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The development of a safe, effective, and accessible human immunodeficiency virus 1 (HIV-1) vaccine
remains a global priority, and nanoparticles (NPs) have emerged as a promising platform for vaccine deliv-
ery. However, the efficacy of protein-based NP vaccines is often limited by pre-existing immunity against
scaffold components. In this study, we developed a novel HIV-1 vaccine platform by converting self-
assembling human papillomavirus (HPV) L1 virus-like particles (VLPs) into immune-stealth biomaterials for
focused antigen delivery. Encapsulation of VLPs within a silica shell provided both immune shielding and a
surface for site-specific antigen conjugation. The resulting L1-SiO, NPs were covalently functionalized
with HIV-1 Env trimers (L1-SiO,-Env) and characterized for their physicochemical properties and immu-
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nogenicity. In vivo, the silica coating effectively masked L1-specific B cell epitopes, reduced anti-scaffold
IgG responses and enhanced Env-specific antibody production in mice pre-immunized against HPV. This
synthetic strategy offers a versatile platform for overcoming scaffold-directed immunity in nanoparticle
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1. Introduction

The global burden of HIV underscores the urgent need for a
safe, effective, and accessible preventive vaccine. Despite more
than four decades of research, no licensed HIV vaccine has
been approved. This persistent challenge is largely due to high
variability and sophisticated immune evasion strategies of the
virus, alongside suboptimal vaccine delivery systems.'™ Ideal
vaccine candidates must induce robust, durable, and focused
immune responses while being safe and scalable.*>
Nanoparticles (NPs) have emerged as powerful tools for
enhancing subunit vaccine efficacy. Their size, multivalency,
and capacity for targeted delivery enable improved antigen
uptake, B cell activation, and lymph node trafficking.®™®
Displaying viral antigens on NP scaffolds at high density can
overcome immune tolerance and stimulate otherwise weakly
responsive B cell populations.'®
assembling virus-like particles (VLPs) with conjugated anti-

Among NP systems, self-
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gens have been introduced as effective biomolecular scaffolds
of biological origin for enhancing both the magnitude and
quality of antibody responses through multivalent presen-
tation of displayed antigens.""' Consequently, VLPs are
widely used in next-generation vaccine design due to their ver-
satility, safety profiles, and significant efficacy in clinical
trials."> However, pre-existing immunity against scaffold pro-
teins may attenuate immune responses to the conjugated anti-
gens, thereby reducing the overall effectiveness of the vaccine
formulation."* Overcoming such anti-scaffold immunity
remains a key challenge for nanoparticle vaccine design.

In our previous work, we demonstrated that self-assembling
human papillomavirus (HPV) L1 protein VLPs can be functio-
nalized with viral glycoprotein antigens, establishing them as
highly immunogenic and structurally stable NP scaffolds for
vaccine development.'® Yet, widespread HPV vaccination has
led to population-wide anti-L1 immunity, which may compro-
mise the effectiveness of L1-based vaccines by accelerating par-
ticle clearance and diverting immune responses.

In this study, we introduce a materials-engineering strategy
to address this challenge by coating HPV-16 L1 VLPs with a
silica shell. The silica layer acts both as an immune-shielding
and a surface-functionalization interface, preserving the struc-
tural integrity of the protein scaffold while providing reactive
silanol groups for covalent conjugation of HIV-1 envelope
(Env) trimers. We systematically studied the physicochemical
properties, the B cell activation potential, and the immuno-
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genicity of these silica-coated VLPs. Furthermore, we demon-
strate that this hybrid inorganic-organic design enables a tar-
geted antigen delivery with minimized scaffold-directed immu-
nity. Thus, we show that the silica coating of VLPs is an appli-
cable method for nanoparticle vaccine development.

2. Methods

2.1 Preparation of L1-VLP scaffold

Self-assembled HPV-16 L1-VLPs were produced from E. coli,
following a previously described protocol.'® Briefly, the coding
sequence for the HPV-16 L1 protein, lacking the twenty-nine
N-terminal amino acids, was cloned into the PpET-100
expression vector (Thermo Fisher, Waltham, MA, USA) and
transformed into BL21 (DE3) competent cells (Thermo Fisher,
Waltham, MA, USA). L1 protein expression was induced with
0.5 mM isopropyl p-p-1-thiogalactopyranoside (IPTG; Thermo
Fisher, Waltham, MA, USA). The bacterial cells were lysed by
sonication (Branson Ultrasonics S-450A, USA) to release the
soluble L1 proteins. High-purity L1 proteins were obtained
through a three-step purification process involving ammonium
sulfate precipitation (Carl Roth, Karlsruhe, Germany), ion-
exchange chromatography, and size-exclusion chromatography
(both from Cytiva, Marlborough, MA, USA). At this stage,
20 mM dithiothreitol (DTT; Thermo Fisher, Waltham, MA,
USA) was added to the buffer to obtain L1 pentamers. The pen-
tamers were self-assembled into VLPs in vitro by dialysis
(SnakeSkin Dialysis Tubing, 10K MWCO, Thermo Fisher, USA),
which removed DTT and reduced the pH from 7.5 to 6.0.

2.2 Wrapping L1-VLP with a silica shell and functionalized
with azide groups

The L1-VLPs were first concentrated to 1 mg mL ™" by spin fil-
tration. In the next step, 500 pL of the aqueous L1-VLP dis-
persion was mixed with 850 pL aqueous polyethyleneimine
(PEL, Linear, 25K, Surflay Nanotec GmbH, Berlin, Germany)
solution (2 mg mL™") or aqueous PEI-Cy5 (Surflay Nanotec
GmbH, Berlin, Germany) solution (2 mg mL™"), respectively,
and stirred for 10 min. Then, a mixture of 4.5 mL ethanol
(VWR International GmbH, Darmstadt, Germany), 11.4 pL
7.8% ammonia solution (Carl Roth, Karlsruhe, Germany) and
5.7 pL tetraethylorthosilicate (TEOS, Sigma-Aldrich, Merck,
Germany) was added to the PEI- or PEI-Cy5-stabilized VLPs,
respectively. The dispersion was stirred for 16 h under light
exclusion. The L1-VLPs were isolated by centrifugation for
30 min and 14200 rpm by spin filtration. The particles were
redispersed with ultrasonication for 6 s in 500 pL water.

The L1-SiO, particles were surface-functionalized with azide
groups (L1-Si0,-N3) by adding 500 pL of the L1-SiO, dispersion
to a solution of 2 mL ethanol, 7.6 pL (3-azidopropyl)triethoxy-
silane (SelectLab Chemicals GmbH, Miinster, Germany), and
2.6 pL ammonia solution (7.8%) and stirring for 6 h under
light exclusion at room temperature. The resulting dispersion
was centrifuged for 30 min at 14 200 rpm by spin filtration
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and, after subsequent addition of 500 pL ultrapure water,
redispersed for 8 s with a sonotrode.

2.3 Preparation of L1-SiO,-Env or L1-Env

HIV-1 Env trimers were covalently linked to the nanoparticles
via orthogonal conjugation, utilizing C-terminal aldehyde-
tagged (LCTPSR) HIV-1 Env trimers (Env-Alds).'® In short, we
used cleavage-independent, soluble BG505 trimers with the
¢p120 subunit and the gp41 ectodomain covalently connected
via a flexible 2x G,4S linker originally described by Prof. Dr Rich
Wyatt."” These trimers were engineered to mimic the native-
like pre-fusion conformation of Env, which displays multiple
epitopes for broadly neutralizing antibodies. In a previous
study, we introduced a genetically encoded aldehyde-tag
(LCTPSR) at the C-termini of the trimers. The cysteine in this
motif gets converted by endogenous formylglycine-generating
enzyme (FGE). The resulting formylglycine bears a unique
aldehyde group in the side chain enabling chemical targeting
by aminooxy groups.'® Env proteins and FGE were transiently
co-expressed in 293F suspension cells (Thermo Fisher,
Waltham, MA, USA) to promote aldehyde group formation.
The Env-Alde trimers were purified from the culture super-
natant using lectin affinity chromatography with agarose-
bound Galanthus nivalis lectin (Vector Laboratories Inc.,
Burlingame, CA, USA). The purified Env-Alds was then incu-
bated overnight at 37 °C with the linker DBCO-PEG;-oxyamine
(Broadpharm, San Diego, CA, USA) under oxime reaction con-
ditions (250 mM NaAC, pH 4.5) at 400 rpm, producing DBCO-
terminated Env-Aldg (Env-DBCO). After buffer exchange via
ultrafiltration (Amicon® Ultra-15100 kDa MWCO, Merck,
Germany), Env-DBCO was conjugated to L1-SiO,-N; or to
azide-PEG,-NHS (Merck, Germany) pre-treated L1-VLP (L1-N3)
via a non-catalyzed click reaction (4 °C, 18 h), purified by cen-
trifugation (3 times in PBS, 30 min at 12 000 rpm in 4 °C) and
yielded L1-SiO,-Env or L1-Env NPs. Previously, we confirmed
via conformational ELISA and FACS that both the oxime reac-
tion conditions (no salt, low pH) and the coupling procedure
do not result in a significant reduction of Env pre-fusion
conformation.'®

2.4 NP analysis

Transmission-Electron Microscopy (TEM) of particles was per-
formed as described before.">'® Particles were diluted in PBS
and then washed with 2% uranyl acetate twice after application
to a freshly glow-discharged carbon covered cupper grid
(Science Service Munich, Germany). After air drying, samples
were imaged in a JEOL1400Plus TEM (JEOL, Garching,
Germany) operating at 120 kV. Scanning transmission electron
microscopy (STEM) in scanning electron microscopy mode
(STEM-in-SEM) was carried out with an Apreo S LoVac system
(Thermo Fisher Scientific, USA). L1-VLP and L1-SiO, NP dis-
persions were applied to copper grids coated with an ultrathin
amorphous carbon film and subsequently air-dried. The pre-
pared grids were then allowed to dry in air at room tempera-
ture. Energy-dispersive X-ray spectroscopy (EDX) mappings
were performed with an Apreo S LoVac microscope

This journal is © The Royal Society of Chemistry 2026
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(ThermoFisher Scientific Inc., USA). Dynamic light scattering
(DLS) and zeta potential measurements were carried out with a
Zetasizer Nano ZS (4 = 633 nm, Malvern Nano ZS ZEN 3600,
UK). UV-Vis spectroscopy was performed with a Varian Cary
300 Bio spectrophotometer (Agilent Technologies, USA) in
400 pL Suprasil® quartz cuvettes.

Fluorescence imaging was performed with a Keyence
Biorevo BZ-9000 fluorescence microscope (Germany) with a
TRITC filter (Ex. 540 + 25 nm, DM 565 nm, BA 605 + 55 nm)
and a GFP-B filter (Ex. 470 + 40 nm, DM 495 nm, BA 535 +
50 nm). Additionally, a Leica TCS SP8X FALCON confocal laser
scanning microscope (CLSM; Leica, Germany) was used,
equipped with laser wavelengths of 405 nm, 488 nm, and
647 nm, a pulsed laser WLL (470-670 nm), and an HC PL APO
UVIS CS2 63X/1.2 water immersion lens.

2.5 Mice

The study involved two types of mice: female wild-type (WT)
mice and PGT121 mice. The WT mice were of the C57BL/6NRj
strain, sourced from Janvier Labs in France. The PGT121 mice,
an in-house bred strain, were specific for the HIV-1 Env
protein and carried a B cell receptor transgene. These mice
were provided by Dr Michel Nussenzweig from Rockefeller
University in New York, USA. For this study, only female WT
mice were used, whereas both male and female PGT121 mice
were included to ensure a diverse representation of the trans-
genic strain. All mice were accommodated in ventilated cages
at the animal facility (Franz-Penzoldt-Center) of the Faculty of
Medicine, FAU (Erlangen, Germany) and handled as rec-
ommended by the Federation of European Laboratory Animal
Science Association and as approved by the Government of
Lower Franconia (license 55.2.2-2532-2-1199). Mice were eutha-
nized after experiments or for organ donations by CO, treat-
ment with subsequent cervical dislocation.

2.6 B cell activation in vitro

WT and PGT121 B cells were isolated using a MACS-based iso-
lation kit specifically designed for murine naive B cells, in
accordance with the manufacturer’s protocol (Miltenyi Biotec,
Bergisch-Gladbach, Germany). A total of 2 x 10> cells were sub-
sequently plated into U-bottom 96-well cell culture plates
(Greiner Bio-One, Germany), with 100 pL of R10 medium per
well. The medium consisted of RPMI 1640 (Thermo Fisher,
USA) supplemented with 10% fetal calf serum (FCS, Capricorn
Scientific GmbH, Ebsdorfergrund, Germany), 1% penicillin-
streptomycin (Sigma-Aldrich, Merck, Germany), 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
Thermo Fisher, USA), 2 mM r-glutamine (Thermo Fisher,
USA), and 50 pM 2-mercaptoethanol (Thermo Fisher, USA).
Once the cells were seeded, nanoparticle dilutions were pre-
pared in 100 pL of R10 medium and added to each well, result-
ing in a final volume of 200 pL per well. The plates were then
incubated at 37 °C with 5% CO, for 24 hours to allow inter-
actions between the NPs and the B cells. Lipopolysaccharide
(LPS; Merck, Germany), a polyclonal B cell activator, was used
as a positive control. Following incubation, cells were stained
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with anti-CD19-Qdot655, anti-CD86-FITC, anti-CD40-PE and
the fixable viability dye eFluor450 (Thermo Fisher Scientific,
Waltham, MA, USA). The activation status of live B cells was
assessed using a spectral flow cytometer (Cytek Northern
Lights, USA) and data analysis was performed with FlowJo soft-
ware (BD Biosciences, USA).

2.7 Immunization

Vaccine candidates were administered intramuscularly (i.m.)
into the hind legs of each mouse under isoflurane anesthesia
(CP-Pharma, Burgdorf, Germany). A total of 60 pL per mouse
was injected, evenly distributed between both hind legs. Blood
samples were collected from the retrobulbar venous plexus.
Minicaps® (Hirschmann, Eberstadt, Germany) were used for
blood collection, and samples were placed in BD Microtainer®
tubes (Becton Dickinson, Franklin Lakes, NJ, USA). The
samples were centrifuged at 5000 rpm for 5 min to separate
the serum. Env-specific and L1-specific antibody levels in the
serum were then analyzed using ELISA, following previously
established protocols.

2.8 Analysis of humoral immune responses

To assess Env- or HPV-specific antibody levels in vaccinated
mouse sera, 150 ng of BG505 Env protein or 500 ng of L1
protein were diluted in 100 pl ELISA coating buffer per well
and incubated overnight at 4 °C in white, high-binding, flat-
bottomed 96-well assay plates (Greiner, Kremsmiinster,
Austria). Following overnight incubation, wells were blocked
using 5% skimmed milk in PBS/T (PBS containing 0.05% of
Tween-20). Serum samples diluted at 1:1250 in PBS/T were
then added to the wells. After three washes, HRP-conjugated
anti-mouse IgG (Dianova, Hamburg, Germany), at a 1:5000
dilution in PBS/T was added and incubated for 60 min at room
temperature (RT). Plates were washed again before addition of
70 uL of ECL solution (0.1 M Tris, 250 mg L™ luminal sodium
salt, 22 mg L™" p-coumaric acid, 3.4 pL 30% H,0, ad 10 mL
H,0) per well, and luminescence was measured with a Victor
X4 multi-label plate reader (PerkinElmer, Waltham, MA, USA).

2.9 Statistical analysis

All experimental data were analyzed using GraphPad Prism
software. Statistical significance between groups (Fig. 5 and 9)
was determined by one-way ANOVA followed by Tukey’s post
hoc test for multiple comparisons. For Fig. 10 statistical ana-
lysis was assessed using two-tailed unpaired ¢-test. A p-value of
less than 0.05 was considered statistically significant.

3. Results

3.1 Synthesis and characterization of L1-SiO, NPs

Recombinant self-assembled L1-VLPs were produced from
soluble HPV16 L1 proteins derived from E. coli following a pre-
viously described protocol.”> The morphology of the purified
L1-VLPs was confirmed by TEM (Fig. 1A). Size analysis of 50
particles from STEM images (Fig. 1B) using Image] software
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Fig. 1 Morphological characterization of L1-VLPs. (A) TEM image of purified L1-VLPs. Scale bar: 200 nm. (B) STEM images of the L1-VLPs after con-

centration by spin filtration. Scale bar: 500 nm.

revealed an average diameter of 53 + 7 nm. The hydrodynamic
diameter and zeta potential of the L1-VLPs were subsequently
determined by dynamic light scattering (DLS) (Table 1).

To shield L1-VLP protein epitopes and facilitate subsequent
functionalization of the nanoparticle surfaces with HIV-1 Env
trimers, we established a coating of L1-VLPs with a silica shell.
To achieve this, we first performed electrostatic colloidal stabi-
lization of the VLPs by adsorbing the polycationic electrolyte
PEI onto the negatively charged L1-VLPs. The silica shell was
then deposited by controlled hydrolysis of TEOS, as described
previously,'® resulting in L1-SiO, NPs (Fig. 24).

STEM imaging showed the spherical morphology of the
silica-coated L1-VLPs with an average diameter of 197 + 10 nm
(measured by Image]) (Fig. 2B). The hydrodynamic diameter
and zeta potential of the L1-SiO, NPs were subsequently deter-
mined by DLS. Besides an increase in particle size after the
silica coating, colloidal stabilization with PEI changed the
charge of the L1-SiO, NPs (Fig. 2C and D). A summary of all
performed measurements is presented in Table 1.

Energy-dispersive X-ray spectroscopy mapping (Fig. 3) was
carried out to investigate the elemental composition of the L1-
SiO, NPs. The presence of silicon (blue, Fig. 3B) and oxygen
(green, Fig. 3C) confirmed the formation of a silica shell
around the L1-VLPs. Furthermore, a cross-sectional elemental
distribution analysis across a single particle (Fig. 3D) indicated
that the L1-SiO, NPs were homogeneously coated with the
silica shell, causing the shielding of the scaffold L1 B-cell
epitopes.

One batch of L1-SiO, NPs was produced with fluorescently
labeled PEI (PEI-Cy5) for L1-VLP colloidal stabilization. These
fluorescent L1-(Cy5)SiO, NPs were used to qualitatively assess
particle integrity during intracellular accumulation in HeLa

Table 1 Analytical data for L1-VLPs and L1-SiO, NPs

Diameter” Hydrodynamic Zeta potential”
Sample (nm) diameter” (nm) PDI? (mVv)
L1-VLP 53+7 63 0.18 -7
L1-Si0, 197 +10 201 0.35 +13

“By STEM. ” By DLS.

Biomater. Sci.

cells after in vitro co-incubation. As shown in Fig. 4a and d, the
presence of distinct Cy5 (magenta) fluorescence within the
cells confirms the stability of the internalized L1-(Cy5)SiO,
NPs under cell culture conditions.

3.2 L1 epitope shielding in vivo

To address the question of the L1 epitope masking efficiency
of the silica shell in vivo, we performed an experiment in WT
mice. To model the presence of pre-existing anti-L1 antibodies,
mice received two pre-immunizations with the Cervarix® HPV
bivalent vaccine at weeks 0 and 4. Subsequently, the mice were
divided into three groups and were immunized with L1-VLPs,
L1-Si0, NPs, or PBS at weeks 10 and 14 (Fig. 5A). Serum
samples were collected at multiple time points to measure L1
antibody levels post-immunization, aiming to assess the poten-
tial masking effect of the silica shell. Quantification of anti-L1
antibodies in serum by ELISA demonstrated that antibody
levels in mice peaked within a few weeks following two pre-
immunizations with Cervarix® (Fig. 5B). Following this initial
peak, antibody levels in the PBS control group gradually
declined, reflecting the natural waning of antibody production
once the antigen was no longer present. In the group boosted
with L1-VLPs, antibody levels remained elevated, indicating
reactivation of the immune response in the presence of the
antigen (Fig. 5B). In contrast, the group boosted with L1-SiO,
NPs showed an antibody level trend similar to that of the PBS
control group, suggesting that the silica coating of L1-VLPs
effectively masked the L1 antigen in vivo (Fig. 5B).

3.3 Functionalization of L1-SiO, with Env trimers

We'®?* and others® demonstrated that NPs with oriented
display of HIV-1 Env trimers on the surface enhance B cell acti-
vation and antibody production more efficient than NPs with
randomly conjugated Env trimers. Previously, we developed a
method for orthogonal covalent coupling of Env trimers to bio-
degradable calcium phosphate NPs via genetically encoded
aldehyde-tags and confirmed that this method does not dimin-
ish Env antigenicity and pre-fusion conformation.'® Since the
silica shell can be covalently modified using well-established
siloxane chemistry,"® we functionalized L1-SiO, NPs with 3-
(azidopropyl)triethoxysilane, thereby introducing reactive azide

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Characterization of L1-SiO, NPs. (A) Schematic illustration of the synthesis steps for the coating of PEI and silica shell of the VLP surface.
Created with BioRender.com (B) STEM image of L1-SiO, NPs. Scale bar: 500 nm. Relative particle (C) size and (D) zeta potential distribution (in arbi-
trary units (a.u.)) of L1-VLPs (in blue) and L1-SiO, NPs (in red) measured by DLS.

groups onto their surface as described previously.”> These
azide groups facilitate covalent attachment to Env trimers via
click chemistry (Fig. 6A).

In order to analyze efficiency of the Env trimer coupling
and in vitro stability of the L1-SiO,-Env NPs, we synthesized a
batch of fluorescently labelled NPs. To this end, we used fluo-
rescent PEI-Cy5 molecules for L1-VLP colloidal stabilization
and conjugated the functionalized silica shell with fluores-
cently labelled Env-trimers (Env-AF488), that resulted in L1-
(Cy5)Si0,-Env(AF488) double labelled NPs. This allowed to
determine the concentration of PEI-Cy5 and Env-
AF488 molecules and to derive an estimate of 48 Env-AF-488
trimer molecules per NP (Table 2).

To assess the stability of Env conjugation under biologically
relevant cell culture conditions, we cultivated HeLa cells with
L1-(Cy5)SiO, and L1-(Cy5)SiO,-Env(AF488) NPs. HeLa cells
served as a robust adherent model system for visualizing nano-
particle integrity and conjugate stability under controlled

This journal is © The Royal Society of Chemistry 2026

in vitro conditions. After 24 hours of co-incubation fluo-
rescence microscopic images were taken (Fig. 6B-D). Since
soluble (non-conjugated) Env-AF488 trimers do not provide
detectable intracellular signals under these conditions
(Fig. 6B), the fluorescence overlay of the Cy5 and AF488 signals
indicates stable physical co-localization of the nanoparticle
scaffold and the conjugated Env trimers (Fig. 6D). This persist-
ent co-localization was further corroborated by confocal laser
scanning microscopy (Fig. 7), demonstrating the stability of
the Env conjugation during intracellular accumulation.

3.4 Activation of Env-specific B cells by L1-SiO,-Env in vitro

Chemical modifications of silica films enable their surfaces to
load heterologous antigens, providing a versatile platform for
immunological studies. In this study, azide groups were intro-
duced onto the L1-SiO, surface to facilitate the covalent attach-
ment of Env-DBCO via click chemistry. This method ensures a
stable and precise coupling, allowing the repetitive display of

Biomater. Sci.
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Fig. 3 EDX mapping of the L1-SiO, NPs. (A) L1-SiO, NPs image. (B) The presence of silicon (blue). (C) The presence of oxygen (green). (D) Example
of a L1-SiO, NP cross-section and elemental EDX line scan of the L1-SiO, NPs.

Fig. 4 CLSM image of Hela cells after 24 h incubation with L1-(Cy5)SiO, particles. (a) Overlay image, (b) actin staining with AF488-phalloidin, (c)
cell nucleus with Hoechst-3342, (d) PEI-Cy5 fluorescence. Scale bar: 20 pm.

Env proteins on the nanoparticle surface. Such a configuration in vitro B cell activation experiments were performed to
is hypothesized to enhance the activation of Env-specific B confirm the high-density and functional display of Env trimers
cells via the crosslinking of B cell receptors (BCRs), a critical on L1-SiO, NPs. Env-specific B cells were isolated from BCR-
step for effective immune activation. To investigate this, transgenic PGT121 mice, which express receptors specific to

Biomater. Sci. This journal is © The Royal Society of Chemistry 2026
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immunized twice intramuscularly with Cervarix® HPV bivalent vaccine (1:20 dilution, on week 0 and week 4). On week 10 and 14 mice were
boosted either with PBS or L1-VLPs or L1-SiO, NPs (both contained 2 ug ml™ L1). (B) Anti-L1 IgG immune response. The dashed red line represents
the background of naive sera for anti-L1 antibodies. Data presented as mean + SEM; statistically significant differences between L1 NPs and L1-SiO,
NPs were observed at week 13 (p = 0.0285; Ordinary one-way ANOVA, multiple comparison) and at week 17 (p = 0.0428; Ordinary one-way ANOVA,

multiple comparison).

the Env antigen, while WT B cells were used as a comparative
control. These B cells were incubated with a range of L1-SiO,-
Env nanoparticle concentrations (1-100 ng mL™" Env), allow-
ing for a detailed dose-response analysis. As negative controls,
non-coupled Env trimers mixed with or without L1-SiO, were
used to rule out unspecific effects unrelated to BCR cross-
linking. LPS was included as a positive control to provide a
benchmark for polyclonal activation of B cells through recep-
tor-independent pathways. After 18 hours of incubation, B cell
viability and activation were assessed using flow cytometry,
focusing on the expression of CD86, a key activation marker.
Under resting conditions, naive B cells express CD86 at low
levels. However, upon antigenic stimulation via BCR engage-
ment or polyclonal activation through LPS, CD86 is markedly
upregulated. The L1-SiO,-Env NPs induced a dose-dependent
increase in CD86 expression in Env-specific B cells, with the

This journal is © The Royal Society of Chemistry 2026

strongest response observed at the highest concentration
tested (100 ng mL™" Env; Fig. 8A). Interestingly, high concen-
trations of uncoupled L1-SiO, NPs led to a minor increase in
CD86 expression, a nonspecific effect also observed in wild-
type B cells (Fig. 8B). These findings suggest that while L1-SiO,
NPs can elicit some nonspecific interactions with BCRs, the
robust activation observed with Env-specific B cells is largely
antigen-dependent. This conclusion is supported by related
studies, which have noted similar nonspecific interactions
between silica-based NPs and BCRs.>® To further characterize
B cell activation, CD40 expression on activated B cells was
additionally assessed. CD40 is a key costimulatory receptor
required for T cell-dependent B cell responses, including
germinal center formation, immunoglobulin class switching,
and affinity maturation through interaction with CD40L
expressed on activated CD4" T cells.”® The proportion of
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Fig. 6 (A) Surface functionalization of L1-SiO, NPs with Env trimers via click chemistry. Created with BioRender.com. L1-VLPs coated with poly-

ethyleneimine (PEI) and silica (SiO,) were functionalized with 3-(azidopropyl)triethoxysilane to introduce azide (N3) groups on the particle surface.
Separately, HIV-1 Env trimers bearing aldehyde groups (Env-Ald) were modified with DBCO-PEGs-oxyamine to generate DBCO-functionalized Env
(Env-DBCO). A copper-free strain-promoted azide—alkyne cycloaddition (SPAAC) click reaction enabled covalent attachment of Env trimers to the
azide-modified NPs. (B-D) Fluorescence microscopy of Hela cells after 24 h incubation with (B) soluble Env-AF488 (control), (C) L1-(Cy5)SiO, NPs
and (D) L1-(Cy5)SiO,-Env(AF488) NPs. In (a) the cells in the brightfield, in (b) PEI-CyS5, in (c) Env-AF488 and in (d) the overlay. Scale bar: 50 um.

CD86'CD40" cells among Env-specific and WT B cells was
therefore quantified after stimulation with L1-SiO,-Env NPs
(Fig. 8C and D). Consistent with the CD86 data, Env-specific B
cells displayed a markedly higher frequency of CD86'CD40"
cells compared with WT B cells, indicating antigen-dependent
activation of Env-specific B cells. B cell viability of the Env-
specific B cells remained unaffected across the tested L1-SiO,-
Env concentration range (Fig. 8E). Overall, the results demon-
strate the successful engineering of L1-SiO,-Env NPs capable
of effectively presenting Env antigens in a high-density, repeti-
tive format that robustly activated Env-specific B cells.

Biomater. Sci.

3.5 Humoral immune responses in mice after L1-SiO,-Env
vaccinations

The immunogenic potential of L1-SiO,-Env NPs was evaluated
through the measurement of Env-specific and scaffold-specific
IgG responses, providing evidence of the platform’s efficiency
in presenting antigens to the immune system. As we demon-
strated previously, immunization with soluble Env trimers
alone was insufficient to induce a robust humoral immune
response.’> In contrast, vaccination with L1-SiO,-Env NPs
resulted in significantly higher anti-Env IgG levels. A single

This journal is © The Royal Society of Chemistry 2026
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Table 2 Concentration and molecule count of PEl and Env in NP
preparations

Env-
Env- PEI-Cy5 AF488
PEI-Cy5 AF488 NP (number® (number® (number®
Sample (kg m™™%) (kg m™™3) per m™) per NP)  per NP)
L1-(Cy5)Si0, 0.132 — 2.25x10%° 141 —
L1-(Cy5)SiO,- 0.118 0.670 2.01x 10" 142 48

Env(AF488)

“Number of corresponding molecules.

dose of the NPs substantially enhanced antibody production
compared to the control group (Fig. 9A), and a second dose
further amplified this effect, culminating in peak antibody
levels.

At the same time, the L1-specific IgG levels in the L1-SiO,-
Env group were exceptionally low, indicating a highly specific
immune response directed toward the Env antigen (Fig. 9B).
This observation suggests that the silica coating effectively
encapsulated the L1-VLP scaffold, preventing the exposure of
L1 epitopes and thereby minimizing the induction of scaffold-
specific antibodies. This specificity is of paramount impor-
tance, as it reduces potential immune interference by the
scaffold, ensuring that the focus of the immune system
remains on the target antigen. By contrast, the L1-VLP control
group displayed robust L1-specific IgG production (Fig. 9B),
reaffirming the inherent immunogenicity of L1 when directly
presented as an antigen.

View Article Online
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3.6 Shielding of the L1 scaffold facilitates Env immune
responses in HPV immunized mice

To further validate that Env delivered by L1-SiO, influences the
production of specific antibodies due to the shielding effect of
the scaffold, we optimized the immunization strategy in a
mouse model. The experimental groups received two doses of
the licensed L1-based HPV vaccine Cervarix® at week 0 and 4,
while the control group was injected with PBS. Subsequently,
both groups were immunized with a one dose of L1-Env or L1-
SiO,-Env (Fig. 10A). In the mice immunized with L1-Env
serum analysis revealed a trend to lower levels of Env-specific
antibodies in the experimental group pre-vaccinated with
Cervarix® compared to the PBS group (Fig. 10B). This suggests
that the pre-existing L1-specific immune response attenuated
the Env-specific immune response. In contrast, mice that were
immunized with L1-SiO,-Env displayed the opposite trend.
Specifically, the group pre-vaccinated with Cervarix® exhibited
higher levels of Env-specific antibodies in their serum com-
pared to the PBS control group (Fig. 10C). This outcome
suggests that the shielding of the L1 scaffold with the silica
shell demonstrated above (Fig. 5B) supports antibody response
to the conjugated Env antigen in animals, previously vacci-
nated against HPV.

4. Discussion

Self-assembling natural proteins form stable, symmetric NPs
(10-150 nm), a size ideal for immune cell interaction.>> These

Fig. 7 CLSM image of Hela cells after 24 h incubation with L1-(Cy5)SiO,-Env(AF488) NPs. In (a) the overlay image, in (b) actin staining with AF568-
phalloidin, (c) cell nucleus with Hoechst-3342, (d) PEI-Cy5 fluorescence and in (e) Env-AF488. Scale bar: 20 pm.

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Activation of naive Env-specific B cells by L1-SiO,-Env nanoparticles in vitro. Naive Env-specific (A) or wild-type (WT) B cells (B) were incu-
bated for 18 hours with L1-SiO,-Env NPs, or L1-SiO, NPs mixed with soluble Env trimers (L1-SiO, + Env), or soluble Env trimers alone (Env) at
various dilutions normalized to their bulk Env concentration (1-100 ng mL™). Lipopolysaccharide (LPS) 2 ug mL™* served as a non-specifically acti-
vating positive control. Negative controls included unstimulated (mock) cells. After 18 hours, cells were stained for viability, and B cell activation was
assessed by measuring the upregulation of CD86 on CD19+ cells via flow cytometry. Percentage of CD86*CD40* cells among viable CD19 positive
(C) Env-specific B cells and (D) WT B cells after stimulation with mock, L1-SiO,-Env NPs, or LPS. Viability of CD19 positive (E) Env-specific B cells and
(F) WT B cells after stimulation with increasing concentrations of L1-SiO,-Env NPs (1-100 ng mL™ Env) expressed as percentage of the mock

control for Env-specific B cells.

nano-scaffolds can be engineered to present ordered immuno-
gen arrays for vaccine design, providing notable benefits over
other multivalent antigen presentation platforms.® A recurring
challenge in chimeric vaccine design, however, are the inhibi-
tory effects of scaffold-specific antibody responses: scaffold-
directed humoral memory may lead to antibody-mediated
clearance of the vaccine material, potentially limiting the effec-
tiveness of sequential immunizations.>**’

Following the 1992 discovery of the self-assembling and
highly immunogenic properties of HPV L1-VLPs,*® these nano-
structures have been extensively examined for vaccine develop-
ment. This effort resulted in VLP-based HPV vaccines that are
used world-wide. Furthermore, the versatility of the L1-VLP
scaffold has been exploited to create hybrid VLP vaccine candi-
dates displaying heterologous (non-HPV) antigens.>™*!

We recently demonstrated that L1-VLPs conjugated with
stabilized HIV-1 Env trimers (L1-Env NPs) efficiently activate
Env-specific B cells via B cell receptor engagement and induce
both Env- and L1-specific antibody responses in mice without
adjuvant. Notably, L1-Env NPs elicited significantly higher
Env-specific antibody levels compared to a mixture of Env

Biomater. Sci.

trimers and uncoupled L1-VLPs. While we observed partial
shielding of L1 epitopes by the conjugated Env trimers, result-
ing in reduced Li-specific antibody responses,'® the extent of
shielding appears to depend on antigen characteristics. For
example, insertion of a HIV-1 CTL epitope with a length of 10
amino acids into the HPV L1 capsid did not affect anti-L1 anti-
body induction after immunization,*® suggesting that size and
glycosylation of the antigen might play a role. Additionally, the
antigen density on the nanoparticle scaffold may diminish
anti-scaffold responses. However, even a high-density display
of respiratory syncytial virus pre-fusion glycoprotein trimers on
153-50 NPs did not sterically prevent antibody access to the
scaffold,® and maximizing the circumsporozoite protein
density on a hepatitis B virus scaffold only partially reduced
anti-scaffold antibody responses.**

The accessibility of L1-specific antibodies to the L1-VLP
core raises a question about the impact of pre-existing anti-
HPV (anti-scaffold) immune responses, particularly given the
global implementation of HPV vaccination schedules. This
concern is supported by well-documented effects of vector or
carrier immunity in various vaccine platforms. For example,

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Antibody levels after L1-SiO,-Env immunization. (A) WT mice
were immunized with 60 pl L1-SiO,-Env NPs (0.1 pg Env in total) at
weeks 0 and 4. Blood samples were drawn at week 3 (1x L1-SiO,-Env)
and 6 (2x L1-SiO,-Env). (B) WT mice were immunized with 60 pL L1
VLPs or L1-SiO,-Env NPs (2 ug mL™ L1 in total) at weeks 0 and 4. Blood
samples were drawn at week 6. The relative amount of Env- and L1-
specific 1gG antibodies in the sera was determined using serum ELISA
and is expressed as relative light units per second (RLU s7Y). Statistical
significance was assessed using the ordinary one-way ANOVA, multiple
comparison test.

pre-existing antibodies to adenovirus serotype-5 (Ad5) are
known to impede the efficacy of Ad5-based vaccines, leading to
significantly reduced immunogen-specific responses in sero-
positive individuals.>® Likewise, repeated use of the same
protein carrier in conjugate vaccines can suppress responses
against the hapten antigen.”” Consistent with this concern, we
observed in the current study that direct Env conjugation to
L1-VLPs attenuated Env-specific responses in HPV pre-immu-
nized animals (Fig. 10B). This observation aligns with findings
from a study using Env-ferritin NPs, which also reported a
negative interference of pre-existing anti-scaffold responses
with anti-Env responses.**

To physically shield the L1-VLP scaffold from pre-existing
anti-L1 antibodies, we employed a coating of amorphous silica
on the L1-VLPs. This method was initially developed for stabi-
lizing biocompatible calcium phosphate NPs.>> When admi-
nistered to mice with high levels of anti-HPV antibodies, these
L1-SiO, NPs demonstrated remarkable stealth features in vivo
(Fig. 5). Two pre-vaccinations with Cervarix® rapidly increased
L1 antibody concentration as measured by ELISA, indicating a
strong primary immune response (Fig. 5B). Following the
initial peak, antibody levels gradually declined, as the immune
system doesn’t sustain high antibody levels indefinitely once
the antigen is no longer present. This reduction in antibody
concentration, particularly noticeable in the PBS control group
after week 9, is a well-documented aspect of immune homeo-
stasis, where antibodies decrease as the antigenic stimulus dis-
sipates. When the mice were re-exposed to the antigen,

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Env immune responses in HPV immunized mice. (A)

Immunization scheme. Created with BioRender.com. Wt mice (3 groups,
n = 6 per group) were pre-immunized twice intramuscular with PBS or
with Cervarix® HPV bivalent vaccine (1:20 dilution, on week 0 and
week 4). On week 8 mice were boosted either with L1-Env NPs or with
L1-SiO,-Env NPs (both contained 2 pg ml™* Env). Blood samples were
drawn at week 11. The relative amounts of Env-specific IgG antibodies in
the sera of L1-Env (B) and L1-SiO,-Env (C) immunized mice were deter-
mined using serum ELISA and is expressed as relative light units per
second (RLU s™%). Statistical analysis was assessed using two-tailed
unpaired t-test. The dashed red line represents the background of naive
sera for anti-L1 antibodies. Data presented as mean + SEM.

memory B cells formed during the primary immune response
were reactivated, leading to a renewed production of anti-
bodies. This phenomenon was clearly observed in the group
boosted with L1-VLPs (Fig. 5B), where antibody levels
remained elevated, indicating an effective recall response by
the immune system (also known as an anamnestic response).
This response exemplifies the role of immunological memory,
which allows for rapid and enhanced antibody production
upon subsequent exposure to the same antigen. Crucially, we
observed a complete absence of an anamnestic response after
the subsequent boost with L1-SiO, NPs, strongly indicates that
the silica coating remains intact and functionally shields L1
epitopes under physiological conditions from recognition by
L1-specific memory B cells.>® Consistent with the shielding
data presented in Fig. 5, the absence of substantial de novo L1-
specific antibodies after two L1-SiO,-Env immunizations
(Fig. 9B), further supports the conclusion that the silica shell
maintains its structural and functional integrity in vivo after
chemical modification and antigen coupling.

Our silica-coating approach offers an alternative to physical
masking with polyethylene glycol (PEG, PEGylation), an
increasingly utilized tool in pharmaceuticals and biomedicine
for similar purposes.®””*® Indeed, PEGylation of protein nano-
particle scaffolds like ferritin®® and 153_dn5"* has been shown
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to dampen anti-scaffold antibody responses, and PEGylated
adenoviruses were protected from antibody neutralization in
the lungs of mice with high antibody titers to adenovirus.*’
However, recent findings indicate that PEG-specific antibodies
can be induced or boosted by vaccination with licensed mRNA
vaccines against COVID-19 that contain PEG for stabilization
of the lipid NPs.*' These pre-existing anti-PEG antibodies
could negatively impact the reactogenicity of PEG shielded NP
vaccines.””

The possibility of nonspecific immune activation by silica
nanoparticles has been reported and therefore warrants con-
sideration.”® At sufficiently high concentrations, silica nano-
particles can induce pro-inflammatory responses in innate
immune cells. However, immunotoxicity appears to be dose-
dependent, and silica nanoparticles have been reported to
exhibit minimal immunotoxic effects at lower doses (<8 mg
kg™") comparable to those used for nanocarrier systems in
clinical nanomedicine.*® Consistent with these observations,
the amorphous silica formulation used here has previously
been shown to exhibit a favorable biocompatibility profile
without detectable cytotoxicity or nonspecific innate immune
activation at relevant concentrations.** This is in agreement
with the minimal activation observed in wild-type B cells
in vitro (Fig. 8B and D). Thus, the robust Env-specific B cell
activation (Fig. 8A and C) and the targeted Env-specific
humoral responses observed in vivo (Fig. 9) are most consistent
with antigen-specific activation driven by multivalent Env
display rather than nonspecific silica-mediated immune stimu-
lation. Beyond its shielding properties, the silica shell offers
the key advantage of enabling covalent modification through
siloxane chemistry.'® We previously developed and validated a
method for highly selective bio-conjugation of conformational
Env trimers to the surface of inorganic NPs coated with a silica
layer.'® As demonstrated in our in vitro assays, the L1-SiO,-Env
NPs effectively activate Env-specific PGT121 B cells (Fig. 8A
and C). This activation is consistent with the multivalent pres-
entation of engineered BG505-NFL2P Env trimers, which have
been designed to mimic the native pre-fusion viral spike.'”
Since PGT121 recognition depends on the N332 glycan super-
site, the observed activation of PGT121 B cells serves as func-
tional evidence this glycan-dependent epitope remains pre-
served and accessible after nanoparticle conjugation.”’
Although site-specific coupling involves an oxime ligation step
under mildly acidic conditions (pH 4.5), previous characteriz-
ation demonstrated preservation of Env conformational epi-
topes. In particular, binding to quaternary and glycan-depen-
dent antibodies, including PG9, PG16, PGT145, and 2G12, was
maintained after exposure to the ligation environment.'®
Importantly, the orthogonal C-terminal coupling strategy
enables controlled orientation of Env trimers on the nano-
particle surface, in contrast to random amine-based conju-
gation. Anchoring the trimers via their C-terminus favors an
outward-facing display and may reduce accessibility of base-
proximal, non-neutralizing epitopes that are commonly immu-
nodominant in soluble Env constructs.*® Such oriented multi-
valent display increases local antigen density and promotes

Biomater. Sci.
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efficient BCR cross-linking, a key determinant of B cell acti-
vation.?® Thus, by combining the oriented display of stabilized
Env trimers with the physical shielding of the L1 scaffold, our
platform is designed to reduce scaffold-directed responses
while favoring recognition of relevant neutralizing epitopes. In
addition to the in vitro visualization (Fig. 6 and 7), the stability
of the L1-SiO,-Env nanoparticles after Env conjugation is sup-
ported by the immunogenicity data shown in Fig. 9. Since
immunization with uncoupled (soluble) Env trimers (even at
higher concentrations) does not induce detectable antibody
responses,'® the significant increase in Env-specific IgG levels
(Fig. 9A) indicates that the covalent coupling of Env to the L1-
SiO, nanoparticles remains sufficiently stable in vivo to enable
effective B cell activation. The hybrid L1-SiO, nanoparticle
design differs from previously described silica-based antigen
delivery systems in several aspects. In contrast to purely in-
organic silica nanoparticles, which typically rely on adsorption
or encapsulation of antigens within an inert inorganic
matrix,*”*® the present platform retains a self-assembled viral
protein scaffold while introducing a thin silica shell that
modulates immune accessibility and enables controlled
surface functionalization. Previous studies, including work by
Peterhoff and colleagues,’® demonstrated that Env trimers can
be directly conjugated to solid silica nanoparticles, resulting
in preserved antigenicity and Env-specific antibody induction.
However, these systems rely on entirely inorganic cores. In con-
trast, our hybrid architecture retains a full-length licensed VLP
scaffold containing multiple CD4" T cell epitopes, which may
become particularly relevant in the context of pre-existing
immunity. As shown in Fig. 10, L1-SiO,-Env vaccination of
mice pre-immunized against HPV enhanced Env-specific anti-
body production compared to non-vaccinated animals
(Fig. 10C). This observation can be attributed to the recruit-
ment of heterologous T-cells providing intrastructural help
(ISH), a mechanism initially described in the context of influ-
enza virus® and later extended to HIV-1 VLPs®' and
synthetic®>>* nanoparticle vaccines. ISH modulates humoral
immunity by exploiting pre-existing cellular immunity against
heterologous epitopes. This concept suggests the design of
NPs displaying the immunogen of choice on their surface and
containing efficacious T helper cell epitopes from licensed vac-
cines internally. B cells specific for the surface antigen interna-
lize the entire nanoparticle via BCR and subsequently present
the encapsulated peptide epitopes to T helper cells previously
induced by licensed vaccines.”® With L1-Env NPs, however, any
potential ISH from L1-specific T cells was likely overshadowed
by the dominant effect of Li-specific antibodies. Therefore,
when pre-existing anti-scaffold immunity is present, effective
shielding of the protein scaffold might be a crucial prerequi-
site for ISH to exert a noticeable effect.

Overall, considering the potential of ISH to modulate
humoral immune responses and its implications for clinical
translation, the fact that L1-SiO,-Env NPs contain the full-
length L1 antigen from licensed HPV vaccines—rather than
MHC class II haplotype-restricted single epitopes—presents an
advantage over homogeneous silica NPs conjugated with Env

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5bm01792k

Open Access Article. Published on 04 May 2026. Downloaded on 5/25/2026 11:14:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

trimers® or other Env-carrying synthetic NPs loaded only with
selected epitopes.>>>® However, this potential advantage war-
rants further evaluation through direct side-by-side compari-
son studies.

5. Conclusion

In summary, this study introduces a novel HIV-1 vaccine strat-
egy employing silica-coated HPV L1-VLPs functionalized with
HIV Env trimers to overcome limitations associated with pre-
existing anti-scaffold immunity. The silica shell effectively
shielded L1 epitopes in vivo, preventing recognition by L1-
specific memory B cells. Notably, L1-SiO,-Env vaccination
enhanced Env-specific antibody production in HPV pre-immu-
nized mice, suggesting the involvement of ISH provided by the
full-length L1 antigen. Overall, L1-SiO,-Env NPs present a
promising platform for HIV-1 vaccine development by integrat-
ing effective scaffold shielding, stable antigen display, and the
potential for harnessing pre-existing scaffold immunity
through ISH. This silica-coating approach can be readily
applied to other protein-based nanoparticle scaffolds to miti-
gate challenges arising from pre-existing immunity against
those scaffolds.
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