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Abstract:

Silica-based materials have attracted considerable interest as vaccine adjuvants due
to their ability to potentiate immune responses. In this study, we evaluated the
immunogenicity and protective efficacy of heteromorphous mesoporous silicon
microparticles (MSMPs) as an adjuvant in the context of SARS-CoV-2 vaccination.
MSMPs conjugated with the S1 subunit of the spike protein (MSMPs-S1) elicited a
robust and sustained humoral immune response in BALB/c mice, comparable to that
induced by aluminum-based adjuvants. Following a booster dose, MSMPs-S1
significantly increased IgG2a titers and neutralizing antibody levels, surpassing
those observed with AI(OH)s-based formulations. In addition, MSMPs-S1 enhanced

cellular immunity, as reflected by higher IFN-y production in T cells relative to the
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aluminum-adjuvanted group. In k18-hACE2 transgenic mice, vaccination with
MSMPs-S1 conferred protection against a lethal SARS-CoV-2 challenge, resulting in
marked reductions in viral loads in both lung and brain tissues. In vitro, stimulation
of human peripheral blood mononuclear cells (PBMCs) with MSMPs-S1 increased
IFN-y production in T cells, particularly in the presence of dendritic cells.
Collectively, these findings support the potential of MSMPs as an effective adjuvant
capable of promoting both humoral and cellular immunity, with relevance for the

development of vaccines targeting emerging viral pathogens.
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Introduction:

The use of adjuvants in vaccine development is critical for eliciting strong and
sustained immune responses, particularly given the limited immunogenicity of
subunit antigens compared with whole pathogens [1]. Consequently, the
identification of new adjuvants that are both safe and effective has become a central
objective in vaccine research. Since 1925, only a limited number of adjuvant classes
have been approved for human use, most nctably aluminum hydroxide, each

presenting specific drawbacks that restrict their broader applicability [2].

The encapsulation of recombinant proteins in inorganic micro- and nanoparticles is
an emerging strategy, as these particles can activate antigen-presenting cells and
other immune cells while also being efficiently phagocytosed [3,4]. Mesoporous
silica microparticles (MSMPs), fabricated by the electrochemical etching of silicon
wafers, offer severa!l advantages over mesoporous silica nanoparticles (MSNs)
produced by other methods. Their pores can be engineered to be larger (ranging
from 2 to more than 250 nm), and they form heterogeneous populations of nano- and
microparticles that are biodegradable in physiological environments. These
properties make MSMPs low-toxicity carriers with high antigen-loading capacity and
controlled release. Their unique physicochemical characteristics allow versatile
chemical derivatization, while their ease of production, low cost, and scalability

make them promising innovative adjuvants with advantages over current options.

In previous studies [5], we demonstrated for the first time that bare MSMPs
containing silanol groups facilitate the loading of virus-specific class I-restricted
T-cell epitopes (CEFpp) onto human monocyte-derived dendritic cells (MoDCs), and
that enhanced viral peptide presentation correlates with a more efficient generation
of antiviral cytotoxic T lymphocyte (CTL) responses. This process, known as
cross-presentation, is essential for activating adaptive immunity against viral and

tumor antigens in vaccine development.



During the SARS-CoV-2 pandemic, vaccines played a crucial role in preventing
severe illness and death [6]. However, as observed with other coronaviruses in
different species, vaccine-induced protection wanes over time. Epidemiological
studies have shown that antibody levels decline after six months, increasing
susceptibility to reinfection and severe disease [7,8]. Moreover, T-cell responses
play a key role in resolving viral infection and, in the long term, in establishing
durable immune memory. Virus-specific memory CD8* T cells can persist for up to
six years after SARS-CoV infection, even when memory B cells and virus-specific

antibodies are no longer detectable [9].

Experience with other pathogenic coronaviruses, such as SARS-CoV and MERS-CoV,
has shown that effective protection requires vaccines to elicit not only strong
antibody responses but also robust cellular immunity, including virus-specific CD4+*
and CD8* memory T cells [10]. For example, memory CD8* T cells targeting an
immunodominant epitope protected aged mice from fatal SARS-CoV infection
through cytolytic mechanisms and the production of cytokines such as IFN-y, TNF-q,

and IL-2, dramatically reducing viral loads in the lungs [11].

In this work, we provide new evidence demonstrating the ability of MSMPs to induce
a specific, protective, and long-lasting immune response characterized by potent
cellular and humoral immunity with high neutralizing capacity against experimental
SARS-CoV-2 infection. Furthermore, we show that MSMPs enhance the stimulation
of human peripheral blood mononuciear cells (PBMCs) from immunized individuals

in response to SARS-CoV-2 S1 protein peptides.

Results

1.-MSMPs-Spike induce a robust SARS-CoV-2-specific immune response

1.1 MSMPs promote long-lived humoral responses with neutralizing

antibodies

To evaluate humoral responses and neutralizing antibody production, mice were
immunized on days 1, 30, and 203 after the first dose, with the final administration
serving as a booster. Sera were collected on days 0, 30, 60, 150, and 210, the latter

corresponding to the study endpoint.

The levels of total IgG and IgG1l antibodies against the SARS-CoV-2 S1 protein
measured in the serum of immunized animals at days 30, 60, and 210 remained
comparable between the silicon-based and aluminum-based vaccine formulations
(Figure 1). However, following the booster dose on day 203, IgG2a levels were
significantly higher in the silicon-based vaccine complex compared with the
aluminum-based formulation, although both vaccine complexes induced increases in
total IgG and IgG1. These results demonstrate that MSMPs elicit a strong humoral



response comparable to that induced by Al(OH)s and superior to that generated by
the antigen alone. Notably, for IgG2a, the humoral response after the booster dose
was stronger than that induced by Al(OH)s.
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Figure 1: Humoral response in BALE/c mice immunized against SARS-CoV-
2. A) Schematic representation of the immunization protocol followed in the study.
Panels B, D, F show individual Igs values (log;o) with variability; panels C, E, G show
group means to highlight kinetics. B-C) Total IgG, D-E) IgGl and F-G) IgG2a
antibody production against the S1 subunit in BALB/c mice immunized with Spike,
MSMPs-S1 and Al(OH)3-S1 over six months following three doses of the vaccine
complex. Serum was collected on day 0, 30, 60, 150 and 210 after the first dose.
Serum samples were diluted in PBS 1/400 to analyze IgG and IgG1l and 1/200 to
analyze IgGZ2a, and results were normalized to PBS controls obtained at each time
point. Statistical significance was determined using the Mann-Whitney U test. *p<
0.05, ¥p < 0.01, **p < 0.001. n=>5.

Since we demonstrated that MSMPs induced the production of Spike-specific IgG,
IgGl, and IgG2a antibodies, we next evaluated their ACE2-RBD neutralizing
capacity using a competitive ELISA assay. Neutralization levels were comparable
among groups immunized with Al(OH)s and silicon at days 30, 60, and 150. However,
following the booster dose on day 210, only the MSMPs-S1 complexes elicited a
significant increase in neutralizing activity, which positively correlated with IgG,
IgG1, and IgG2alevels (Figure 2A and 2B).
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Figure 2: Neutralization response in BALB/c mice immunized against SARS-
CoV-2. A) Percentage of neutralization in BALB/c mice immunized with S1 in
combination with MSMPs or Al(OH)s; B) Correlation between total IgG, IgGl and
IgG2a antibody titers and and the percentage of neutralizationin BALB/c mice
immunized with Spike, MSMPs-S1 or AI(OH)3-S1 at 30 (pink), 60 (orange), and 150
(blue) days after the first immunization. Results were normalized to PBS controls

obtained on day 30.

In this study, we implemented a vaccination protocol similar to those used in human
populations, utilizing the wild-type (WT, Wuhan variant) SARS-CoV-2 Spike antigen.

We then examined how mutations in various SARS-CoV-2 variants (Delta, Beta, and



Omicron) affected the Spike-specific antibodies generated after WT-Spike
immunization, as well as the neutralizing activity of these sera in mice, assessed
through RBD-binding inhibition. Our findings showed that although mice developed
Spike-specific and neutralizing antibodies against the wild-type RBD, they failed to
generate neutralizing antibodies against the Omicron variant. No significant
differences were observed for the Delta or Beta variants compared with the response

to the original virus (Figure 3).
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Figure 3: Neutralization activity against SARS-CoV-2 variants in BALB/c
mice Percentage of neutralization against different SARS-CoV-2 variants of concern
(VOCs) in BALB/c mice immunized with Spike, MSMPs-S1 and Al(OH)3-S1 measured
30 days after the first dose. Results were normalized to PBS controls obtained at
day 30. Statistical analysis was performed using the non-parametric Mann-Whitney
test. Symbols indicate significant differences: & for comparisons with the Wild- type
variant, # for the B variant, $ for the A variant and * for comparisons between
between variants within the same group. Significance levels are indicated by the
number of symbols (one, P < 0.05; two, P< 0.01; three, P< 0.001). n=5.

1.2 MSMPs-S1 vaccine complex improves the specific CD3*CD4- T-cell

response

Considering the importance of T cells during the immune response to SARS-CoV-2,
we sought to determine whether T lymphocytes from MSMPs-Spike vaccinated mice
responded differently to Spike-specific peptides compared with unvaccinated mice
and those immunized with AI(OH)3-S1. Our results showed that the MSMP-Spike



complex induces a strong cellular response, as measured by IFN-y production from
CD3*CD4 T cells isolated from the spleens of mice immunized with this complex
and restimulated in vitro with S1. This response was higher than that observed in
splenocytes from animals immunized with AI(OH)s;-Spike, comparable between both
vaccine complexes under PMA/Ionomycin stimulation (supplementary Figure 2), and

significantly higher than that induced by Spike alone (Figure 4).
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Figure 4: In vitro cellular response in BALB/c mice immunized against SARS-
CoV-2. A) Gating strategy used to analyze IFN-y production in CD4* and CD4- T



lymphocytes B) Representative dot plots showing IFN-y production in CD3+CD4+
and CD3* CD4- T cells from BALB/c mice immunized with S1, MSMPs-S1 and
Al(OH)3-S1. C) Th2 cellular response from CD4* T cells in different groups. D) Thl
cellular response from CD3*CD4- T cells in different groups. Results represent the
mean percentages (%)normalized after subtraction of basal stimulation.
Immunization groups: Spike (orange), MSMPs-S1 (pink) and AI(OH)3-S1 (green).
Statistical significance was determined using the Mann-Whitney U test. *p < 0.05,
**p < 0.01, ¥*p < 0.001. n=4.

2.- MSMPs-Spike vaccination induces protection in K18-hACE2 mice
Following a two-dose immunization schedule over one month (Figure 5A), IgG1
levels measured one week after the final immunization were comparable between
MSMPs-S1 and Al(OH)3-S1 groups and significantly higher than those induced by
Spike alone (Figure 5B), consistent with our previous findings. One week after the
last immunization, all mice were infected via intranasal route. Mice injected with
PBS, MSMP, or S1 alone died between days 5 and 8 post-infection. In contrast, only
one mouse immunized with MSMPs-S1 and none immunized with AI(OH)3-S1
succumbed to infection (Figure 5C). All infected mice treeted with PBS, MSMP or
S1 exhibited progressive weight loss until death (Figure 5D).

To further assess disease progression, additional clinical parameters were
monitored daily (Supplementary Figure 3A, B). No significant differences were
observed between mice immunized with MSMPs-S1 and those immunized with
Al(OH)3-S1.
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Figure 5: SARS-CoV-2 infectivity assay in K18 hACE, mice. A) Schematic

representation of the immunization and infectivity protocol used in the study. B)



IgG1 antibody production against the RBD 37 days after the first immunization. Data
were normalized to PBS control, and statistical significance was determined using
the Mann-Whitney test. *p < 0.05, **p < 0.01, **p < 0.001. C) Survival curve of
immunized mice. D) Daily weight variations over 15 days after infection (Mean *
SEM). Control groups included PBS (dotted line) and MSMPs (gray), while
antigen-immunized groups included S1 (green), MSMPs-S1 (purple) and Al(OH)3-S1

(orange). n=b.

The presence of viral RNA in different organs was also evaluated. In the lungs the
primary target organ of this virus, animals immunized with MSMPs-S1 or A1(OH)3S1
showed lower viral levels compared with PBS- treated controls or mice immunized
with the S1 antigen alone. No Viral RNA was detected in the heart of any animal. In
the brain, an organ for which the virus has a strong tropism, animals immunized
with AI(OH)3-S1 or MSMPs-S1 displayed significantly reduced viral levels compared

with the PBS control group or mice immunized with S1 alone. (Figure 6)
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Figure 6: Viral load after infection in k18 hACE2 mice. SARS-CoV-2 viral load
detected four days after infection in the A) lung B) heart and C) brain of K18 hACE2
mice immunized with PBS (black), Spike (green), MSMPs (gray), MSMPs-S1 (purple)
and Al(OH)s-S1 (orange). Statistical significance was assessed using one-way
ANOVA *p < 0.05, **p < 0.01, **p < 0.001.

3.- MSMPs-Spike enhances in vitro IFN-y production in human lymphocytes

To investigate the effect of MSMPs in humans, we performed in vitro experiments
using peripheral blood mononuclear cells (PBMCs) from donors who had been
exposed to the SARS-CoV-2 during the pandemic, either through infection or
vaccination (as confirmed by the presence of virus-specific antibodies;
Supplementary Figure 4). In vaccinated donors, we observed a significant increase
in IFN-y production. Specifically, the proportion of CD3*cells that responded in vitro
to viral peptides (Peptivator S) by producing IFN-y was significantly higher when
these peptides had been pre-incubated with MSMPs (Figure 7).
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Figure 7: In vitro IFN-y production in T cells. Significant increase in IFN-y
production in response to MSMPs conjugated with SARS-CoV-2 peptides after one
week of stimulation with Spike peptides. IFN-y levels were measured on days 0 and
6. Statistical significance was determined using the Mann-Whitney test. *p < 0.05,
**p < 0.01, *¥**p < 0.001.

Moreover, we analyzed IFN-[] production by CD3+*CD4* and CD3*CD4- cells after
seven days of PBMCs culturing with different stimuli (Figure §), following the same
approach used for CD3* cells. We then compared these results with those obtained
after co-culturing the PBMCs with autologous Monocyte derived Dendritic Cells
(MoDCs), that had been pretreated with the same stimuli. Our observations showed
that when peptivator S was pre-loaded onto MSMPs, the specific IFN-y production
by CD3*CD4- T lymphocytes significantly increased compared with MSMPs-
Peptivator S samples that had not been pre-treated. No changes were observed in
CD4+ cells. When MSMPs-S1 or Peptivator S were first exposed to MoDCs, a general
increase in IFN-y production was detected, although no differences were observed

between treatmernt groups (Figure 8).
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Figure 8: In vitro IFN-y production in T cells. A) Representative dot plots
showing IFN-y production in CD4* T cells after co-culture of PBMCs with previously
stimulated moDCs and without co-culture. B) CD3* CD4* T response (IFN-y
production) in the presence and absence of moDCs. Results represent the mean
percentage obtained, normalized after subtraction of basal stimulation. C)
Representative dot plots showing 1FN-y production in CD3*CD4- T cells after co-
culture of PBMCs with previously stimulated moDCs and without co-culture. D)
CD3*CD4" T response (IFN-y production) in the presence and absence of moDCs.
Results represent the mean percentage obtained (normalized after subtraction of
basal stimulation). Statistical significance was determined using the Mann-Whitney
test. *P < 0.05, ¥*P < 0.01, ¥**P < 0.001. n=7

Discussion:

One of the most critical strategies for developing effective vaccines is the selection
and use of appropriate adjuvants, which are essential to enhancing vaccines potency
by eliciting a robust immune response. The formulation of new vaccines
incorporating potent and safe adjuvants is necessary to achieve protective and long-

lasting immunity. Silica-based materials have emerged as promising candidates both



as delivery vehicles and adjuvants. Navarro-Tobal et al. demonstrated that
mesoporous silica particles were able to induce a prolonged humoral response in a

peptide-based vaccine, lasting up to 52 days after immunization [14].

Silicon particles of various sizes and shapes have been engineered, including
mesoporous silica nanoparticles (MSNs) and mesoporous silica microparticles
(MSMPs). In both formats, their capacity to transport proteins-either within their
pores or chemically bound to their surface-has been well established. Currently,
mesoporous silica nanoparticles are being evaluated in mouse immunization studies
to assess their adjuvant potential against different diseases. In both nanoparticles
and microparticles, pore size can be tuned, allowing the loading of molecules of
different dimensions, with the size of the molecule, the pore diameter, and the
release rate being directly related [15]. Silicon-based particles have demonstrated
immunostimulatory properties; however, important differences arise depending on
their size, shape and surface functionalization, all of which may play a key role in
modulating the immune response [15-19]. The results presented in this manuscript
confirm that heterogeneous Mesoporous Silicon Microparticles (MSMPs) function
as a effective adjuvant. Our vaccine complex based on amino-modified (MSMPs-S1)
was capable of activating both humoral and cellular immune responses against
SARS-CoV2 after two doses. On the one hand, it stimulated a durable and
neutralizing virus-specific humoral response that was superior to that observed in
mice immunized solely with spike protein and comparable to the response elicited
by the aluminium-based formulation. The neutralizing capacity of this response
declines after five months in both the MSMP- and aluminum-based vaccines, a

pattern similar to that described for other SARS-CoV?2 vaccines in humans [20,21].

Interestingly, significant differences emerge when a booster dose was administered
after 203 days. In this case, only the MSMPs-S1 complex was capable of inducing a
strong neutralizing humoral response, surpassing the neutralization observed in
sera collected at one, two or five months. In humans, Flaxman A. et al. reported that
immunogenicity following a delayed second dose or a third dose of ChAdOx1 nCoV-
19 is influenced by the interval between doses, with longer intervals leading to
enhanced antibody responses and greater vaccine effectiveness [23]. Notably, in our
experiment, the levels of Spike-specific total IgG and IgG1 after the booster were
comparable between animals immunized with MSMPs and those receiving the
Al(OH)s; adjuvant. However, only the animals immunized with silica generated
significant levels of Spike-specific IgG2a. This difference may reflect the distinct
immune profiles elicited by each adjuvant: MSMPs might primarily enhance a Th1-
like response, which is associated with IgG2a production and may enhance cytotoxic
T-cell activation and memory formation, whereas AlI(OH)s promotes a Th2-skewed

response, favoring IgG1 production [24].



Long lasting humoral responses have been described in immunization experiments
using silica particles. Navarro-Tovar et al. reported that mesoporous silicon
microparticles can induce humoral responses in peptide-based vaccination,
maintaining antibody levels up to 52 days in a four-immunization protocol [14]. In
this study we demonstrate that MSMPs-Spike immunization elicits antibody
responses lasting over 210 days with only three immunizations using amino-
functionalized silica particles. Differences in size distribution (3 £ 1 pm for Porous
Silicon Particles (PSiP) vs 0.5 pym forMSMPs) and surface charge (oxidized PSiP vs

amino-modified MSMPs) may account for these discrepancies.

Regarding SARS-CoV-2 immunization, Adam et al., observed that BALB/c mice
immunized with modified silicon microparticles loaded with the TLR9 ligand
cytosine guanosine dinucleotide (CpG), and the STING agonist 2°-3" cyclic GAMP
(cGAMP), conjugated to the RBD region (mSMP-RBD), developed high titers of IgG1,
IgG2a and IgG2b, comparable to those induced by alum-RBD [25]. Moreover,
antibody levels were sustained for up to 180 days after immunization. Differences in
the immunogen (S1 vs. RBD), dosage (4.5 ng vs. 5-25 ng), microparticles size (3.5
pm vs 0.5 pm), and immunization protocols may explain the variations observed

between their results and ours.

MSMPs-Spike immunization not only induces a strong and long-lasting IgG anti-
Spike antibody response but also enhances the ACE2-RBD neutralizing activity of
these antibodies nearly abolishing ACEZ binding to RBD protein, whereas Al(OH)3
fails to elicit this response. This neutralizing activity has been shown to prevent viral
entry and, consequently, infection [26]. Our results show that the in vitro
neutralizing capacity of sera obtained at 30, 60, and 150 days is comparable between
animals immunized with silicon-based and aluminum-based formulations, consistent
with the similar levels of S1-specific immunoglobulins detected in these samples.
Interestingly, the highest neutralizing capacity is observed after the booster dose in
mice immunized with MSMPs-S1, in contrast to the practically absent neutralizing
capacity in sera from mice immunized with AI(OH)3-S1. This correlates with the very
low Spike-specific IgG2a levels detected in the aluminum-immunized group. It is also
possible that the immunoglobulins from mice immunized with MSMPs-S1 after the
boost have a higher affinity and therefore greater neutralizing capacity than those
from Al(OH)s-S1-immunized mice. Importantly, the neutralization levels achieved
after only two immunizations were sufficient to effectively protect mice from
experimental infection with a lethal dose (10° PFU) of the virus in both aluminum-
based and silicon-based vaccines. Intramuscular MSMPs-S1 immunized mice also
showed a significant reduction in viral load in the brain-comparable to that observed
in AI(OH)s3-S1-immunized mice—following lethal challenge. This is a crucial finding,

as the strong tropism of the virus for the brain is typically the primary cause of



mortality in mice [27]. Furthermore, preliminary lung histology at day 7
post-infectionrevealed scattered inflammation but clear signs of alveolar
parenchyma recovery in MSMPs-S1-vaccinated mice, comparable to those
immunized with A1(OH)s-S1.

SARS-CoV-2 variants carry mutations in the RBD of the Spike protein that may affect
antibody binding following WT-Spike immunization [27,28]. Our antibody
neutralization studies revealed that the neutralizing capacity of sera from WT-Spike-
immunized animals against different SARS-CoV-2 variants (Wuhan, Beta, Delta, and
Omicron) was comparable between silicon- and aluminum-based vaccine complexes.
The B.1.35 (Beta) and B1.617 (Delta) variants exhibited a neutralization percentage
similar to the wild-type strain, as both contain a limited number of RBD mutations
that do not impair the binding of neutralizing antibodies. In contrast, the absence of
neutralization against the B.1.1529 (Omicron) variant is consistent with its high

number of RBD mutations.

T cells, particularly cytotoxic CD8* T lymphocytes, play a central role in eliminating
virus infected cells, including those targeted by SARS-CoV-2 and other infectious
agents [5, 30]. Studies on other SARS-CoV viruses have shown that CD8* memory T
cells can persist for up to six years post-infection, whereas memory B cells were not
detected over such an extended period [9]. Moreover, in aged mice, antigen-specific
CD8* T cells have been shown to protect against fatal SARS-CoV infection through
the release of cytokines such as IFN-[] and TNF-«, which contribute to reducing viral
load in the lungs [11]. In this context, our results demonstrate that MSMPs-S1
immunization induces a robust cellular response, as evidenced by-antigen specific
IFN-y-producing CD3+CD4- T-cells- most of which are CD8+-that persists for at least
seven months after the initial immunization. This long-lasting response was not
observed in mice immunized with the aluminum-based vaccine. One possible
explanation is that AI(OH)s primarily stimulates macrophages but is less effective at
activating dendritic cells and Toll-like receptors, which are essential for strong T-cell

priming [31].

In humans, our results show that MSMPs enhance the “in vitro” INF-y response of
SARS-CoV-2 peptide specific T-cells from healthy donors, particularly in the
presence of dendritic cells as antigen-presenting cells. In these experiments, the
responding T lymphocytes consist of memory cells previously activated in vivoin the
donor individuals. These findings are consistent with our earlier observations
showing that MSMPs, efficiently induce the maturation of Monocyte Derived
Dendritic Cell (MoDCs) and enhance CEF (cytomegalovirus, Epstein-Barr virus, and

influenza virus) peptide-specific memory T-cell stimulation in vitro [5].



Together, these results support the role of MSMPs as potent activators of T
lymphocyte-mediated immunity. Although aluminum salts have been the most widely
used adjuvants for more than seven decades, they present well-recognized
limitations, including poor induction of Thl-type responses. These limitations
underscore the need for new adjuvants capable of eliciting more balanced and
effective cellular immunity [2,31]. In conclusion, this work demonstrates that
MSMPs enhance a long-lasting cellular and humoral protective responses against
SARS-CoV-2 in mice. Additionally, these particles improve memory T-cell responses
in humans, highlighting their potential as a promising next-generation vaccine

adjuvant.
Methods:
Donors:

Peripheral blood mononuclear cells (PBMCs) were isolated from blood obtained from
healthy adult donors in 2021. Although exact dates of infection or vaccination were
not available for all recovered individuals, all samples were collected more than one
month after documented SARS-CoV-2 infection or vaccination and within six months
of that event. Donors had either been infected with SARS-CoV-2 or vaccinated with
different vaccine regimens during the study period. Ethical approval was obtained
from the appropriate ethics committee, and all participants written informed

consent.
Mice:

Thirty female BalB/c mice (6 weeks old) were obtained from Charles River company
(USA) and housed in a specific pathogen-free facility at the Complutense University
of Madrid (UCM).

Additionally, forty K18-hACE2 transgenic mice were used to evaluate the protective
effects of mesoporous silicon microparticles (MSMPs) against SARS-CoV-2 infection.
These mice were housed under sterile conditions in ventilated racks at the Centro
de Investigacién en Sanidad Animal (CISA), where infections and euthanasia

procedures were performed under Biosafety Level 3 conditions.

Mice were anesthetized with isoflurane administered via inhalation using a precision
vaporizer connected to an induction chamber. Isoflurane concentrations for
anesthesia induction ranged from 3% to 5% in oxygen, while maintenance was
achieved at 1.5% to 2.5%. At the end of the study, mice were euthanized using a
two-step method: deep anesthesia was first induced with isoflurane via inhalation to
ensure loss of consciousness and minimize pain or distress, followed by cervical

dislocation as the physical method of euthanasia to ensure death.



Ethic declaration:

The animal study was reviewed and approved by the Ethics Committees of the
Consejo Superior de Investigaciones Cientificas (CSIC), the Universidad
Complutense de Madrid, and the Comunidad Auténoma de Madrid (approval
reference: PROEX 272.5/22). All experimental procedures were conducted in
accordance with relevant institutional and national guidelines and regulations.
Furthermore, all methods are reported in accordance with the ARRIVE guidelines
(https://arriveguidelines.org) for the reporting of animal research. The studies
involving human participants were viewed and approved by Ethics Committee of
Hospital Clinico San Carlos (21/200-E). All participants provided written informed
consent prior to inclusion in the study, and research was performed in accordance
with the Declaration of Helsinki. Samples were anonymized prior to analysis to

ensure confidentiality and data protection.

MSMPs production and functionalization

Mesoporous silicon microparticles (MSMPs) were produced and characterized

following previously described methodologies [5,12]. Briefly, silicon wafers were

electrochemically treated with hydrofluoric acid (48% HF) and ethanol (96% EtOH)
in a 1:1 ratio. The resulting mesoporous layerswere collected, manually milled, and
sieved to obtain particles =5 pm, as optimized in earlier experiments [5]. These
particles were then functionalized with amino groups using (3-Aminopropyl)
triethoxysilane (APTS) (Sigma-Aldrich, St. Louis, MO, USA). The characterization of

MSMPs is shown in Supplenmentary Figure 1.
Antigen loadin

Peptide pools derived from SARS-CoV-2 (PepTivator® S, Miltenyi Biotec, Germany),
consisting of 15-mer peptides overlapping by 11 amino acids and covering
immunodominant regions of the spike glycoprotein, were loaded onto MSMPs-NH3s
following previously described protocols [5,12]. To assess MSMP loading capacity,
peptide-loaded MSMPs were centrifuged (10 min, 10,000 x g, 4 °C). The
supernatant was discarded, and the pp-MSMP pellet was resuspended in 50 puL of
PBS and incubated for 24 hours at room temperature. After a second centrifugation
(10 min, 10,000 x g, 4 °C), the peptide concentration in the supernatant was
measured using a NanoDrop spectrophotometer at 280 nm. The peptide
concentration consistently ranged between 40 and 60 pg/mL (2-3 pg total),
indicating that at least 20-30% of the peptides in the original solution were
successfully loaded into the MSMPs. Considering that 1 pg/mL of peptides
corresponds approximately to a 1 pM concentration, it can be estimated thateach

particle is capable of loading a minimum of 1.2 x 107 viral peptides.



PepTivator®peptide pools bound to MSMPs were used to stimulate human PBMCs
in vitro, whereas S1 protein bound to MSMPs was used for mice immunization. Each
mouse received 4.5 png of SARS-CoV-2 Spike S1 protein either alone or formulated
with adjuvants: aluminium hydroxide (Al(OH)3) or MSMPs (0.64 mg/mouse). CEF I
and CEF II peptide pools (Mabtech, Swiden) were used as standardized peptide
pools to evaluate CD3+*CD4- T and CD3*+*CD4+ T cell responses in human PBMCs.

Immunization protocol:

The gene encoding the SARS-CoV-2 Spike S1 protein was cloned into the commercial
PCAGGS vector, propagated in E. coli DH5a, and purified using the Gigaprep Kit
(Qiagen). Transient protein expression was carried out using the Expi293F
Expression System (Thermo Fisher Scientific). Cells were cultured in suspension at
37°C in a humidified incubator (=80% humidity, 8% CO2) with agitation. Cultures
were passaged at least three times to ensure optimal doubling time and viability
(>90%). Transfections were carried out at a final culture volume of 150 mL, and
cultures were incubated post-transfection for seven days under the same conditions.
For purification, the supernatant was collected and clarified by centrifugation
(17000xg, 45 min, 4°C). The supernatant was incubated with Ni-NTA resin
(Invitrogen) for 2 h at 4°C with gentle rocking. The resin was packed into a gravity-
flow column and washed sequentially with PBS and PBS 25 mM imidazole. Bound
protein was eluted with PBS containing 250 mM imidazole. Eluted fractions were
analyzed by SDS-PAGE, pooled, dialyzed against PBS to remove imidazole,
concentrated using centrifugal filter units (Centricon, 10kDa MWCO) and quantified
by absorbance. Aliquots of 50 pg were flash-frozen in liquid nitrogen and stored at

-80°C until use.

BalB/c mice were immunized three times (days 1, 30 and 203) intramuscularly (IM).
Sera were collected on days 0, 30, 60, 150 and 210. In virus-challenge experiments,
k18-hACE?2 transgenic mice were immunized twice via IM injection with a four-week
interval between doses (days 1 and 30). Sera were collected at days 0 and 37. Each
mouse received 4.5 ng of SARS-CoV-2 Spike S1 protein either alone or formulated
with adjuvants: aluminum hydroxide ( [AI(OH)s] used as Alhydrogel® 2% (Croda
Ibérica SAU; Barcelona, Spain) or MSMPs (0.64 mg/mouse).

For BalB/c mice, blood was collected at 15, 30, 60 and 150 days after the first dose.
Serum was separated by centrifugation and stored at -802C. A booster dose was
administered six months after the initial immunization, and mice were sacrificed

seven days later for collection of blood, spleen, and inguinal lymph nodes.

In k18-hACE2 mice, blood samples were collected 30 days after the first dose, and
an infectious SARS-CoV-2 challenge was performed 45 days after the initial

immunization.



Enzvme-linked immunosorben ELISA):

To quantify immunoglobulin levels, 96-well plates were coated with 5 pug/well of
SARS-CoV-2 S1-His-tagged spike protein (Bionova) and incubated overnight at 4°C.
Plates were washed with PBS containing 0.1% Tween-20 and blocked with 5% bovine
serum albumin (BSA) in PBS for 1h at room temperature. Serially diluted serum
samples were added and incubated for 1 hour, followed by detection with HRP-
conjugated secondary antibodies: anti-mouse IgG (1:1000; Invitrogen), anti-mouse
IgGl (1:2000; Invitrogen), and anti-mouse IgG2a (1:3000; Invitrogen). After
30 minutes, TMB substrate (3,3’,5,5-Tetramethylbenzidine; Sigma-Aldrich) was
added, and the reaction was stopped with 1 M HCI. Absorbance was measured at
450 nm. Results were normalized to the absorbance values of PBS-immunized mice,

used as negative controls.
utralizing antibodi

A competitive ELISA was performed to evaluate the neutralization of ACE2-RBD
binding. 96-well plates were coated with 2 ng/ well of SARS-CoV-2 RBD spike protein
(Miltenyi Biotec) and incubated overnight at 4°C. After washing and blocking, serum
samples were added and incubated for 1 h at room temperature. Biotinylated ACE2
(0.5 mg/mL; Miltenyi Biotec) was then added and incubated for 30 minutes at 37°C,
followed by Streptavidin-HRP (Thermo Scientific) for 30 minutes. TMB substrate
was used for color development, and reactions were stopped with 1M HCI.
Absorbance was measured at 450 nm. Neutralization percentages were calculated

relative to the median absorbance of PBS-immunized control mice.

Isolation an lture of splenocytes

Spleens from BalB/c mice were harvested and homogenized using the plunger of a
sterile syringe through a 70 um cell strainer. Red blood cells were lysed with ACK
lysis buffer for 3 minutes at room temperature. Splenocytes were then seeded in 96-
well plates at a density of 4 x 10> cells/ well and cultured in RPMI-1640 medium
(Lonza BioWhittaker) supplemented with 10% fetal bovine serum (FBS; Gibco), 1%
antibiotic-antimycotic solution (Gibco), 0.005 mM B-mercaptoethanol, and 10 U/mL
murine interleukin-2 (mIL-2; ImmunoTools). To assess cellular immune responses,
splenocytes were stimulated with PepTivator® S peptide pools (Miltenyi Biotec).
Phorbol 12-myristate 13-acetate (PMA; 100 ng/mL) and ionomycin (1 pM) served as
positive controls. Interferon-gamma (IFN-y) production was evaluated by

intracellular cytokine staining (ICS) and analyzed by flow cytometry.

SARS-CoV-2 Infectious challenge

Mice were intranasally inoculated with 10° PFU (plaque forming units) of SARS-CoV-
2 viral strain Wuham Hu-1 (MADG6), kindly provided by Prof. Luis Enjuanes (CNB-



CSIC), two weeks after the last immunization. Animals were monitored daily
weighted, and scored for clinical signs as described [13]. Animals were sacrificed
when they reached the humane endpoint as defined in the guidelines of the Code for
Methods and Welfare Considerations in Behavioral Research with Animals EU
Directive 2010/63 and Spanish regulations RD53/2013, modified by RD1386/2018).

Viral 1 nalysis in affi rgan

To evaluate viral load in target organs (lungs, brain and heart), animals (n = 5 per
group) were sacrificed on days 4 and 7 post-infection (p.i.). Organs were
homogenized using a 2 min cycle in a tissueLyser II (Qiagen) at maximum frequency
(30Hz). Total RNA was extracted from the homogenates using the IndiSpin Pathogen
extraction kit (Indical) and stored at -802C until analysis. Viral load was quantified
by RT-gPCR using the Luna Universal Probe One-step RT-gqPCR Kit (New England
Biolabs) with the primers listed in Table 1.

Primers Sequence
Primer N reverse TCTGGTTACTGCCAGTTGAATCTG
Primer N forward GACCCCAAAATCAGCGAAAT
Primer B-actina reverse CGGACTCATCGTACTCCTGCTT

|
Primer B-actina forward ~ | CAGCACAATGAAGATCAAGATCATC

Table 1: Primers used for N protein detection

PBMCs_isolati \, . f o M Derived Dendritic Cell
(MoDCs)

Peripheral blood mononuclear cells (PBMCs) were isolated from human donors by
density gradient centrifugation using Ficoll-Histopaque (Cytiva). CD14* monocytes
were subsequently purified by magnetic-activated cell sorting (MACS) using CD14
MicroBeads (Miltenyi Biotec), following the manufacturer’s instructions. Purified
monocytes were seeded into 96-well plates at a density of 0.5 x 106 cells/mL and
cultured in complete RPMI-1640 medium (c-RPMI), consisting of RPMI-1640 (Lonza
BioWhittaker) supplemented with 2% heat-inactivated AB human serum and 1%
antibiotic-antimycotic solution (Gibco). To induce differentiation into dendritic cells,
the culture medium was supplemented with 1000 U/mL recombinant human
interleukin-4 (rhIL-4; ImmunoTools) and 1000U/mL recombinant human
granulocyte-macrophage colony-stimulating factor (rhGM-CSF; ImmunoTools) for 7

days.



-culture of Human Mon Deriv Dendriti lIs (MoD nd Peripheral
1 mononuclear cells (PBM

PBMCs were seeded into 96-well plates at a density of 2 x 10° cells/mL in complete
RPMI (c-RPMI), supplemented with 0.02 pg/mL recombinant human IL-2 (rhIL-2;
ImmunoTools). Lymphocyte expansion was induced by stimulation with PepTivator®
S (20puL/mL), MSMPs (0.09 mg/mL), or MSMPs conjugated with PepTivator® S
(MSMPs-PepTivator® S).

In parallel, syngeneic monocyte-derived dendritic cells (MoDCs) were stimulated
with PepTivator® S (20 pL/mL), MSMPs (0.09 mg/mL), or MSMPs-PepTivator® S for
4 hours. After stimulation, PBLs were added to the MoDCs, and co-cultures were
maintained in c-RPMI supplemented with 0.02 pg/mL rhIL-2 for 7 days.. Cellular
immune responses were asseseed by measuring IFN-y production in PBL and PBL-

MoDC co-cultures using flow cytometry.
Intracellular Kin ining (I

Cytokine production was assessed by ICS following a 14-hour incubation with
Brefeldin A (Invitrogen). Cells were surface-stained with antibodies listed in Table
2, then fixed, permeabilized, and stained intraceliulary for IFN-y. Data were

acquired on a BD FACSCelesta flow cytometer (Becton Dickinson) and analyzed with

Flow]o software.

Antibodies B{o ophore Clone Target species
@
APC 17A2 Mouse
PerCP-Cy5.5 GK1.5 Mouse
FITC XMG1.2 Mouse
APC OKT3 Human
PerCP-Cy5.5 OKT4 Human
FITC 4SB3 Human

Table 2: Antibodies used for flow cytometry in human and mouse samples

Statistical Analysis



Results are represented as mean *standard deviation (SD). The Mann-Whitney U

test was used for group comparisons, whereas one-way ANOVA was applied for viral

load analysis in k18-hACE2 mice. Statistical significance was defined as*p <0.05; **
p = 0.01; and ** p < 0.001.

Availability of Materials and Data:

The datasets generated and/or analysed during the current study are available from

the corresponding author upon reasonable request.
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