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ABSTRACT

Safe and effective vaccines have been regarded early on as critical in combating the COVID-19 pandemic. Among
the deployed vaccine platforms, subunit vaccines have a particularly good safety profile but may suffer from a
lower immunogenicity compared to mRNA based or viral vector vaccines. In fact, this phenomenon has also been
observed for SARS-CoV-2 subunit vaccines comprising the receptor-binding domain (RBD) of the spike (S)
protein. Therefore, RBD-based vaccines have to rely on additional measures to enhance the immune response. It
is well accepted that displaying antigens on nanoparticles can improve the quantity and quality of vaccine-
mediated both humoral and cell-mediated immune responses. Based on this, we hypothesized that SARS-CoV-
2 RBD as immunogen would benefit from being presented to the immune system via silica nanoparticles
(SiNPs). Herein we describe the preparation, in vitro characterization, antigenicity and in vivo immunogenicity of
SiNPs decorated with properly oriented RBD in mice.

We found our RBD-SiNP conjugates show narrow, homogeneous particle distribution with optimal size of
about 100 nm for efficient transport to and into the lymph node. The colloidal stability and binding of the antigen
was stable for at least 4 months at storage- and in vivo-temperatures. The antigenicity of the RBD was maintained
upon binding to the SiNP surface, and the receptor-binding motif was readily accessible due to the spatial
orientation of the RBD. The particles were efficiently taken up in vitro by antigen-presenting cells. In a mouse
immunization study using an mRNA vaccine and spike protein as benchmarks, we found that the SiNP formu-
lation was able to elicit a stronger RBD-specific humoral response compared to the soluble protein. For the
adjuvanted RBD-SiNP we found strong S-specific multifunctional CD4" T cell responses, a balanced T helper
response, improved auto- and heterologous virus neutralization capacity, and increased serum avidity, sug-
gesting increased affinity maturation.

In summary, our results provide further evidence for the possibility of optimizing the cellular and humoral
immune response through antigen presentation on SiNP.

1. Introduction

diseases led to an early focus on their main target in SARS-CoV-2, the
viral spike (S) protein and its receptor-binding domain (RBD). In fact,

Vaccines against severe acute respiratory syndrome coronavirus 2 the sole antigen that was part of all four vaccine-platforms with emer-
(SARS-CoV-2) have played a central role in combating the coronavirus gency approval (mRNA, inactivated virus, adenoviral vector, and pro-
disease 2019 (COVID-19) pandemic. Evidence for the protective po- tein subunit) was the S protein or variants thereof and neutralizing
tential of virus-neutralizing antibodies from other viral infectious antibodies were important endpoints of the associated clinical trials.
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Antibody specificities overlapping with the receptor-binding motif
(RBM) of the cellular receptor Angiotensin-converting enzyme 2 (ACE2)
should competitively inhibit infection. Thus the idea of RBD-based
vaccines — which should elicit such antibodies — initially seemed
particularly promising. Furthermore, such focusing of the antibody
response to relevant epitopes would avoid the induction of putatively
infection-enhancing antibodies simultaneously [1]. However, evidence
from preclinical and early clinical studies suggested superior immuno-
genicity and safety profiles of prefusion-stabilized spike vaccines
compared to RBD candidates and therefore in many cases led to its
deprioritization [2-6]. Nevertheless, some recent clinical trials are
investigating the advantages of a well-designed RBD-based immunogen
and its optimal formulation and some have provided encouraging results
[7].

In the context of comparable modern protein subunit vaccines that
focus the immune response on specific epitopes, the use of nanoparticles
has gained increasing importance as they can strongly enhance an
intrinsically low humoral response [8-10]. The multivalent presentation
of an antigen offers several advantages: (i) it mimics the natural path-
ogen structure [11-13], (ii) supports the activation of low-affinity
reactive naive B cells [14], (iii) facilitates transport to the lymph node
by professional antigen-presenting cells (APCs) [11-15], (iv) enhances
uptake of the antigen into APCs [16], enabling subsequent presentation
of its peptides, (v) generates antigen depots [17], and (vi) provides
intrinsic adjuvant properties [18]. A number of preclinical studies have
recently shown significantly improved potency and breadth of induced
antibody (Ab) serum levels by nanoparticle delivery of antigens e.g.
from HIV-1 [19], respiratory syncytial virus [20], influenza [21],
P. falciparum [22], Hepatitis B virus [23], and Dengue virus [24]. A
variety of nanoparticle platforms have been established and it has
gained recognition that parameters such as size, particle stability, spatial
arrangement and stability of antigen binding, immunogenicity of the
nanoparticle carrier, toxicity and biodegradability need to be considered
in the development of such platforms [13,14]. In this context, the spe-
cific advantages of silica nanoparticles (SiNPs) as a vaccine platform
have been demonstrated and suitable techniques haven been developed
to functionalize both the particle and the antigen for efficient coupling
[25-28].

Here, we used SiNPs for the presentation of the SARS-CoV-2 S RBD
protein. For optimal presentation of the antigen on the SiNP surface, we
coupled via a site-specific and oriented covalent conjugation, which was
already proven efficient for other viral immunogens [27,28]. For this
purpose, we fused the antigen with a tandem cysteine tag at the N-ter-
minus (NtCC) to couple it to maleimide-functionalized SiNPs. The
resulting RBD-SiNPs were characterized regarding the amount and
density of RBD on their surface, the colloidal stability and the attach-
ment stability. Protein integrity after coupling and the antigenic profile
of the RBD were characterized by analysis of binding antibodies and an
in vitro ACE2 inhibition assay. Furthermore, the recognition and the
uptake by bone marrow dendritic cells (BMDCs) was evaluated in vitro.
Finally, the immunogenicity of the RBD-SiNPs was tested in vivo in mice,
which proved the advantages of the nanoparticulate delivery regarding
both humoral and cellular immune response, neutralization capacity
and avidity.

2. Material and methods
2.1. Materials

All used chemicals were supplied from Sigma Aldrich (Taufkirchen,
Germany) unless otherwise stated. Non-porous 100 nm silica nano-
particles (sicastar white and sicastar greenF suspension) with an amino
functionalized surface (1 pmol NHy/g) were purchased from micromod
(Rostock, Germany). Ultrapure water was generated by a Milli-Q water
purification system (Merck Millipore, Germany). Tibias and femurs of
male C57BL/6J mice were kindly provided by Prof. Dr. Dr. André
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Gessner (Institute of Medical Microbiology and Hygiene, University
Regensburg).

2.2. Protein expression and purification

The SARS-CoV RBDs were cloned, expressed and purified essentially
as described earlier [29,30]. Briefly, pcDNA5/FRT/TO vector-based
constructs, which included an N-terminal cysteine-containing tag
(NtCC, [27]) and a C-terminal avi-hexahistidine tag [31], were tran-
siently transfected into Expi293F cells (Thermo Fisher Scientific;
A14527) and after 5 days of protein expression, supernatants were
harvested by centrifugation, purified by immobilized metal chelate af-
finity chromatography (IMAC).

The SARS-CoV-2 D614G stabilized spike ectodomain (S-trimer) was
expressed and purified as described earlier [29]. Here in addition to
IMAC a subsequent size exclusion chromatography (SEC) was used to
generate homogeneous trimeric protein.

Construct generation and purification of the monoclonal antibodies
and soluble ACE2 (amino acid 20-732) used in this study was described
earlier by Mader et al. [30]. The constructs were transiently transfected
and expressed in Expi293F cells and purified from the supernatants.
Antibodies were purified by protein A affinity purification. Soluble
ACE2 was purified by IMAC and subsequent anion exchange
chromatography.

All proteins were buffer exchanged to PBS and stored at 4 °C.

2.3. Biochemical characterization of the soluble proteins

2.3.1. Immunosorbent assay (ELISA)

ELISA was performed as described recently [30]. Briefly, 100 ng RBD
per well was coated in a 96-well Nunc Maxisorp ELISA plate (Thermo
Fisher Scientific). The plate was blocked with 5 % fat free milk powder
in phosphate-buffered saline with 0.1 % Tween-20 (PBS-T), washed with
PBS-T and antibody was added in PBS-T containing 1 % fat free milk
powder. After washing, peroxidase-conjugated polyclonal rabbit anti-
human IgG (Dako) was added. Plates were developed by adding
3,3,5,5-Tetramethylbenzidin (TMB) substrate and the reaction was
stopped by adding 2 N sulfuric acid. Optical density (OD) at 450 nm
(subtraction of background absorption at 630 nm) was measured in an
ELISA plate reader (Microplate Reader Model 680, Bio-Rad).

2.3.2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Samples were applied in Laemmli sample buffer and loaded on a
precast gradient SDS-PAGE (SERVAGel TG Prime 8-16 % poly-
acrylamide). After electrophoresis, the gel was stained with Coomassie
and imaged a gel documentation system (ChemiDoc, Bio-Rad).

2.3.3. Analytical size exclusion chromatography (SEC)

Analytical SEC was conducted on a Superdex 200 Increase size
exclusion column (Cytiva, USA) operated on an Agilent 1100 series
HPLC (Agilent). The chromatography was performed in PBS at a flow
rate of 0.75 mL/min at room temperature and a total volume of 25 pl of a
1.0 mg/mL protein solution was loaded per run.

2.4. Site specific biotinylation and labelling of proteins

Site specific biotinylation at the avi-tag was performed using the BirA
enzyme system. BirA biotin-protein ligase standard reaction kit (Avidity
LLC, Colorado, USA) was used for the biotinylation according to the
manufacturer’s recommendation.

Labelling of proteins and antibodies (ACE2, CR3022 and S309) with
the fluorescent dye Alexa Fluor 647 (AF647) was performed using the
AF647 labelling kit from Thermo Fisher Scientific (A20186).
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2.5. Immobilization of RBD proteins to SiNPs

As platform for immobilization of SARS-CoV-2 RBD proteins, 100 nm
amino functionalized SiNPs were used. The particles were diluted to a
final concentration of 10 mg/ml in millipore water. In a first step, sul-
fosuccinimidyl 4-(N-maleimidomethyl) cyclohexan-1-carboxylat (sulfo-
SMCQ), as a sulfhydryl- and amine- reactive heterobifunctional linker,
was incubated in a 50-fold molar excess to the available NHa-groups on
the SiNPs under gently shaking for one hour at room temperature. The
particles were washed twice with millipore water via centrifugation
(9,000 rcf, 9 min, 4 °C) to remove the excess of sulfo-SMCC linker.
Before adding the protein in 3-fold molar excess to the particles, the RBD
with a cysteine tag on the N-terminus was reduced with 0.5 mM tris-(2-
carboxyethyl)-phosphine (TCEP), and the mixture was incubated over-
night at room temperature. To remove excess protein, RBD-SiNPs were
washed twice with fresh millipore water and centrifugation (9,000 rcf, 9
min, 4 °C). The pellet was resuspended in 100 mM arginine in millipore
water. RBD-SiNPs were stored at 4 °C. Finally, to remove tightly
adsorbed protein, a second washing step was performed using PBS
supplemented with 1 % (v/v) Tween20 by centrifugation (9,000 rcf, 9
min, 4 °C).

2.6. Characterization of RBD-SiNP

2.6.1. Dynamic light scattering

The hydrodynamic diameter and the polydispersity index (PDI) of
the blank SiNPs and RBD-SiNPs were measured using a Zetasizer Nano
ZEN 3600 (Malvern Instruments, Worcestershire, United Kingdom). The
refractive index for the silica was adjusted to 1.45 and the SiNP con-
centration was diluted to 0.5 mg/ml. All size measurements were per-
formed in millipore water. All results were analyzed by Malvern
Zetasizer Software version 7.11 (Malvern Instruments, Worcestershire,
United Kingdom).

2.6.2. Determination of protein amount on the SiNPs

A QuantiPro™ BCA Assay Kit was used to define the amount of
conjugated RBD proteins to the surface of SiNPs. The calibration curve
was performed with soluble RBD in a range between 0.1 and 70 pug/ml.
According to manufacturer’s instructions, standards (n = 3) and samples
(n = 4) were mixed with copper (II)-sulfate-containing working reagent
and were incubated at 60 °C for one hour. Afterwards, the absorbance at
562 nm was read with a plate reader (Fluostar Omega, BMG Labtech,
Ortenberg, Germany). In order to calculate the protein amount, the
measured absorbance of the blank SiNPs was subtracted from the
absorbance of the conjugates. The absolute number of RBD molecules
per particle was calculated from converting the protein concentration of
the samples into the total number of RBD proteins based on the mo-
lecular weight (MWgpp = 27 kDa) and the Avogadro constant (N =
6.022:10% mol™) in comparison to the number of initially applied
particle concentration and the total number of particles per mg provided
by the manufacturer (9.5-10'! particles/mg). This BCA assay was per-
formed after the first and the second washing step to determine the
tightly adsorbed protein.

2.6.3. Protein release assay

RBD-SiNPs were incubated in 100 mM arginine at 4 °C and 37 °C.
The samples were centrifuged (9,000 rcf, 9 min, 4 °C) at defined time
points and the protein amount in the supernatant was quantified via
QuantiPro™ BCA assay kit. The particle pellets were re-suspended in
fresh 100 mM arginine in millipore water. This procedure was repeated
at multiple time points over a period of 120 days.

2.6.4. Colloidal stability test

The hydrodynamic diameter and the PDI as indication of the
colloidal stability were measured at predefined time points using dy-
namic light scattering (DLS). To this end, RBD-SiNP were incubated in
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100 mM arginine in millipore water at 4 °C and 37 °C over 120 days.
2.7. Protein integrity after coupling

2.7.1. Microscale thermophoresis for binding studies

Microscale thermophoresis (MST) was used to measure the binding
of ACE2 and the antibodies CR3022 and S309 to the RBD-SiNPs in
comparison to soluble RBD. As negative control human serum albumin
(HSA) blocked SiNPs were analyzed to control unspecific binding. The
experiment was conducted in PBS supplemented with 0.05 % Poly-
sorbate 20. The antibodies and the ACE2 protein were fluorescently
labeled with AF647 according to protocol and the concentration of
protein or antibody was adjusted to 1 nM. Sixteen 2-fold serial dilutions
of the RBD-SiNPs and the unbound RBD starting from a protein con-
centration of 400 nM were added to an equal volume of labeled protein
or antibody. These mixtures were incubated for 15 min at room tem-
perature and were measured in standard capillaries (Monolith NT 155).
The MST measurements were performed with 15 % to 17 % excitation
power and 80 % MST power using a Monolith NT p115 MST device
(Nanotemper Technologies, Munich, Germany). Binding curves and K4
values were analyzed with MO. Affinity Analysis Software version 2.1.1
(Nanotemper Technologies, Munich, Germany).

2.7.2. ACE2 activity competition assay

HEK 293 T cells stably expressing ACE2 (HEK-293 T-ACE2) were
cultivated and prepared at 12,000 cells per well. RBD-SiNPs and HSA
coated SiNPs were pipetted in a final protein concentration of 10, 50 and
100 nM (n = 3 each) to the cells and resulting mixtures were incubated
for one hour at 37 °C. After incubation, the cells were lysed, the samples
were centrifuged (16,000 rcf, 4 °C, 10 min) and the supernatant was
incubated with a fluorogenic ACE2 substrate (PromoKine ACE2 activa-
tion assay kit, PromoCell GmbH, Heidelberg, Germany) for 15 min at
ambient temperature. The fluorescence intensity was measured at an
emission wavelength of 420 nm over 60 min using a BioTek Synergy
neo2 multi-mode reader (Agilent Technologies, Santa Clara, USA).

2.8. Confocal laser scanning microscopy (CLSM) analysis of in vitro
uptake by BMDCs

BMDCs were cultivated and prepared according to a previously
described protocol [32]. Briefly, bone marrow from tibias and femurs of
male C75BL/6J mice 15 weeks old was collected and the obtained cell
suspension was cultivated in 5 ng/ml GM-CSF (Pepro Tech, London, UK)
containing RPMI 1640 (Biochrom GmbH, Berlin, Germany) at 37 °C and
5 % CO,. Three and six days after collection, fresh GM-CSF containing
RPMI 1640 was added. BMDCs were harvested, washed and prepared for
in vitro uptake experiments. On day seven, 0.1.10° BMDCs per well were
seeded into an 8-well slide (ibidi, Planegg, Germany) for CLSM analysis.
The BMDCs-loaded slides were cultivated for 5 h. Afterwards, conjugates
with FITC labeled SiNPs and AF647-labelled RBDs were added in a final
SiNP concentration of 0.5 mg/ml. The mixtures were cultivated for 16 h.
Subsequently, the cell preparations were washed with PBS and covered
with Leibovitz medium containing 10 % FBS. All samples were analyzed
with a LSM 510 Meta confocal microscope using an argon laser at 488
nm and a HeNe laser at 633 nm for excitation. The emitted light was
detected after passing a band-pass filter of 505-530 nm and a long-pass
filter of 630 nm. Images were analyzed by Zen blue software version 3.5
(Zeiss, Wetzlar, Germany).

2.9. Ethical statements and immunization protocol of mouse experiments

Animal experiments were conducted in strict accordance with the
German regulations of the Society for Laboratory Animal Science (GV-
SOLAS) and the European Health Law of the Federation of Laboratory
Animal Science Associations (FELASA). Experiments were approved by
the District Government of Upper Bavaria (permission number: ROB-
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55.2-2532.Vet_02-20-193). Mice were kept in pathogen-free animal
facilities following institutional guidelines. Ten weeks old wild-type
C57BL/6J mice purchased from Janvier Labs (Le Genest-Saint-Isle,
France) were immunized subcutaneously three times with 8 g S-
trimer, RBD, RBD-SiNP with 24 yg MPLA adjuvant, or 8 ug RBD-SiNP
without adjuvant at week 0, 2, 4, respectively. Mice receiving PBS in-
jections served as controls. For the mRNA vaccine group, mice were
immunized intramuscularly with 5 ug of BNT162b2 mRNA vaccine
(Tozinameran, BioNTech/Pfizer) at week 0 and 4. One week after the
last immunization, the mice were sacrificed for the final analyses of
vaccine-induced antibodies and T-cell responses.

2.10. Analysis of serum S- and RBD-specific IgG responses by ELISA

S- and RBD-specific IgG concentration was measured in mouse sera
from the endpoint of experiment with a quantitative ELISA as described
previously [33]. Briefly, ELISA plates were coated with 100 pl of 500 ng/
ml S protein (SinoBiological, China) or RBD protein (SinoBiological,
China) at 4 °C overnight. For the standard curve of quantitating IgG, the
plates were coated with serial diluted mouse IgG protein (Sigma-
Aldrich, Germany) starting with 500 ng/ml. After washing with PBS
containing 0.05 % Tween 20 (PBST), the wells were blocked with 200 pl
of 5 % FCS in PBS for 2 h at room temperature (RT). Diluted mouse sera
(1:500 in PBS) were then added into the S protein or RBD coated wells.
PBS was added into the IgG coated wells. After 2 h incubation at RT and
washing, the wells were treated with 100 pl of horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG antibody (Sigma-Aldrich, 1:2000
in PBS) for 1 h at RT. After five washing steps, 100 pl of stabilized
chromogen TMB solution was added to each well. The plates were
incubated in the dark for two to three minutes and the reaction was
stopped by adding 100 pl of 2 N sulfuric acid per well. OD was deter-
mined at the wavelength of 450 nm (measurement) and 560 nm
(background subtraction) employing a plate reader (Tecan Infinite
F200, Tecan, Germany).

2.11. Analysis of serum RBD-specific IgG responses by Luminex

Luminex Binding Antibody Multiplex Assay was performed essen-
tially as described earlier [34]. In brief, biotinylated antigens were
captured to the MagPlexAvidin Microspheres (Luminex, Austin, TX,
USA). After blocking, diluted sera were applied at a 1:500 dilution. After
washing, secondary antibodies were applied and detected by a MAGPIX
instrument (Luminex, Austin, TX, USA).

R-Phycoerythrin conjugated secondary antibodies used included: Rat
anti-mouse IgG; (Biolegend, San Diego, CA, USA), donkey anti-mouse
IgG, goat anti-mouse IgGyp, goat anti-mouse IgGo. and goat anti-
mouse IgGs (all from Jackson ImmunoResearch, West Grove, PA,
USA). All conjugated secondary antibodies were used at a 1:200
dilution.

2.12. Isolation of murine splenocytes and intracellular cytokine staining

Murine splenocytes were isolated as described previously [35].
Briefly, spleens were mashed through a 100 um cell strainer, and
erythrocytes were lysed by incubating the cells with ammonium-
chloride-potassium (ACK) lysis buffer for one minute at RT. For esti-
mation of intracellular production of the cytokines, first, splenocytes
were stimulated with 1 pg/ml of PepMix SARS-CoV-2 S pool 1 or S pool 2
(JPT, Germany) in the presence of brefeldin A (BFA) overnight. Cells
stimulated with ovalbumin-derived peptide (OVASS8L, SIINFEKL) served
as negative controls. On the following day, cell surface staining was
performed using anti-CD4, anti-CD8 antibodies. Dead cells were
excluded from analysis by Fixable Viability Dye eF780 (eBioscience,
Germany) staining. Intracellular cytokine staining of IFNy, TNFa, IL-2
was performed as described [36]. Data were acquired on a CytoFlexS
flow cytometer (Beckmann Coulter, USA) and analyzed using FlowJo
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software (Tree Star, USA).
2.13. Tyl/Tk2 cytokine secretion by stimulation of murine splenocytes

Up to 2-10° freshly isolated splenocytes per well were seeded into
flat-bottom 96-well plates. For the stimulation, 2 pg/ml of S protein
were added to the cells in a final volume of 300 pl per well. After 48-hour
incubation at 37 °C, the supernatants were harvested to determine the
concentration of secreted IFNy, IL-4 and IL-5 by commercial ELISA Kkits
(Invitrogen, USA), according to the manufacturer’s instructions.

2.14. Pseudotype neutralization assay

2.14.1. Cultivation of adherent cell lines

HEK-293 T/17 (ATCC) were cultured and maintained in Dulbecco’s
MEM (DMEM) supplemented with 10 % Fetal Calf Serum (FCS) and 1 %
Penicillin/Streptomycin (DMEM-K) at 37 °C and 5 % CO; in a humidi-
fied incubator. HEK-293 T-ACE2 cells [37] were grown in DMEM-K
supplemented with 1 ug/mL puromycin.

2.14.2. Production of lentiviral pseudotypes and titration

The generation of lentiviral pseudotypes was carried out by transient
transfection of HEK-293 T/17 cells with the packaging plasmid p8.91
[38,39], the luciferase reporter plasmid pCSFLW and the desired
amount of different SARS CoV-2 S expression plasmids (Wuhan D614G,
VoC Delta, VoC Omicron sublineage BA.1) using the transfection reagent
polyethyleneimine (PEI) as described previously [40]. Supernatants
were harvested after 48 h, centrifuged at 2000 rcf for 5 min to remove
cellular debris and stored at —80 °C until further use. Lentiviral pseu-
dotypes were titrated on HEK-293 T-ACE2 in a 2-fold serial dilution
series using white 384-well culture plates. The luminescence was
measured after 48 h by adding Bright-Glo (Promega) to each well and
the signal (in relative light units, rlu) was read after a five-minute in-
cubation period in a luminometer (Viktorg, PerkinElmer) at 25 °C.

2.14.3. Lentiviral pseudotype based microneutralisation assay

The pseudotype-based microneutralisation assay was performed as
described previously [41]. In brief, mouse sera were diluted in a 2-fold
serial dilutions in DMEM-K in white 384-well culture plates. Lentiviral
pseudotypes were added to serum dilutions and respective controls
(2.5.10° rlu/well) and incubated for 1 h at 37 °C. After 1 h 8,5.10% HEK-
293 T-ACE2 cells were added per well. After 48 h at 37 °C Bright-Glo was
added to each well and the luminescence read out was carried in the
luminometer after a 5 min incubation period. Half-maximal inhibitory
concentrations (ICsg) were calculated after normalizing the data to the
signals from uninfected (equivalent 100 % neutralization) and infected
(equivalent 0 % neutralization) cells.

2.15. Statistical analyses

The statistical analyses and curve fittings were performed with
GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA). P-
values < 0.05 were considered significant.

3. Results
3.1. RBD preparation and characterization

To allow for efficient and site directed coupling of the RBD, we
introduced an N-terminal cysteine tag (NtCC), which was described
recently [27]. The tag contains two cysteines, which avoids disturbing
the disulfide bridge architecture upon expression of the protein in
mammalian cell culture. The cysteines are solvent accessible and can be
used for site-specific coupling to the nanoparticles after reduction. In a
previous work, the NtCC-tag was shown to greatly improve the coupling
efficiency of HIV trimers to SiNPs via a heterobifunctional crosslinker
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using maleimide chemistry compared to a single C-terminal cysteine different ratios of available NHy-groups (or maleimide groups of the
[27]. Likewise, in the case of RBD, we assume coupling primarily via the coupled crosslinker) on the SiNP surface to applied RBD. Then, the hy-
NtCC-tag, since the intrinsic 8 cysteine residues are buried inside the drodynamic diameter and the PDI of unmodified SiNPs and the resulting
protein and form disulfide bridges there in the folded state of the RBD-SiNPs were determined before and after the second washing step by
protein. dynamic light scattering (Fig. 1 A).

To analyze the purity of the protein preparation we performed an The diameter of all RBD-SiNP preparations increased by about 35 nm
SDS-PAGE (Figure S1A). To determine the influence of the N-terminal compared to the unmodified SiNP resulting from adding the linker and
tag as well as the mild reduction with 0.5 mM TCEP on the structural the protein with its own hydrodynamic diameter. The PDI of all for-
integrity of the protein, we performed analytical SEC and an ELISA using mulations was below 0.1. In addition, the amount of RBD on the SiNP
the monoclonal antibodies CR3022, S309, and soluble ACE2. No sig- surface after the first and the second washing step was determined by
nificant differences of the structural and antigenic properties were BCA assay and converted to the number of RBD molecules per SiNPs.
observed in the SEC (Figure S1B) and ELISA experiment (Figure S2). With increasing ratio of NHy-groups to RBD, the number of RBD mole-
Thus, a well-folded structure of the NtCC-RBD variant can be assumed cules per SiNP increased from 50 to 250 RBD molecules in linear rela-
even under mildly reducing coupling conditions. tionship. This corresponds to an occupation of the available NH,-groups

ranging from about 15 % to 40 %. After removal of tightly adsorbed

protein by the second washing step, a calculated amount of 30 to 210

3.2. RBD-SiNP preparation and characterization RBD molecules remained on the surface of one particle, which corre-
sponded to about 4 % to 22 % of the available NHs-groups (Fig. 1B).

After coupling of the antigen to 100 nm SiNPs, the particles passed Assuming that the protein-ligands were evenly distributed on the

either one or two washing steps (Figure S3). The first washing step was nanoparticle surface, the center-to-center distance between two RBDs
intended to remove excess protein ligand and loosely adsorbed protein. was calculated. As shown in Fig. 1C, with increasing ratio of NHy-groups
An additional second washing step was performed to remove tightly to RBD, the calculated average distance between two RBD molecules
adsorbed protein from the nanoparticle surface (Figure S3B). In order to decreased from about 18 nm to 11 nm. After the second washing step,
determine the reaction conditions that lead to homogeneous particle the calculated average distances were slightly larger ranging from about
preparations and to achieve an antigen density on the particle surface 33 nm to 13 nm. The area highlighted in red shows the optimal distance
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Fig. 1. Characterization and stability studies of RBD-SiNPs synthesized with different ratios of available NH,-groups per RBD used. Ratios were ranging
from 1:1 up to 1:9. Hydrodynamic diameter shown as bars and the PDI shown as black squares of unmodified SiNPs and RBD-SiNPs before and after the second
washing step were measured by DLS (A). Amount of attached RBD molecules to one particle after each washing step determined by BCA-Assay (B). Calculated center-
to-center distances between two adjacent RBDs. The area highlighted in red between 10 nm and 15 nm shows the optimal distance between two proteins for
increased antibody response (C). Result represents mean =+ standard deviation (n = 3). (D) Released RBD from RBD-SiNPs was measured in the supernatant by BCA
assay over 120 days while incubating under storage conditions at 4 °C (blue circles) and at 37 °C (red crosses) (ratio 1:3, after the first washing step). At 4 °C 16 %
and at 37 °C 22 % of the coupled RBD was released from the RBD-SiNP surface after 120 days. Results represent mean + SD (n = 3). (E) Colloidal stability of RBD-
SiNPs over 120 days under storage conditions at 4 °C (blue circles) and at 37 °C (red crosses) (ratio 1:3, after the first washing step). Hydrodynamic diameter as
indication of possibly occurring aggregation is shown as Z (Ave) on the left y-axis. No changes of the size occurred during longer incubation. For the PDI depicted as
blue filled circles on the right side hardly any change was detected at 4 °C. A slight increase up to 0.09 was measured at 37 °C (red squares). Results represent mean
+ SD (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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between two proteins for optimized B cell receptor interaction [42].

Based on these experiments, we decided to use a 1:3 ratio of NHj-
groups per antigen and the two subsequent wash-steps for the prepa-
ration of the nanoparticles for the following experiments.

3.3. Attachment stability and colloidal stability

Attachment stability of the RBD to the SiNP surface is essential for
long-term storage and in vivo functionality. We investigated the stability
of RBD-SiNPs at 4 °C and 37 °C for 120 days. After 120 days, only 16 %
RBD was released into the supernatant at 4 °C and 22 % at 37 °C,
respectively (Fig. 1D). Colloidal stability is equally important because
agglomeration would impair the functionality of the conjugates. Simi-
larly to the attachment stability, the colloidal stability of the RBD-SiNPs
was investigated at 4 °C and 37 °C for 120 days. No substantial changes
of the RBD-SiNP size occurred at both temperatures. While the PDI
remained almost unchanged at 4 °C, a slight increase of the PDI up to
0.09 was detected at 37 °C (Fig. 1E).

3.4. Structural integrity and epitope-accessibility of the SiNP surface-
bound RBD

The accessibility of the RBM of the RBD is a prerequisite for the in-
duction of competitively neutralizing antibodies. To test the accessi-
bility of the RBM, binding to ACE-2 was measured by microscale
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thermophoresis (MST). Furthermore, to investigate differences in
accessibility in epitopes located proximal to the coupling site (NtCC-tag)
of the RBD, the binding of the two RBD-specific antibodies S309 and
CR3022 was measured. Fig. 2C illustrates the different angles of
approach of the antibodies and ACE2 with respect to the localization of
the cysteine tag for covalent coupling to the SiNPs, and the SiNP-surface.

During MST measurements, the signals were normalized to fraction
bound (0 = unbound, 1 = bound) as described previously [26]. The
resulting binding curves of RBD-SiNPs and the soluble RBD to CR3022,
S$309 and ACE2 are shown in Fig. 2. All RBD-SiNP samples showed
binding for all ligands, with ACE2 displaying higher affinity than
CR3022 and S309 (Fig. 2A). The binding studies were also performed
with soluble RBD (Fig. 2B). In contrast to the binding behavior of RBD-
SiNP, the antibody S309 showed the highest binding affinity to the
soluble RBD, followed by CR3022 and soluble ACE2.

From curve fits, apparent Kq values were calculated. Antibody
CR3022 showed comparable apparent K4 values for RBD-SiNPs and
soluble RBD with 43 nM and 30 nM, respectively (Table S1). In contrast,
soluble RBD had a higher affinity to S309 (apparent K4 of 5 nM)
compared to RBD-SiNPs (apparent K4 of 97 nM). RBD-SiNPs showed a
higher affinity to ACE2 with an apparent Kgq of 22 nM, whereas the
soluble RBD bound with an apparent K4 of 74 nM. Blank SiNPs covered
with human serum albumin (HSA) were used as negative control to
exclude non-specific binding and showed no binding (data not shown).
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Fig. 2. Differences in monoclonal antibody- and ACE2-binding of soluble and surface bound RBD, and detection of ACE2 binding of RBD by disturbing
ACE2 activity. Protein structures illustrating the different angles of approach of the RBD ligands. Antibodies CR3022 (purple structure) S309 (green structure) and
the soluble receptor ACE2 (yellow structure) to the RBD (grey structure) in relation to the localization of the cysteine tag (shown in red) are shown. MST binding
curves of RBD-SiNP (A) and soluble RBD (B) to ACE2 (yellow triangles) and the neutralizing antibodies S309 (green square) and CR3022 (purple circles). HSA-SiNP
were used as negative control to exclude non-specific binding (data not shown). Result represent mean + SD (n = 3). (D) The change of the fluorescence intensity
caused by the conversion of the fluorogenic ACE2 substrate was measured in absence of RBD on membrane-bound ACE2 of HEK-293 T-ACE2 cells. A reduced
substrate conversion and therefore a reduced fluorescent signal is detected in the presence of soluble RBD or RBD-SiNP. ACE2 activity reduction in % of HEK-293 T-
ACE2 cells after treatment with RBD-SiNPs or soluble RBD is shown here as dark purple colored bars for RBD-SiNPs and as grey bars for the soluble RBD. RBD
concentrations ranging from 10 to 100 nM were used. The fluorescence intensity of the conversion of the fluorogenic substrate caused by the residual ACE2 activity of
HEK-293 T-ACE2 cells was measured. The reduction of the ACE2 activity was calculated in relation to HSA covered SiNPs and soluble HSA as negative control. Result
represent mean + SD (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. ACE2-receptor binding capacity of the SiNP-bound RBD

As a further proof for structural integrity of the RBM in the RBD, an
ACE2 activity competition assay was performed. In brief, the ACE2 re-
ceptor expressed on the surface of HEK-293 T-ACE2 cells, allows for the
conversion of a fluorogenic substrate. When RBD, either in its soluble
form or bound to the SiNP surface, binds to ACE2, its enzymatic activity
is blocked and conversion of the substrate is no longer possible. As
negative control, HSA coated SiNPs and soluble HSA were investigated
at the same protein concentrations as RBD-SiNPs and soluble RBD. RBD-
SiNPs (dark purple bars) showed a concentration dependent ACE2 ac-
tivity reduction from about 20 % to 70 % at a RBD concentration of 10
nM to 100 nM respectively. In contrast, the reduction caused by the
soluble RBD (grey bars) was less pronounced (Fig. 2D).
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3.6. In vitro internalization of RBD-SiNP by BMDCs

One advantage of nanoparticulate antigen delivery is enhanced
cellular uptake of particle-bound antigen. Efficient uptake of antigen is a
prerequisite for the APC’s contribution to the subsequent immune
response. We tested this in murine BMDCs as a model for APCs, which
were co-incubated for 16 h with either blank SiNPs, soluble RBD or RBD-
SiNPs. CLSM analysis showed the internalization and thus the uptake of
the blank particles, the soluble protein and the RBD-SiNPs by BMDCs
(Figure S4). No qualitative differences between the soluble RBD and the
RBD-SiNPs were observed regarding RBD uptake.

3.7. Mouse immunization experiment

To qualify the SiNP-formulation in vivo, we immunized C57BL/6J
mice in the following groups: PBS control group (group 1), stabilized S
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Fig. 3. Antigen specific IgG serum concentrations and kinetics and breadth of IgG response. (A) S ectodomain-specific and (B) RBD-specific IgG response in pg/
ml serum after three immunizations (bleed 3). The horizontal lines represent means. Statistical testing: Ordinary one-way ANOVA with $idak’s correction for multiple
comparisons (for all comparisons with the adjuvanted RBD-SiNP vaccine p-values are given). (C-F) Serum reactivities at 1:500 serum dilution at the three bleeds
against a panel of RBD variants in a Luminex multiplex assay. Reactivities against (C) SARS-CoV-1, (D) Wuhan-D614G, (E) VoC Delta, and (F) VoC Omicron sub-
lineage BA.1.
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protein ectodomain (S-trimer) with monophosphoryl lipid A liposomes
(MPLA) adjuvant (group 2), soluble RBD with MPLA (group 3), RBD-
SiNP with MPLA (group 4), RBD-SiNP without adjuvant (group 5),
and Tozinameran mRNA vaccine (group 6). The delivery route was
subcutaneous for groups 1-5 and intramuscular for group 6. We chose
these routes because nanoparticles have been shown to undergo
enhanced transport in lymph nodes upon subcutaneous application and
the main route currently used for mRNA vaccines is intramuscular. The
groups comprised 5 mice for group 2-6 and 4 mice for the PBS control
group. The immunization regimen (Figure S5) included three immuni-
zations at day 0, day 14 and day 28. Mice were bled on day 14 (bleed 1),
day 28 (bleed 2) and day 35 (bleed 3), each time point being 14 days
after the previous immunization. The total amount of protein used per
dose in groups 2-5 was 8 pg, as this amount induced high serum anti-
body levels in previous experiments [27]. Adjuvanted groups (groups
2-4) received 24 ug MPLA per immunization (corresponding to a 1:3
ratio (w/w) of immunogen to adjuvant) mixed with vaccine proteins in a
total volume of 50 pl.

To ensure comparability with other studies, we included a group of
mice receiving an mRNA vaccine. We chose a dose of 5 pg for the mRNA
vaccine, as strong serum levels of S-binding antibodies have been re-
ported for this dose [43].

3.8. S- and RBD-specific IgG responses

IgG responses at the final bleed (bleed 3) were quantified in an ELISA
serum titration experiment where either the S-trimer or the RBD protein
was coated to the ELISA plate. For both antigens, the highest antigen-
specific antibody serum concentration was detected in the mice immu-
nized with mRNA (Fig. 3A and B).

The antibody response to the homologous immunogen used for im-
munization was found to be stronger than to the heterologous one.
Furthermore, the addition of MPLA as adjuvant enhanced the immu-
nogenicity of RBD-decorated SiNPs (RBD-SiNPs) with regards to anti-
body titers. Furthermore, in the presence of adjuvant, the response
against the RBD in the nanoparticulate delivery form was significantly
stronger than in the soluble form measured against both antigens (S-
trimer: p = 0.0139; RBD: p < 0.0001) and scored best except for the
mRNA/LNP delivery, when the RBD instead of the complete S was used
for the ELISA readout.

To further investigate the time course of induction of specific anti-
bodies during the immunization experiment, we performed a Luminex
multiplex antibody binding assay. For this purpose, four relevant vari-
ants of RBD variants (SARS-CoV-1, Wuhan-D614G, variant of concern
[VoC] Delta, and VoC Omicron sublineage BA.1) were site-specifically
biotinylated via a C-terminal avi-tag and loaded onto streptavidin-
conjugated Luminex beads. The beads were multiplexed, incubated
with a serum dilution of 1:500 (which optimally represents the dynamic
range of the signal for all bleedings and antigens) and bound IgG was
detected (Fig. 3C-F). Similar to the serum concentrations determined for
bleed 3, significantly higher serum antibody levels were observed after
vaccination with the mRNA vaccine compared to the protein vaccines. It
should be noted that exact replication of the antigen specific serum
antibody concentrations determined in the ELISA format for bleed 3
could not be achieved due to the single dilution used in the Luminex
assay. However, a differentiation of the induced serum reactivities
among the protein-based vaccines was only recognizable for bleed 2
depending on the RBD variant used for the Luminex readout, respec-
tively. In general, at the time of bleed 2, the reactivity of the sera
immunized with S-trimer was slightly higher than that of the RBD sera.
Also consistent with serum antibody concentrations, sera from animals
vaccinated with non-adjuvanted RBD-SiNP showed generally reduced
reactivity.

With regard to the breadth of reactivity of the antibodies towards the
different VoC-RBDs tested here, the previously described reduced
binding towards SARS-CoV-1, Delta and the Omicron variants in
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humans after infection and vaccination was recapitulated [30]. In this
respect, we found no advantage of the nanoparticulate antigen delivery.
Nanoparticulate delivery has been shown in the past to result in
enhanced formation of germinal centers in secondary lymphoid organs
[44]. As a consequence, an increased B cell maturation and thus
enhanced antibody affinity maturation takes place, which can be
investigated by serum avidity measurements. In previous work, we have
found evidence of increased avidity in the SiNP-delivery of HIV-1 anti-
gens in mice [27]. We tested the serum avidity against the four previ-
ously used RBD variants in the sera of the adjuvanted RBD groups.
Binding of the serum antibodies to the antigen was disrupted by 1 M
NaSCN. The resulting avidity indices (AI) are shown in Fig. 4A.

Higher Al values in the SiNP-group as compared to the soluble RBD
group were found for all tested antigens, reaching significance in case of
the homologous RBD-Wuhan immunogen. Consequently, for the RBD-
SiNP group a more pronounced affinity maturation of Wuhan strain-
specific B cells can be deduced.

The B-cell response is coordinated by a tightly regulated T-cell
response [45]. In order to gain insight regarding the impact of our RBD
formulations on T helper (Ty) cell polarization we determined the IgGo./
IgG ratio. IgGy./1gG ratios of > 1 is generally considered to correspond
to a strong Ty1 response, and has been associated with protective im-
mune response e.g. in Leishmania tropica infection [46], whereas ratio-
s of < 1 are rather indicative for a T2 type response, which is commonly
associated with allergic reactions. Furthermore, Tyl responses are
related to a strong cellular immune response (e.g. CD8 T cell responses)
and Ty2 responses are related to a strong humoral immune response (e.g.
B cell response). Consequently, we determined the reactivities of the
four IgG subtypes in the sera of our immunization study using the pre-
viously described Luminex method (Figure S6). The resulting 1gGo./
IgG; ratios are shown in Fig. 4B-E.

Of all five antigens tested, sera from mice immunized with S-trimer
displayed the highest median 1gGy./IgG; ratio followed by the mRNA
vaccine sera. As expected, formulation with MPLA adjuvant generally
drove the immune response towards a Ty1 response for all constructs.
While S-trimer with MPLA resulted in a strong Thl response, the
response was more balanced in case of the MPLA-adjuvanted RBD. The
presentation via SiNP had no influence on the Ty response, as can be
deduced from the comparison of group 3 (soluble RBD with MPLA) and
group 4 (RBD-SiNP with MPLA).

3.9. T Cell response

To directly investigate the vaccine induced amounts of antigen spe-
cific CD4" and CD8" T cells, we performed intracellular staining for
selected cytokines (interferon-y [IFNy], interleukin-2 [IL-2], and tumor-
necrosis factor alpha [TNFa]) and determined the amount of secreted
cytokines (IFNy, interleukin-4 [IL-4], and interleukin-5 [IL-5]) pro-
duced by T cells upon antigen-specific stimulation. IFNy, IL-2, TNFa are
central cytokines expressed at different stages of central effector and
memory T-cell differentiation (Tcg and Tcy cells). Naive CD4" or CD8™
T cells differentiate into multifunctional T cells with a cytokine profile
optimized for their effector function (such as IFNy, IL-2, TNFa) along
their differentiation towards Tcy cells [47]. The secreted cytokine pro-
file can inform on the T helper cell polarization of the T cell response:
IFNy is the central Ty1 cytokine, whereas IL-4 and IL-5 are typically
secreted during Th2 polarization.

We first used two spike-specific peptide pools for stimulation of the
CD4" or CD8" T cells (isolated from the spleens at the endpoint of
analysis), representing the S1 and the S2 domain of the SARS-CoV-2
spike protein, respectively. Since the RBD is part of the S1 domain,
the groups immunized with RBD constructs could only respond to
stimulation with the S pool 1. After stimulation and subsequent intra-
cellular staining, the cells were analyzed by flow cytometry (Fig. 5).

MPLA adjuvanted RBD-SiNPs induced the highest median levels of
IFNy, TNFa, and IFNy/TNFa double positive multifunctional CD4™ T cell
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Fig. 4. Serum avidity measurements and I1gG,./IgG; ratio. Serum avidity was determined for mouse group 3 (RBD + MPLA) and mouse group 4 (RBD-SiNP +
MPLA) against four different antigens (SARS-CoV-1, Wuhan, Delta, BA.1). Serum avidity was measured by Luminex and avidity index (AI) values are given in percent
(%). After binding of the serum antibodies, the Luminex beads were incubated with 1 M NaSCN or PBS. The Al is the ratio of detected signal of NaSCN/PBS-treated
sample. Boxplot (1st and 3rd quartile) with whiskers (minimum to maximum). Statistical testing: Friedman Test, with Dunn’s correction for multiple comparisons
(only the p-values with p < 0.05 are shown). (B-E) IgG,./IgG; ratio: reactivities were determined by Luminex using anti-mouse subtype specific secondary antibodies.
The dashed line indicates a ratio of 1. Horizontal lines represent medians. Ratios were determined for relevant antigens: (B) SARS-CoV-1, (C) SARS-CoV-2 Wuhan

D614G, (D) SARS-CoV-2 Delta, (E) SARS-CoV-2 Omicron sublineage BA.1.

counts. For IL-2 MPLA adjuvanted RBD-SiNPs showed the highest CD4*
T cell responses among the protein-based vaccines (group 2-5). As ex-
pected, the number of S pool 1 and S-pool 2 reactive CD8" T cells was
markedly increased in mRNA-vaccinated animals as compared to ani-
mals vaccinated with protein-based vaccines (Fig. 5). In summary, im-
munization with adjuvanted RBD-SiNP elicited strong and
multifunctional S pool 1-specific CD4" T-cell responses whilst the
numbers of CD8" IFNy producing cells corresponding to Tcy, or termi-
nal effector T cells were low.

Besides the quantity of T cell subsets, the levels of selected cytokines
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produced is also of interest, in order to analyze a potential underlying
Th1- or Th2-polarization as well as the activation status of the respective
cells. To determine the amount of IFNy, IL-4 and IL-5 defined numbers of
splenocytes were stimulated with spike protein and the cytokines pro-
duced in the supernatant were quantified (Fig. 6).

A significantly stronger IL-5 secretion was apparent upon stimulation
for the mRNA group. Secretion levels of IL-4 and IFNy were comparable
between the S-trimer-, RBD-SiNP- (both adjuvanted with MPLA), and

the mRNA-group.
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Fig. 5. CD4" and CD8™ T cell responses upon stimulation with spike-specific peptide pools S pool 1 and S pool 2. Responses were measured in splenocytes at
the final bleed (bleed 3). Cell numbers were quantified in percent of the total CD4" or CD8™ cell population within the sample by flow cytometry. CD4" cells were
stained by intracellular staining against (A) IFNy, (B) TNFa, (C) IL-2, and (D) IFNy + TNFa after stimulation with S pool 1. (E) IFNy and (F) IFNy/TNFo double
positive cells after stimulation with S pool 2. (G) S pool 1 reactive and (H) S pool 2 reactive IFNy CD8" T cells. The horizontal lines represent means. Statistical
testing: Ordinary one-way ANOVA with Sidék’s correction for multiple comparisons (p-values are given). Note: only the p-values with p < 0.05 from comparisons
with group 4 are shown.
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correction for multiple comparisons (p-values with p < 0.05 are given).

3.10. Pseudotype neutralization

To determine breadth and potency of the neutralization capacity of
the sera, we performed lentiviral pseudotype neutralization assays
(Fig. 7). The lentiviral particles were pseudotyped with the S proteins of
the SARS-CoV-2 variant Wuhan D614G, and of the VoCs Delta and
Omicron BA.1. To enable efficient infection, the host cells transiently
express human ACE2.

The neutralization titers determined for the protein vaccines were by
a factor 10 lower than the titers determined for the mRNA vaccine for all
tested pseudotypes. In general, the neutralization titers largely reflect
the S-specific IgG response — in fact, the neutralization titers appeared to
represent a mixture of S- and RBD-specific binding titers (compare
Fig. 4A and B). Remarkably, the median Wuhan- and Delta-specific
neutralization titer of the adjuvanted RBD-SiNP group is similar to
that of the S-trimer group and - by trend - superior as compared to the
adjuvanted RBD group. Other than the mRNA group, most animals
immunized with the different protein vaccines did with few exceptions
not develop Omicron specific neutralizing antibodies.

3.11. Ratio of serum neutralization titers to RBD-binding IgG

By normalizing the Wuhan strain specific pseudotype neutralization
by the amounts of binding antibodies, the quality of the induced anti-
bodies can be estimated (Figure S7). Highest ratios were found for the
mRNA group followed by the S-trimer protein. The ratios for the RBD-
groups were higher for the nanoparticle groups as compared to the
soluble protein indicating a higher quality in terms of neutralization
capacity for the individual antibodies induced.

4. Discussion

In the present work, our aim was to investigate the possibility of
compensating for the low immunogenicity of the RBD of SARS-CoV-2's S
protein by its oriented display on the surface of 100 nm solid SiNPs. The
multivalent display of RBD has been shown to overcome the limited
immunogenicity of the monomeric antigen in mice and macaques
[48-50]. Furthermore, several studies reported that dimeric or trimeric
multimerization of the RBD can improve immunogenicity [51-54].
Lastly, to date, seven clinical trials have investigated RBD as a vaccine
antigen — three of them with multimerized RBDs (ZF2001, tandem-
repeat dimeric RBD, [55]; FINLAY-FR-2, six RBDs coupled to one
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tetanus toxoid molecule, [56]; GBP510, self-assembling two-component
nanoparticle displaying the RBD, [57]).

We decided to use a biorthogonal covalent coupling strategy to
immobilize the RBD to the surface of the nanoparticles. To this end, we
utilized a tandem-cysteine tag in combination with maleimide-
chemistry, which have proven efficient when coupling HIV Env tri-
mers to SiNPs recently [27,28]. In line with previous findings, attach-
ment of the NtCC-tag to the N-terminus of the RBD and mild reduction
by TCEP had no effect on the structural properties of the protein, as
found in biophysical analyses and ELISA experiments with the structure-
dependent antibodies S309, CR3022 as well as soluble ACE2.

The intrinsic stability of the nanoparticulate vaccine delivery plat-
form is considered a key factor in reaching the lymph nodes before
particle degradation and achieving an optimal immune response
[13,26,58]. Hence, we chose solid SiNPs as delivery platform for its
stability under storage and physiological conditions, for its versatile
surface properties for further modifications, for its narrow size distri-
bution and also because of its low toxicity in vivo [59,60]. We chose
SiNPs with a size of 100 nm, since a size between 20 and 200 nm is
considered optimal for passive transport in the lymphatic system and
into the lymph nodes, while smaller or larger particles are mainly
transported via APCs [13,60-66]. The coupling of the antigen was
achieved by Michael addition to cysteines (protein) and primary amines
(nanoparticle) using the heterobifunctional crosslinker sulfo-SMCC. The
feasibility of coupling antigens with high molecular weights from 66
kDa to 215 kDa to the surface of SiNPs in a targeted and site-specific
manner has been well-established [26-28,67,68]. In order to deter-
mine the reaction conditions that require the lowest possible protein
amounts, lead to homogeneous particle preparations and realize an
optimal antigen density for interaction with B cells with a theoretical
average center-to-center distance 10-15 nm [42], coupling was per-
formed at different ratios of available NH,-groups on the SiNP surface to
applied RBD. Similar to previous results, a ratio of 1:3 to 1:6 in combi-
nation with a 2-step wash-protocol led to an optimal result, assuming
random coupling to the NHy-groups and consequently even distribution
of the antigen on the particle surface [26-28].

As expected, we measured an increase in the size of the particles after
conjugation, which is due to the addition of the linker and the protein.
Furthermore, we found that higher ratios of protein to NHs-groups led to
a further increased hydrodynamic diameter. It is likely that the higher
amount of non-covalently bound protein on the SiNP surface is the cause
of the additional increase in size. However, with a hydrodynamic
diameter between 120 and 125 nm, the conjugates fit within the size
range of the optimized lymph node targeting. Furthermore, we deter-
mined a PDI below 0.1 for our conjugates, which indicates a mono-
disperse particle preparation [61,66].

Next, we investigated the stability of the protein-conjugated particle
preparations. The stability of the attachment of the RBD to the SiNP
surface under straightforward storage conditions (4 °C) as well as under
in vivo conditions (37 °C) is of crucial importance for both practical
usability and efficacy. We found minimal release of coupled protein
from the particles over an extended period of 120 days at both tem-
peratures. The occurring RBD release from the SiNP surface is likely
caused by the retro-Michael reaction [69]. Colloidal stability is another
important stability parameter of a nanoparticle vaccine, as agglomera-
tion would alter functionality of the vaccine by changing the route of
trafficking to the lymph node and loss of activity due to changes in the
effective local concentration of the antigen. We found no marked
changes of the RBD-SiNP size at 4 °C or 37 °C. While almost no change in
the PDI was observed at 4 °C, a slight increase up to 0.09 was observed at
37 °C.

By characterizing the particles with antibodies or ligands binding to
different parts of the antigen, the structural integrity as well as the
orientation and thus the accessibility of the antigen for B cell receptors
directed to the respective epitopes can be studied. We tested the anti-
genicity of the RBD-SiNP conjugates in an MST binding study. MST has
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been shown to be suitable for nanoparticle-antigen-antibody binding
analysis [65]. Furthermore, we analyzed the functionality of the RBM
with an ACE2 activity competition assay. The RBM is the central epitope
in eliciting competitive neutralizing antibodies and binding to ACE2
proves its structural integrity. We found the antibodies S309 and
CR3022 and soluble ACE2 to bind to RBD after coupling with Ky values
in the nanomolar range. In an ACE2 inhibition assay, for the soluble RBD
only up to 29 % ACE2 activity reduction was detectable, while with the
nanoparticle-bound RBD a concentration dependent ACE2 activity
reduction up to 70 % was achieved. The results of the MST antibody
binding studies showed the different accessibility of the epitopes
depending on their localization and therefore proved the oriented
coupling of the antigen. The concentration-dependent reduction of the
ACE2 activity by RBD-SiNP further proved and the structural integrity of
the RBM and thus the functionality of the coupled RBD.

APCs play a crucial role in the effective immune response by pre-
senting antigen to immune cells, by activating reactive T cells, and by
transporting antigen to the secondary lymphoid organs [70]. Physico-
chemical properties of nanoparticles such as size, surface chemistry and
shape influence their uptake efficiency [71]. In addition, the structure
and post-translational modifications of the antigen have been shown to
influence the uptake properties [44]. We examined the in vitro interac-
tion with APCs by evaluating the internalization of the RBD-SiNPs into
mouse BMDCs. We did not observe enhanced uptake of RBD-SiNPs
compared to soluble RBDs. Apparently, conjugation to SiNP does not
provide an advantage in uptake over soluble RBD in our experimental
setup. Nevertheless, the antigen structure-preserving transport of the
nanoparticles on the cell surface of the DCs into the lymph nodes could
represent an advantage that was not detectable in our simplified in vitro
test. Biodistribution of antigen-loaded SiNPs, their uptake into lymph
nodes and their potential for efficient induction of germinal center for-
mation are interesting further questions to be investigated in future
experiments.

To qualify the immunogenicity of the RBD-SiNP-vaccine in vivo, we
performed a mouse immunization study. To allow for comparisons with
earlier mouse immunization studies and the BMDC uptake experiments,
we immunized C57BL/6J mice. Similar to earlier experiments, the
MPLA (non-toxic lipopolysaccharide) was used as an adjuvant [27].
MPLA displays the immune-stimulatory properties of LPS, a potent
TLR4-agonist [72,73]. We compared our adjuvanted RBD-SiNP-vaccine
with adjuvanted soluble RBD, adjuvanted S ectodomain trimer, and non-
adjuvanted RBD-SiNP-vaccine. Furthermore, we included BioNTech/
Pfizer’s state-of-the art mRNA vaccine BNT162b2 (Tozinameran), as a
benchmark.

When analyzing the induced antigen-specific antibody levels we
found significantly higher RBD-specific IgG serum concentrations for the
MPLA-adjuvanted RBD-SiNP as compared to the adjuvanted soluble
RBD and S protein at the terminal bleed (both p < 0.0001). The RBD-
specific serum IgG levels induced by the adjuvanted RBD-SiNP
reached 54 % of the levels induced by the mRNA vaccine, as judged
by the medians. The markedly lower IgG levels induced by the non-
adjuvanted RBD-SiNPs demonstrate the need for co-stimulation of the
innate and adaptive immune responses by an adjuvant. In this context,
optimizing the type, formulation and dosage of the adjuvant used in
combination with the nanoparticulate antigen is a relevant subject of
current research. We could not observe any difference in induced titers
of the nanoparticle vaccines over time and with respect to breadth of
binding as compared to the other adjuvanted protein formulations.

On the cellular arm of immunity, the MPLA adjuvanted RBD-SiNPs
elicited strong and multifunctional spike-specific CD4" T cell re-
sponses. Polyfunctional CD4" T cells provide a more effective immune
response than other functional subsets that produce only a single cyto-
kine [74]. Of note, polyfunctional CD4" T have been shown for example
to correlate with a reduced risk of infection in the RV144 HIV-1 pro-
phylactic HIV vaccination trial (“Thai Trial™) [75]. Contrary to the CD4™"
response, the levels of antigen specific CD8"' Ty, Tgm, or terminal



C. Barbey et al.

effector cells were low in all protein-groups. In accordance with recent
reports from the human COVID-19 vaccination campaigns, high levels of
CD8" T cells were induced by the SARS-CoV-2 mRNA vaccine [76].
Although CD8" T cells have been discussed as the main mediator of
protection in the early post-vaccination phase [77], CD8" T cell
exhaustion has been described in cases of COVID-19, associated with
progressive impairment of effector functions [78]. It is currently unclear
which role CD8 T cells play, particularly in long-term immunity after
vaccination. When analyzing the T}, polarization, both T2 cytokine IL-4
and Ty1 cytokine IFNy were profoundly secreted after the immunization
of the S-trimer-, RBD-SiNP-, and the mRNA-groups, which suggests
balanced Ty, polarization for these groups and may indicate an induction
of Tgy cells as inferred from the detected IL-4 levels [79]. Apart from the
secretion of IL-4 and IFNy, a significantly stronger T2 cytokine IL-5
upon stimulation for the mRNA group in comparison to all other
groups was found.

We determined pseudotype neutralization as a functional measure of
immunity and a well-defined correlate of protection against infection
with SARS-CoV-2 [80,81]. In accordance with the serum concentrations
induced by the different vaccines, highest neutralizing titers were found
for the mRNA vaccine. For adjuvanted proteins, S-trimer-induced titers
exceeded soluble RBD-induced titers by a factor of 7.1, as judged by the
medians. Interestingly, in the case of the Wuhan pseudotype, SiNP
administration was able to match the neutralization to the level of the S-
trimer. In the case of Delta, this could even be exceeded by SiNP
administration (factor 2.4, comparison of medians, no significance).
Neutralization of the Omicron variant, which contains many mutations
mainly in the RBD, could only be shown for the mRNA group (with the
exception of individual mice from SiNP- and S-trimer groups).

As a measure for the quality of the induced neutralizing antibody
response, we analyzed the ratios of the Wuhan pseudotype neutraliza-
tion and serum concentration of autologous antigen-reactive IgG. The
quality can be regarded as a combination of the number of neutralizing
epitopes targeted and the avidity and affinity of the corresponding an-
tibodies. We found lower ratios for the RBD as compared to the S-trimer.
Interestingly such difference was also reported for the same ratio
induced by the mRNA vaccine BNT162b1 (encoding the RBD) in com-
parison to the ratio determined in convalescent plasma [82]. This dif-
ference was partially explained by enhanced induction of neutralizing
epitopes outside the RBD by the S ectodomain on the virion. In our
experiment, SiNP-based delivery of RBD apparently compensated for
this. Whether this indicates enhanced activity within the germinal
centers and thus enhanced affinity maturation, as shown in other cases
for nanoparticulate delivery, remains to be investigated [44].

5. Conclusion

In the presented work, we found additional evidence for the suit-
ability of non-porous silica nanoparticles as adaptable and stable vac-
cine delivery platform. We successfully immobilized the SARS-CoV-2
RBD in a site-specific and stable manner. This directed orientation of the
antigen on the surface of the particles maintains the accessibility of
different antibody epitopes and allows for ACE2 binding. With the
nanoparticle-RBD conjugate, we achieved recognition and internaliza-
tion by BMDCs in vitro. In a mouse immunization study, MPLA adju-
vanted RBD-SiNPs induced high S- and RBD-specific IgG serum
concentrations, strong S pool 1-specific CD4 " T-cell responses and weak
S pool 1-specific CD8" T-cell responses, and a balanced T helper
response. By SiNPs-delivery, the induced neutralization could be
improved compared to the soluble RBD. RBD-SiNP titers reached ho-
mologous and exceeded heterologous (Delta) neutralization capacity
induced by the soluble S-trimer. Serum avidity and the ratio of
neutralization titers to serum antibody concentrations indicated an
increased affinity maturation induced by the adjuvanted RBD-SiNP
vaccine. Thus, the SiNP-based vaccine delivery system is promising for
further preclinical and clinical investigations.
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