV- and PVX-based HER2 vaccineTo test whether enhanced lymphatic
drainage and uptake by APCs of CPMV vs. PVX, traeslito enhanced humoral immune
stimulation against cancer-specific epitopes, wagted and tested HER2 vaccine formulations.
CPMV and PVX based HER2 vaccine formulations wegsighed to display multiple copies of
validated immunodominant epitopes derived fromiwltstregions of the HER2 extracellular
domain:

CH40%63.180(YQDTILWKDIFHKNNQLALT) and

P4375.30s(PESFDGDPASNTAPLQPEQLQ).

Both CH401 and P4 have been validated in predirstudies, and peptide formulations
are subjects of several ongoing clinical trialseastg their safety and efficacy in the setting of
HERZ disease [73-75]. Here, the peptides CH401 and B wesigned with a C-terminal
cysteine residue to enable chemical coupling toN® carrier via an intervening GPSL linker
[76] (Figure 4A). We also tested the design of waeaandidates using an intervening GGG
linker. No significant differences were observestween the immunogenicity of GPSL and
GGG linker bearing P4 epitopes (Supporting figuje 3

The 30 nm icosahedral CPMV capsid and the 515 ni8 xm PVX filaments present
~300 and 1270 reactive lysine residues, respegtivehabling chemical conjugation with
antigenic epitopes. A bi-function&l-hydroxysuccinimide-PEG4-maleimide (SM-PEGA4) linker
was used for coupling the C-terminal cysteine ® dblvent-exposed lysine residues on either
VNP (Figure 4B). SDS-gel electrophoresis of pedfiVNP-peptide formulations showed
presence of additional higher molecular weight girotbands corresponding to modified coat
protein subunits (Figure 4C). The small CP subwhitCPMV (S, 24 kDa) showed higher

molecular weight bands corresponding to CH401- Rad modified S protein (lanes 2 and 3,
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CPMV). Similar patterns were observed for PVX #@isdconjugated formulations PVX-CH401
and PVX-P4 (lanes 2 and 3, PVX). Densitometry asialyof the CP-peptide bands
corresponding to CPMV-CH401 and CPMV-P4 (lanes @ arCPMV) indicated ~ 45+5% of
small coat protein subunits were modified with #mtigenic peptides, resulting in ~30 peptides
per CPMV (it is likely that additional peptides arenjugated to the L protein, however the gel
analysis did not allow us to quantify loading; maggectrometry has been attempted with
CPMV, but the L protein remains challenging to gmaldue to its inherent insolubility when not
assembled into a particle [77]. Similar analysis RYX-P4 and PVX-CH401 (lanes 2 and 3
PVX) indicated ~24+3% coat proteins were modifiedresponding to ~275 epitopes per PVX.
With respect to the differences in molecular wesgbt the VNP formulations, peptide loading
on PVX is about ~70% higher compared to CPMV atigsto higher payload delivery

capabilities of the filamentous PVX platform.
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Figure 4. Design and synthesis of HER2 vaccine based on \CRNd PVX carriers. (A)
Epitopes CH40%63.182)and P4375.398)are derived from the distinct regions of the ecettalar
domain of HER?2 different from Herceptin (Trastuzioh#inding domain. The epitopes were
designed with a terminal Cysteine residue withraarvening flexible GPLS linker. (B) Epitopes
were chemically conjugated to the reactive lysesgdues on CPMV and PVX capsids in a two-
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analysis shows modif
and P4 peptides resu
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Stimulation of HER2

peptide specific antibody resposes: CPMV- and PVX-based HER2

vaccine formulations were evaluated for their &ptlo augment the serum antibody titers against

the HER?2 target. These studies were carried ouiminyunizing female FVB mice three times,

biweekly with free peptide epitopes (CH401 or P2,y dose), 5Qug of peptide-loaded CPMV
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or PVX (carrying 0.8ug or 1.2ug of peptides, respectively) (Figure 5A). Becapsevious
studies had shown that the immunostimulatory aavadt properties of VNPs obviate the need
for an external adjuvant [8, 78, 79], we chosetnalise any adjuvants in our studies. After the
initial set of immunizations (dO, d14 and d28), enigere boosted with similar doses of vaccine
candidates on days 68, 81 and 96 (Figure 5A). Sexas collected prior to the first and all
subsequent immunizations, and sera were analyzegeiotide epitope specific- and carrier-
specific IgG levels using ELISAs at increasing tidas (1:500, 1:2500 and 1:12500) (Figure 5B
and 5C). The results illustrated a clear patterhilavthe soluble peptides failed to stimulate
significant levels of serum antibodies (black csjyenultivalent arrays of the same epitopes on
VNP carriers led to a strong peptide-specific Ig&sponse. 1gG levels peaked on day 28
following the second immunization on day 14; thadtern repeated upon booster administration,
where the IgG levels peaked following the secondsber on day 81. The antibody responses
varied as a function of VNP carrier and choice pftape. Overall, CPMV-based vaccine
formulations (blue curves) triggered a consideradttpnger HER2 peptide-specific immune
response compared to the PVX-based vaccine foriontaired curves) (Figure 5B and 5C).
These results corroborate enhanced trafficking i@tention of CPMV particles to draining
lymph nodes over PVX and increased uptake of CPMVABCSs, including DCs (Figure 2).
Thus, CPMV particles as carriers are able to deliwe peptide epitopes to APCs more
efficiently for processing and presentation, legdio the significantly high sera IgG levels over

PVX vaccines.

Furthermore, differences were also observed comgarihe different peptide
formulations: CPMV-CH401 and PVX-CH401 vaccines leml elevated IgG levels over

corresponding P4 epitope vaccines, suggesting eetarmmunogenicity of CH401 over P4
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epitope (Figure 5B and 5C). Moreover, the CH40lcwees (both CPMV and PVX based)

resulted in sustained IgG levels between the pemfs f d28 and d96, as compared to
corresponding P4 vaccines where the IgG levelssfalply in this period. Furthermore, booster
immunization with CPMV vaccines resulted in eledapeeptide specific 1gG levels on day 96
(both anti-CH401 and anti-P4), however PVX vacdimo®sters did not lead to enhanced IgG
response with either epitope (Figure 5B). The alteve intervening linker GGG under

consideration with P4 showed no significant diffexe in immunogenicity to P4 compared to the
GPSL linker across all formulations except absesfoelevated IgG response on d96 following
booster administration with CPMV carriers (Suppletaey figure S3). This could indicate

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

determine the mechanistic differences arising fpaptide linkers.
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Figure 5. Characterization of antibody response to HERZw&s. (A) Immunization schedules
with biweekly administration of VNP-based formutats or free peptides over a 96 day period.
(B, C) ELISAs were performed to detect anti-CH40d @nti-P4 serum IgG levels (at 1: 500,
1:2500 and 1:12500 serum dilution) following immeation with CPMV vaccines (blue), PVX
vaccines (red) or free peptides (black)) Comparable carrier-specific IgG response was
measured following immunization with CPMV and PVXthe vaccine formulations based on
the two carrier VNPs.

The immunostimulatory nature of VNP carriers idical and desirable for initiating a
successful immune response directed against thetopegi Self-tolerance and

immunosuppression are often the biggest challenges cancer vaccine-mediated
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immunotherapies. It is therefore critical that @aiae carrier provides the immunostimulatory
impetus required for reactivating the immune systgainst tumor antigens by modulating
antigen-immune cell interactions. However, immunmogéy of capsid proteins could result in a
VNP-specific immune response at the cost of epigpeific antibodies in a vaccine setting [80,
81]. Presence of carrier neutralizing antibodiesy naéso lead to rapid clearance, lower
bioavailability and potential systemic toxicitiegsulting in undesirable off-target effects, and
therefore is a major obstacle to success of VNPAgaBed vectors and nanomedicinal platforms
[21, 82, 83]. Therefore, we assessed the speyifidithe 1gG response toward HER2 epitopes
vs. carrier VNPs. Sera from immunized mice wergete®n plates coated with corresponding
VNP (Figure 5D). Dilution series indicates that iarilP-specific IgGs were detectable at
similar levels compared to anti-HER2 IgGs; howevétre significantly lower absorbance
indicates that the anti-VNP antibodies generatece Hhawer affinity relative to the anti-HER2
antibodies. There were no differences between thmohal responses against the CPMV vs.

PVX carrier.

In summary, these results highlight differenceshim immunogenicity of the two HER2
epitopes, the influence of carrier VNP is clearlkjdent as well. Furthermore, the lack of
humoral immune-stimulation using free peptides hghits the need of carrier. The data indicate
that in the context of VNP presentation, the CHp@éftide is more potent compared to P4, and
CHA401 is most effective when presented as a miginarray on the CPMV carrier (as opposed

to PVX).

Differences in the vaccine efficiency of CPMV vsV)Rbased formulations may be
attributed to the differential immunostimulatorytme of the two carriers, as a result of their

distinct shape and molecular composition. CPMV wigmatural tropism toward primary APCs,
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may undergo APC- and macrophage-mediated uptakewstingen-processing resulting in more
efficient immune stimulation involving T helper =l PVX patrticles, on the other hand, avoid
endocytosis and phagocytosis by APCs and macrophage are sequestered in B cell rich
regions, resulting in inefficient immune responfg® 69]. Both, CPMV and PVX, have been
previously studied as vaccine delivery platformsmdnstrating efficacy both to prime humoral
and cellular responses [32-38]. Nevertheless, ecdcomparison of the two platforms has not

been reported.

A [
< 366 210
g 1
g I 326 1Gg2b
? P 1Gg2a
‘§ "|Gg1
g
=) “
CPMV PVX
B )
< 1 - x I
2 19.1 193
§ 918 346 1
© o =
= e BEE B B lgG2b
= lgG2a
o

{ d28  d96 | d28  d96 |

| CPMV-CH401 | PVX-CH401
C
= I =
36.2 29.3 235 33.4

1gG2b
28.2 -

46.5 ' - IgG2a
e . . e

i dos dee | d28 doe |
CPMV-P4 |  PVX-P4

- 1gG subtype fractions (%)
w
0
W
©
©

Figure 6. 1gG Isotyping. ELISA measurements were used terdene VNP-specific (A) and
epitope-specific (B & C) IgG isotypes in immunizedce sera. Isotype breakdown is shown as
IgG1/1gG2a/lgG2b fractions (representative datasrewn with mean and standard deviation
from 3 technical replica).
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IgG isotyping was performed to further charactetize nature of the immune response to
carriers and vaccines. CPMV-immunized mice showeguiftcantly higher levels of anti-CPMV
IgG2a/2b isotypes levels over IgG1 isotypes (40.886 36.6% vs. 22.8%, respectively),
whereas PVX immunized mice showed an anti-PVX Ig&onse skewed toward IgG1 isotype
(43%) over lgG2a/2b (36/19%, respectively) (Figard. The differences between IgG isotype
suggest distinct immunostimulatory properties ofMdPand PVX particles and that could, in
part, arise from their differential trafficking, teractions with immune system components, or
engagement of distinct TLR receptors. While all & variant bind to Fc receptors and can
enhance phagocytosis by macrophages, each isotypeanfer specific therapeutic advantage.
Therefore, while IgG1 can fix complement and mediantibody dependent cell cytotoxicity
(ADCC) of cancer cells by natural killer cells [84house IgG1l is considered a low effector
function isotype, whereas 1gG2a/2b have the highmsting affinities to FgRs and are
particularly potent mediator of ADCC by myeloid Iseincluding neutrophils [85, 86]. The
carrier immunogenicity seems to influence epitgpecdic IgG isotype profiles of the two HER2
vaccines, although the two epitopes also had ametni©H401-specific IgG showed a broader
isotype profile when presented on CPMV (IgG1l/IgG&falb fractions of 34/34/31%) as
compared to CH401 displayed on PVX (IgG1/IgG2a/lg@2ctions of 35/45/19%) (Figure 6B).
The breakdown of P4-specific IgG response on dagtBved characteristic isotype profiles
mirroring CPMV and PVX-specific IgG responses skéweward IgG2a and 1gG2b vs. IgG1,
respectively (Figure 6C). However, at day 96, Pdedir isotypes for both CPMV and PVX

based vaccines are not significantly different (iFgg6C).

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

IgGs toward the target antigen HER2 target theulzglireceptor; flow cytometry and confocal
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microscopy studies using SKBR3 cells were performmsdwell as ELISA analysis against
recombinant HER2 protein (Figure 7).

SKBR3 cells were incubated with pooled antiseoanfvarious immunization groups and
analyzed by flow cytometry (Figure 7A). A commeta@ati-HER2 IgG was used as a positive
control, whereas serum from naive mice and comm@égrocured mouse total IgG were used
as negative controls. Total IgG from naive micevgtb minimal binding, indicating absence of
non-specific HER2 affinity in mouse sera. Antistn@am CPMV and PVX vaccine immunized
mice showed variable positive interactions with F¥Bcells with CPMV-CH401 antisera
showing significantly higher binding over CPMV-Pdtigera and all PVX-based formulations.
Increased interaction of CPMV-CH401 antisera ovieMY-P4 sera could reflect higher titers of
HER2 specific antibody in the former over lattendarlining the higher immunogenicity of
CH401 peptide over P4 peptide. Moreover, the highiposed CH401 domain on the HER2
extracellular domain is likely to contribute towarndnproved binding of CH401 antisera over P4
antisera for both CPMV and PVX. This differentiahding affinity with cellular HER2 receptor
was further validated by confocal microscopy whé@eMV-CH401 antisera clearly showed
enhanced binding with membrane HER2 (Figure 7Onfmarable to anti-HER?2 antibody, Figure
7B) over PVX-CH401 antisera when inoculated withBER3 cells (Figure 7D). Furthermore,
differential binding of CPMV-CH401 antisera or iBVX counterpart with HER2 was also
confirmed using ELISA, where the former showed -tintes higher binding with HER2 protein
over the latter (Figure 7E). These results cleaibhlight the ability of CPMV-based HER2

vaccines to stimulate a stronger and specific imemasponse against HER2.
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Figure 7. Specificity of serum IgGs toward cellular HER2 eptors. (A) Flow cytometry
analysis comparing serum IgG binding with HER2+ $&Bcells. (B-D) Confocal analysis
comparing the binding of vaccine stimulated serg@d (by CPMV-CH401 and PVX-CH401)
and anti-HER2 antibody to cellular HER2 receptons SKBR3 cells. (E) ELISA comparing
binding of serum IgGs to recombinant HER2 prot&tudent T test was used for statistical
analysis with ** = p<0.01 and *** = p< 0.001.

Conclusions:

Cancer vaccines can activate the immune systemctignize tumor-associated antigens
and have the potential to eliminate residual anmiety tumors following primary treatment via
antigen specific cellular or humoral responses. g@ifiective cancer vaccine combines
immunodominant epitopes with efficient delivery iabs, thereby optimizing interactions with
components of the immune system including seconiganphoid tissues and antigen presenting
cells. Plant VNPs with highly organized multivaleatchitectures and natural tropism for
immune cells are therefore ideally suited for thote. Based on their structural differences,
VNPs may engage distinct cellular populations anitiate alternative pathways influencing the
extent and type of immune response to carrier pe#o This study highlights the underlying

differences betweein vivo trafficking and cellular interactions that rendense VNP more
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potent than another. Data indicate CPMV is supefmr displaying B cell epitopes and
stimulating an epitope-specific humoral responsigh(winimal development of carrier-specific
antibodies). In vivo trafficking of PVX deep into the B cell follicleis dLNs may open novel
applications targeting these immune cell reserv@g studies highlight the need for systematic
analysis of VNP carriers to define rules guiding ttesign, and rationale choice of platform, in

the context of peptide-vaccine display technolagies

27



Materials and Methods:

VNP propagation: Established procedures were used for the projmegand purification of
CPMV [87] and PVX [20]. Purified VNPs were stored 0.1 M potassium phosphate pH 7.0
buffer at 4°C. Concentrations of VNPs were deteadiby UV spectroscopy at 260 nm using
the molar extinction coefficientgpuy= 8.1mL mg* cm* andepyx= 2.97 mL mg cmi™.

Synthesis of CPMV and PVX vaccine formulationsHER2 epitopes Pé&zs.305yand CH401
ae3-182)Were conjugated to purified CPMV and PVX VNPs gsMHS chemistry. In a two-step
protocol, cysteine terminated peptide epitopes PESFDGDPASNTAPLQPEQLQ-LSPG)
and CH401 (YQDTILWKDIFHKNNQLALT-LSPGE) with flexible GPSL linker [76] were
conjugated to VNPs via the heterobifunctiodhydroxysuccinimide-PEgmaleimide linker
SM-PEG4 (Life Technologies). The peptides were sgsized and obtained from Genscript.
Briefly, CPMV and PVX were reacted with 3500 and80nolar excess of SM-PEG4 linker at
room temperature for 2 h at a 2 mg MNP concentration. Then, 5000 and 7500 molar &xce
of peptides were reacted overnight with SM-PEG4-frei CPMV and PVX, respectively.
VNP-peptide formulations were purified over a 40#6\) sucrose cushion at 160,000 x g for 3 h
and resuspended in sterile PBS. UV spectroscopyused to determine VNP concentrations as
described above and the peptide conjugation wastifjed using lane density analysis (ImageJ

1.440 software_(http://imagej.nih.gov/ij) of protdands following SDS gel electrophoresis.

Synthesis of fluorescently tagged VNPSCPMV and PVX VNPs were covalently modified
with AlexaFluor 647 (A647) dye using-hydroxysuccinimide-activated esters targetingaset
exposed lysine residues on the viral coat protdiNBIS-A647 was obtained from Life
Technologies). CPMV and PVX were incubated overnaghroom temperature with 3500 and

5000 molar excess of NHS-A647, respectively. CPM84A and PVX-A647 were then purified
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using ultracentrifugation on a 40% (w/v) sucrosshion. UV-Vis spectroscopy performed on a
Nanodrop instrument was used to determine A647/ \Hidfo using fluorophore-specific

extinction coefficients 0€ags7 = 270,000 Mcmi*at 650 nmgcpmy = 8.1mL mg* cm* at 260

andepyx = 2.97 mL mgem™ at 260 nm.

Immunization: All experiments were carried out in accordancehvidase Western Reserve
University’s Institutional Animal Care and Use Coittee. Female FVB mice (n=3) were
immunized subcutaneously on days 0, 14 and 28 fatthulations consisting of 50g of VNP-
peptide conjugates (CPMV-P4/ CH401 or PVX-P4/ CH4Mth CPMV carrying 0.81g peptide
load and PVX carrying 1.2g peptide load) or equivalent amounts of free plesti(P4 or
CHA401) or VNP carriers (CPMV and PVX) suspende®&0nL PBS, followed by a course of
biweekly booster immunization with these same (aysd68, 81 and 96). Blood was collected
prior to every immunization (days 0, 14, 28, 68,8 96) and 2 weeks after the last booster
injection (on day 110) through the retro-orbitadls. Blood was collected in Greiner Bio-One
VACUETTE™ MiniCollect™ tubes (Thermo Fisher Scidiati Waltham, MA) and centrifuged
at 14,800 rpm for 10 min to separate the serumchvivias then stored at 4°C until analyzed. All

mice were euthanized after the last blood collectio

Enzyme-linked immunosorbent assays (ELISAs)Following immunizations, ELISAs were
carried out to determine levels of epitope and \ApReific serum IgG and 1gG isotypes as well
as HER2 specific 1gG. Peptide-specific ELISA wasfgened on the 96-well Pierc®
Maleimide Activated Plates (Thermo Fisher Scieqlifiprepared and processed as per
manufacturer’s instructions. Briefly, plates wemated with 0.4 pg of peptide (P4, iP4r
CHA401) per well in coating buffer (0.1M sodium ppbate, 0.15 M sodium chloride, 10 mM

EDTA, pH 7.2) and incubated overnight at 4°C. Rellty blocking with 100 pL cysteine
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solution (10 pg/mL) per well at 37°C for 1 hourtas&om immunized mice at dilutions of,1:500,
1:2500 and 1:1250(0n coating buffer) were added to the wells andubated at 37°C for 2 h.
Plates were washed four times with washing bufde®5% (v/v) Tween-20 in PBS, 200 pL per
well) between all steps. Plates were then incubaidd 100 pL of alkaline phosphatase-labeled
goat anti-mouse IgG (Invitrogen, Thermo Fisher &tifie) in blocking buffer (at 1:3000
dilution) at 37°C for 1 hour and developed with 3000f 1-step PNPP substrate (Thermo Fisher
Scientific) for 10 min at 4°C. Reaction was stoppethg 50 puL of 2 M NaOH. Absorbance was
then read at 405 nm using a Tecan microplate redgi@risotyping was similarly carried out
using anti-mouse 1gG2a, IgG2b and IgG1l-alkalinespihatase antibodies (Novus Biologicals,
Littleton, CO) at 1:1000 dilutions. VNP-specific Ggand isotypes levels were similarly
determined on a 96-well Nunc Polysorp Immuno pléféermo Fisher Scientific) coated with 1
ug of VNPs (CPMV or PVX)HER2 specific serum IgG levels were determined ugilages

coated with Jug human HER2/ ErbB2 protein (Acro Biosystems, NéwdDE).

Cell Binding Assay HERZ" SK-BR-3 cells (ATCC) were maintained in McCoy's S#edia
supplemented with 10% (v/v) fetal bovine serum d8d (v/v) Penicillin/Streptomycin (all
reagents from Life Technologies, Grand Island, M¥B7°C and 5% C£ For the cell-binding
assay, 25,000 SK-BR-3 cells per well were cultwadylass coverslips in a 24-well suspension
culture plate for 24 h. After washing and replacimth fresh media, pooled antisera from mice
immunized with CPMV- and PVX-based vaccines werdeadto the culture media (1:500
dilution) and incubated with cells at at 4°C forh2 A rabbit anti-human HER2 Ab (ACRO
Biosystems, Newark, DE) was used as a positiverabrifost-incubation, cells were washed
thrice with sterile saline and fixed for 5 min abm temperature with DPBS containing 4% (v/v)

paraformaldehyde and 0.3% (v/v) glutaraldehyde.isena treated cells were stained with goat
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anti-mouse-AlexaFluor 488 secondary antibody (101@ution; Life Technologies) in 5% (v/v)
goat serum. HER2 antibody treated cells were athiwith goat anti-rabbit AlexaFluor 488
secondary antibody (1:1000) (Life Technologies) 66r min at room temperature. Cells were
washed thrice with DPBS (Life Technologies). Allvesslips were then mounted onto glass
slides using Fluoroshield with DAPI mounting med&igma, St. Louis, MO) resulting in
nuclear staining and sealed using nail polish. Goadfimages were captured on an Olympus
FluovViewTM FV1000 LSCM and data processed using deda 1.440 software

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

Flow cytometry: SKBR3 cells were cultured as described above.cHlls were washed with
PBS, collected in enzyme-free Hank’s-based Cels@igtion Buffer (Fisher), and re-suspended
in 200 puL of complete medium in a 96 well plate at 200,030ls/ well. Cells were then
incubated for 2 h at 4°C with rabbit anti-HER2 At500 dilution), mouse total IgG (1:500
dilution), sera from naive mice, and sera from mioenunized with CPMV vaccines (CH401
and P4) and sera from mice immunized with PVX vaesi(CH401 and P4). Post-incubation,
cells were washed twice in FACS buffer (1 mM EDS, mM HEPES, 1% (v/v) FBS in PBS,
pH 7.0), fixed in 2% (v/v) paraformaldehyde in FAG&fer for 10 min at room temperature and
washed twice again in FACS buffer. Antisera treated mouse total IgG treated cells were then
stained with goat anti-mouse IgG antibody conjugatéh AlexaFluor 488 (1: 1000 dilution)
whereas cells incubated with rabbit anti-HER2 adib were stained with Cells were then
stained with goat anti-rabbit Alexa Fluor 488 setamy antibody (1:1000) (Life Technologies)
for 60 min at 4°C. Cells were then washed twicEACS buffer, re-suspended in 300D FACS
buffer, and stored at 4°C. Cells were analyzedgusiiBD LSR Il Flow Cytometer and 10,000

gated events were recorded. Data were analyzed EkwJo v8.6.3 software.
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Bone marrow derived dendritic cells (BMDCs) uptakeand cytokine activationn BMDC
were obtained according to previously publishedquals [45]. Briefly, a single cell suspension
of whole bone marrow cells was obtained from thaues and tibias of female FVB mice. The
cells were washed once in PBS and red cells weedIjor 2 minutes at 3Z in 2 ml of ACK
lysis solution (Lonza, Allendale, NJ). The cellere filtered, washed, and resuspended at°1x10
cells/ml in T cell media (RPMI (Corning, Croning,YINsupplemented with 10% GemCell FBS
(Gemini Bio-Products, Sacramento, CA), 1x penmiitreptomycin (Corning), 1x MEM non-
essential amino acids (Corning), 1 mM sodium pyte\{lyClone, South Logan, UT), 2 mM L-
glutamine (Corning), 10 mM HEPES (Corning), and BBl beta-mercaptoethanol (Sigma))
supplemented with 10 ng/ml mouse IL-4 (Peproteatky Hill, NJ) and 15 ng/mL mouse GM-
CSF (Peprotech). 3 mL of cells were plated/weladd-well plate and incubated at°87 The
media was removed and replaced with fresh T cetliamsupplemented with IL-4 and GM-CSF
on day 3 and an additional 3 mL of fresh T cell meslipplemented with cytokines was added
on day 5. Cells were harvested on day 7 and use¥NP uptake and cytokine activation
studies. All cells were maintained on ice priortihe addition of VNPs. For BMDC uptake
studies, A647-CPMV and A647-PVX particles (at 5@ @@rticles/ cell) were incubated with 1 x
10 cells at 39C for 2 h. Cells were washed to remove free pasielnd incubated with 100 pl
of Fc Block (1:400, anti-CD16/32, eBioscience, $aego, CA) on ice for 20 minutes to block
Fc receptor-mediated non-specific interactionsllokang this, cells were stained with PE-anti-
CD11c (1:100, BioLegend, San Diego, CA) for 30 ut@s on ice. Samples were analyzed on a

BD Accuri cytometer.

For cytokine activation assay, BMDCs were incubatéth CPMV and PVX patrticles (5 pg

VNPs/ million cells) at 37C for 24 h in cytokine free T cell media. BacteltifdS at 100 ng/mL
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was used as a positive control. Following incubato®ell supernatants were collected and aliquot
were stored at -20C until analyzed by ELISAs (ELISA MAX TM Standar8jolegend) for

TNF-0 and IL-6.

Lymph node trafficking and uptake by antigen preseting cells (APCs) Draining lymph
node (dLN) homing of VNP carriers was studied ushmgfluorescently 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 wesebcutaneously injected with pg (in
20 uL PBS) each of CPMV-A647 and PVX-A647 in left anght footpad, respectively. Maestro
imaging system (Perkin Elmer) was then used to tapmiccumulation of fluorescent signals in
the corresponding popliteal lymph nodes over timi@ determine the draining lymph node in
vaccine setting, female FVB/N mice were subjected single sub-cutaneous administration of
100 g VNPs (in 10QuL PBS) behind the neck. Mice were sacrificed ah124 h and 48 h post
injections and the resected draining LNs (brachiaye imaged for total fluorescence using
Maestro imaging system and/or digested into a sirgglll suspension for analysis of VNP
distribution in various cell types by flow cytometr Draining lymph nodes (dLNs) were
harvested, sliced in half and digested with 0.2 mhg¢ollagenase D (Sigma) and 200 units
DNase-1 (Sigma) for 30 minutes at°@7and then passed through a 40 pum cell strainer to
prepare a single cell suspension in FACS buffetlsGeere then treated with anti-CD16/32 Fc
block (eBiosciences) on ice for 20 minutes and ttamed with anti-CD19-FITC (eBioscience),
anti-CD11c-PE (BioLegend), or anti-F4/80-PE (Biokad) for 35 minutes on ice. In order to
determine the activation status CD1tendritic cells and F4/80macrophages in the DLNs of
VNP injected mice, some cells from 24 hr injectédslwere additionally prepared as above and

stained for 45 minutes on ice with anti-CD11c-bio(BD Biosciences) in conjunction with
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either anti-CD86-PE (eBioscience) or anti-CD40-BP Biosciences) followed by a secondary
staining with Streptavadin-FITC (eBioscience) f@ rdinutes on ice. Additionally, some cells
were stained with anti-F4/80-FITC (BioLegend) alawmith either anti-CD86-PE or anti-CD206-
PE (BioLegend) for 45 minutes on ice. 7-AAD (eBiesce) was also used for live-dead cell
discrimination. The samples were run on a BD Accytometer for analysis. For IHC analysis,
draining lymph nodes were harvested 12 h aftectimg mice with A647-CPMV or A647-PVX
particles, fixed overnight in PLP, and then inceloiator 24 hrs in sterile 30% sucrose solution at
4°C. dLNs were then embedded in OCT and cryosedliold sections were then stained with
purified rat anti-mouse B220 antibody (BD Pharmimgédollowed by AF488-goat anti-rat
secondary (ThermoFisher) using a Pelco Biowave (Helth, Inc. city ST) and imaged on a

Olympus Fluoview 1000 microscope.
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