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ABSTRACT
Therapeutic vaccines represent a promising treatment option for (pre)cancerous lesions, 
such as human papillomavirus-induced malignancies. They act via administration of 
tumor-specific antigens, leading to induction of antigen-specific cytotoxic T cell 
responses. However, vaccination efficiency is often limited when the antigen is adminis
tered alone, due to antigen instability and inefficient uptake by antigen-presenting cells 
(APCs). To address these limitations, nanoparticle-based vaccine delivery systems are 
currently under investigation. Here, we present a novel silica nanoparticle (SiNP)-based 
vaccine delivery platform that can be applied for the treatment of various diseases and 
cancer types. We show that surface-functionalized SiNPs are non-cytotoxic and quickly 
taken up by APCs. Incorporation of a linker/solubilizer sequence N-terminal of the 
epitope allows attachment of peptides regardless of their solubility as well as efficient 
processing and surface presentation by APCs. Whole-body distribution studies con
firmed retention of the antigen at the injection site and decelerated excretion when 
connected to SiNPs. Furthermore, treatment with SiNPs, especially when combined with 
the adjuvant poly(I:C), resulted in activation of dendritic cells capable of priming CD8+ 

T cells. In C57BL/6 and MHC-humanized A2.DR1 mice, the SiNP-based vaccinations 
induced epitope-specific CD8+ T cells. Moreover, they exhibited anti-tumor activity and 
provided a survival benefit in a tumor model using HPV16 E6/E7-expressing PAP-A2 cells. 
Thus, the novel SiNP platform represents a promising new vehicle for therapeutic 
vaccine delivery.
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Introduction

Among various immunotherapeutic strategies, therapeutic vaccination represents a promising 
approach for the treatment of (pre-)cancerous lesions. It is based on the administration of tumor- 
specific antigens, their delivery to and surface presentation by professional antigen-presenting cells 
(APCs), such as dendritic cells (DCs), and subsequent induction of antigen-specific CD8+ cytotoxic 
T cell responses.1,2 The antigen can be administered in the form of DNA, RNA, peptides, and 
proteins, and can encompass a whole protein sequence, synthetic long peptides (SLPs), or only 
a minimal epitope.1 Usually, the given antigen is additionally combined with adjuvants, such as 
mineral salts or Toll-like receptor (TLR) agonists, necessary for proper activation of APCs for
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efficient triggering of adaptive immune responses.3 Nevertheless, administration of free antigen 
often results in only limited effectivity due to various obstacles, such as antigen instability and 
inefficient uptake by APCs.1,4,5

In recent years, the focus has therefore shifted toward the development of nanoparticle (NP)- 
based vaccine delivery systems. NPs display a common characteristic of ranging between 1 and 100  
nm in size6 and can be categorized into subclasses according to the material they are made of, such 
as lipid-based, polymeric, and inorganic NPs.7 Recently published therapeutic NP vaccination 
approaches mostly focused on lipid-based vaccines, including lipid nanoparticles,8,9 lipoplex 
mRNA constructs,10,11 and various amphiphilic liposomes,12–14 some of which have already been 
tested in clinical studies.15,16 Nevertheless, also polymeric and inorganic NPs have various useful 
characteristics, which is why they have received increasing attention in recent years.17 Especially, 
silica nanoparticles (SiNPs) are well-suited for biomedical applications, due to the ease of control
ling and achieving uniformity of their size and shape, their large surface area, high loading 
capacity, and good biocompatibility.18,19 Due to their easily modifiable surfaces and their stability 
at various conditions, such as different temperatures and pH values, they are one of the most 
widely used nanomaterials for numerous applications including drug delivery as well as biomedical 
imaging.18–20 Also as therapeutic cancer vaccine platform, SiNPs have been explored and shown 
promising results in preclinical proof-of-concept studies.21 However, most platforms have not yet 
been further developed regarding the applicability to a clinically relevant disease or cancer type.

A clinically relevant setting in which the development of a therapeutic vaccine is urgently needed 
are human papillomavirus (HPV)-induced malignancies. There are at least 12 known oncogenic (so- 
called high-risk) types of HPV,22 all of which are transmitted through sexual activity. They drive 
oncogenesis through the expression of the two viral oncoproteins E6 and E7. E6 causes degradation 
of p53, while E7 acts by inhibiting pRb, together leading to uncontrolled cell proliferation and 
resistance to cell death.23 Accordingly, these oncoproteins are indispensable for establishing and 
maintaining the malignant phenotype and therefore need to be expressed at all stages of cancer 
development.23 Peptides derived from E6 and E7 are consequently also HLA-presented on the cell 
surface, making them ideal targets for therapeutic vaccination.23,24 HPV causes cancers in the 
anogenital and head and neck region, overall accounting for approximately 5% of cancer cases 
worldwide.25,26 Of all known high-risk HPV types, HPV16 is the most prevalent, being responsible 
for more than 60% of all cervical and more than 85% of HPV-induced head and neck cancer 
cases.27,28 To reduce the HPV-related cancer burden, several intervention strategies are available: 
Prophylactic vaccinations aim at preventing an infection with high-risk HPV types in the first place, 
and regular screenings are performed to identify precancerous lesions. However, in 2023, only 27% of 
girls worldwide were estimated to have received at least a first vaccine dose, and vaccination rates in 
boys are even lower.29 Regular screenings are only available for cervical cancer, leaving other HPV- 
related cancer types often undetected until they reach advanced stages.30 The current standard of 
care, which typically includes surgery, chemotherapy, and radiation, is often associated with signifi
cant side effects and a diminished quality of life.30 In recent years, immune checkpoint blockade has 
been approved as another treatment option for HPV-associated malignancies, however showing only 
limited response rates.31 Thus, a new, efficacious treatment option targeting HPV-associated lesions 
and cancers is urgently needed. For this reason, numerous groups have been working on the 
development of a therapeutic HPV-targeting vaccine over the past decades. However, none of the 
approaches have shown sufficient success to be approved for clinical use.

Here, we present a safe and biodegradable SiNP-based vaccine delivery platform. Our SiNPs were 
efficiently taken up and processed by APCs, resulting in MHC-mediated presentation of the loaded epitope 
on the APC surface. In addition, treatment of APCs with SiNPs, especially when combined with the 
adjuvant poly(I:C), resulted in activation of DC subsets capable of CD8+ T cell priming. In vivo studies 
proved that vaccination with SiNPs successfully induced epitope-specific CD8+ T cell responses, which we 
demonstrated in two different model systems, using the ovalbumin (OVA)-derived epitope SIINFEKL as 
well as the HPV16 E7-derived epitope YMLDLQPET. Furthermore, the SiNP-induced YMLDLQPET- 
specific immune response elicited anti-tumor effects, proving the suitability of our SiNP platform for 
therapeutic vaccination against HPV16-mediated malignancies.
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Material and methods

SiNP synthesis, surface modification, and addition of peptides and poly(I:C)

All SiNP constructs were produced by SILVACX at Life Science Inkubator GmbH (Bonn, Germany). 
Amorphous, spherical SiNPs were synthesized via the Stöber process32 at 26°C through mixing of tetraethyl 
orthosilicate (TEOS) with ethanol and 0.325–0.35% ammonia water, depending on the desired SiNP 
diameter. Higher ammonia concentrations generate larger particles. After 1 h, ethanol and ammonia were 
removed via distillation and subsequent membrane dialysis.

For SiNP surface arginylation, 10 equivalents of arginine and one equivalent of (3-triethoxysilyl) 
propylsuccinic anhydride (CAS No. 93642-68-3) were added under stirring at room temperature (RT). 
The excess equivalents of arginine ensured a buffered alkaline pH value between 10.5 and 11. Subsequently, 
membrane dialysis was performed to remove excess arginine and formed ethanol.

For SiNP surface phosphorylation, diethylphosphatoethyltriethoxysilane (CAS No. 757-44-8) was added 
at RT to the SiNP suspension and incubated for 24 h. Afterward, additional concentrated ammonia water 
was added. The reaction mixture was transferred into a pressure-resistant closed bottle and heated up to 
80°C. Subsequently, ethanol and ammonia were removed via distillation and subsequent membrane 
dialysis.

For SiNP surface thiolation, (3-mercaptopropyl)triethoxysilane (CAS No. 14814-09-6) was added at RT 
to the SiNP suspension and incubated for 24 h. Afterward, ethanol and ammonia were removed by 
distillation and subsequent membrane dialysis.

Peptides and poly(I:C) were bound to the surface modified SiNPs by mixing all components in water. All 
nanosuspensions were subsequently sterile filtered with a 0.2 µm filter.

Dynamic light scattering

Particle diameters and polydispersity index (PDI) were assessed by dynamic light scattering (DLS) by 
diluting 20 µl of the SiNP formulation with 1 ml PBS and measuring it using a ZetaSizer Nano (Malvern 
Corp.).

Transmission electron microscopy

Carbon-coated 200 mesh copper grids were pre-treated with argon plasma for 45 sec using a BALTEC 
MED-020 coating system. 6 µl of a SiNP solution with a concentration of 20 mg/ml was added onto the grid 
and incubated for 5 min at RT. The grid was afterward treated with one drop of 2% uranyl acetate for 
2–3 sec, another drop of 2% uranyl acetate for 25 sec, and was then washed three times with a drop of water 
for 15 sec. The excess liquid was removed, and the grid was allowed to dry. Pictures were taken using 
a JEOL-2200FS transmission electron microscope.

Toxicity of SiNPs in human PBMCs

Ex vivo toxicity of SiNPs was assessed as described by Blersch et al.33 Briefly, PBMCs were isolated by 
density gradient centrifugation. Subsequently 60,000 PBMCs/well were incubated with different SiNPs in 
different concentrations for 4 h. For the last 30 min, propidium iodide (PI) in a concentration of 5 µg/ml 
was added. Afterward, cells were washed with PBS containing 1% FBS, fixed with 4% paraformaldehyde 
(PFA) for 15 min, and analyzed by high-content imaging. For data presentation, the mean of 16 image fields 
for each condition and a four-parametric logistic regression was calculated.

Cell lines

The DC2.4 cell line34 was supplied by K. Rock (Dana-Farber Cancer Institute) and was maintained in 
RPMI-1640 medium (Gibco) supplemented with 10% FCS (Gibco), 1% penicillin/streptomycin (Sigma- 
Aldrich), 1% non-essential amino acid solution (Gibco), 2 mM L-glutamine (Thermo Scientific), 10 mM 
HEPES buffer (Gibco), and 54 µM β-mercaptoethanol (Gibco). THP1 cells were purchased from ATCC
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(ATCC no. TIB-202) and were maintained in RPMI-1640 medium supplemented with 10% FCS, 1% 
penicillin/streptomycin, 2 mM L-glutamine, 10 mM HEPES buffer, 1 mM sodium pyruvate (Corning), 
and 50 µM β-mercaptoethanol. C33A and CaSki cells were purchased from ATCC (ATCC no. HTB-31 
and CRL-1550) and were maintained in DMEM (Sigma) supplemented with 10% FCS, 1% penicillin/ 
streptomycin, and 2 mM L-glutamine. PAP-A2 cells were generated in the Riemer lab.35 They express tagged 
versions of the HPV16 proteins E6 and E7 and are syngeneic to A2.DR1 mice. PAP-A2 cells were cultured in 
DMEM supplemented with 10% FCS, 10 mM HEPES buffer, 50 µM β-mercaptoethanol, 2 mM L-glutamine, 
1 mM sodium pyruvate, and 2 µg/ml puromycin (Sigma).

SIINFEKL presentation assay

DC2.4 was incubated in flat-bottom 96-well plates with indicated SiNP constructs containing 100 µg/ml 
SiNPs and 1.25 µM SIINFEKL for 6–48 h. After incubation, medium was taken off, wells were washed once 
with PBS, and cells were harvested using Trypsin/EDTA (Sigma-Aldrich). Subsequently, Fc receptors were 
blocked with anti-CD16/CD32 blocking antibody (BD Biosciences) at a concentration of 10 µg/ml for 
10 min at 4°C. Fc-blocking solution was discarded after centrifugation, and ZombieAqua (Biolegend, 1:200) 
for dead cell exclusion and anti-SIINFEKL/H-2Kb AB conjugated to PE-Cy7 (clone 25-D1.16, Invitrogen, 
1:100) was added in PBS with 0.1% BSA, and cells were incubated for 30 min at 4°C. Samples were washed 
three times with PBS with 0.1% BSA. Stained samples were analyzed on a BD FACSCanto II flow cytometer.

THP-1 presentation assay

2 × 107 THP-1 cells were treated with SiNP solution containing 100 µg/ml SiNPs and 1.25 µM 
YMLDLQPET (HPV16 E7/11–19) for 2 h. Afterward, cells were washed twice with PBS and incubated 
for another 4 h until they were harvested and frozen for subsequent immunopeptidomics analysis.

Immunoprecipitation of HLA-displayed peptides and LC-MS

Immunoprecipitation of HLA-displayed peptides and mass spectrometric analysis was performed as 
described previously.36,37 Cell pellets were lysed, and HLA:peptide complexes were immunoprecipitated 
using a pan-HLA class I monoclonal antibody (clone W6/32) crosslinked to Protein A Sepharose 4B beads 
(Invitrogen) in 96-well format. Peptides were desalted using SepPak tC18 plates (Waters) with an additional 
forced oxidation step. Peptide elution was performed with 28% ACN, and samples were dried by vacuum 
centrifugation. For MS analysis, samples were dissolved in 10.5 µL 5% ACN, 0.1% TFA spiked with 50 fmol 
Pierce Peptide Retention Time Calibration Mixture (Thermo Fisher Scientific). Samples were analyzed 
using an UltiMate 3000 RSLCnano system coupled to an Orbitrap Exploris 480 (Thermo Fisher Scientific). 
For chromatographic separation, peptides were first loaded onto a trapping cartridge (Acclaim PepMap 100 
C18 μ-Precolumn, 5 μm, 300 μm i.d. × 5 mm, 100 Å; Thermo Fisher Scientific) and then eluted and 
separated using a nanoEase M/Z Peptide BEH C18 130A 1.7 µm, 75 µm × 200 mm (Waters). MS raw data 
were analyzed with the Skyline software. Data visualization was performed using in-house developed 
R scripts.

MS1 data were recorded with a resolution of 120,000 at 200 m/z with 3 × 106 AGC target and 25 ms 
maximum IT. MS2 data were acquired with PRM scans using a resolution of at least 120,000 at 200 m/z. The 
normalized AGC target was set to 1000% (or 1 × 106) and 25 ms maximum IT. The dynamic RT feature 
using the PRTC mixture was active.

LC-MS data were analyzed using Skyline software.38 Transitions were extracted in centroided mode with 
6 ppm mass tolerance. Detected peaks were manually curated to exclude transitions not adhering to the 
peak indicated by dominant transitions and to adjust integration boundaries accordingly. The normalized 
spectral contrast angle (NSA)39 was used to determine the similarity of the acquired signal to the synthetic 
reference and a threshold of 0.85 was required to confirm detection. Data visualization was performed using 
in-house developed R scripts.40
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Immunofluorescence

DC2.4 cells were incubated on coverslips in 24-well plates with indicated SiNP constructs in a concentration 
of 50 µg/ml SiNP and 1 µg/ml epitope in 300 µl medium/well for 1–8 h. 1 h before the end of incubation, 
10 µl lysotracker red (Invitrogen) was added to a final concentration of 0.1 µM/well. At the end of 
incubation, cells were washed three times with PBS and fixed with 300 µl of 4% PFA in PBS by incubation 
for 10 min at RT in the dark. Afterward, cells were washed thrice with PBS, stained for DAPI with 10 µl 
antifade reagent (Invitrogen) and sealed after 24 h with clear nail varnish. Confocal microscopy was 
performed with a Zeiss LSM 710 ConfoCor 3 and pictures taken with the 63x objective.

Animals

Adult female Wistar rats (200–250 g) were purchased from Janvier Labs (Le Genest-Saint-Isle, France). 
Vaccination experiments using 6–8 week old female C57BL/6 mice were performed at Charles River 
Laboratories (Freiburg, Germany), where they were kept under specific pathogen-free conditions. A2.DR1 
mice were provided by the Institut Pasteur41–44 and bred in-house under specific pathogen-free conditions. For 
experiments, age-matched groups of 6–20 week-old female mice were used. All national and institutional guide
lines were followed and experiments were approved by Regierungspräsidium Karlsruhe (approval numbers 
G143/18, G189/18, and G199/21). We have adhered to ARRIVE guidelines on reporting of animal in vivo 
experiments.

DC activation assay

Single-cell suspensions from spleens of C57BL/6 and A2.DR1 mice were prepared as previously described 
by Autenrieth et al.45 3 × 106 splenocytes were seeded in 12-well plates in RPMI-1640 medium supple
mented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin/streptomycin, 50 μM 2-mercaptoethanol, 
1 mM sodium pyruvate, 10 mM HEPES buffer, and 1× non-essential amino acids and incubated for 6 h with 
indicated constructs in a concentration of 100 µg/ml SiNP, 2.5 µg/ml poly(I:C) (VacciGrade™, Invivogen) 
and/or 1.25 µM epitope. Afterward, cells were harvested using Accutase (Merck). Cells were washed once 
with PBS and stained with Zombie NIR (BioLegend, 1:2000) for 1 h at 4°C. Cells were washed once with Cell 
Staining Buffer (Biolegend) and then incubated with hybridoma supernatant from 2.4G2 cell line producing 
anti-FcgRII/III mAb at 4°C for 10 min to avoid unspecific antibody binding. This was followed by 
extracellular staining for 1 h at 4°C using antibodies listed in Table 1 in a final volume of 100 µl. Cells 
were washed once with Cell Staining Buffer containing tandem stabilizer (BioLegend), and at least 1.5x106 

cells were acquired using an Aurora flow cytometer (Cytek Bioscience) with the SpectroFlow software. 
Unmixing was performed in SpectroFlow using cell- or bead-based single-stain controls and unstained cells 
for autofluorescence subtraction. Data analysis was performed in OMIQ software (Dotmatics). Splenocytes 
were gated for single, live CD45+ leukocytes. Afterward, B cells, T cells, NK cells, and granulocytes were 
excluded using the markers CD19, CD3, NK1.1, and Ly6G, respectively. Next, plasmacytoid dendritic cells 
(pDCs), conventional dendritic cells (cDCs), and monocytes were discriminated using PDCA-1, CD11c, 
and Ly6C (pDCs: PDCA-1+; cDCs: CD11c+, Ly6C−; monocytes: CD11c−, Ly6C+). cDCs were further 
divided into pre-cDCs (MHC IIlow) and mature cDCs (MHC IIhigh). Mature cDCs were then split into 
cDC1s (XCR1+, CD172a−) and cDC2s (XCR1−, CD172a+). Finally, inflammatory cDC2s (inf-cDC2) were 
discriminated from other cDC2 by the expression of FcεR1α. Activation was assessed by staining for CD40 
and CD86.

Radiolabeling and whole-body distribution of SiNP

Radiolabeling was performed using D-tyrosine-modified peptide KKK-W-Cit-yE7/11–19 as described 
previously for other peptide therapeutics by Uhl et al.46 For loading of SiNPs with radiolabeled peptide, 
the peptide was incubated with 25 µl of a SiNP stock solution with a concentration of 50 mg/ml and 
vortexed for 60 sec. To determine the whole-body distribution, Wistar rats were anaesthetized by isoflurane 
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inhalation, and 100 µl of the free radiolabeled peptide or the SiNP-loaded radiolabeled peptide was
administered by s.c. injection into the neck fold of one animal each. Scintigraphic images were recorded 
at different time points by a γ-camera.

Vaccination

C57BL/6 mice and A2.DR1 mice were injected s.c. with 100 µl of the indicated SiNPs or control solutions in 
combination with 50 µg of poly(I:C). All solutions were injected s.c. into the flank of the mice (contralateral 
flank in tumor-bearing mice). The specific vaccination schedules as well as the number of mice used per 
group are indicated in the respective figures. Group sizes were determined a priori together with the DKFZ 
biostatistics department.

Splenocyte isolation and intracellular cytokine staining

Vaccinated mice were sacrificed 7 days after the last injection by CO2 inhalation and subsequent cervical 
dislocation and their spleens were aseptically removed. Spleens were minced with a scalpel, and splenocytes 
were separated through a 70 µm cell strainer. Red blood cells were lysed with ACK buffer (ammonium- 
chloride-potassium). 2 × 106 splenocytes were stimulated with PMA/Ionomycin (pos. ctrl.), irrelevant 
peptide (neg. ctrl./background), and cognate peptide, respectively, in the presence of GolgiStop (BD 
Biosciences) and GolgiPlug (BD Biosciences) in U-bottom 96-well plates for 5 h at 37°C and 5% CO2. 
After incubation, extracellular staining was performed against CD3 (clone 145-2C11, BD Biosciences, 
1:100), CD19 (clone 6D5, Thermo Fisher Scientific, 1:100), CD4 (clone RM4–5, BD Biosciences, 1:200), 
CD8 (clone KT15, Santa Cruz Biotechnology, 1:100) combined with ZombieAqua live/dead stain 
(Biolegend, 1:200). Cells were permeabilized using the BD Cytofix/Cytoperm kit (BD Biosciences) accord
ing to the manufacturer’s instructions and afterward stained against IFNγ (XMG1.2, BD Biosciences, 1:200). 
Cells were analyzed on a BD FACSCanto II flow cytometer. Data were analyzed with FlowJo. Splenocytes 
were gated for single, live cells. Afterward, CD3+ CD8+ T cells were analyzed regarding IFNγ production.

Tumor inoculation

PAP-A2 cells were harvested and washed thrice with PBS. 1.5 × 106 cells per mouse were taken up in 50 µl of 
PBS, and 50 µl of matrigel matrix was added. The resulting solution was injected s.c. into the flank of the 
mouse on day 0. Tumor growth was measured, with the experimenter being blinded to group allocation, 
with digital calipers at least twice a week, and tumor volume was calculated according to the formula v = 4/ 
3π(0.5*length)*(0.5*width)2. Due to the vaccination starting early after tumor implantation, measurement 
of tumor size before the first vaccination was not possible. For this reason, mice were distributed into groups 
based only on their age and familial relationships, and not on the tumor size. Mice not forming a tumor or 

Table 1. Antibodies used for DC activation assay.
Marker Fluorochrome Company Clone Final conc.

CD40 BUV737 BD Bioscience 3/23 5 µg/ml
Ly6G Pacific Blue BioLegend 1A8 0.625 µg/ml
CD86 BV480 BD Bioscience PO3 5 µg/ml
CD19 BV510 BioLegend 6D5 0.625 µg/ml
NK1.1 BV510 BioLegend PK136 2.5 µg/ml
CD317 (PDCA-1) BV650 BioLegend 927 0.42 µg/ml
CD64 BV711 BioLegend X54–5/7.1 2.5 µg/ml
FcεR1α BV750 BD Bioscience MAR-1 1.25 µg/ml
CD11c PE/Fire640 BioLegend QA18A72 0.17 µg/ml
CD3 PE/Fire700 BioLegend 17A2 0.625 µg/ml
MHCII PE/Fire810 BioLegend M5/114.15.2 0.2 µg/ml
HLA-DR PE/Fire810 BioLegend L243 0.08 µg/ml
CD172a APC BioLegend P84 1 µg/ml
XCR1 AF647 BioLegend ZET 2.1 µg/ml
Ly6C APC/Cy7 BioLegend HK1.4 0.17 µg/ml
CD45 APC/Fire810 BioLegend 30-F11 0.42 µg/ml
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sacrificed due to vaccination complications were censored in the analysis. Mice were sacrificed by CO2
inhalation and subsequent cervical dislocation once a tumor volume of 1000 mm3 was exceeded or at signs 

of distress.

Statistics

GraphPad Prism 8 was used for statistical analyses. The specific statistical parameters and the statistical tests 
used are indicated in the figure legends.

Results

Silica nanoparticles need surface functionalization for tolerability

Amorphous, spherical SiNPs were synthesized via the conventional Stöber process through ammonia- 
catalyzed hydrolysis of tetraethyl orthosilicate (TEOS) in water.32 We compared uncoated SiNPs displaying 
hydroxyl groups (−OH) on their surface with surface-functionalized SiNPs using thiolation (−SH), arginy
lation (−Arg), or phosphorylation (−PO3H2) (Figure 1A). Synthesis via the Stöber process ensured the 
generation of monodisperse particles (Figure 1B) with polydispersity indices (PDI) of around 0.1, as 
determined via dynamic light scattering (Figure 1C and Supplementary Figure S1). This was independent 
of the particle size, which we chose to range between 20 nm and 40 nm in diameter (Figure 1B,C). Although 
silica particles can be produced in various sizes up to the µm range, we focused on a size that is ideal for 
transport through lymphatics and uptake by APCs.47,48 Potential toxicity of SiNPs was assessed ex vivo by 
determining the fraction of dead cells upon treatment of human peripheral blood mononuclear cells 
(PBMCs) with increasing concentrations of uncoated vs. surface-functionalized (in this case arginylated) 
SiNPs. Arginylated SiNPs were well tolerated at all concentrations tested (0–1,000 µg/ml), while treatment 
with uncoated SiNPs at a concentration of 125 µg/ml or higher resulted in severe toxicity with up to 100% 
cell death (Figure 1D). These results indicate that surface functionalization can abolish the toxic effects of 
uncoated SiNPs – an aspect that has important implications for de-risking of SiNP applications and needs to 
be considered in the context of safe-by-design criteria.49 For this reason, uncoated SiNPs were excluded 
from further analyses.

Choice of surface functionalization, solubilizer, and linker affect epitope presentation

We next studied the SiNP epitope-loading capacity as well as uptake, processing, and surface presentation of 
loaded epitopes in vitro. We synthesized SiNPs with various surface functionalizations, solubilizers, and 
linkers, through which the epitope of interest was loaded onto the SiNP (Figure 2A). Dynamic light 
scattering revealed that SiNP-epitope solutions were stable in regard to particle size and PDI as long as 
the peptide load accounted for less than 7%w/w (Figure 2B,C).

To assess the effects of SiNP surface functionalization on epitope release from the particle and APC 
surface presentation on MHC molecules, the murine dendritic cell line DC2.4 was incubated with SiNPs, to 
which the H-2Kb-restricted Ovalbumin (OVA) epitope SIINFEKL was either adsorptively (SiNP-PO3H2~) 
or covalently (SiNP-SH=) bound. While it was possible to attach the epitope directly to the SiNP via 
adsorption, covalent attachment of SiNP and epitope necessitated a chemical compound on the epitope 
(methiopropamine, MPA) capable of covalently binding to the thiol groups on the SiNPs. In addition, 
a spacer sequence ((EGG)3-EW-Cit) was integrated to facilitate accessibility of the cleavage site. Flow 
cytometric analysis of H-2Kb surface-presented SIINFEKL showed that adsorptively bound epitope was 
released from the SiNP efficiently in DC2.4 cells, leading to significant MHC presentation. In fact, it was 
found to be presented on the cell surface in an almost equal measure compared to cells pulsed with free 
SIINFEKL (Figure 2D,E and Supplementary Figure S2). In contrast, no H-2Kb-presented SIINFEKL was 
detected on cells incubated with the epitope covalently linked to SiNPs, indicating no or very inefficient 
release from the particle. Interestingly, also cells incubated with the free epitope bound to MPA and the 
spacer were found to present SIINFEKL to a lesser extent compared to cells incubated with free unmodified 
epitope, suggesting improper cleavage of the epitope from its spacer. The difference in epitope presentation 
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between adsorptive attachment and covalent conjugation to the SiNP was found to be highly statistically
significant. Subsequent analyses therefore focused on phosphorylated and arginylated SiNPs, which allow 
loading of epitopes through adsorptive bonds.

To further optimize epitope processing and presentation, the cleavable linker tryptophan-citrullin 
(W-Cit) as well as two different solubilizers, consisting of either three consecutive lysines (KKK) or one 
arginine (R), were introduced, either N- or C-terminally of the epitope. In addition, we tested N- and 
C-terminal elongations of the SIINFEKL minimal epitope using the amino acids TE representing the natural 
sequence of the OVA protein C-terminally of SIINFEKL. Incubation of DC2.4 cells with the different 
constructs and subsequent flow cytometric analysis showed that incubation with the SIINFEKL minimal 
epitope N-terminally linked either directly to phosphorylated or arginylated SiNPs or through the KKK-W- 
Cit or R-W-Cit solubilizer/linker combination resulted in similar fluorescence intensities as compared to 
pulsing of cells with free SIINFEKL (Figure 2F), indicating proper release, processing, and surface 
presentation.

Figure 1. Physicochemical characterization and cytotoxicity assessment of SiNPs. (A) Schematic representation of the 
chemical structure of the amorphous SiNP core and its optional surface functionalizations. (B) Representative transmission 
electron microscopy (TME) images of SiNPs with diameters of 40 nm (top) and 25 nm (bottom). (C) Summary of 
physicochemical characteristics of SiNPs with different surface functionalizations, including size and polydispersity index 
(PDI). (D) Toxicity analysis of uncoated (−OH) and arginylated (−Arg) SiNPs on PBMCs as assessed by propidium iodide (PI) 
staining.
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Figure 2. Optimization of SiNP-epitope constructs using different surface functionalizations and solubilizers. (A) Schematic 
representation of entire SiNP constructs, either using adsorptive (top) or covalent bonds (bottom). (B) SiNP size (Z-average; 
nm) with increasing peptide load, determined by dynamic light scattering (DLS). (C) Polydispersity index (PDI) of the SINP
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In contrast, incubation with the minimal epitope SIINFEKL, C-terminally connected to the linker 
or with C-terminally elongated epitopes (irrespective of the linker being N- or C-terminally placed), 
resulted in strongly reduced surface presentation compared to pulsing of cells with free SIINFEKL, 
while N-terminal elongation alone did not affect surface presentation as much. In addition, usage of 
the minimal epitope was clearly superior to the application of a synthetic long peptide (SLP) or the 
whole protein sequence (OVA), which both did not lead to SIINFEKL surface presentation. No 
difference was observed between treatment with free or SiNP-bound epitope, emphasizing that the 
SiNP itself does not negatively affect epitope processing and surface presentation, as long as the 
epitope is adsorptively attached to the particle and a proper cleavage site for release of the epitope is 
present.

Binding of epitope to SiNPs via the KKK-W-Cit solubilizer/linker combination decelerates excretion 
and promotes uptake by APCs

After confirming the ability of SiNP constructs to lead to surface MHC presentation of epitopes on 
antigen-presenting cells (APCs) in vitro, the in vivo whole-body distribution was examined in Wistar 
rats. After subcutaneous (s.c.) injection, isotope-labeled free epitope was cleared from the injection 
site within less than 4 h (Figure 3A, left). In contrast, epitope bound to arginylated SiNPs via the 
KKK-W-Cit solubilizer/linker combination was still detectable at the injection site even 4 h after 
injection (Figure 3A, right), suggesting that the attachment to SiNPs slowed down local clearance and 
thus may increase the chance of uptake by APCs. Eventually, the epitope was detected in the kidneys, 
suggesting renal excretion (Figure 3A).

For a more detailed assessment of the dynamics of SiNP uptake by APCs, DC2.4 cells treated with 
different fluorescently labeled SiNP-epitope constructs were monitored over time by confocal micro
scopy. While cells treated with SIINFEKL attached directly or via the R solubilizer to arginylated 
SiNPs showed only moderate presence of the epitope inside the cells, stronger signals were detected 
upon treatment with SIINFEKL attached via the KKK solubilizer (Figure 3B). While SiNPs were 
almost exclusively co-localized with lysosomes, the epitope was also detected outside of those 
compartments (Figure 3B), supporting the previous observations that the epitope was cleaved off 
efficiently, and was successfully released into the cytosol. Monitoring of SiNP-Arg~KKK-W-Cit- 
SIINFEKL-treated cells over time showed continuous uptake of SiNP and epitope (Figure 3C). After 
6–8 h, maximal uptake was reached, correlating with a maximum of epitope presentation on the cell 
surface (Supplementary Figure S2).

The SiNP platform can be applied as carrier for various vaccine antigens

After demonstrating the ability of SiNPs to load and transport the model epitope SIINFEKL, we 
aimed at confirming the applicability of the SiNP platform in a clinically more relevant system, using 
the HPV16-derived HLA-A2-restricted epitope YMLDLQPET (E7/11–19). Previous studies have 
demonstrated that this epitope is surface-presented on HPV16-positive cervical cancer cells24,50 and 
is capable of inducing specific CD8+ T cell responses in MHC-humanized mice.35 Furthermore, the 
application of YMLDLQPET-specific CD8+ T cells has already shown success in the clinic.51 To assess 
the uptake, processing, and surface presentation of the YMLDLQPET epitope linked to SiNPs in vitro, 
the human monocytic and HLA-A2-expressing cell line THP-1 was treated with SiNP-Arg~KKK-W- 
Cit-YMLDLQPET (Figure 4A) and was subsequently analyzed using mass spectrometry-based 

solution with increasing peptide load, determined by DLS. (D-F) Flow cytometric analysis of surface presentation of 
SIINFEKL on H-2Kb molecules on DC2.4 cells. MFI = median fluorescence intensity. (D) Quantitative analysis and (E) 
representative histograms of SIINFEKL surface presentation upon treatment with indicated constructs. VSYNYFARL repre
sents a negative control peptide. Statistical analysis was performed using unpaired two-tailed t tests. ****p < 0.0001. (F) 
SIINFEKL surface presentation of indicated peptides, administered either as free peptides (gray) or attached to phosphory
lated (blue) or arginylated (green) SiNPs. SLP represents the ovalbumin (OVA)-derived SIINFEKL-containing synthetic long 
peptide OVA24 (OVA/248-265A5K; DEVSGLEQLESIINFEKLAAAAAK).
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Figure 3. SiNP-epitope whole-body distribution and uptake by APCs. (A) Scintigraphic images displaying the in vivo whole- 
body distribution of free (left) and SiNP-bound isotope-labeled epitope (right) upon s.c. injection in Wistar rats (n = 1/ 
condition) over time. Organs (right bottom) were analyzed 1 h after SiNP-bound epitope injection. (B-C) Confocal images of 
DC2.4 cells incubated with indicated fluorescently labeled SiNP-epitope constructs (SiNP-FITC (green), SIINFEKL-Cy5 (cyan)). 
After incubation, cells were stained with DAPI (blue) and lysotracker (red) for nucleus and lysosome detection, respectively. 
Scale bars, 20 µm. (B) Comparison of three constructs after 8 h incubation. (C) Monitoring of SiNP-Arg~KKKW-Cit-SIINFEKL- 
treated DC2.4 cells over the course of 8 h.
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immunopeptidomics. Analysis of epitopes extracted from HLA molecules confirmed successful surface 
presentation of YMLDLQPET on THP-1 cells upon treatment with epitope-loaded SiNPs, while 
untreated THP-1 cells did not present this epitope on their cell surface (Figure 4B,C), indicating 
that THP-1 cells successfully took up the SiNP constructs and were able to cleave off and present the 
HPV16 E7-derived epitope on their cell surface.

Figure 3. (Continued).
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Poly(I:C)-loaded SiNPs activate dendritic cell subsets capable of CD8+ T cell priming

While epitope presentation on MHC molecules represents the basic prerequisite for priming of a T cell 
response, the phenotype of the APCs and their expression of co-stimulatory molecules have a major impact 
on the fate of the T cell. We therefore assessed the effect of the different components of our therapeutic 
vaccine constructs – the epitope, the adjuvant poly(I:C) and SiNPs – alone as well as in different combina
tions ex vivo on conventional dendritic cells (cDCs) from spleens of C57BL/6 as well as A2.DR1 mice. While
C57BL/6 mice express the murine MHC molecules H-2Db, H-2Kb and I-Ab (Figure 5A) and can therefore 
bind and present the OVA-derived H-2Kb-restricted CD8+ T cell epitope SIINFEKL, A2.DR1 mice are 
MHC-humanized, i.e. they are knocked out for all murine MHC class-I and class-II alleles,42 and instead 
express HLA-DR1 and the HHD molecule, which comprises the α1 and α2 subunits of HLA-A*02:01  

Figure 4. In vitro HLA-presentation of the HPV16 E7-derived epitope YMLDLQPET on a human APC cell line after incubation 
with epitope-loaded SiNPs. (A) Schematic representation of the SiNP construct including the clinically relevant epitope 
YMLDLQPET, derived from the HPV16 E7 oncoprotein. (B) Detection overview of different epitopes (columns) tested for 
surface presentation on different cell lines/treatments (rows). The color refers to the normalized spectral angle (NSA) as 
a measure of similarity between the acquired spectra for reference peptide and sample, and thus of the likelihood of 
detection. Red dots mark successful epitope detections. (C) Extracted ion chromatograms (XICs) for the epitope YMLDLQPET 
for each cell line/treatment tested, comparing the sample (top) with the corresponding stable isotope-labeled synthetic 
assay-external reference (bottom). Corresponding ion fragment patterns of both XICs indicate detection of YMLDLQPET on 
the cell line tested, red lettering indicates sequence coverage of the detected peptide.
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Figure 5. Ex vivo activation of conventional dendritic cells by SiNP constructs. (A) Schematic representation of the murine 
MHC molecules H-2Db, H-2Kb and I-Ab expressed by C57BL/6 mice. (B) Schematic representation of the MHC molecules of 
A2.DR1 mice, expressing the HHD molecule (H-2Db α3 chain with HLA-A2 α1 and α2 chains, covalently linked to human β2 

m) and HLA-DR1. Splenocytes of the two mouse strains were incubated ex vivo with different constructs and subsequently
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(Figure 5B).41,43,44 Thus, these mice can present HLA-A2- and HLA-DR1-restricted epitopes, such as the 
HPV16 E7-derived HLA-A2-restricted CD8+ T cell epitope YMLDLQPET.

The composition of the cDC compartment, consisting of cDC1, cDC2, and inflammatory cDC2 (inf- 
cDC2), was not markedly affected by any of the tested vaccine components and combinations when tested 
in C57BL/6-derived cells (Figure 5C). However, treatment of A2.DR1-derived cells with poly (I:C)-loaded 
SiNPs resulted in a distinct expansion of the cDC1 and inf-cDC2 subsets compared to untreated cells 
(Figure 5D), representing the two cDC subsets capable of cross-presentation and priming of CD8+ T cells.

Assessment of the activation markers CD40 and CD86, important co-stimulatory molecules for efficient 
T-cell priming, showed that treatment with poly (I:C) and SiNPs alone, but especially when used in 
combination, resulted in an expansion of CD40- and CD86-expressing cDC1 from both C57BL/6 
(Figure 5E,G) and A2.DR1 mice (Figure 5F,H) compared to untreated cells. These results indicate activating 
as well as synergistic effects of these vaccine components, likely because SiNP coupling facilitates intracel
lular uptake of the TLR3 agonist poly(I:C). In contrast, incubation with the epitope alone did not affect the 
activation status of cDC1, emphasizing the necessity of administering the epitope in combination with 
a vaccine delivery system for proper DC targeting.

Similarly, poly(I:C)-loaded SiNPs (with and without the epitope) resulted in an expansion of CD40- and 
CD86-expressing cDC2 and inf-cDC2 (Supplementary Figure S3), which was particularly evident in A2. 
DR1-derived cells. However, while poly(I:C) alone already resulted in a slight increase in CD40- and CD86- 
positive cDC1, this effect was not observed in cDC2 and inf-cDC2. Instead, these cDC subsets were rather 
affected by the SiNPs, suggesting that the SiNPs themselves already provide adjuvant effects in these cell 
subsets.

SiNP vaccination induces epitope-specific cytotoxic CD8+ T cells

Next, we investigated whether different SiNP constructs were capable of inducing immune responses 
specific for the loaded epitope in vivo, using both the OVA as well as the HPV16 model systems.

First, C57BL/6 mice were vaccinated (Figure 6A) with free SIINFEKL or with SIINFEKL bound to 
25 nm- or 40 nm-sized phosphorylated or arginylated SiNPs. As ex vivo combination treatment of DCs with 
SiNPs and the TLR3 agonist poly(I:C) had significantly increased the proportion of activated cDCs capable 
of CD8+ T cell priming (as demonstrated in Figure 5), and previous experiments had shown that addition of 
poly(I:C) as adjuvant was essential for induction of CD8+ T cell responses in vivo (data not shown), poly(I:C) 
was included in all vaccine formulations tested in this study. After three vaccinations, splenocytes from 
vaccinated mice were isolated and in vitro re-stimulated with SIINFEKL, and IFNγ production by CD8+ 

T cells was assessed through flow cytometry as a measure for the induction of an epitope-specific immune 
response (Figure 6B). Vaccination with SiNP-bound SIINFEKL resulted in the induction of approximately 
0.5–1% epitope-specific CD8+ T cells among all splenic CD8+ T cells, while hardly any epitope-specific CD8+ 

T cells were detected upon administration of free SIINFEKL (Figure 6B,C). Comparison of different SiNP sizes 
and surface functionalizations did not show any significant differences, mirroring the in vitro data that 
demonstrated the equivalence of phosphorylation and arginylation for epitope binding. Also, administration 
of different epitope doses ranging from 12.5 to 50 nmol resulted in comparable epitope-specific CD8+ T cell 
frequencies (Supplementary Figure S4).

To confirm these results in a more clinically relevant model system, we used MHC-humanized A2.DR1 
mice, presenting HLA-A2- and HLA-DR1-restricted epitopes. These mice were vaccinated with the HPV16 
E7-derived HLA-A2-restricted epitope YMLDLQPET (Figure 6D). Also in this mouse model, we observed 

analyzed via flow cytometry. (C-D) Ratio of cDC1, cDC2 and inf-cDC2 subsets among all cDCs in C57BL/6 (C) and A2.DR1 
mice (D) upon incubation with indicated constructs. (E-F) Flow cytometry plots of indicated experimental groups showing 
CD40 and CD86 activation marker expression by the cDC1 subset in C57BL/6 (E) and A2.DR1 mice (F). (G-H) Quantitative 
analysis of CD40 (left) and CD86 (right) expression by cDC1s in C57BL/6 (G) and A2.DR1 mice (H) upon incubation with 
indicated constructs. Statistical analysis of the different experimental groups compared to the untreated control group was 
performed using unpaired two-tailed t tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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a trend toward higher frequencies of epitope-specific CD8+ T cells when the epitope was attached to SiNPs, 
compared to free epitope (Figure 6E,F). As, again, results from using different surface functionalizations 
and/or solubilizers were highly similar, manufacturing reasons decided for arginylated SiNPs, with epitope 
attachment via the KKK-W-Cit solubilizer/linker combination as the final SiNP construct to be tested 
further.

Therapeutic vaccination with SiNP-YMLDLQPET constructs can eliminate HPV16 E6/E7-positive 
tumors

To assess if the observed SiNP-epitope vaccination-induced immune responses were capable of promoting 
tumor control, YMLDLQPET-loaded SiNPs were administered to A2.DR1 mice bearing tumors formed by 
the syngeneic HPV16 E6/E7-positive tumor cell line PAP-A2 (Figure 7A).35 Immunopeptidomic analysis of 

Figure 6. Induction of specific CD8+ T cells by SiNP constructs in vivo. (A) Schematic of the experimental setup. C57BL/6 
mice were vaccinated three times s.c. on day 0, 7, and 14 with SIINFEKL-containing constructs including poly(I:C) as 
adjuvant. Splenocytes were isolated and analyzed on day 21. n = 5 mice/group. (B) Representative FACS plots showing IFNγ 
production of CD8+ T cells isolated from the spleen upon re-stimulation with SIINFEKL. (C) Quantitative analysis of IFNγ 
production of CD8+ T cells isolated from the spleens upon re-stimulation with SIINFEKL. Statistical analysis was performed 
using unpaired, two-tailed Mann-Whitney tests. **p < 0.01. (D) Schematic of the experimental setup. A2.DR1 mice were 
vaccinated three times s.c. on day 0, 7, and 14 with YMLDLQPET (HPV16 E7/11–19)-containing constructs including poly(I:C) 
as adjuvant. Splenocytes were isolated and analyzed on day 21. n = 6 mice/group. (E) Representative FACS plots showing 
IFNγ production of CD8+ T cells isolated from the spleen upon re-stimulation with YMLDLQPET. (F) Quantitative analysis of 
IFNγ production of CD8+ T cells isolated from the spleens upon re-stimulation with YMLDLQPET.
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PAP-A2 cells proved the surface presentation of the target epitope YMLDLQPET on HHD (Supplementary 
Figure S5), confirming the cells’ principal susceptibility to immune attack by YMLDLQPET-specific CD8+ 

T cells. Vaccination of mice with free epitope (either with or without the solubilizer/linker KKK-W-Cit) 
resulted in survival rates of approximately 10%, similar to untreated mice or mice vaccinated with SiNPs 
loaded only with the adjuvant poly (I:C) (Figure 7B,C). In contrast, vaccination of tumor-bearing mice with 
the SiNP-Arg~KKK-W-Cit-YMLDLQPET and poly(I:C) formulation resulted in complete tumor regres
sion (CR) in 5 out of 9 mice (overall survival rate of 55.6%), while vaccination with the SiNP construct
without the solubilizer/linker led to CR in 5 out of 10 mice (overall survival rate of 50%) (Figure 7B,C). 
Compared to the respective relevant control groups, vaccinated with the respective free epitope and poly(I: 

Figure 7. Therapeutic SiNP vaccination of A2.DR1 mice bearing HPV16 E6/E7-positive tumors. (A) Schematic of the 
experimental setup. A2.DR1 were injected s.c. with 1.5x106 HPV16 E6/E7-positive PAP-A2 tumor cells on day 0 (n = 12/ 
group) and vaccinated on day 4, 11, and 18 with indicated constructs. Tumor volume was monitored twice a week. (B) 
Cumulative survival curves of different treatment groups. Arrows indicate vaccination time points. Statistical analysis was 
performed using log-rank (Mantel Cox) test. *p < 0.05, **p < 0.01. (C). Individual tumor growth curves of uncensored mice 
by treatment. CR = complete response.
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C), and compared to the group vaccinated with poly(I:C)-loaded SiNPs only, these effects were found to be 
statistically significant. Interestingly, comparison to the untreated group, while being clearly discernible, 
was not found to be statistically significant.

Discussion

Therapeutic cancer vaccinations work by eliciting cellular immune responses against antigens that are 
specific to the tumor. To this end, these antigens need to be administered in a way that ensures efficient
uptake by APCs capable of activating CD8+ T cells. In the case of administering protein or peptide antigens, 
these APCs need to be capable of cross-presentation.52 To enhance antigen stability as well as uptake and 
presentation by APCs, various nanoparticle-based vaccine delivery systems are currently under 
investigation.7 Here, we present a novel nanoparticle-based vaccination platform that is suitable for various 
vaccine antigens. The platform is based on SiNPs, a material that provides several useful characteristics, 
such as a simple and cost-effective manufacturing process, stability at different conditions, and easily 
modifiable surfaces.18–20 For these reasons, SiNPs have already been widely used in the field of biomedicine, 
e.g. for drug delivery and biomedical imaging, as well as in other industries, such as advanced catalysis, 
environmental remediation, and water purification.53

SiNPs are overall considered to be safe and exhibit good biocompatibility, which has been proven in 
numerous studies on cell lines, animals, and humans.54 Nevertheless, several reports describe toxic effects of 
SiNPs in vitro and in vivo.18 Overall, it has been found that the toxicity strongly depends on different 
biochemical aspects of SiNPs, such as size, porosity, and surface chemistry.54 In this study, we showed that 
uncoated SiNPs, displaying hydroxyl groups on their surface, were indeed highly cell-toxic when incubated 
with PBMCs. However, surface functionalization (in our case using arginylation) abrogated this toxic effect 
and made the SiNPs well tolerable even at high concentrations. A more detailed assessment of the ex vivo 
toxicity of SiNPs has already been performed.33 Furthermore, regarding in vivo application, literature 
suggests that aqueous solutions and body fluids provide suitable conditions for amorphous SiNPs, as 
used in this study, to dissolve into silicic acid, which is excreted through the kidneys without accumulating 
in the body.55,56 These SiNPs therefore provide a good safety profile that is comparable to polymeric NPs 
which usually break down into by-products that are easily excreted from the body.57 In contrast, lipid NPs 
(LNPs) – although selectively approved for clinical use – are criticized for their potential toxicities due to the 
incorporation of ionizable lipids, that can induce inflammation and liver toxicity, as well as PEGylated 
lipids, to which an antibody response can be provoked upon repeated dosing.58,59 LNPs therefore raise 
overall more safety concerns than amorphous SiNPs, emphasizing the SiNPs’ suitability as therapeutic 
vaccine platform. Nevertheless, long-term assessment of in vivo biodistribution and toxicity of the SiNPs 
used in this study must be performed before this platform can be tested in humans.

While SiNPs can be generated in various sizes, studies have shown that the optimal particle size range for 
efficient entry into the lymphatic system as well as subsequent accumulation within lymph nodes lies 
between 10–100 nm, with particles at the lower end of this size range being particularly effective.47,48 This 
size promotes direct uptake of NPs by lymph node-resident DCs,60,61 representing the DC subpopulation 
most capable of cross-presenting the antigen for priming of CD8+ cytotoxic T cells.52 In comparison, 
smaller NPs rapidly exit the lymph nodes again into the bloodstream and are cleared from the body, while 
larger NPs show difficulties entering the lymphatic system at all and need to be actively transported by 
peripheral APCs.47,48 Based on this data, we decided to focus on SiNPs with diameters of 20–40 nm. 
Analysis of SiNP whole-body distribution suggested prolonged presence of SiNP-bound epitope at the 
injection site compared to free epitope, which would increase the chance of APC uptake and potentially 
facilitate a prolonged therapeutic effect. Unfortunately, it was not possible to visualize the presence of the 
SiNPs in the local lymph node due to the strong signal from the depot that formed at the injection site. 
Nevertheless, we further demonstrated induction of a CD8+ T cell response upon vaccination with SiNPs, 
indicating successful transport of the antigen to secondary lymphoid organs.

With the goal of providing a broadly applicable vaccine delivery platform, we evaluated different linker/ 
solubilizer sequences that would allow the attachment as well as release and processing of various peptides, 
independent of their biochemical characteristics. The cleavable linker W-Cit was chosen based on the work 
of Dubowchik et al.62 This sequence is likely targeted by the lysosomal cysteine protease cathepsin B, which 
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prefers amino acids with a large hydrophobic side chain in the P2 site of the peptide,63,64 in our case 
provided by tryptophan. Peptide release and MHC loading worked well with this linker, as shown by flow 
cytometric, microscopic as well as immunpeptidomic analyses, where surface presentation of the W-Cit- 
linked epitopes consistently peaked within a few hours after start of the incubation. Our data further 
emphasize the importance of a careful design of the peptide sequence: While attachment of the linker to the 
N-terminus of the minimal epitope was well processable, C-terminal elongation of the minimal epitope as 
well as C-terminal placement of the linker reduced surface presentation of the target epitope dramatically. 
These findings are in line with other literature suggesting that particularly the C-terminus of the epitope
needs to be precisely defined as it contains important anchor residues for stable binding to the MHC I peptide- 
binding groove,65,66 while the N-terminus can be trimmed later in the cytosol or endoplasmic reticulum by 
different peptidases if necessary.67 The simplest way to ensure generation of the correct epitope that can bind 
and be presented by MHC I molecules is therefore to reduce the necessity of cell-intrinsic processing to an 
absolute minimum, as previously shown by placing an HPV epitope at the C-terminal position of a protein in 
a CMV-based vaccine.68 We achieved this by directly using the minimal epitope, N-terminally connected to 
the SiNP through the W-Cit cleavable linker, producing considerably better results than using an SLP or whole 
protein sequence.

Apart from a cleavable linker, we further added a solubilizer sequence with the goal of increasing the 
water solubility of the attached peptide, allowing us to attach various peptides independent of their water 
solubility. Both sequences tested (KKK and R) consist of positively charged amino acids easily soluble in 
water. Addition of these amino acids therefore increases the total charge of the cargo peptide and 
consequently improves its water solubility, allowing for its attachment to SiNPs and preparation of an 
aqueous, DMSO-free solution for vaccination.

While the efficient cleavage and presentation of the epitope on MHC molecules on the APC’s surface 
represents the basic prerequisite for priming of a T cell response, provision of further co-stimulatory signals 
is necessary for proper T cell activation.69 Furthermore, the type of APC presenting the epitope can have 
a major impact on the fate of the activated T cell. The most prominent APC types involved in anti-tumor 
immunity are the cDC1 and inf-cDC2 subsets, both capable of cross-presenting antigens for priming of 
CD8+ T cells.70 Here, we showed that ex vivo treatment of splenocytes with our therapeutic vaccine 
construct, containing a CD8+ T cell epitope and the adjuvant poly(I:C) bound to SiNPs, resulted in the 
expansion and activation of exactly these cDC subsets. Interestingly, this effect was more pronounced in the 
A2.DR1 mouse strain, despite the common C57BL/6 background.

Finally, our in vivo studies, both in the OVA and the HPV model system, demonstrated that adminis
tration of the respective epitopes bound to SiNPs induced epitope-specific CD8+ T cell responses in the 
spleen. In the HPV setting, we also observed distinct anti-tumor effects. The HPV tumor model that we 
chose for our studies is based on PAP-A2 cells, which express the viral oncoproteins HPV16 E6 and E7 and 
are syngeneic to the A2.DR1 mouse strain, which expresses HLA-A2 and HLA-DR1.35 This allows testing of 
the HLA-A2-restricted HPV16 E7-derived epitope YMLDLQPET, a clinically highly relevant epitope, as 
administration of TCR-engineered T cells against it has already shown success in the clinic.51 While the 
chosen tumor model allows us to evaluate clinically relevant HLA-A2-retricted epitopes, which cannot be 
assessed by typically used fully murine HPV tumor models such as TC-1,71 epitopes restricted to other HLA 
supertypes cannot be tested in this mouse strain. Furthermore, the PAP-A2 tumor model is characterized by 
its aggressive tumor growth, making it challenging to achieve a high cure rate. Even when using the highly 
immunogenic amph-peptide vaccine platform, initially developed by Liu et al.,72 a cure rate of maximum 
50% was observed in a previous study using PAP-A2 tumor-bearing A2.DR1 mice.35 Using SiNPs, we here 
observed cure rates of 50–55%, demonstrating their comparability to the amph-peptide vaccine format in 
the PAP-A2 tumor model and overall stressing the effectivity of the SiNP vaccine platform. Despite these 
promising results, this study was limited to only one single minimal epitope (for each model system) as 
a proof of concept. A therapeutic vaccine containing only a single MHC I-binding epitope is, however, 
unlikely to achieve long-term therapeutic benefits due to immune evasion mechanisms, such as loss of 
heterozygosity of HLA-I alleles, and lack of CD4+ T cell help.73,74 Future studies should therefore focus on 
the suitability of SiNPs to load a set of MHC I- as well as MHC II-binding epitopes covering all major HLA 
supertypes, thereby creating a universally applicable vaccine. In addition, long-term immunogenicity as well 
as direct comparison to other vaccine platforms that are currently developed need to be assessed to fully 
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determine the potency of the SiNP platform as a therapeutic cancer vaccine. It is difficult to assess such 
differences from the available literature, as many factors extrinsic to the vaccine platform (such as 
physicochemical nature of the antigen, adjuvant, and importantly timing and number of booster immuni
zations) affect immune response durability.5

As no anti-tumor effects were observed in the groups receiving the respective antigen without SiNPs, our 
results emphasize the importance of a carrier system that facilitates safe transport of the vaccine to 
secondary lymphoid organs, improved uptake by APCs, and a prolonged therapeutic effect through 
reduction of the clearance rate. While the SiNP platform is designed to be used for a broad spectrum of
indications, our specific interest lies in the treatment of HPV-mediated malignancies. While this study 
confirmed the applicability of the SiNP platform for induction of systemic HPV16-directed cytotoxic T cell 
responses, it is important to consider that HPV naturally infects mucosal tissues in the anogenital and head 
and neck region.75 Future studies therefore need to focus on evaluating the suitability of SiNPs for induction 
of local immune responses at sites of natural infection. A number of therapeutic HPV16 vaccines are 
currently evaluated in clinical studies, but so far have shown only moderate efficacies.76,77 In most cases, the 
vaccines contained the whole (mutated) E7 protein sequence in the form of peptide or nucleic acids, either 
administered directly or incorporated into carrier systems, such as lipid nanoparticles or viral vectors.1,77,78 

These vaccine formulations often necessitate cold chain storage and delivery, which is difficult to provide 
especially in low-income countries, where the prevalence of HPV-mediated cancer is highest and 
a therapeutic vaccine consequently most needed.25 SiNPs are known for their stability at different tem
peratures, which we also confirmed in our own lab (data not shown). The presented vaccine platform may 
therefore provide a solution to these transport and storage challenges and could contribute to a therapeutic 
HPV vaccine with worldwide applicability, as set forward in the recently published preferred product 
characteristics (PPCs) for therapeutic HPV vaccines by the WHO.79

In conclusion, the presented SiNP vaccine delivery platform represents a safe, versatile, easy to produce 
and efficacious tool that holds great promise as a vaccine carrier for treatment of a variety of infectious and 
cancerous diseases, including HPV-associated malignancies.
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