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Abstract
Background: Virus- like particle (VLP) Peanut is a novel immunotherapeutic vaccine 
candidate for the treatment of peanut allergy. The active pharmaceutical ingredient 
represents cucumber mosaic VLPs (CuMVTT- VLPs) that are genetically fused with one 
of the major peanut allergens, Ara h 2 (CuMVTT- Ara h 2). We previously demonstrated 
the immunogenicity and the protective capacity of VLP Peanut- based immunization in 
a murine model for peanut allergy. Moreover, a Phase I clinical trial has been initiated 
using VLP Peanut material manufactured following a GMP- compliant manufacturing 
process. Key product characterization studies were undertaken here to understand 
the role and contribution of critical quality attributes that translate as predictive 
markers of immunogenicity and protective efficacy for clinical vaccine development.
Method: The role of prokaryotic RNA encapsulated within VLP Peanut on vaccine 
immunogenicity was assessed by producing a VLP Peanut batch with a reduced RNA 
content (VLP Peanut low RNA). Immunogenicity and peanut allergen challenge stud-
ies were conducted with VLP Peanut low RNA, as well as with VLP Peanut in WT and 
TLR 7 KO mice. Furthermore, mass spectrometry and SDS- PAGE based methods were 
used to determine Ara h 2 antigen density on the surface of VLP Peanut particles. This 
methodology was subsequently applied to investigate the relationship between Ara h 
2 antigen density and immunogenicity of VLP Peanut.
Results: A TLR 7 dependent formation of Ara h 2 specific high-avidity IgG antibodies, 
as well as a TLR 7 dependent change in the dominant IgG subclass, was observed fol-
lowing VLP Peanut vaccination, while total allergen- specific IgG remained relatively 
unaffected. Consistently, a missing TLR 7 signal caused only a weak decrease in aller-
gen tolerability after vaccination. In contrast, a reduced RNA content for VLP Peanut 
resulted in diminished total Ara h 2 specific IgG responses, followed by a significant 
impairment in peanut allergen tolerability. The discrepant effect on allergen tolerance 
caused by an absent TLR 7 signal versus a reduced RNA content is explained by the 
observation that VLP Peanut- derived RNA not only stimulates TLR 7 but also TLR 
3. Additionally, a strong correlation was observed between the number of Ara h 2 
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1  |  INTRODUC TION

Virus- like particles (VLPs) are an excellent vaccine platform since 
their characteristics combine safety with high immunogenicity.1 As 
of today, several VLP- based vaccines are available on the market, 
such as Cervarix®, Gardasil®, and Gardasil 9® against human pap-
illoma virus (HPV) or Engerix B® against Hepatitis B Virus (HBV).2 
The extraordinary immunogenicity of VLPs is caused by their close 
resemblance to real viruses which is reflected by sharing the follow-
ing pathogen- associated molecular (PAMPs) and structural patterns 
(PASPs): their repetitive structure and nano- size, as well as pack-
aged nucleic acids. The latter is not pathogenic genetic material, but 
rather nucleic acids derived from the host cell expression system 
randomly co- packaged during VLP assembly.3

Viruses are usually of a spherical, helical or rod- like structure. 
This is due to the fact that viruses, especially RNA viruses, do not 
have the space within their small genome to encode for a large va-
riety of structural proteins. As a consequence, viral surfaces are 

made of a single or, at most, a few different coat proteins ending up 
in a highly repetitive surface structure.4,5 The same holds true for 
VLPs, as they are usually generated by the expression of one or a 
few viral envelope or coat proteins.3 In the course of evolution, the 
host's immune system has learned to recognize and react to particles 
bearing such PASPs.6 Thus, binding and cross- linking of the B cell re-
ceptor (BCR) through highly repetitive objects is sufficient to induce 
a strong B cell activation signal, even in the absence of T cells.7 Par-
ticles having characteristic PASPs are also easily recognized by the 
complement system leading to enhanced B cell activation via binding 
of CD21 causing engagement of the co- stimulatory molecule CD198 
and binding to follicular dendritic cells. Moreover, complement 
bound particles are preferably taken up by antigen presenting cells 
(APCs) facilitating T- cell priming.9 Accordingly, PASP bearing parti-
cles, such as viruses or VLPs, are exemplary for the induction of a 
strong humoral response. The geometry underlying PASP is thereby 
not free of regularity, but rather dependent on certain determinants. 
One of these determinants was found to be the distance of one 

antigens displayed on the surface of VLP Peanut particles and the vaccine's immuno-
genicity and protective capacity.
Conclusions: Our findings demonstrate that prokaryotic RNA encapsulated within 
VLP Peanut, including antigen density of Ara h 2 on viral particles, are key contribu-
tors to the immunogenicity and protective capacity of the vaccine. Thus, antigenicity 
and RNA content are two critical quality attributes that need to be determined at the 
stage of manufacturing, providing robust information regarding the immunogenicity 
and protective capacity of VLP Peanut in the mouse which has translational relevance 
to the human setting.

K E Y W O R D S
allergy treatment, food allergy, immunotherapy vaccines and mechanisms, vaccines

G R A P H I C A L  A B S T R A C T
Virus- like particle (VLP) Peanut is a novel immunotherapeutic vaccine candidate for the treatment of peanut allergy. Encapsulated 
prokaryotic RNA is a key contributor to the immunogenicity and protective capacity of the VLP Peanut vaccine. Antigen density of Ara h 2 
on the particle surface positively correlates with the immunogenicity of the VLP Peanut vaccine. Abbreviations: CuMV, cucumber mosaic 
virus; IgG, immunoglobulin G; KO, knock out; RNA, ribonucleic acid; TLR, toll- like receptor; TT, tetanus toxin epitope; VLP, virus- like particle; 
WT, wild type.
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antigen to the other on the viral surface, also referred as antigen 
density. Using haptenated polymers, it was previously shown that 
15– 20 hapten- molecules that are 5– 10 nm aside from each were 
shown to be optimal for B cell activation.10 Interestingly, the average 
distance between viral coat proteins is within this range, thereby af-
firming this observation.4

VLPs do not contain any pathogenic genetic material. However, 
VLPs derived from RNA viruses can carry RNA derived from the 
host cell expression system.3 Based on their negative charge, these 
nucleic acids provide stability to the particle and are essential for 
particle assembly.11 For reasons of electrostatic interaction with 
the coat proteins, the amount of encapsulated RNA is usually similar 
in size to the virion of the virus from which the VLP is derived.12,13 
As ligands for Toll- like receptors (TLRs), the VLP- carried RNA is 
thereby not only of structural but also of immunological signifi-
cance. TLRs belong to the pattern recognition receptors (PRRs) and 
as such, they are responsible for sensing pathogen- associated mo-
lecular patterns (PAMPs). TLR signaling initiates the transcription of 
pro- inflammatory cytokines and Type I interferons, orchestrating 
the recruitment and activation of innate immune cells.14,15 How-
ever, TLR signaling is not exclusive to the innate immune system, 
since B cells also express TLRs and are stimulated by TLR ligands.16 
Prokaryotic derived single-  and double- stranded RNA (ssRNA and 
dsRNA), acting as TLR 7/8, respectively TLR 3 ligands, are com-
monly packaged into VLPs during the process of assembly.3,16 This 
is of major importance, especially for the type of humoral immune 
response induced by VLP vaccination. For example, isotype switch-
ing to IgG2a/c and IgG2b after VLP- vaccination was shown to be 
conditional on BCR engagement in combination with TLR signaling. 
Abolishing TLR signaling in B cells prevented switching to these IgG 
subclasses, demonstrating the B cell intrinsic nature of this pro-
cess.17,18 Furthermore, TLR 7 signaling in particular was necessary 
for the generation of potent secondary plasma cells out of memory 
B cells.19 Enhanced B cell proliferation, increased BCR hypermuta-
tion, as well as enhanced BCR repertoire diversity, were observed 
in relation to B cell intrinsic TLR signaling.20– 22 Consequently, TLR 
signaling significantly contributes to the quality of the induced 
immune response and brings TLR ligands into the focus of VLP- 
vaccine design and development to induce protective, high affinity, 
and long- lived antibody responses.

In the present study, TLR signaling is monitored to investigate 
the role of encapsulated RNA within a VLP (i.e., VLP- carried RNA), 
including the role of antigen density, following vaccination with VLP 
Peanut. VLP Peanut is a promising vaccine candidate for the treat-
ment of peanut allergy. The active substance represents VLPs com-
prised of capsid subunit proteins (cucumber mosaic virus [CuMV] 
engineered with a universal T cell epitope derived from the teta-
nus toxin [TT] i.e., CuMVTT) and the peanut allergen (Ara h 2) capsid 
fusion protein (CuMVTT- Ara h 2). Upon co- expression of CuMVTT 
and CuMVTT- Ara h 2 genes in Escherichia coli (E. coli), mosaic VLPs 
form around prokaryotic RNA, thereby comprising VLP Peanut.23– 25 
Previous studies conducted by Storni et al.23 and Sobczak et al.25 re-
vealed that CuMVTT- based vaccination targeting the single allergens 

Ara h 1 or Ara h 2 mediates protection against anaphylaxis induced 
by complex peanut allergen mixtures in mice. Vaccine induced pro-
tection is thereby dependent on the allergen- specific IgG antibodies 
neutralizing the allergen, promoting IgE internalization by mast cells 
as well as engaging the inhibitory receptor FcγRIIb present on mast 
cells and basophils.23,25– 27 Importantly, allergens displayed in viral 
fashion fail to activate human mast cells, demonstrating the safety 
of VLP vaccination for allergy treatment.28

The objective of this study was to assess the biological role of 
key quality attributes of the VLP Peanut vaccine such as prokaryotic 
RNA and Ara h 2- antigen content at the development stage of man-
ufacture. Information gained in this context on the immunogenicity 
and protective capacity of different batch variants facilitated the 
development of a control strategy that allowed the establishment 
of a reproducible cGMP- certified production process. Specifically, 
we observed a TLR 7- dependent formation of Ara h 2 specific high- 
avidity IgG and IgG2c subclass antibodies after VLP Peanut vacci-
nation in mice. However, the absence of TLR 7 stimulation had little 
effect on the formation of total Ara h 2 specific IgG antibodies and, 
for this reason, only slightly reduced the tolerance to peanut allergen 
in peanut- allergic mice immunized with VLP Peanut. In contrast, vac-
cination with VLP Peanut carrying reduced amounts of RNA led to a 
dramatic decrease in Ara h 2- specific IgG antibodies and significantly 
reduced resistance to peanut allergen challenge in peanut allergic 
mice, likely explained by reduced TLR 3 stimulation. Furthermore, a 
clear correlation between the Ara h 2 antigen density displayed on 
CuMVTT particles and VLP Peanut vaccine immunogenicity could be 
shown. As such, RNA content and antigen density for VLP Peanut 
are identified here as critical contributors to vaccine immunogenic-
ity and protectivity.

2  |  MATERIAL S AND METHODS

2.1  |  Mice

In vivo experiments were conducted in 8- week- old female C57BL/6 
wild- type mice purchased from Envigo or in 8- week- old female TLR 
7 knock- out (B6.129P2- Tlr7tm1Aki) mice kindly donated from Prof. 
Dr. Pål Johansen. Animal procedures were performed in accordance 
with the Swiss Animal Act (455.109.1— September 5, 2008) at the 
DBMR of the University of Bern. All animal experiments were con-
ducted by protocols approved by the Cantonal Veterinary Office 
Bern, Switzerland (License BE79/2021).

2.2  |  CuMVTT, VLP Peanut, and VLP Peanut low 
RNA production and purification

Expression and purification of CuMVTT was described in detail in 
Zeltins et al.24 VLP Peanut expression and purification was described 
in detail in Sobczak et al.25 VLP Peanut low RNA was produced as fol-
lows. VLP Peanut at a concentration of 1.5 mg/mL was derivatized by 
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the addition of succinimidyl 6- (beta- maleimidopropionamido) hex-
anoate (SMPH; Thermo Fisher Scientific, Cat. 22363) at 10 times 
molar excess to VLP Peanut for 30 min at 25°C. Unreacted SMPH was 
removed by buffer exchange on Amicon- Ultra- 0.5, 100 K filtration 
units (Millipore, Cat. UFC510024) four times with 5 mM Na phosphate 
pH 7.5, 2 mM EDTA buffer. RNase A (Roche, Cat. 10109169001) was 
added in 5 μg/mL final concentration, and the sample was incubated at 
room temperature for 1 week. Reduction of VLP Peanut carried RNA 
was quantified by using the Qubit™ RNA BR Assay Kit (Thermo Fisher 
Scientific, Cat. Q10210). Obtained results were confirmed by loading 
15 μL sample (1 mg/mL) mixed with 2.5 μL loading dye (New England 
BioLabs, Cat. B7024S) onto a 1% Agarose (BioConcept, 7- 01P02- R) 
gel, run in Tris- borate- EDTA (TBE) buffer at 50 V. Gel picture was taken 
with Azure Biosystems c300 using the UV302 channel, exposure time 
10 s. DNA Ladder (Thermo Scientific, Cat. SM0242) was included in 
the agarose analysis. Signal intensity of RNA derived band on agarose 
gel picture was quantified with FIJI Image J software v1.53c.29 Addi-
tional batches were produced in fermenters and purified using various 
strategies to optimize cGMP- certified production. Batches differed 
with respect to size and purification strategies during pharmaceuti-
cal development, forming an integral part in developing reproducible 
cGMP- certified production. Endotoxin content of each batch was 
below 100 EU per vaccine dose.

2.3  |  Transmission electron microscopy (TEM)

Physical integrity of VLP vaccine batches was confirmed by transmis-
sion electron microscopy (Philips CM12 EM). To this end, sample grids 
were glow discharged and 10 μL of VLP sample (1 mg/mL) was added 
for 30 s. Grids were washed three times with ddH2O and negatively 
stained with 5 μL of 5% uranyl acetate for 30 s. Excess uranyl acetate 
was removed by pipetting, and the grids were air- dried for 10 min. Im-
ages were taken with 84,000× and 110,000× magnification.

2.4  |  Dynamic light scattering (DLS)

Average VLP particle size in vaccine batches was measured by DLS 
using the Zetasizer Nano ZS instrument (Malvern Panalytical Ltd), 
and measurements were evaluated with DTS software v. 6.32 (Mal-
vern Panalytical Ltd). Three consecutive measurements were per-
formed per sample.

2.5  |  Vaccination regimen for naïve mice

Mice were vaccinated subcutaneously (s.c.) with 30 μg vaccine in 
100 μL PBS by the usage of an insulin syringe (B Braun Omnican®, 
Cat. 9151133S). A booster injection with an equal dose was per-
formed 21 and 42 days post prime. Serum was collected before prime 
and 56 days post prime via tail bleeding and serum was isolated using 
BD Microtainer® Collection Tube (BD Biosciences, Cat. 365967). 

Immunogenicity studies were performed with five mice per group. 
Deviating from this, groups of four mice were used for CuMVTT con-
trol and VLP Peanut batch 2 in the immunogenicity study investigat-
ing the correlation of Ara h 2 antigen density and immunogenicity.

2.6  |  Challenge of peanut sensitized and 
vaccinated mice

Naïve mice were sensitized to peanut by giving 5 μg non- roasted 
peanut extract (Ara N) in 200 μL Alhydrogel® (10 mg/mL Al(OH)3; 
InvivoGen, Cat. vac- alu- 250) intraperitoneally (i.p.) twice in a 7- day 
interval.23,25,30 Ara N peanut extract was obtained by following the 
protocol from Koppelmann et al.23 Mice were vaccinated s.c. with 
30 μg vaccine 14 days after sensitization. Subsequently, two booster 
injections with an equal dose were performed at 21- day intervals. 
Fourteen days after the last booster injection mice were challenged 
with 20 μg Ara N peanut extract given i.v. in 100 μL PBS by the usage 
of an insulin syringe (B Braun Omnican®, Cat. 9151133S). Body 
core temperature was measured in 10 min intervals for 1 h with Mini 
Temp Veterinary Temperature Monitor (Vetronic Services LTD, Cat. 
MTEMP). Challenge studies were performed with six mice per WT 
and five mice per TLR 7 KO group.

2.7  |  Enzyme- linked immunosorbent assay (ELISA)

Recombinant Ara h 2 protein was produced as described in Storni 
et al.23 For the determination of Ara h 2 and CuMVTT specific IgG 
antibodies found in serum of vaccinated mice an ELISA experiment 
was performed as follows. ELISA plates (CORNING, Cat. 3690) were 
coated with recombinant Ara h 2 or CuMVTT diluted in PBS to a 
concentration of 1 μg/mL (50 μL per well) and incubated overnight 
at 4°C. ELISA plates were washed with 100 μL PBS per well for four 
times with Microplate washer (BioTek 405 TS Microplate Washer, 
Agilent) and blocked afterward by the addition of 100 μL PBS- Casein 
0.15% per well for 2 h at room temperature. Plates were flicked and 
mouse serum was added. 1:20 or 1:10 pre- diluted sera were serially 
diluted 1:3 on the plate in PBS- Casein 0.15% in a total volume of 
50 μL, incubated for 1.5 h at room temperature. After washing with 
100 μL PBS- 0.01% Tween for four times with microplate washer, 
goat anti- mouse IgG conjugated to horseradish peroxidase (HRP) 
(Jackson ImmunoResearch, Cat. 115– 035- 071) was added at 1:1000 
dilution in PBS- Casein 0.15% (50 μL per well) and the plate incubated 
for another hour at room temperature. ELISA plates were washed 
with 100 μL PBS- 0.01%Tween for four times with Microplate washer 
and 50 μL per well of developing solution (30 mM Citratbuffer in-
cluding 5% tetramethylbenzidine and 1.5 ‰ H2O2) was added. The 
color reaction was stopped by the addition of 50 μL per well of 1 M 
H2SO4 and absorbance at 450 nm (OD450) was read with BioTek 
Cytation 5 imaging reader. Half- maximal antibody titers (OD50) were 
defined as the reciprocal of the dilution leading to half of the OD 
measured at saturation.
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IgG subclass antibody titers were determined following the same 
procedure with a different detection antibody: Rat anti- mouse IgG1 
HRP (BD Pharmingen, Cat. 559626, 1:1000 dilution), goat anti- mouse 
IgG2c HRP (Southern BioTech, Cat No 1078– 05, 1:1000 dilution), goat 
anti- mouse IgG2b HRP (Invitrogen, Cat. M32407, 1:1000 dilution).

2.8  |  Avidity ELISA

High- avidity IgG antibodies were determined by a previously de-
scribed protocol.31 To this end, the ELISA protocol described above 
was extended by one additional step. Two plates similarly coated 
and incubated with the same sera were washed upon sera incuba-
tion either for three times with PBS- 0.01%Tween or with 7 M urea 
in PBS- 0.01%Tween for 5 min at room temperature (50 μL per well). 
After this additional washing step, goat anti- mouse IgG conjugated 
to HRP (Jackson ImmunoResearch, Cat. 115- 035- 071) was added at 
1:1000 dilution in PBS- Casein 0.15% (50 μL per well) and the proto-
col described above continued. The avidity index (AI) was calculated 
by AIx = (OD450 (dilution x) + urea)/(OD450 (dilution x)– urea).

2.9  |  HEK- Blue™ TLR 3/7 cell assay

RNA encapsulated within VLP Peanut was isolated as follows. VLPs 
and TRIzol® agent (Invitrogen, Cat. 15596026) were mixed and in-
cubated for 10 min on ice in a mass to volume ratio (mVLP/vTRIzol) of 
1/1.25. Subsequently, samples were centrifuged for 10 min at 12,000 g 
at 4°C. The supernatant was mixed with chloroform at a ratio of 1/0.25 
(mVLP/vchloroform) and incubated for 10 min on ice, then centrifuged for 
15 min at 12,000 g at 4°C. The upper phase was mixed with isopro-
panol at a ratio of 1/0.6 (mVLP/visopropanol) and incubated for 10 min 
on ice, then centrifuged for 10 min at 12,000 g at 4°C. The pellet was 
washed with 75% EtOH and afterward resuspended in 100 μL DEPC 
water (Invitrogen, Cat. AM9906). RNA concentration was measured 
with NanoDrop™ 1000 (Thermo Scientific). Size distribution of isolated 
RNA was analyzed by a 1% Agarose gel (BioConcept, 7- 01P02- R) run 
in MOPS buffer (3- (N- morpholino)propanesulfonic acid). RNA ladder 
(Thermo Scientific, Cat. #SM1821) was included into analysis. TLR 
3 and TLR 7 stimulation capacity of RNA isolated from VLP Peanut 
was determined by HEK- Blue™ hTLR 3 (InvivoGen, Cat. hkb- htlr3) and 
HEK- Blue™ hTLR 7 (InvivoGen, Cat. hkb- htlr7) cell assay following the 
manufacturer's instructions. Thereby, 50,000 cells (TLR 3) or 40,000 
cells (TLR 7) were stimulated in triplicates with 250, 500, and 1000 ng 
of isolated RNA or 20 ng of positive control (poly(I:C) HMW for TLR 3, 
CL264 for TLR 7). TLR 3/7 stimulation capacity of RNA isolated out of 
VLP Peanut was normalized to positive control stimulated cells.

2.10  |  Mass spectrometry

For each sample, 50 μg of protein were precipitated with trichloro-
acetic acid (TCA; Sigma- Aldrich) at a final concentration of 5% and 

washed twice with ice- cold acetone. Samples were resuspended 
in 50 mM TEAB (Triethylammonium bicarbonate), and 20 μg were 
reduced with 2 mM TCEP (tris(2- carboxyethyl)phosphine) and 
alkylated with 15 mM Chloroacetamide at 30°C for 30 min. Pro-
teins were digested with 500 ng of sequencing- grade Lys C (Wako 
Chemicals) for 2 h at 37°C, before adding 500 ng of sequencing- 
grade Glu C (Roche) for overnight digestion at 37°C. The samples 
were dried to completeness and re- solubilized in 20 μL of MS 
sample buffer (3% acetonitrile, 0.1% formic acid). Peptide concen-
tration was determined using the Lunatic UV/Vis polychromatic 
spectrophotometer (Unchained Labs). Samples were diluted to 
an absorbance value of 0.004 (A280) and spiked with 50 fmol/μL 
stable- isotope labelled peptides (see below). For determination 
of peptide suitability, a pooled sample was serially diluted 1:2 for 
a final of six different concentrations. Maxi SpikeTides QL_AAA 
were synthesized at >95% purity by JPT Peptide Technology 
GmbH as determined by HPLC, MS, and amino acid analysis. C- 
terminal Lysines or internal Arginines or Valines were incorporated 
as heavily labelled amino acids (Arg: U- 13C6, U- 15 N4; Lys: U- 
13C6, U- 15 N2; Val: U- 13C5, U- 15 N).

Mass spectrometry analysis was performed on an Orbitrap Ex-
ploris 480 mass spectrometer (Thermo Fisher Scientific) equipped 
with a Nanospray Flex Ion Source (Thermo Fisher Scientific) and 
coupled to an M- Class UPLC (Waters). Solvent composition at the 
two channels was 0.1% formic acid for channel A and 0.1% for-
mic acid, 99.9% acetonitrile for channel B. Column temperature 
was 50°C. For each sample 1 μL of peptides spiked with heavy 
labeled standard peptides were loaded on a commercial nanoEase 
MZ Symmetry C18 Trap Column (100 Å, 5 μm, 180 μm × 20 mm, 
Waters) followed by a nanoEase MZ C18 HSS T3 Column (100 Å, 
1.8 μm, 75 μm × 250 mm, Waters). The peptides were eluted at a 
flow rate of 300 nL/min. After a 3 min initial hold at 5% B, a gra-
dient from 5% to 35% B in 60 min was applied. The column was 
cleaned after the run by increasing to 95% B and holding 95% B 
for 10 min prior to re- establishing loading condition for another 
10 minutes.

For MS2- based absolute quantification, the mass spectrometer 
was operated in targeted MS mode (tMS) with a scheduled inclu-
sion list (5 min windows) of the indicated peptides (light and heavy) 
and charge states using Xcalibur 4.4 (Tune version 3.1.279.9), with 
spray voltage set to 2.7 kV, funnel RF level at 40%, heated capillary 
temperature at 275 °C, and advanced peak determination (APD) 
on. Full- scan MS spectra (350– 1′500 m/z) were acquired at a reso-
lution of 120,000 at 200 m/z after accumulation to a target value 
of 3,000,000 or for a maximum injection time of 50 ms. Target ions 
were isolated using a quadrupole mass filter with 1 m/z isolation 
window and fragmented by higher- energy collisional dissociation 
(HCD) using a normalized collision energy of 30%. HCD spectra 
were acquired at a resolution of 60,000 and maximum injection 
time was set to Auto with Loop Control set to All and an auto-
matic gain control (AGC) of 100,000 ions. The samples were ac-
quired using internal lock mass calibration on m/z 371.1012 and 
445.1200.
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The mass spectrometry proteomics data were handled using the 
local laboratory information management system (LIMS)32 and all 
relevant data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE (http://www.ebi.ac.uk/pride) partner repos-
itory with the data set identifier PXDXXXX.

Peptide quantification and manual spectrum annotations were 
done in Skyline (21.2.0.369) and visualized using RStudio (1.4.1717) 
and R (4.1.1). In order to generate spectral libraries for the selected 
peptides, MS data were imported into PEAKS Studio (Bioinformatic 
Solutions) and searched against a database containing the sequences 
of the modified and unmodified VLPs as well as a generic E.coli data-
base (fgcz_83334_ecoli_O157_20191119). Identity assignments be-
tween endogenous and SIL peptides were evaluated by determining 
spectra similarity via dot product (dotp, value >0.8) measurements 
against the project library. Endogenous peptide quantification was 
done by one- point calibration using the spiked in SIL peptide and 
is given in fmol for each peptide. Ara h 2 specific peptide was nor-
malized to both CuMVTT- backbone peptides and the mean of both 
ratios was defined as Ara h 2 antigen density.

Peptides used for absolute quantification: CuMVTT- backbone 
(RLLLPDSVTE, YAVLVYSK), Ara h 2- insert (NQSDRLQGRQQE), no 
insert (IDRGSYYGK).

2.11  |  SDS- PAGE Analysis

Fifteen microlitres of vaccine samples (1 mg/mL) were mixed with 3 μL 
reducing buffer (Thermo Scientific, Cat. 39000) and heated for 5 min 
at 95°C prior to loading onto a 12% SDS- PAGE with a 4% stacking 
gel together with 6 μL protein ladder (Thermo Scientific, Cat. 26616). 
The gel was run at 70 V in running buffer (Tris (hydroxymethyl)- 
aminoethane 2.5 mM, Glycine 25 mM, SDS 0.01%) and afterward 
stained in InstantBlue® Coomassie Protein Stain (Abcam, Cat. 
Ab119211). Gel picture was taken with Azure Biosystems c300 using 
the visible channel, exposure time 10 s. Signal intensity of CuMVTT- 
Ara h 2 and CuMVTT derived bands on gel picture was quantified with 
FIJI Image J software v1.53c.29 The Ara h 2 antigen density of VLP 
Peanut batches determined by SDS- PAGE was calculated as follows. 
Measured protein band intensities of CuMVTT- Ara h 2 were divided 
by corresponding protein band intensities for CuMVTT. The different 
molar masses were thereby taken into account and the obtained quo-
tient multiplied by 180 (total number of subunits per VLP) to obtain 
the Ara h 2 antigen density per VLP.

2.12  |  Statistics

All data are presented as mean ± SEM. Data were analyzed using 
ordinary one- way ANOVA with Tukey correction for multiple com-
parisons or using unpaired t- test. Pearson correlation coefficient 
was calculated for the determination of a linear correlation between 
two sets of data. Analyses were performed using GraphPad PRISM 
9.4 (GraphPad Software Inc). The value of p < 0.05 was considered 
statistically significant. Statistical significance is noted in figures as 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

3  |  RESULTS

3.1  |  Physical integrity of VLP Peanut is not 
compromised by a 50% reduction of the encapsulated 
RNA

VLP Peanut was produced by the co- expression of modified 
CuMVTT- Ara h 2 and unmodified CuMVTT genes in E.coli. In this pro-
cess, the expressed CuMVTT- Ara h 2 and CuMVTT proteins assemble 
around the negatively charged prokaryotic RNA thereby spontane-
ously forming VLPs (Figure 1A).25 VLPs consisting only of unmodi-
fied CuMVTT were produced at the same and served as controls in 
further experiments.25 To investigate the role of the carried prokar-
yotic RNA for the immunogenicity of VLP Peanut we reduced the 
RNA content in one batch by RNA digestion (VLP Peanut low RNA). 
To prevent loss of stability caused by reduction of the encapsulated 
RNA, particle subunits were cross- linked by SMPH prior to RNAse 
treatment. The correct VLP formation with its characteristic T = 3 
icosahedral geometry, which is important for efficient draining into 
secondary lymphoid organs was confirmed by TEM for VLP Peanut 
low RNA and VLP Peanut (Figure 1B).6,33 VLP Peanut low RNA VLPs 
were slightly larger in size compared with VLP Peanut VLPs (aver-
age diameter = 36 nm) (Figure 1B). SDS- PAGE analysis of VLP Peanut 
and VLP Peanut low RNA revealed preserved incorporation rates of 
CuMVTT- Ara h 2 subunits into VLPs, demonstrating that the RNase 
treatment did not affect the particle's composition (Figure 1C,D). 
RNA digestion reduced the amount of the carried RNA by around 
50% as measured by Agarose gel analysis (Figure 1E,F) and Qubit™ 
RNA BR Assay (Figure 1G). Consequently, RNA digestion reduced 
the amount of VLP Peanut- carried RNA by half without compromis-
ing its physical integrity.

F I G U R E  1  Physical integrity of VLP Peanut is not compromised by a 50% reduction of the encapsulated RNA. (A) Schematic 
representation of VLP Peanut (CuMVTT/CuMVTT- Ara h 2) expression in E. coli. created with BioRe nder.com. (B) TEM and DLS of VLP Peanut 
low RNA and VLP Peanut, scale bar 200 nm. (C) 12% SDS- PAGE of M. Protein Ladder, C. CuMVTT, 1. VLP Peanut low RNA, 2. VLP Peanut. 
CuMVTT- Ara h 2 derived protein bands are circled in orange, CuMVTT derived protein bands in dark blue. (D) Ara h 2 antigen density of 
C. CuMVTT, 1. VLP Peanut low RNA, 2. VLP Peanut determined based on FIJI image J software analysis of protein band intensities from 
SDS- PAGE depicted in (C). (E) Agarose gel analysis of MN. Nucleic Acid Ladder, 1. VLP Peanut low RNA, 2. VLP Peanut. (F) Intensity of RNA 
derived bands depicted in (E) analyzed by FIJI image J software. (G) RNA content of 1. VLP Peanut low RNA, 2. VLP Peanut measured with 
Qubit™ RNA BR Assay Kit. Statistical analysis (mean ± SEM) using ordinary one- way ANOVA with Tukey correction for multiple comparisons 
in (D) and unpaired t- test in (F and G). p < 0.05 (*), p < 0.0001 (****). N = 3, N = 2 for Qubit™ RNA BR Assay.
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8  |    KRENGER et al.

3.2  |  Ara h 2 specific total IgG responses are highly 
dependent on VLP Peanut carried RNA and TLR 7 
signaling promotes the formation of high- avidity 
IgG as well as IgG2b 7 signaling promotes the 
formation of high- avidity

We examined the role of the VLP Peanut RNA content on the vaccine's 
immunogenicity profile. Groups of C57/BL6 WT mice were vaccinated 
s.c. with 30 μg VLP Peanut, VLP Peanut low RNA, or CuMVTT three 
times in intervals of 21 days. TLR 7 KO mice were immunized with VLP 
Peanut or VLP Peanut low RNA using the same vaccination regimen. 
Sera were collected before prime (D0) and 14 days after the second 
booster injection (D56). Serum IgG antibodies specific for the Ara h 2 
antigen or the CuMVTT- carrier were determined by ELISA (Figure 2A). 
Ara h 2 specific IgG titers reached comparable levels in WT and TLR 
7 KO mice after VLP Peanut immunization. By contrast, a significant 
reduction of Ara h 2 specific IgG titers was observed in WT and TLR 
7 KO mice immunized with VLP Peanut low RNA. Mice immunized 
with CuMVTT control did not exhibit Ara h 2 specific IgG antibodies 
(Figure 2B,C). No Ara h 2 specific IgG antibodies were detected before 
immunization (Figure S1A). We performed avidity assays by washing 
ELISA plates with 7 M urea to remove low avidity antibodies. Whereas 
about 80% of the Ara h 2 specific antibodies in VLP Peanut immunized 
WT mice were of high- avidity, this value decreased to 20% in VLP Pea-
nut immunized TLR 7 KO mice and was almost 0% in VLP Peanut low 
RNA immunized WT or TLR 7 KO mice (Figure 2D). A clear pattern in 
Ara h 2 specific IgG subclass distribution was observed between dif-
ferent groups. IgG2c and IgG2b antibodies were predominantly found 
in VLP Peanut immunized WT mice. IgG1 antibodies were the main 
IgG subclass formed in the absence of a TLR 7 stimulus (VLP Peanut 
immunized TLR 7 KO mice) and VLP Peanut low RNA immunized mice 
barely developed anti- Ara h 2 IgG subclass antibodies (Figure 2E). An-
tibodies against the VLP carrier CuMVTT were also measured. CuMVTT 
specific IgG antibodies were detected to the same extent in all groups 
including CuMVTT immunized mice (Figure 2F,G). Before immunization, 
no CuMVTT specific IgG antibodies were found in serum (Figure S1B). 
Around 40% of CuMVTT specific IgG antibodies were of high- avidity, 
as they were resistant to washing with 7 M urea (Figure 2H). In gen-
eral, the anti- CuMVTT IgG subclass distribution was balanced between 
groups (Figure 2I). Taken together, these data suggest that the Ara h 2 
antigen specific IgG immune responses are highly dependent on RNA- 
derived stimuli, whereas the CuMVTT- carrier specific IgG immune 
responses are less so. Thus, VLP- carried RNA strongly contributes to 
the immunogenicity of antigens that are less abundant on the VLP sur-
face (Ara h 2 here), compensating for the lower repetitiveness of these 

antigens and restoring their immunogenic character. The remaining im-
munogenicity of CuMVTT is indicative for a preserved overall particle 
structure. Lowering the RNA content of VLP Peanut reduced vaccine 
immunogenicity for Ara h 2 much more than a missing TLR 7 signal did. 
This suggests that the observed TLR 3 signal induced by intact RNA 
(Figure 3) is important for total IgG formation but less so for isotype 
switching to IgG2c. TLR 7 signaling, however, was linked to high- avidity 
IgG as well as to IgG2b/c subclass antibody formation. These results 
indicate the critical role of the VLP- carried RNA and TLR 7 signaling for 
vaccine immunogenicity.

3.3  |  VLP Peanut carried RNA stimulates both 
TLR 7 and TLR 3

Our immunogenicity study revealed that a low RNA content has a 
greater impact on Ara h 2 specific IgG responses than a lack of a 
TLR 7 signal does. We concluded that other TLRs, for example, TLR 
3, a sensor for dsRNA, might be involved in the underlying process.34 
To investigate this, HEK-Blue™ TLR 7 and TLR 3 reporter cells were 
stimulated with 250, 500, and 1000 ng RNA isolated out of VLP Pea-
nut. VLP Peanut derived RNA pointed out a broad distribution in 
size, with a maximum at around 500 bp (Figure 3A). A dose depend-
ent stimulation by the VLP Peanut derived RNA was observed in 
equal mass for TLR 3 as well as for TLR 7 reporter cells (Figure 3B,C). 
This indicates that the bacterial RNA contained in VLP Peanut exists 
in both single- and double-stranded forms, stimulating TLR 7 and 
TLR 3 to the same degrees. A missing TLR 7 signal can partially be 
compensated by a TLR 3 derived signal as both TLRs are expressed 
in B cells.35,36 This would explain the weaker effect of an absent 
TLR 7 signal on VLP Peanut vaccine immunogenicity compared with 
reduced RNA content.

3.4  |  VLP Peanut mediated protection from 
anaphylaxis depends on encapsulated RNA

Peanut allergy can become a serious health threat as small amounts 
of peanuts can induce strong allergic reactions.37,38 Here, we in-
vestigated the role of the VLP Peanut carried RNA on the vac-
cine's systemic protection capacity by following a well- established 
mouse model for IgE- mediated anaphylaxis upon peanut sensiti-
zation.23,25,30 C57/BL6 WT or TLR 7 KO mice were sensitized to 
peanut by injecting 5 μg whole peanut extract in 200 μL Alhydro-
gel® i.p. on Day 0 and 7. Fourteen days later mice were vaccinated 

F I G U R E  2  Ara h 2 specific total IgG responses are highly dependent on VLP Peanut- carried RNA and TLR 7 signaling promotes the 
formation of high- avidity IgG as well as IgG2b/c subclass antibodies. (A) Vaccination regimen and bleeding schedule, scheme created with 
BioRe nder.com. Ara h 2 specific serum IgG, OD450 shown in (B), Log10 OD50 shown in (C). (D) Avidity index of Ara h 2 specific serum IgG. (E) 
Ara h 2 specific serum IgG1, IgG2b, and IgG2c, Log10 OD50 shown. CuMVTT specific serum IgG, OD450 shown in (F), Log10 OD50 shown in (G). 
(H) Avidity index of CuMVTT specific serum IgG. (I) CuMVTT specific serum IgG1, IgG2b, and IgG2c, Log10 OD50 shown. Statistical analysis 
(mean ± SEM) using ordinary one- way ANOVA with Tukey correction for multiple comparisons. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). 
p < 0.0001 (****). N = 5 One representative of two similar experiments is shown.
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10  |    KRENGER et al.

s.c. with 30 μg VLP Peanut, VLP Peanut low RNA or CuMVTT. Two 
booster injections with the same dose in intervals of 21 days were 
performed before mice were challenged by injecting 20 μg peanut 
extract i.v. 14 days after the last boost. Body core temperature was 
measured rectally for 1 h in intervals of 10 min (Figure 4A). A sharp 
drop in body core temperature, indicative for severe anaphylaxis, 
was observed in CuMVTT control immunized WT and TLR 7 KO 
mice. VLP Peanut low RNA immunized mice were only slightly 
protected from severe anaphylaxis compared to control mice. In 

contrast, VLP Peanut immunized WT mice were free of systemic 
reactions after the i.v. provocation with the peanut extract. Inter-
estingly, the body core temperature of VLP Peanut immunized TLR 
7 KO mice initially decreased slightly, but then recovered rapidly 
reaching normal levels after 40 min (Figure 4B,C). Thus, VLP Peanut 
vaccination mediates protection from severe anaphylaxis, thereby 
TLR 7 signaling seems to play a partial role, compatible with the 
observed robust antibody responses in the absence of TLR 7. In 
contrast, low RNA incorporation rates dramatically worsened the 

F I G U R E  3  VLP Peanut- carried RNA stimulates both TLR 7 and TLR 3. (A) Agarose gel analysis of 1: VLP Peanut- derived RNA, M: RNA 
Ladder. Dose- dependent TLR 7 (B) and TLR 3 (C) stimulation by RNA isolated out of VLP Peanut determined by HEK- Blue™ TLR 3/7 in vitro 
assay. Results normalized to positive control stimulated HEK- Blue™ TLR 3/7 cells. Statistical analysis (mean ± SEM) using ordinary one- 
way ANOVA with Tukey correction for multiple comparisons. p < 0.001 (***), p < 0.0001 (****). N = 3. One representative of three similar 
experiments is shown.

F I G U R E  4  VLP Peanut- mediated 
protection from anaphylaxis depends on 
encapsulated RNA. (A) Mouse anaphylaxis 
model for the assessment of systemic 
protection after vaccination, scheme 
created with BioRe nder.com. (B) Change 
in body core temperature of vaccinated 
mice after challenge with 20 μg whole 
peanut extract given i.v. Last observation 
carried forward for mice that fulfilled 
the termination criterion of 6°C body 
temperature reduction. (C) Area under 
the curve (AUC) relative to baseline at 
0°C depicted (B). Statistical analysis 
(mean ± SEM) using ordinary one- way 
ANOVA with Tukey correction for 
multiple comparisons. p < 0.05 (*), p < 0.01 
(**). N = 6 for CuMVTT, VLP Peanut, VLP 
Peanut low RNA, and N = 5 for CuMVTT 
TLR 7 KO, VLP Peanut TLR 7 KO. One 
representative of two similar experiments 
is shown.
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    |  11KRENGER et al.

protective capacity of the VLP Peanut vaccine underlining the role 
of incorporated RNA for vaccine potency.

3.5  |  Determination of the Ara h 2 antigen 
density of VLP Peanut

As was previously shown, the optimal activation of B cells depends 
on the spacing between antigens on the viral surface. Antigen spac-
ing is thereby indirectly proportional to the antigen density on the 
surface of the particles.3,4,10 Since VLPs strongly resemble viruses in 
their surface structure, we investigated the Ara h 2 antigen density 
of different VLP Peanut batches with regard to their immunogenicity. 
These batches mainly differ in their production conditions and batch 
size. The Ara h 2 antigen density was first determined by SDS- PAGE 
analysis. For this purpose, 15 μg of different VLP Peanut batches 
were loaded and the signal intensities of CuMVTT- Ara h 2 (45 kDa) 
and CuMVTT (25 kDa) derived protein bands were quantified with FIJI 
Image J software. Measured protein band intensities for CuMVTT- Ara 
h 2 were divided by protein band intensities for CuMVTT of the same 

sample. The obtained quotient was corrected for the different molar 
masses and multiplied by 180, the total number of subunits in VLP 
Peanut. One subunit is thereby being either the unmodified CuMVTT 
or the modified CuMVTT- Ara h 2 protein.3 The number of Ara h 2 an-
tigens displayed per VLP varied between 9 (batch 3) and 23 (batch 
5). No Ara h 2 antigen- derived signal was observed in the CuMVTT 
control sample (Figure 5A,B). A more precise quantification of Ara h 
2 antigen density was performed by mass spectrometry. To this end, 
two isotope labelled peptides specific for the CuMVTT- carrier as well 
as one isotope labelled peptide specific for the Ara h 2 antigen were 
included in the analysis as internal standards. Tandem mass spectrom-
etry was operated in targeting mode and the endogenous peptide 
quantification was done by one- point calibration using the isotope 
labelled peptides that were spiked in. Measured numbers of Ara h 2 
antigen were normalized to the CuMVTT- carrier (Figure 5C) and con-
verted into antigen density per VLP (Figure 5D) based on the fact that 
VLP Peanut consists of 180 subunits.3 VLP Peanut batches displayed 
an average between 7 (batch 3) and 22 (batch 5) Ara h 2 antigens per 
VLP (Figure 5D). Interestingly, Ara h 2 antigen densities determined 
by mass spectrometry highly correlate with the results obtained by 

F I G U R E  5  Determination of the Ara h 
2 antigen density of VLP Peanut. (A) 12% 
SDS- PAGE of M. Protein marker, 1– 5. VLP 
Peanut batch 1– 5, 6. CuMVTT. CuMVTT- 
Ara h 2- derived protein bands are circled 
in orange, CuMVTT- derived protein bands 
in dark blue. (B) Ara h 2 antigen density 
of VLP Peanut batches determined by 
SDS- PAGE (A) and FIJI ImageJ software 
analysis of CuMVTT- Ara h 2 and CuMVTT 
derived protein band intensities. (C and 
D) Ara h 2 antigen density of VLP Peanut 
batches determined by mass spectrometry 
(MS). Measured peptide concentrations 
for Ara h 2 were normalized to both 
peptides specific for the CuMVTT 
backbone (N = 2). (E) Correlation of Ara h 2 
antigen density of VLP Peanut determined 
by mass spectrometry and SDS- PAGE. 
r: Pearson correlation coefficient. p: 
statistical significance. Data depicted 
as mean ± SEM. N = 3 for SDS- PAGE. 
One representative of three similar 
experiments is shown for SDS- PAGE, one 
representative of two similar experiments 
is shown for mass spectrometry.
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12  |    KRENGER et al.

SDS- PAGE (Figure 5E; Pearson correlation coefficient r = 0.935, 
p = 0.004). Consequently, Ara h 2 antigen density can be determined 
either by SDS- PAGE or by mass spectrometry.

3.6  |  Calculating average Ara h 2 antigen distance 
on VLP Peanut

Based on the Ara h 2 antigen density quantified by mass spectrom-
etry, which is 22 for batch 5 (Figure 5D) and the average diameter of 
VLP Peanut determined by DLS, which is 36 nm (Figure 1B), we esti-
mated the average distance from one Ara h 2 antigen to the next on 
the surface of a representative VLP Peanut batch (batch 5). To this 
end, we approximated VLP Peanut as a sphere with a radius of 18 nm 
and the corresponding surface of 4 × π × 182 = 4072 nm2 (Surface of 
sphere = 4 × π × r2). Under the assumption, that Ara h 2 antigens are 
rigidly structured and equally distributed on the VLP Peanut surface, 
each antigen covers an area Sa = 4072 nm2/22 (measured antigen per 
VLP for batch 5) (Figure S2A,B). The average Ara h 2 antigen distance 

on VLP Peanut batch 5 calculated in this way is 14 nm (Figure S2C), 
which is a suitable distance for B cell activation.10

3.7  |  Increased Ara h 2 antigen density improves 
immunogenicity of VLP Peanut

To compare the immunogenicity of different VLP Peanut batches, mice 
were immunized s.c. with 30 μg on Day 0 and 21. Before prime (D0) 
and 14 days after the boost (D35) serum was collected and Ara h 2 
specific total IgG was determined by ELISA (Figure 6A, Figure S1C). 
Since some VLP Peanut batches induced suboptimal Ara h 2 specific 
IgG responses OD50 titers could not be determined for all batches 
(Figure 6B). Consequently, we assessed the area under the OD450- 
curves depicted in Figure 6B as a measure for the Ara h 2 specific IgG 
response (Figure 6C). Interestingly, an increased Ara h 2 antigen den-
sity on VLP Peanut highly correlated (Pearson correlation coefficient 
r = 0.959, p = 0.003) with an increased Ara h 2 specific IgG response 
as depicted in Figure 6D. A similar icosahedral shape of particles and 

F I G U R E  6  Increased Ara h 2 antigen 
density improves immunogenicity of 
VLP Peanut. (A) Vaccination regimen 
and bleeding schedule, scheme created 
with BioRe nder.com. (B) Ara h 2 specific 
serum IgG at D35 after immunization with 
different VLP Peanut batches measured 
by ELISA, OD450 shown. (C) Area under 
the curve (AUC) depicted in (B). (D) 
Correlation of Ara h 2- specific serum IgG 
at D35 with average Ara h 2 antigens per 
VLP quantified by mass spectrometry. 
r: Pearson correlation coefficient, p 
statistical significance. Data depicted as 
mean ± SEM. N = 4 for VLP Peanut batch 2, 
CuMVTT control, and N = 5 for VLP Peanut 
batch 1, 3– 5. One representative of two 
similar experiments is shown.
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    |  13KRENGER et al.

negligible RNA content variation was seen in all batches of the exam-
ined VLP Peanut vaccine (Figure S3a– c, TEM of batch 5 in Figure 1B). 
Therefore, we assume the observed effect on the vaccine immuno-
genicity is solely based on the difference of Ara h 2 antigens displayed 
on the VLP Peanut particle's surface.

4  |  DISCUSSION

Expression host- derived negatively charged RNA is the main driv-
ing force for VLP assembly and stabilizes particles once they are 
formed.11 Here, we significantly reduced the prokaryotic RNA con-
tent of VLP Peanut by half without compromising VLP integrity. 
Complete RNA digestion was attempted but resulted in unstable 
particles that could not be included in the study.

In line with previous studies, we observed a TLR 7 dependent 
formation of high-avidity IgG as well as of IgG 1/2c subclass anti-
bodies specific for the Ara h 2 antigen.17-19,22 However, the total 
amount of Ara h 2 specific IgG antibodies was not affected by TLR 
7 signaling. This seems to contradict previous findings by us and 
others which report lower IgG titers in the absence of a TLR 7 signal 
after immunization with Fel d 1 coupled to Qb-VLP or immuniza-
tion with attenuated rabies virus.22,39 The mentioned studies used a 
single dosage of the vaccine, whereas in the study that is being pre-
sented here, mice were given three doses of vaccine before serum 
antibody titers were examined. So, at least in terms of the overall 
quantity of produced IgG antibodies, several booster injections can 
compensate for a deficiency in TLR 7 signaling. Reducing the RNA 
content of VLP Peanut resulted in a compelling loss of Ara h 2 spe-
cific IgG antibodies after vaccination. Thereby, not only the total 
amount of formed IgG antibodies was affected, but also IgG sub-
classes and the number of high-avidity IgG antibodies. The fact that 
VLP-carried RNA stimulates TLR 3 and 7 to the same degrees may 
explain why VLP Peanut is immunogenic despite lacking a TLR 7 
signal but its immunogenicity potential decreases when the carried 
RNA is reduced. Our data highlight the role of RNA contained in 
VLP Peanut as a natural adjuvant that enhances the immunogenic-
ity of the vaccine.

VLP Peanut particles form in the cytosol of the E. coli expression 
system and therefore encapsulate predominantly prokaryotic mRNA.3 
Prokaryotic mRNA, in contrast to eukaryotic mRNA or prokaryotic 
tRNA, possesses no nucleoside modifications. Modified RNA nucle-
osides such as N6- methyladenosine, 5- methylcytidine, or pseudouri-
dine inhibit TLR 7 stimulation reducing the associated DC activation 
as previously shown.40,41 Furthermore, 2’- O- methyled nucleosides 
ordinary present in prokaryotic and eukaryotic tRNA prevent endo-
somal TLR recognition.42 In this context, we demonstrated that only 
prokaryotic RNA packaged into VLPs, but not eukaryotic mRNA or 
prokaryotic tRNA, can stimulate TLR 7 and thus promote the produc-
tion of protective IgG subclasses.43 Thus, nucleoside modifications act 
as another molecular characteristic that enables the immune system 
to discriminate between self and foreign. Consequently, not only the 
amount but also the type of the encapsulated RNA influences the 

immunogenicity of VLP- based vaccines, which is to consider when 
selecting a suitable expression system host.

Interestingly, CuMVTT- carrier specific IgG immune responses re-
vealed no dependency on TLR 7 signaling nor the RNA content of 
VLP Peanut respectively. Thus, there seems to be a different depen-
dency on the VLP- carried RNA between antigen-  and carrier- specific 
immune responses. Additionally, we discovered that high- avidity 
IgG antibodies specific for Ara h 2 were four times more prevalent 
than high- avidity IgG antibodies specific for the CuMVTT- carrier. 
The observation that VLP- specific antibodies were less dependent 
on TLR signaling than Ara h 2 specific antibodies may be explained 
by the fact that the CuMVTT subunits are more densely packed at a 
lower distance than the Ara h 2 molecules, overcoming TLR depen-
dence. This indicates that the overall IgG response is dictated by a 
two- dimensional integral of TLR stimulation and antigen density. The 
observed differences in avidity may have structural reasons, or the 
less densely packed Ara h 2 molecules may be better at selecting high 
affinity antibodies.

We have previously demonstrated in mice that VLP Peanut in-
duced protection from anaphylaxis is mediated via the vaccine in-
duced anti-Ara h 2 IgG antibodies. Ara h 2 specific IgG antibodies 
compete with IgE for the allergen, promote IgE internalization by mast 
cells and engage the inhibitory receptor FcγRIIb on mast cells and ba-
sophils.23,25-27 In the present study, we observed mild anaphylaxis in 
VLP Peanut vaccinated mice lacking the TLR 7 receptor and moderate 
to strong anaphylaxis in WT mice that received the VLP Peanut low 
RNA vaccine. VLP Peanut immunized WT mice were protected from 
anaphylaxis whereas CuMVTT control immunized mice were not. The 
mild anaphylaxis observed in the absence of TLR 7 might be a direct 
consequence of the slightly reduced amount of high-avidity IgG an-
tibodies and/or the decreased IgG2c titers specific for Ara h 2. We 
have previously shown, however, that IgG subclasses play a minor role 
in FcγRIIb-engagement.23 High-avidity IgG antibodies have already 
been associated with improved protectivity in humans against SARS-
CoV-244,45 or Dengue virus.46 Increased IgG2a titers, the analogue 
subclass of IgG2c in BALB/c mice, correlated with better protection 
against anaphylaxis caused by phospholipase A2 (PLA2), the major al-
lergen of bee venom.47,48 Interestingly, TLR 7 receptor engagement 
with R484 (resiquimod) or AZD8848 led to a beneficial outcome in 
epicutaneous immunotherapy for birch pollen-induced asthma in 
mice, reduced responsiveness to allergen in patients suffering from al-
lergic rhinitis respectively.49,50 The weak Ara h 2 specific IgG immune 
responses induced by VLP low RNA were reflected by the moderate to 
severe anaphylaxis observed in this group, confirming the important 
role of IgG antibodies for anaphylaxis prevention.23,26,27 Hence, our 
data suggest a direct link between the RNA content of VLP Peanut 
and its capacity to induce IgG antibodies and mediate protection from 
anaphylactic reactions.

VLP Peanut is a mosaic particle consisting of CuMVTT and 
CuMVTT- Ara h 2 proteins. The advantage of mosaic VLPs is that 
their structure is less affected by the size and shape of the fusion 
product compared to non- mosaic particles.51 However, depend-
ing on factors like promoter strength, expression system, and 
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level of production, mosaic VLPs may show various rates of inte-
gration of the antigen- carrying fusion product as demonstrated 
by RTS,S mosaic vaccine against malaria.52 Here, we established 
a mass spectrometry- based analytic method to screen the num-
ber of incorporated CuMVTT- Ara h 2 proteins for VLP Peanut and 
enable a tertiary analysis of this data to estimate the average dis-
tance of Ara h 2 on the surface of the VLP, providing valuable 
first structural insights of the mosaic VLP. In addition, we pre-
sented with SDS- PAGE a cost- effective and easy- to- use method 
for the assessment of the CuMVTT- Ara h 2 incorporation rate into 
VLP Peanut. We observed a strong correlation between the Ara 
h 2 antigen density (CuMVTT- Ara h 2 incorporation rate) of VLP 
Peanut and the induced Ara h 2 specific serum IgG response. 
Increased antigen density, which is equivalent to a reduction in 
antigen spacing on the surface of the particle, facilitates BCR 
cross- linking leading to enhanced B cell activation and antibody 
responses. Our findings confirm that IgG antibody responses are 
regulated by epitope density of the antigen, among other fac-
tors.10,53,54 Similar observations were recently reported by oth-
ers, who observed a strong correlation between the formation of 
erythrocyte- specific alloantibodies and the corresponding anti-
gen density on erythrocytes.55

Here, we demonstrate that VLP Peanut vaccine potency is highly 
dependent on the amount of Ara h 2 antigens displayed on the par-
ticle's surface as well as on the amount of VLP Peanut- carried pro-
karyotic RNA acting as TLR 3 and 7 ligand. Antigen density and RNA 
content are two parameters providing key information about the im-
munogenicity/protective capacity of the vaccine after manufacturing 
without the need for time- consuming and costly animal experiments. 
Antigen density and RNA incorporation may also be interesting vari-
ables to consider when optimizing new or existing VLP- based vaccines.
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