archive ouverte UNIGE

http://archive-ouverte.unige.ch

Article

Mesoporous Silica Nanoparticles as pH-Responsive Carrier for the
Immune-Activating Drug Resiquimod Enhance the Local Immune
Response in Mice

WAGNER, Julia, et al.

Abstract

Nanoparticle-based delivery systems for cancer immunotherapies aim to improve the safety
and efficacy of these treatments through local delivery to specialized antigen-presenting cells
(APCs). Multifunctional mesoporous silica nanoparticles (MSNs), with their large surface
areas, their tunable particle and pore sizes and their spatially controlled functionalization,
represent a safe and versatile carrier system. In this study, we demonstrate the potential of
MSNs as a pH-responsive drug carrier system for the anticancer immune-stimulant R848
(resiquimod), a synthetic Toll-like receptor 7 and 8 agonist. Equipped with a biotin-avidin-cap,
the tailor-made nanoparticles showed efficient stimuli-responsive release of their R848 cargo
in an environmental pH of 5.5 or below. We showed that the MSNs loaded with R848 were
rapidly taken up by APCs into the acidic environment of the lysosome and that they potently
activated the immune cells. Upon subcutaneous injection into mice, the particles accumulated
in migratory dendritic cells (DCs) in the draining lymph nodes, where they strongly enhanced
the activation of the DCs. [...]
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Nanoparticle-based delivery systems for cancer  Naive MSHLRBAS Mature
immunotherapies aim to improve the safety and efficacy of dendritic oy
these treatments through local delivery to specialized antigen- cell L a
presenting cells (APCs). Multifunctional mesoporous silica i '._ .: & \S\” N
nanoparticles (MSNs), with their large surface areas, their f“/ \v e

tunable particle and pore sizes, and their spatially controlled . ) — r
functionalization, represent a safe and versatile carrier system. k ol

In this study, we demonstrate the potential of MSNs as a pH-
responsive drug carrier system for the anticancer immune- .
stimulant R848 (resiquimod), a synthetic Toll-like receptor 7 . “el® S?Ct?;igi

and 8 agonist. Equipped with a biotin—avidin cap, the tailor- =

made nanoparticles showed efficient stimuli-responsive release

of their R848 cargo in an environmental pH of 5.5 or below. We showed that the MSNs loaded with R848 were rapidly taken
up by APCs into the acidic environment of the lysosome and that they potently activated the immune cells. Upon
subcutaneous injection into mice, the particles accumulated in migratory dendritic cells (DCs) in the draining lymph nodes,
where they strongly enhanced the activation of the DCs. Furthermore, simultaneous delivery of the model antigen OVA and
the adjuvant R848 by MSNs resulted in an augmented antigen-specific T-cell response. The MSNs significantly improved the
pharmacokinetic profile of R848 in mice, as the half-life of the drug was increased 6-fold, and at the same time, the systemic
exposure was reduced. In summary, we demonstrate that MSN’s represent a promising tool for targeted delivery of the immune
modulator R848 to APCs and hold considerable potential as a carrier for cancer vaccines.
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n recent years, immunotherapy has revolutionized the field

of cancer research by harnessing the power of the immune

system to fight cancer.' The initiation of a successful
anticancer immune response occurs when antigen-presenting
cells (APCs) such as dendritic cells (DCs) become activated,
undergo maturation, and instruct cytotoxic T cells to kill the
cancer cells.” However, cancer cells can evade their immune
destruction by controlling and suppressing immune cells. One
therapeutic strategy to overcome this suppression is therefore to
boost the maturation of APCs by pharmacological activation of
their Toll-like receptors (TLRs). Several TLR agonists are
currently under investigation for use in cancer immunotherapy,’
and the TLR-7/8 agonist imiquimod has been used successfully
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for the topical treatment of basal cell carcinoma since 2004."
Resiquimod, also called R848, shares a similar structure with

imiquimod but was shown to be 100 times more potent.”®
Despite their success for topical treatments, the systemic

application of TLR7/8 agonists such as R848 remains clinically
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Figure 1. Synthesis schemes of different functionalization steps to construct avidin-capped MSNs. Particle represents co-condensed core—shell
MSNs. Green core: phenyl functionality. Blue intermediate layer: pure TEOS. Red external surface: carboxylic moieties. (A) EDC coupling
reaction of acetal linker to carboxylic functionalized MSNs. (B) Covalent attachment of biotin to residual amine groups of acetal linker via EDC-
assisted amidation reaction. (C) Avidin (green) capping of pores (gray) via formation of strong avidin—biotin complex. Scheme reprinted with

permission from ref 36. Copyright 2009 John Wiley & Sons.

problematic due to their toxicity at the dose required for them to
be effective.”~” A major challenge with these small molecule
immune-activating drugs is their rapid distribution and quick
clearance from the body before they reach their target. Better
delivery systems are therefore urgently needed to achieve a more
localized and sustained immune response in order to enhance
the safety and efficacy of these immune-activating drugs.
Efficient delivery of R848 to APCs requires a system which
(1) ensures that the drug will not be rapidly distributed and
eliminated from the body; (2) enables targeted delivery of R848
to APCs and specifically to the endosome, where TLR7/8, the
receptors for R848, are located; and (3) limits drug release to the
inside of immune cells.

In the search for delivery systems that meet these require-
ments, the use of nanoparticles has shown great promise. By
using DC-targeted nanoparticles that carry immune-activating
drugs, several studies were able to demonstrate an increase in
cytotoxic T cells in the tumor microenvironment as well as
subsequent tumor shrinkage.'’™"* Several of these studies used
nanoparticles as a platform for cancer vaccination, meaning that
they delivered not only an immune activator such as TLR7/8
ligands to the cells but also a tumor-specific antigen. The most
promising nanoparticulate delivery platforms to date include
liposomes, polymers, gold nanoparticles (AuNPs), and meso-
porous silica nanoparticles (MSNs). Liposomes represent a
well-characterized delivery system with several FDA-approved
formulations for chemotherapeutic delivery. They are also well-
studied for cancer vaccination.'”'> However, liposomal
formulations show a poor control of drug release kinetics.

This may lead to either a burst release, often prior to reaching
the target, or an impaired release, depending on the hydro-
phobicity or hydrophilicity of the drug.'® Other intensively
studied materials are poly(p,L-lactic-co-glycolic acid) (PLGA)
nanoparticles.'” " For example, Ilyinskii et al. showed that
polymeric PLGA nanoparticles loaded with R848 and the
antigen OVA could induce a strong and prolonged local immune
activation.”' Although PLGA systems are FDA-approved, it is
known that their biodegradation leads to acidic products, such as
glycolic and lactic acid, which may degrade the loaded peptides
and proteins and may thus limit their delivery. This limitation is
amplified by the fact that the polymeric particles can only
accommodate hydrophobic or lipophilic drugs, whereas many
potent antigens and adjuvants are hydrophilic.'® In addition, the
clinical efficacy of these particles was poor, probably due to the
formation of a protein corona in vivo, which decreased colloidal
stability of the particles and accelerated their clearance by
macrophages.”

In addition to these organic platforms, metallic platforms such
as AuNPs are also being investigated for use in cancer
immunotherapy. AuNPs exhibit a versatile surface chemistry
and a high affinity toward APCs.”’ In a previous study, we
showed that small functionalized gold nanoparticles could
successfully load the TLR7/8 ligand R848 in their ligand shell,
and we observed enhanced antitumor efficacy with the loaded
particles compared to the free drug.”* Despite those encouraging
results, the clinical application of gold nanoparticles is hampered
by their high affinity to nucleic acids and related toxicity
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Figure 2. Characterization of functionalized MSNs. (A) TEM image of core—shell MSN—Ph,,—COOH, . (B) DLS measurements of samples
MSN-Ph;,—COOH,,, (black), MSN—Ph;,—AK,,, (cyan), MSN—Ph, —biotin,,, (purple), and MSN—Ph;,—avidin,,, (pink). (C) Titration
curves of zeta-potential measurements of all four samples. (D) IR spectra of all four samples (for clarity, spectra are shifted by 0.25 units each).

issues.”*” The long-term accumulation of AuNPs in the body
also raises additional safety concerns.”’

In view of these limitations of organic and metallic platforms,
MSNss represent a promising inorganic drug delivery system.
Their size and pore structure can be easily tuned, yieldin
colloidally stable particles with narrow pore size distributions.”
Moreover, they possess very large surface areas and pore
volumes and thus show high cargo loading efficiencies. They can
be functionalized with spatial control, thus enabling perfectly
tailored host—guest relations inside the pores as well as a
matching external surface allowing for optimized particle—cell
interactions.”**” With respect to the above-mentioned safety
concerns, MSNs show a tunable degradation behavior, resulting
in weak silicic acid and related molecules.**™>* Furthermore, we
were able to show in a previous study that these MSNs hold
promise as an ideal drug vehicle for immune modulatory
cargo.”*

In this paper, we present spatially segregated core—shell
MSNss as a pH-responsive drug carrier system for the immune-
stimulant R848. This approach meets all main requirements on a
delivery system of R848 to APCs: (1) the encapsulation of R848
ensures that the drug will not be rapidly distributed and
eliminated from the body; (2) since the nanoparticles are likely
to be taken up by phagocytic cells from the immune system, this
can be used as an indirect targeting approach which delivers
R848 to phagocytic DCs and specifically to the endosome,
where the receptors of R848 are located; and (3) the pH-
responsive capping system limits drug release to the inside of

phagocytic cells—as the endosome fuses with the lysosome
inside the cell, the pH drops and R848 is efficiently released. We
thus show that MSNs loaded with R848 are successfully
delivered to APCs and produce potent APC maturation in vitro
and in vivo. In addition, we show that adding the antigen OVA to
the R848-loaded particles results in augmented T-cell activation.
This suggests that MSNs hold strong potential as cancer vaccine
carriers.

RESULTS AND DISCUSSION

Synthesis and Characterization of Avidin-Capped
MSNs. Core—shell functionalized MSNs were prepared via a
modified site-specific co-condensation approach with cetyltri-
methylammonium chloride (CTAC) as the organic template
and tetraethylorthosilicate as the primary silica source.”

The core of the particles was functionalized with phenyl
groups to accommodate hydrophobic R848, and the external
surface was functionalized with carboxylic groups, allowing
successive modifications to attach a stimuli-dependent capping
system, consisting of a pH-responsive acetal linker and a biotin—
avidin complex as the bulky gatekeeper. We previously
demonstrated pH-dependent drug release from MSNs using
CA (carbonic anhydrase) or PVP (poly(2-vinylpyridine)) as
capping systems.”””” For the present work, the biotin—avidin
cap was chosen because (1) the avidin—biotin interaction is the
strongest known noncovalent link between a protein, and its
ligand with a dissociation constant of Ky = 10™"° M and thus
promised to be a robust and tight seal, and (2) biotin and avidin

https://dx.doi.org/10.1021/acsnano.0c08384
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08384?ref=pdf

ACS Nano

www.acsnano.org

are both naturally occurrin§ biomolecules that are considered
low to nonimmunogenic.”*>’

In the first step of subsequent core—shell MSN modification,
shown in Figure 1A, the pH-responsive acetal linker (AK; 3,9-
bis(3-aminopropyl)-2,4,8,10-tetraoxaspiro[ 5.5 Jundecane) was
covalently bound to the carboxylic-functionalized periphery of
the particles via an EDC (N-(3-(dimethylamino)propyl)-N-
ethylcarbodiimide hydrochloride)-assisted amidation reaction.
This step was followed by a second EDC coupling between the
residual amine group of the attached acetal linker and the
COOH group of biotin (Figure 1B). Capping of the pores was
achieved through noncovalent attachment of avidin through
formation of the biotin—avidin complex. Avidin possesses four
binding sites for biotin. It was therefore added in great excess to
avoid any cross-coupling reaction between two or more different
particles. With its dimensions of 5 X 5 X 4 nm® avidin is big
enough to completelz block the 3.2 nm pores.** The concept is
shown in Figure 1C. ¢

The transmission electron microscope (TEM) image of the
template-free core—shell MSNs showed spherical particles with
sizes of around 70 nm and a wormlike pore structure (Figure
2A). Dynamic light scattering (DLS) measurements revealed
colloidally stable particles with a narrow particle size distribution
(Figure 2B). Particle sizes obtained with this method showed a
mean value of 146 nm (hydrodynamic diameter) for the core—
shell MSN—Ph;,—COOH,,,. Functionalization with an acetal
linker and biotin showed only a moderate increase in effective
size up to a mean value of 183 nm. DLS measurements of avidin-
capped particles in aqueous solutions demonstrated a shift to
higher effective sizes of around 280 nm. This can be explained by
the attachment of the bulky protein (66—67 kDa) as well as a
small agglomeration effect.”’ The difference in the sizes
measured by TEM and DLS can be partially attributed to the
larger hydrodynamic radius of the particles measured in solution
and determined with DLS. Some additional agglomeration effect
may also contribute to the increased size measured with DLS.
Additionally, a study by Cauda et al. showed that DLS leads to a
systematic overestimation of size compared to techniques like
TEM, scanning electron microscopy, and fluorescence correla-
tion spectroscopy.42

Zeta-potential measurements were used to monitor the
different functionalization steps (Figure 2C and Table 1).
MSN-Ph;,—COOH,,, showed an isoelectric point (IEP) of 3.4
and a zeta-potential of almost —50 mV. This negative zeta-
potential confirmed the successful implementation of TEPSA
(3-(triethoxysilyl)propylsuccinic anhydride), including the ring
opening of the succinic anhydride of the organosilane and the
resulting two adjacent carboxyl groups. After attachment of the
acetal linker, the IEP is shifted to higher pH values by almost 1.5
because of the residual amine end groups of the linker, which are
positively charged at acidic pH. MSN—Ph;,—biotin, possessed
an IEP of pH §.5, which can be explained by the urea-containing
motif in biotin. Through the possible resonance forms, at least
one of the two nitrogen atoms is protonated at slightly acidic pH.
Adding avidin to the particles resulted in a zeta-potential of
around +20 mV and a large shift of the isoelectric point to a pH
value of 9.01, which is due to the large number of N-termini
present in the protein cap.

The different surface functionalization steps, including the
capping with avidin, were also apparent in IR spectra, as shown
in Figure 2D. The silica framework vibrations were visible in all
spectra in the region between 1240 and 1000 cm™'.
Furthermore, the phenyl core of the MSNs was indicated in

Table 1. Summary of N, Sorption Measurements and
Isoelectric Points of Corresponding Zeta-Potential
Measurements

Pore
Surface Area | Pore Volume Size
Sample [mfg] [em®/g] [nm] IEP
MSN-Ph, -
COOH,, 1006 0.92 3.2 3.44
MSN-Ph, -AK_, 824 0.73 3.2 4.98
MSN-Ph,_-Biotin_ 1025 0.79 32 5.53
MSN-Ph. -
Avidin 32 - - 9.01

all samples by a peak at 1431 cm™' (C=C stretching vibrations)
and modes at 3077 and 3059 cm™' due to the aromatic C—H
stretching vibrations of the phenyl ring. Sample MSN—Ph, —
COOH,,, showed additional peaks at 1740 and 1720 cm™
belonging to the COOH stretching vibrations of saturated
dicarboxylic acids. This proved the successful in situ ring
opening of the succinic anhydride silane TEPSA. Addition of the
acetal linker via amidation reaction resulted in a new vibration
band at 1599 cm™, which can be attributed to the deformation
vibration of free amines, present at the unbound site of the
homobifunctional linker. After biotinylation via EDC amidation,
a new C=0 stretching vibration arises at 1658 cm™" belonging
to the biotin group. This peak was obscured upon avidin
addition by the amide I and II stretching vibrations, occurring at
1660 cm ™" (amide I: C=0 stretching vibration) and 1640 cm™!
(amide II: N—H deformation and C—N stretching vibration).

Thermogravimetric analysis (TGA) proved the incorporation
of a large phenyl content with an observable mass loss of 28% in
the sample MSN—Ph,—COOH,,, (supplemental Figure
S1A,B). Additionally, we confirmed successful functionalization
by monitoring the presence of free amine groups in a fluram
assay (supplemental Figure S1C).

All samples except MSN—Ph, -avidin,, exhibited a type IV
nitrogen sorption isotherm and a large specific surface area,
which is typical for mesoporous materials. The avidin-capped
sample showed a type II isotherm which is attributable to
nonporous materials and proved the successful pore closure
mechanism (Figure 3A). The Brunauer—Emmett—Teller
(BET) surface areas were calculated from the respective
isotherms in the range of p/p, = 0.05—0.2. The mean pore
size of MSN—Ph,, —COOH,,,, was calculated to be 3.2 nm. This
is smaller than that for most other MSN nanoparticles, which
show pore sizes of around 4 nm. The reduction in pore size can
be attributed to the successful incorporation of a large phenyl
content in the MSN. It has been reported that, in contrast to
hydrophilic organic moieties, hydrophobic organosilanes are
capable of aligning with the hydrophobic tails of the amphiphilic
templates instead of disturbing the micelle structure.” This
results in smaller particle sizes and shows a pore shrinking effect
in comparison to incorporation of other organosilanes (which
would commonly lead to 4 nm pores).”>**"> Modifications of
the particle’s external surface with an acetal linker and biotin
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Figure 3. Capping system closes pores tightly at physiological pH and efficiently opens up at low pH. (A) BET isotherm and pore size
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Figure 4. MSNs are taken up into the lysosome of APCs. (A) J774A.1 macrophages were stained with the lysosomal marker LysoTracker (red)
before adding Atto633-labeled MSNs (green) to the cells at time point 0 min. Images of live cells were taken every 10 min. The colocalization
analysis Pearson’s R was performed for each frame. (B,C) Mouse lymph node cells were incubated with increasing concentrations of MSN—
Atto633 for 24 h and analyzed by flow cytometry. The association of MSN—Atto633 (B) was analyzed in different cell populations: DCs
(CD197CD37CD11c"), macrophages (CD19"CD3 " CD11b"), B cells (CD19*CD3"), and T cells (CD19CD3"). Live cells were determined by
flow cytometry (C). The graphs show the mean and standard deviation of a minimum of four independent experiments. For statistical analysis,
one-way ANOVA was used.

have no significant impact on the pore size. This illustrates the
spatial control over the selective functionalization of the external
surface with little or no effect on the pore accessibility. All results
from nitrogen sorption measurements are summarized in Table
1.

The phenyl core of the MSNs facilitates loading of the
hydrophobic drug R848. Without phenyl groups, R848 cannot
be loaded into the MSN. This is demonstrated by an exchange

of phenyl groups with amine groups, which almost completely
prevented loading of the drug due to electrostatic repulsion
(Figure S2). This underlines the pronounced effect of the
particles’ interior pore wall decoration on drug loading
efficiency. To optimize the process further, the most efficient
loading buffer was identified. To enable hydrophobic interaction
between R848 and the phenyl moieties inside the pores, a buffer
with antichaotropic or rather kosmotropic ions was chosen

https://dx.doi.org/10.1021/acsnano.0c08384
ACS Nano XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08384/suppl_file/nn0c08384_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08384?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08384?ref=pdf

www.acsnano.org

=104

IL-6 (pg/mL)
IL-12p40 (pg/mL)

=10

1.2%10% 1405
x10%
1=10 10
Bx10*
Gwigt
T
0

20 40 B0 a0 100 o 20 40

. LE) Ll L L]

"

o
- [
n ]

CDE0 MFI (fold change)
H

CD86 MFI (fold change)
5

R848 conc. (ng/mL)

R848 conc. (ng/mL})

4 MsN w103
4 free R848 Gu104
& MSN-R&48
Ax104
221014

80 100 ‘{? ‘@ "p 013

IL-6 (pg/mL}

R848 conc. (ng/mL) o ‘\?@g ‘{;p

= MSN
W free RE4E
mm MSN-RB48

MHCI MFI (fold change)

RE848 conc. (ng/mL}

Figure 5. R848-loaded MSNs successfully activate DCs. BMDCs were incubated with increasing concentrations of MSN—R848. The amount of
MSN—R848 was adjusted to reach an equimolar amount between loaded or free R848. (A) Secretion of the cytokines IL-6 and IL-12p40 was
measured in the cell culture supernatants by ELISA. (B) Cell surface expression of the MHC I complex and of the co-stimulatory molecules
CD80 and CD86 was assessed by flow cytometry. The mean fluorescence intensity (MFI) in live cells is expressed relative to the unstimulated
control. (C) BMDCs were incubated with supernatants (SN) from different MSN—R848 batches for 24 h. The volume of SN transferred to the
cells was equalized to the volume used for the MSN—R848 control condition. As positive controls, 50 ng/mL of free or MSN-loaded R848 was
added to the BMDCs. IL-6 production was measured in the cell culture supernatants by ELISA. The graphs show the mean and standard
deviation of a minimum of four independent experiments. For statistical analysis, the two-way ANOVA was used.

according to the Hofmeister series.** ™' As can be seen in
supplemental Figure S2, SSC20x buffer led to the best loading
result of the phenyl-functionalized MSNSs.

To ensure that the successful pore closing—shown with
sorption measurements in Figure 3A—also worked with MSN—
R848 loaded in SSC20x, an in cuvette release experiment was
performed. We carried out a time-based release study in two
different buffers at pH 7.0 and pH S5.5. The release of the
hydrophobic R848 from the MSNs in the acidic environment
occurs most likely due to protonation of aromatic amines
present in the molecule, which creates a net positive charge and
renders the molecule water-soluble. The amount of released
R848 was calculated with the help of calibration curves in the
respective buffers, taking the difference in pH-dependent
fluorescence of R848 into account (supplemental Figure S3).
We measured both samples in parallel with a multicuvette holder
at 37 °C for 60 h. To prove that the sample at pH 7.0 (blue curve
Figure 3B) was tightly sealed and did not lose its ability to open
up at lower pH, we performed a buffer change experiment. To
this end, after measuring for 60 h at 37 °C at pH 7.0, the
membrane-sealed cap with R848-loaded MSNs redispersed in
SSC20x buffer was transferred to a cuvette with fresh MES buffer
(pH S.5), which simulates the pH of the lysosome and triggers
opening of the capping system. After 2—3 h, the SSC20x buffer
in the cap was completely exchanged with MES buffer. The
resulting hydrolysis of the acetal linker induced increasing
amounts of detected R848 (dark pink curve). Thus, the MSN—
R848 system demonstrated long-term stability and efficient pH-
responsive R848 release.

All in all, we could show that multifunctional core—shell
MSNs were successfully modified with a pH-responsive acetal
linker, followed by biotinylation, which enabled the closing of

the pores via the formation of a strong biotin—avidin complex as
well as their reopening upon acidification of the surrounding
media.

MSNs Are Taken up into the Endolysosomes of
Antigen-Presenting Cells. For successful delivery of R848
by the avidin-capped MSN, it is important that the particles are
efficiently taken up by APCs and that they accumulate in the
acidic environment of the lysosome to ensure targeted drug
release. To examine whether the MSNs were taken up by
immune cells, fluorescently labeled MSNs were added to a
macrophage cell line and analyzed by live cell imaging.
Association of MSN's with the cells was already visible 10 min
after addition of the nanoparticles (green) to the culture. After
40 min, a clear colocalization was apparent between the
lysosomes (red) and the MSNs (colocalization: yellow) (Figure
4A and supplemental video). Additionally, the colocalization
analysis Pearson’s R was performed for every frame. Since the
MSNs were added at time point 0, there is no overlap. However,
Pearson’s R increased over the course of the data collection,
which indicates MSN uptake into the lysosomes.

In order to examine the association of MSNs with different
types of primary immune cells, freshly isolated murine lymph
node cells and splenocytes were incubated with increasing
concentrations of fluorescently labeled MSNs. As shown in
Figure 4B (and supplemental Figure S4A), the proportion of
MSN-positive DCs, macrophages, and B cells increased in a
concentration-dependent manner. This association was so
efficient that, at higher MSN concentrations, 80% of all DCs,
macrophages, and B cells were MSN-positive. As macrophages
and dendritic cells are potent phagocytic cells, it is probable that
nanoparticles are at least partly taken up by these cells, as was the
case with the macrophage cell line in Figure 4A. Indeed, MSN
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Figure 6. MSN—R848—OVAp particles induce T-cell proliferation in vitro. (A) Covalent attachment of OVAp to MSNs. OVAp, thiolated with
Traut’s reagent (1), was coupled to MSNs’ avidin cap through a heterobifunctional maleimide-PEG-NHS cross-linker (2). (B) BMDCs were
exposed to different combinations of R848- and/or OVA peptide (=SIINFEKL)-loaded MSN. The amount of MSN—R848 was adjusted to reach
the equimolar amount of 50 ng/mL R848 between loaded or free R848; free OVA peptide was used at a concentration of 10 ng/mL. After 24 h,
OVA-specific, CFSE-labeled CD8" T cells were added to the BMDCs and cocultured for another 2—3 days. Proliferation of T cells was
determined by analysis of CFSE content (CFSE"") with flow cytometry. The graph shows the mean and standard deviation of three
independent experiments. For statistical analysis, one-way ANOVA was performed.

uptake into cells has already been demonstrated for primary
splenocytes, primary macrophages, and other macrophage cell
lines.>*>*%3 T lymphocytes, on the other hand, were only MSN-
positive at higher concentrations. Since T lymphocytes are not
professional antigen-presenting cells, this phenotype might
rather be due to an attachment of the particles to the cell
surface.”

To examine whether MSNs were toxic to primary immune
cells, freshly isolated murine lymph node cells were incubated
with increasing concentrations of MSNs and their viability was
assessed. No decrease in the viability of lymph node cells was
observed at MSN concentrations up to 100 pg/mL after 24 h
(Figure 4C and supplemental Figure S4B), and this was also true
for the macrophage cell line and bone-marrow-derived dendritic
cells (BMDCs) (supplemental Figure S4C,D).

In summary, the MSNs did not show immunotoxicity up to
100 pug/mL and were readily taken up by APCs.** Therefore,
this system fulfills essential requirements for a promising pH-
responsive delivery vehicle for immune-activating drugs.

R848-Loaded MSNs Successfully Activate Dendritic
Cells in Culture. DCs are among the most potent APCs. Upon
encounter with pathogens or other “danger” signals, DCs mature
and become activated. This results in the expression of high
levels of MHC and co-stimulatory molecules on their surface as
well as the secretion of pro-inflammatory cytokines, all of which
are prereg{uisites for a successful induction of immune
responses.”” Immune-activating drugs such as resiquimod
(R848) can act on DCs to stimulate them in a similar manner.

To evaluate the release efficiency of the biotin—avidin system
in a functional manner, we investigated the impact of R848-
loaded MSNs on the activation of DCs. To this end, we
incubated BMDCs with different concentrations of R848-loaded
MSNss or with a corresponding amount of free R848 or unloaded
MSNs. MSN—R848 induced secretion of high amounts of the
pro-inflammatory cytokines IL-6 and IL-12p40 (Figure SA) and

led to upregulation of the co-stimulatory molecules CD80 and
CD86 and of the MHC I complex, which was similar to the effect
of free R848 (Figure SB). The unloaded MSNs did not show any
immune-activating properties.

To further investigate the impact of the lysosomal pH drop on
the functionality of MSN—R848, BMDCs were incubated in the
presence of the endolysosomal acidification inhibitor chlor-
oquine. Chloroquine is a diprotic weak base and can diffuse
freely into endosomes, lysosomes, and Golgi vesicles, where it
accumulates, becomes protonated, and thus increases the local
pH.>® As seen in supplemental Figure S5, chloroquine indeed
prevented IL-6 production and up-regulation of CDS86 in
BMDC:s cultured with MSN—R848. This demonstrates that the
endolysosomal pH drop was crucial for the immune-activating
function of MSN—R848.

Additionally, we tested the release of R848 by MSNs in
different cell culture media using a functional assay. The
supernatants from MSN—R848 incubated overnight in cell-free
phosphate-buffered saline (PBS) at 4 °C induced only very low
levels of IL-6 production in BMDCs (Figure SC and
supplemental Figure S6). Supernatants from MSN—R848
incubated at 37 °C for 24 h in cell-free PBS, cell culture
medium, or fetal bovine serum (FBS) induced slightly higher
levels of IL-6 production by BMDCs. However, these were still
low compared to the levels induced by the same amount of free
R848 or R848-loaded MSNs applied directly to the cells
(supplemental Figure S6). The data indicate that R848-loaded
MSNs released only small amounts of the drug when suspended
in cell culture media.

In conclusion, we have developed a system that can efficiently
deliver the immune-stimulant R848 to APCs and induce a
robust immune response.

MSN—-R848 Particles Coloaded with Antigen Enhance
T-Cell Proliferation. Activation of cytotoxic CD8" T cells,
followed by their proliferation, occurs when they recognize a
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Figure 7. MSNs are not toxic in vivo and are mainly found in the draining lymph nodes in migratory DCs. (A) Amounts of 1 mg of Atto633-
labeled MSNs were subcutaneously injected into the right hind limb of mice. (B) Weight of the mice was measured at indicated time points over
aperiod of 14 days. (C) Ipsilateral and contralateral lymph nodes and spleens were analyzed after 24 h by flow cytometry. The amount of MSN—
Atto633* cells in the different organs was compared to the control group (PBS). (D) Uptake of MSN—Att0o633 was analyzed in different cell
populations: B cells (CD45"CD3°CD19*), resident DCs (CD45*CD3 CD19 CD11c*MHCII'®"), migratory DCs
(CD45'CD3°CD19 CD11c"MHCII"®"), Every point on the graphs represents one mouse, and the mean is shown for n = 3—10. For

statistical analysis, the two-way ANOVA was used.

specific antigen presented by activated and matured APCs.
Cancer vaccines take advantage of this phenomenon by
associating a tumor-specific antigen with an immune-activating
adjuvant to induce a strong T-cell response against the tumor.’
In order to enhance the MSN—R848 delivery system and induce
an antigen-specific immune response, a well-characterized
immunodominant peptide derived from the model antigen
ovalbumin (OVAp) was attached to the outer surface of the
MSN:s. For this, the OVAp was thiolated with Traut’s reagent
and then covalently attached to the avidin cap via a bifunctional
PEG cross-linker (Figure 6A).

To examine whether MSNs coloaded with R848 and OVAp
peptide antigen (MSN—R848—OVAp) led to dendritic cell
activation, BMDCs were incubated with increasing concen-
trations of loaded MSNs. MSN—R848—OVAp induced the
production of IL-6 by BMDCs in a dose-dependent manner but
at levels lower than those of MSN—R848 (supplemental Figure
S7A). To investigate the potential of MSN—R848—OVAp to
induce activation and proliferation of T cells, OVAp-specific
mouse T cells were cocultured with BMDCs stimulated with
R848- and/or OVAp-loaded MSN particles. To measure
proliferation, T cells were labeled with the fluorescent dye
CESE. As shown in Figure 6B, over 80% of the T cells had
divided at least once (CD8"CFSE“") when incubated with
MSN—R848—OVAp-stimulated BMDCs (gating strategy can
be found in supplemental Figure S7B). Importantly, this was
considerably more than with MSN—R848 plus free OVAp or

with free R848 and free OVAp. In conclusion, DCs stimulated
with MSNs loaded with both R848 and antigen induced a potent
cytotoxic T-cell response and seem promising as vaccine
carriers.

Biodistribution of MSNs in Mice. After proving the robust
activation of immune cells by pH-responsive MSNs carrying
R848 in vitro, their safety and biodistribution was investigated in
vivo. CS7BL/6 mice were injected subcutaneously (s.c.) with 1
mg of fluorescent Atto633-labeled MSN's, which formed a depot
at the injection site, or PBS (scheme in Figure 7A) and observed
daily for 14 days. In this time period, the mice did not show any
signs of toxicity and gained weight similarly to the control group
(Figure 7B). Furthermore, previous studies have already shown
that doses of 1 mg or less MSNss are safe to use in rodents.”>”

The initiation of a robust immune response mainly occurs in
lymphoid structures such as lymph nodes and the spleen, where
matured DCs activate T cells. Thus, bringing nanoparticles
carrying immune-stimulating drugs to these sites is of vital
importance. To evaluate the biodistribution of the avidin-
capped MSNs, lymphoid organs of mice were analyzed 1 day
after MSN—Atto633 injection. The ipsilateral inguinal and
axillary as well as the contralateral inguinal lymph nodes and the
spleen were investigated for MSN—Atto633" cells by flow
cytometry (classification of LNs in supplemental Figure S8). We
found the highest amount of MSN" cells in the ipsilateral
inguinal lymph node (iLN), which is the main draining lymph
node for the injection site (Figure 7C). Some mice also showed
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Figure 8. Kinetics of R848 distribution in serum and DC activation in lymphoid organs. Mice were injected subcutaneously into the right hind
limb with MSN—R848, free R848 (10 pg), unloaded MSNs or PBS. The amount of MSN—R848 to be injected was calculated with the help of
R848 release measurements and adjusted to reach 10 ug of R848 per mouse. (A) R848 distribution was measured in mouse serum by LC-MS/
MS at 15, 30, 60, 120, and 180 min after injection. The graph shows the mean and standard deviation of n = 3—8 mice. (B) Summary of two
pharmacokinetic parameters: the half-life of R848 in the serum and the area under the curve for free R848 and MSN—R848 is shown. (C) After 3
or 24 h, the ipsilateral and contralateral lymph nodes and spleens were analyzed by flow cytometry. The upregulation of CD80 mean
fluorescence intensity in all DCs (CD45*CD19 CD3 CD11c*) and in the migratory DC population
(CD45*CD197CD3"CD11c*CD11b"CD103") was assessed relative to the PBS control. Every point on the graphs represents one mouse,
and the mean and standard deviation are shown for 3 h (n = 3—6) and 24 h (n = 6—13). For statistical analysis, the two-way ANOVA was

performed.

MSN* cells in the ipsilateral axillary lymph node (aLN), which is
a secondary draining lymph node. However, these mice had less
MSN* cells in the iLN, which suggested that small variations in
the injection site could have led to an injection in the area
draining the aLN.

In all mice, we consistently found that the contralateral lymph
nodes and the spleen did not show any MSN—Atto633" cells
after 24 h. After further analyzing the different cell populations in

the ipsilateral lymph nodes, we showed that it were mainly
migratory DCs rather than resident DCs that took up the MSN's
(Figure 7D). Migratory DCs patrol most of the body’s tissues in
search for invaders or aberrant cells. If they encounter foreign
structures, they become activated and migrate to the next
draining lymphoid organ to initiate an immune response.
Resident DCs, by contrast, rely on foreign material to be brought
or drained directly to the lymphoid organs as they are restricted
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to these sites.” Here, we could show that MSNs were
predominantly taken up by patrolling migratory DCs and
carried to the next draining lymph node.

Kinetics of Immune Cell Activation in Mice. R848 is a
low molecular weight compound (314.4 Da) and therefore
expected to distribute fast and be rapidly cleared from the body
upon injection. To compare the pharmacokinetics of free R848
and R848 delivered by MSNs, we measured R848 concen-
trations in the blood by LC-MS/MS (liquid chromatography—
mass spectrometry). For this, C57BL/6 mice were injected s.c.
with MSN—R848 or free R848 (at an equimolar amount of 10
ug of R848), and serum was collected at several time points up to
3 h. From previous experiments and literature, we know that 10
ug of R848 is well-tolerated in mice and does not lead to side
effects.”’ ~® With minor variations of loading efficiencies
between different MSN—R848 batches, the injected MSN
amount corresponded to 270—370 ug of MSNs per mouse and
thus remained well below the 1 mg MSNs injected for the in vivo
safety experiment. As expected for the serum measurements, the
concentration of free R848 was highest at the earliest time point
around 200 ng/mL, measured 15 min after injection, and
vanished quickly thereafter. At 3 h after injection, R848 was
barely measurable in the serum (Figure 8A). On the contrary,
R848 concentrations in the serum were much lower with MSN—
R848 and stayed well below 40 ng/mL. Importantly, the half-life
of R848 in the serum increased from 18 min for free R848 to 117
min for MSN—R848, and the area under the curve (AUC) was
about 3-fold higher for free R848 (Figure 8B), meaning that the
systemic exposure of mice to R848 was much higher with free
R848 than with MSN-delivered R848. Taken together, this
reflects a low, steady, and slow release of the drug rather than a
burst effect.

To assess the activation of immune cells by R848-loaded
MSNs in mice, we analyzed different lymphoid organs of the
mice at an early (3 h) and later (24 h) time point after s.c.
injection (the gating strategy can be found in supplemental
Figure $9). After 3 h, we observed a low activation of DCs and B
cells in lymph nodes on the ipsi- and contralateral sides of
injection (Figure 8C and supplemental Figure S10, left panels).
This early low activation, which is apparent through the
upregulation of the co-stimulatory molecules CD80 and CD86,
may have been induced by free R848 released from the particles.
This finding is consistent with the low serum concentrations of
R848 from Figure 8A and is supported by the fact that we also
find similar levels of the pro-inflammatory cytokines IL-6,
TNFa, and IL-12p40 in the serum 3 h after injection of free
R848 and MSN—R848 (supplemental Figure S11).

After 24 h, however, the activation state of DCs and especially
the migratory DCs in the draining ipsilateral inguinal and axillary
lymph nodes was substantially more pronounced. Importantly,
upregulation of CD80 and CD86 on migratory DCs in the
draining lymph nodes was significantly stronger in mice injected
with the R848-loaded particles compared to free R848 (Figure
8C and supplemental Figure S10, right panels). The proportion
of skin-draining migratory DCs are known to reach a plateau in
the draining lymph nodes around 24 h after s.c. injection.®**®
Thus, at this later time point, the activation state of the DCs was
considerably enhanced, most likely by newly arrived migratory
DCs that took up MSN—R848, became strongly activated, and
migrated to the closest lymph nodes, meaning that the
enhancement of the immune response was localized to the
draining ipsilateral side. This is also consistent with the fact that

most MSN* migratory DCs were found in the draining lymph
nodes.

All in all, R848-loaded MSNs strongly augmented the
immune response in the draining lymph nodes after 24 h, in
all likelihood by activating the skin-draining migratory DC
population that, after uptake of the particles, moved to the
ipsilateral lymph nodes.

In this study, we developed a pH-responsive delivery system
for the immune-activating drug R848. We demonstrated that
correctly tailoring the multifunctional MSNs enabled enhanced
loading of the hydrophobic molecule R848. For this purpose, we
performed a delayed co-condensation approach, developed in
our group, to introduce phenyl groups solely into the pores.** It
was proven before that this synthesis procedure allows spatial
control over incorporated organic moieties.”” Delayed function-
alization of the exterior surface in the same synthesis procedure
with carboxylic groups allowed for further modification with a
pH-responsive acetal linker and a biotin—avidin capping system.
The pH-dependent hydrolysis of the linker enables stimuli-
responsive opening of the pores.”® Once the pH in the
endolysosome drops to a value of pH 5.5, the cleavage of the
applied acetal linker is triggered, inducing pore opening and
drug release through complete detachment of the bulky biotin—
avidin complex.”’

In addition to tightly closing the drug-loaded pores, capping
of the MSNs with the protein avidin also leads to improved
particle—cell interactions. As shown by van Rijt et al, avidin
coating of the MSNs results in enhanced biocompatibility.*®
Compared to amine-functionalized MSNs, which were shown to
exhibit a strong protein corona formation, avidin coating of the
particles minimizes this effect and the subsequent clearance by
macrophages.”” Furthermore, Zhang et al. reported that anionic
vaccines were not taken up by APCs due to the repulsion of
negatively charged particles and negatively charged phospholi-
pid bilayers of the cell membranes.”” The dramatic change in
surface charge after attachment of avidin to the MSNs, as seen by
a shift in zeta-potential from —50 mV (MSN—Ph, —COOH,,,)
to +20 mV (MSN-Ph,,—avidin,,), enables an attractive
particle—DC interaction and thus facilitates the uptake by
APCs. Indeed, successful uptake of avidin-coated MSNs in
APCs in vitro was already observed within 30 min.

Not just in vitro but also in vivo, we could show that the MSN
delivery system was preferentially taken up by APCs. After
subcutaneous injection of the particles into mice, the MSNs
were mainly found in migratory DCs in the draining lymph
nodes, which are the site of immune response initiation. The size
of nanoparticles plays a major role in their distribution in the
body. Whereas nanoparticles larger than 50—100 nm tend to
remain trapped in the extracellular matrix at the injection site,
smaller particles (below 50 nm) drain directly to the lymphatic
system or blood.”" With a particle size of around 280 nm, the
avidin-capped MSNs are too large to be drained with the
interstitial flow to the lymph nodes and thus create a small depot
at the injection site. By taking advantage of patrolling migratory
DCs that take up foreign material such as nanoparticles, become
activated, migrate to the closest lymph nodes, and initiate the
immune response there, a major drawback of smaller particles
can be avoided. Smaller particles distribute more quickly in the
lymphatics and can also enter the bloodstream, where they are
subject to clearance by the liver, kidneys, or spleen.”” This may
lead to unwanted toxic side effects and a much faster turnover of
the delivered drug.
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Importantly, when loaded with R848, the particles consid-
erably enhanced activation of the skin-draining migratory DCs
in the lymph nodes after 1 day. Thus, the MSN-delivered R848 is
more effective than free R848, which vanishes from the system
quickly. Hydrophobic small molecule drugs that are passively
loaded into nanoparticles often exhibit poor release control or
even a fast burst release.'®” In contrast, our results show that
when R848 was encapsulated in pH-responsive, capped MSNs, a
burst release was prevented. Moreover, by directly measuring
R848 concentrations in the blood, we demonstrated that with
MSN—R848, the pharmacokinetic profile was much improved.

Furthermore, we demonstrated that MSNs that simulta-
neously carried the adjuvant R848 and the model antigen OVA
induced potent T-cell activation and proliferation. As previously
shown, simultaneous delivery of both adjuvant and anti§en to
the same cell increases the potency of a vaccine.”” The
importance of this phenomenon is also apparent with the
MSN—R848—0OVAp particles as the dual delivery of antigen and
adjuvant within one particle seems to compensate for the
reduced BMDC activation by MSN—R848—OVAp. This
underlines the great potential of MSNs as combined carrier
system for both adjuvant and antigen. In this work, we used the
OVA peptide as a model antigen. However, the system is easily
adaptable and other antigens could be attached to avidin via its
functional groups. This means that even several different tumor-
specific antigens could be loaded onto the MSNs to achieve a
stronger antitumor effect.”> ™" Furthermore, the MSNs could
also accommodate patient-specific tumor antigens to generate a
“personalized” MSN vaccine carrier system.®’ The adjustability
of the pore size of mesoporous silica particles also enables
loading of larger antigen proteins. This was shown by Cha et al.,
who successfully delivered the complete OVA protein in
combination with a TLR-9 adjuvant by means of extra-large-
pore MSNs.*> We note that, in the latter study, antigen and
adjuvant were both loaded via electrostatic interactions into
randomly amine-functionalized particles without an additional
capping system. This may cause uncontrolled release and
therefore systemic activation or enhanced protein corona
formation and thus rapid clearance of the particles before they
reach DCs.%® The spatially controlled synthesis of core—shell
MSNs with a multifunctional capping system can overcome
these obstacles. Future studies will show if MSN—R848
coloaded with antigen(s) not only leads to stronger DC
activation but also enhances the cytotoxic T-cell responses in
vivo.

CONCLUSIONS

MSNs hold considerable promise as a carrier system for the
immune-stimulant R848. They display significant adjustability
and flexibility, which allows for simultaneous delivery of
adjuvant and antigen and the specific generation of an enhanced
T-cell response. The pH-responsive system presented here thus
shows great potential as a successful cancer vaccine, enabling
enhanced and prolonged local immune activation and thus
critically modifying the kinetics of small molecule immune-
activating drugs.

METHODS

Materials. All reagents were purchased from commercial suppliers:
tetraethyl orthosilicate (TEOS, Sigma-Aldrich, >98%), cetyltrimethy-
lammonium chloride (CTAC, Fluka, 25 wt % in H,0), triethanolamine
(TEA, Sigma-Aldrich, 98%), triethoxyphenylsilane (PhTES, Sigma-
Aldrich, 98%), 3-(triethoxysilyl)propylsuccinic anhydride (TEPSA,

ABCR, 60—70%), 3,9-bis(3-aminopropyl)-2,4,8,10-tetraoxaspiro[ S.5]-
undecane (AK linker, TCI, >98%), biotin (Sigma-Aldrich, >99%),
avidin, egg white (Merck Millipore, >10 units/mg protein), N-(3-
(dimethylamino)propyl)-N-ethylcarbodiimide hydrochloride (EDC,
Sigma-Aldrich, 97%), ammonium nitrate (Sigma-Aldrich, 99%), N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS, Sigma-Aldrich,
98%), ethanol (EtOH, Sigma-Aldrich, >99.5%), saline—sodium citrate
buffer concentrate (SSC buffer (20X), Sigma-Aldrich), 2-morpholi-
noethanesulfonic acid hydrate (MES hydrate, Sigma-Aldrich, >99.5%),
fluorescamine (Fluram, Sigma-Aldrich, >99%), TLR-7/8 agonist
resiquimod (R848, Enzo, >98%), OVA 257—264 peptide (chicken
egg albumin, Invivogen, >95%), 2-iminothiolane hydrochloride
(Sigma-Aldrich, >98%), and a-maleimido-24(ethylene glycol)-w-
propionic acid succinimidyl ester (mal-dPEG(24)-NHS, Iris Biotech
GmbH). All chemicals were used as received without further
purification. Doubly distilled water from a Millipore system (Milli-Q
Academic A10) was used for all synthesis and purification steps.

Preparation of MES Buffer (0.1 M, pH 5.5). 2-(N-Morpholino)-
ethanesulfonic acid (MES, 9.76 g) was dissolved in 500 mL of water.
The pH was adjusted to 5.5 using sodium hydroxide (1 M).

Synthesis Procedures. Preparation of Core—Shell-Function-
alized Colloidal Mesoporous Silica Nanoparticles (MSN—Ph;,—
COOH,,). Core—shell-functionalized MSNs were synthesized accord-
ing to a slightly modified synthesis approach as previously reported.*®
In detail, a mixture of tetraethyl orthosilicate (TEOS, 1.62 g, 7.79
mmol) and triethoxyphenylsilane (PhTES, 0.45 g, 1.86 mmol) was
added as a layer on top of triethanolamine (TEA, 14.3 g, 95.6 mmol)
and heated without stirring at 90 °C for 20 min in a polypropylene
reactor. Subsequently, a solution of cetyltrimethylammonium chloride
(CTAC, 241 mL, 1.83 mmol, 25 wt % in H,0) and ammonium
fluoride (NH,F, 100 mg, 2.7 mmol) in water (21.7 g, 1.21 mmol)
preheated to 60 °C was quickly added and the reaction mixture
vigorously stirred (700 rpm, 20 min) while cooling to room
temperature. Afterward, four equal portions of TEOS (192.2 mg in
total, 0.922 mmol) were added every 3 min, and the reaction mixture
was allowed to stir for another 30 min at room temperature. In the end,
TEOS (38.3 mg, 184 umol) and 3-(triethoxysilyl)propylsuccinic
anhydride (TEPSA, 56.2 mg, 184 yumol) were added, and the resulting
mixture was allowed to stir overnight at room temperature. In the
following, MSN’s were collected by centrifugation (43,146 rcf, 20 min)
and redispersed in absolute ethanol. Subsequent template extraction of
the MSNs was performed in 100 mL of ethanolic solution, containing
ammonium nitrate (NH,NOj, 2 g), under reflux heating at 90 °C for 45
min. After centrifugation (7179 rcf, 1S min) and redispersion in
ethanol, the described extraction was performed a second time. Finally,
the MSNs were collected by centrifugation (7179 rcf, 1S min) and
washed with 100 mL of absolute ethanol, resulting in the sample MSN—
Ph;,—~COOH,,.

AK Linker Attachment (MSN—Ph;,—AK,,,). Fifty milligrams of
MSN—Ph, —COOH,,, was collected by centrifugation (7179 rcf, 15
min) and redispersed in 70 mL of a 1:1 EtOH/HBSS buffer solution.
Subsequently, EDC (20 yL, 114.4 ymol) was added under vigorous
stirring of the particle solution. Ten minutes later, N-hydroxysulfo-
succinimide sodium salt (sulfo-NHS, 2.6 mg, 12 ymol) was added and
the reaction mixture allowed to stir five more minutes at room
temperature. Afterward, the acetal linker 3,9-bis(3-aminopropyl)-
2,4,8,10-tetraoxaspiro[ 5.5 Jundecane (AK linker, 917 uL (55 mg, 0.20
mmol) from stock solution with ¢ = 60 mg/mL in 1:1 EtOH/HBSS
mixture) was added dropwise to the solution, and the resulting mixture
was allowed to stir overnight (700 rpm, room temperature). Particles
were collected by centrifugation (7179 rcf, 15 min) and washed twice
with absolute ethanol (50 mL).

Biotin Functionalization (MSN—Ph;,—biotin,,). Biotin (6 mg, 24.6
umol) was dissolved in a DMSO/EtOH mixture (500 uL of DMSO, 2.5
mL of EtOH). Subsequently, EDC (6 uL, 34.3 ymol) was added under
vigorous stirring, followed by sulfo-NHS (0.78 mg, 3.6 ymol). Then, 30
mg of MSN—Ph;,—AK,,,, redispersed in 40 mL of ethanol, was added
dropwise to the solution. The reaction mixture was allowed to react
overnight (700 rpm, room temperature). Particles were collected by
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centrifugation (7179 rcf, 1S min) and likewise washed twice with
absolute ethanol (50 mL).

Avidin Coating (MSN—Ph,,—avidin,,,). Two milligrams of MSN—
Ph,,—biotin,,, was centrifuged (5500 rcf, 4 min, 15 °C) and redispersed
in 400 uL of avidin solution (c = 10 mg/mL). The reaction mixture was
allowed to react under dark and static conditions at room temperature
overnight. The resulting particles (MSN—Ph; —avidin,,) were
extensively washed with SSC20x buffer (pH 7.0) and centrifuged
(5500 rcf, 4 min, 15 °C).

Attachment of OVA Peptide to Avidin Cap (MSN—Ph;,—OVAp,.,).
A solution with 1 mg of MSN—Ph,—avidin,,, was centrifuged (5500
rcf, 4 min, 15 °C), and the solid was redispersed in 500 yL of DPBS
buffer. In the meantime, 2-iminothiolane hydrochloride (0.4 mg, 2.9
umol) was added to a solution of S0 uL of OVA peptide (=OVAp =
SIINFEKL; ¢ = (OVAp-Stock) = 1 mg/mL in bidistilled water) in 450
uL of DPBS buffer. The mixture was allowed to react for 1 h at room
temperature under static conditions. Afterward, the heterobifunctional
PEG-linker mal-PEG(24)-NHS (0.6 mg, 430 ymol) was added, and the
reaction mixture was allowed to react another hour at room
temperature without stirring. The activated OVAp-PEG-linker was
successively added to the MSN solution, and the mixture was allowed to
react one more hour (static conditions). Subsequently, the OVAp-
functionalized particles were washed three times with DPBS buffer
(5500 rcf, 4 min, 15 °C).

Labeling of MSNs with Covalently Attached Atto Dyes. One
milligram of MSN—SH;,—biotin,, was redispersed in 1 mL of ethanol
and 5 uL of Atto633-maleimide (or alternatively Atto488-mal) was
added. The reaction mixture was allowed to react overnight at room
temperature in the dark under static conditions. Subsequently, the
labeled particles were washed three times with ethanol (1 mL of EtOH,
14,000 rpm, S min, room temperature) and one time with SSC20x
buffer before avidin was added to the solution (as described above).
Labeled particles were used for uptake and biodistribution studies.

Characterization of MSNs. Centrifugation was performed using a
Sigma 3-30KS equipped with a fixed-angle rotor 12310 or an Eppendorf
centrifuge (5430 for volumes up to 50 mL or 5418 for small volumes).
Samples were investigated with a Tecnai G2 20 S-Twin transmission
electron microscope operated at 200 kV with a bright-field detector. A
droplet of the diluted MSN solution in absolute ethanol was dried on a
carbon-coated copper grid at room temperature for several hours.
Nitrogen sorption measurements were performed on a Quantachrome
Instruments NOVA 4000e. In general, samples (15 mg each) were
heated to 60 °C for 12 h in vacuum (10 mTorr) to outgas them before
nitrogen sorption measurements. MSN—Ph; —avidin,, was the only
sample which was outgassed at room temperature for 12 h in vacuum
(10 mTorr) to void damage of the protein. Subsequent nitrogen
sorption measurements were performed at 77 K. Pore size and pore
volume were calculated by a NLDFT equilibrium model of N, on silica,
based on the adsorption branch of the isotherms. Pore volumes were
calculated only up to a pore size of 8 nm to avoid contributions of
interparticle textural porosity. The specific surface area of the samples
was determined with a BET model applied in the range of 0.05—0.20 p/
Po- Dynamic light scattering measurements were performed on a
Malvern Zetasizer-Nano instrument equipped with a 4 mW He—Ne
laser (633 nm) and an avalanche photodiode. To determine the
hydrodynamic radius of the particles, 100 yL of an ethanolic MSN
suspension (~10 mg/mL) was diluted with 3 mL of ethanol prior to the
DLS measurement. The sample MSN—Ph; —avidin,, was measured in
water, at similar concentrations. Zeta-potential measurements of the
samples were performed on a Malvern Zetasizer-Nano instrument
equipped with a 4 mW He—Ne laser (633 nm) and an avalanche
photodiode using the add-on Zetasizer titration system (MPT-2)
(based on diluted NaOH and HCI as titrants). For this purpose,
particles were diluted in 10 mL of bidistilled water to achieve a final
MSN concentration of 0.1 mg/mL.

Thermogravimetric analysis was performed on a Netzsch STA 440 C
TG/DSC with a heating rate of 10 K/min in a stream of synthetic air of
about 25 mL/min. The mass was normalized to 100% at 130 °C for all
samples to exclude the influence of solvent desorption. A Thermo
Scientific Nicolet iN10 IR-microscope was used to record infrared

spectra of dried sample powders in reflection—absorption mode with a
liquid-N, cooled MCT-A detector. UV—vis measurements with 2 yL of
the samples were performed on a NanoDrop 2000c spectrometer from
Thermo Scientific Fisher. Time-based fluorescence release experiments
were performed at 37 °C on a PTI spectrofluorometer equipped with a
xenon short arc lamp (UXL-7SXE USHIO) and a photomultiplier
detection system (model 810/814) with A, = 323 nm and 4, = 342
nm. Emission scans of fluorescent samples and corresponding
calibration curves were measured at room temperature with 1., = 323
nm and 4., = 335—355 nm.

Fluram Assay. The 2.5 mg particles from ethanolic solution were
washed one time with MeOH and subsequently redispersed in 2 mL of
MeOH. Subsequently, 1 mL of a freshly prepared Fluram solution
(6.957 mg in S mL of MeOH, S mM) was added and the mixture
vigorously shaken and vortexed for 2 min. Immediately afterward,
samples were measured with fluorescence spectroscopy (4., = 420 nm,
Aem = 440—540 nm).

Release Experiments. Drug Loading (MSN—R848). Two milli-
grams of MSN—Ph, —biotin,, was washed once with SSC20x buffer,
followed by redispersion in 500 uL of R848 stock solution (consisting
of 50 uL resiquimod (c = 10 mg/mL) in 450 L of SSC20x buffer (pH
7.0)), yielding an overall drug concentration of 1 mg/mL in the loading
solution. The particles were shaken for 1 h (thermoshaker, 600 rpm,
room temperature), centrifuged, washed five times with SSC20x buffer,
and redispersed in 400 L of avidin solution (¢ = 10 mg/mL in SSC20x
buffer) to trigger closure of the pores by biotin—avidin complex
formation. The resulting particles (MSN—R848) were extensively
washed with SSC20x buffer (pH 7.0) until no absorption at A = 320 nm
was detected in the supernatant. For in vivo experiments, MSNs were
redispersed in SSC20x buffer at a concentration of 10 mg/mL.

Time-Based Fluorescence Release Experiments in Cuvette. A
sample of 1 mg of R848-loaded MSNss redispersed in 1 mL of SSC20x
buffer was split into two and centrifuged (5500 rcf, 4 min, 15 °C). One
half (0.5 mg MSNs) was redispersed again in 200 L of SSC20x buffer
(pH 7.0), the other half in 200 uL of MES buffer (pH 5.5). Afterward,
the MSNs (200 uL each) were transferred to custom-made caps which
were sealed with a dialysis membrane (ROTH Visking type 8/32,
MW(CO 14 000 g/mol) and put on top of a disposable PMMA cuvette
(UV grade). The cutoff molecular weight of the dialysis membrane is
too low for MSNs and the detached biotin—avidin complex, meaning
only released resiquimod can diffuse through the membrane to be
measured in the cuvette. The pH-dependent cargo release was
measured at 37 °C for 60 h (4., = 323 nm, 4,,, = 342 nm).

Quantification of Released Resiquimod/R848. To determine the
amount of released resiquimod, samples were allowed to cool to room
temperature after the time-based release. Subsequently, emission scans
were performed at 22 °C (A, = 323 nm, 4., = 335—355 nm). To enable
quantification (calibration), emission scans of concentration ranges of
resiquimod in the respective buffers were measured under the same
condition as mentioned above. Results were plotted and linearly fitted
with Origin Pro 9.0 to be able to calculate the amounts of resiquimod
released.

Supernatant/Loading Control with UV-Vis (Nanodrop). To
follow the time-dependent loading of resiquimod, supernatants were
measured during the loading process with Nanodrop (2 L sample,
blank: corresponding buffer). Furthermore, the successful washing
procedure was monitored by measuring the decreasing optical
absorption of the washing supernatants.

Biological Assays. Uptake of MSNs by Antigen-Presenting Cells.
J774A.1 macrophages (ATCC, TIB-67) were plated at a concentration
of 5 X 10* cells/well on a Lab-Tek chamber plate (Nunc) in high
glucose (4.5 g/L) DMEM (Biowest) supplemented with 10% FBS (MP
Biomedicals), 2 mM L-glutamine (Corning, Fisher Scientific), 1 mM
sodium pyruvate (Gibco), and 0.5% ciprofloxacin (Bayer). After
overnight incubation at 37 °C, the cells were stained with LysoTracker
(Blue DND-22, life technologies) for 1 h at a final concentration of 50
nM. Atto633-labeled MSNs (20 pg/mL) were then added directly onto
the cells. Live cell imaging was performed using a confocal microscope
(Zeiss LSM 710 Meta) with 63X magnification. The colocalization
analysis Pearson’s R was calculated with Fiji.
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To assess uptake into primary cells, single cell suspensions from total
spleen and lymph nodes were used. To obtain single cell suspensions
from spleens, the tissue was mechanically disrupted and filtered through
a 70 ym cell strainer (Corning). Erythrocytes were lysed using Pharm
Lyse buffer (BD Biosciences). To attain single cell suspensions from
lymph nodes, the tissue was cut and digested in RPMI-1640 (Gibco)
supplemented with 2% FBS (MP Biomedicals), 1X penicillin/
streptomycin (Gibco), 10 mM HEPES (Gibco), 2 mM calcium
chloride (Acros Organics), 3 mg/mL collagenase IV (Worthington),
and 200 U/mL DNase I (Worthington) at 37 °C for 20—30 min on a
shaker. After digestion, the suspension was filtered through a 70 ym cell
strainer (Corning). Splenocytes or lymph node cells were cultured in
RPMI-1640 (Gibco), 10% FBS (MP Biomedicals), 2 mM L-glutamine
(Gibco), 1X penicillin/streptomycin (Gibco), 1 mM sodium pyruvate
(Gibco), 1X nonessential amino acids (Gibco), and 50 uM 2-
mercaptoethanol (Gibco) on a 96-well flat bottom plate (Greiner) at
a density of § X 10° cells/well. MSN's were added at concentrations
between 1 and 200 yg/mL to the cells and incubated overnight before
analysis by flow cytometry.

Dendritic Cell Activation Assay. Bone-marrow-derived dendritic
cells were generated as previously described with the only difference
that cells were split (1 to 2) at day 3.** On day 6, BMDCs were seeded
on a 96-well flat bottom plate (Greiner) at a density of 1 X 10° cells/well
and stimulated with different concentrations of R848-loaded MSNs,
free R848 (Enzolive), or supernatants coming from the spun down
MSN formulations. The amount of MSN—R848 or MSN—R848—
OVAp was calculated with the help of R848 release measurements. Due
to minor variations of R848 released per milligram MSN between
different batches, the amount of MSN—R848 or MSN—R848—OVAp
was adjusted for every experiment to reach an equimolar amount
between loaded or free R848. For some experiments, the
endolysosomal acidification inhibitor chloroquine (Invivogen, 100
uM) was added 30 min before addition of the stimulants. After 18—24
h, cells and culture supernatants were collected and analyzed by flow
cytometry and ELISA, respectively.

T-Cell Proliferation Assay in Vitro. BMDCs were generated as
described in the previous section and seeded at a density of 1 X 10°
cells/well on a 96-well flat bottom plate. Cells were then stimulated
with different concentrations of R848- and/or SIINFEKL-loaded
MSNs for 24 h. SIINFEKL-specific CD8" T cells were isolated from
spleens coming from OT-I transgenic mice. For purification of CD8" T
cells, magnetic-associated cell sorting (MACS) with the CD8a" T-cell
isolation kit (Miltenyi) was performed according to manufacturer’s
protocol. T cells were stained with 0.5 uM CFSE (5-(and 6)-
carboxyfluorescein diacetate succinimidyl ester, Biolegend) for 10 min
at room temperature before adding them onto the stimulated BMDCs
at a density of 1 X 10° cells/well in very low endotoxin RPMI-1640
(Biochrom), 10% FBS (MP Biomedicals), 2 mM L-glutamine (Gibco),
1X penicillin/streptomycin (Gibco), 1 mM sodium pyruvate (Gibco),
1X nonessential amino acids (Gibco), and S0 uM 2-mercaptoethanol
(Gibco). CFSE passively diffuses into cells and covalently links to
intracellular molecules, which leads to its dilution with each cell
division. T-cell proliferation (defined by a lower presence of CFSE) was
analyzed by flow cytometry after 2—3 days.

Quantification of Cytokines. Cell supernatants and serum were
collected and analyzed for cytokine secretion by enzyme-linked
immunosorbent assay (IL-6, TNFaq, IL-12p40 ELISA kits, Biolegend)
according to the manufacturer’s protocol.

Flow Cytometry. Cell suspensions were stained in PBS (Gibco) with
0.5% BSA (Pan Biotech) and 0.5 mM EDTA (Promega). Fc receptor
block (TruStain FCX anti-mouse CD16/32), fluorochrome-coupled
antibodies against the surface antigens CD3, CD4, CD8, CD11b,
CDl1¢, CD19, CD25, CD45, CD69, CD80, CD86, CD103, MHCI,
MHCII, and appropriate isotype controls were all purchased from
Biolegend. To assess cell death, a Zombie dye (Biolegend) was used
according to the manufacturer’s protocol. Cells were acquired on the
flow cytometer NovoCyte (Acea Biosciences) and analyzed using the
software FlowJo V10. In all graphs, dead cells were excluded with the
help of the Zombie dye.

LC-MS/MS Measurements of R848 in Serum. Concentrations of
R848 in mice serum were determined using a fully validated LC-MS/
MS method. The instrument consisted of an Agilent HP1100 liquid
chromatography coupled to an API 4000 triple quadrupole mass
spectrometer (AB Sciex, Concord, ON, Canada) controlled by Analyst
1.6.1 software. The mass spectrometer was operated in the multiple
reaction monitoring (MRM) mode with positive electrospray
ionization. The MRM transitions were 315.4 — 251.0 and 330.1 —
295.1 with a dwell time of 100 ms for R848 and IS (midazolam-d,),
respectively. Other MS parameters were as follows: collision gas (8),
curtain gas (30), ion source gas 1 (30), gas 2 (40), ion spray voltage
(5000), and source temperature (600 °C). Chromatography was
performed on a Phenomenex Kinetex C18 analytical column (50 mm X
2.1 mm, 2.6 um; Torrance, CA, USA) preceded by a KrudKatcher ultra
in-line filter, 0.5 ym. Flow rate was 0.4 mL/min using gradient of formic
acid 0.1% in water (solvent A) and acetonitrile with formic acid 0.1%
(solvent B). The method was fully validated with a quantitation limit of
1 ng/mL. Plasma samples (100 L) were spiked with SO L of IS (S0
ng/mL of midazolam-d,) and basified with 100 uL of NaOH 0.5 M.
After the addition of 0.5 mL of hexane/ethyl acetate (50—50 v/v), the
mixture was shaken for 15 min. After centrifugation (1300g, S min), the
tubes were stored in a freezer (—80 °C) until the aqueous phase froze
(30 min) and the upper organic layer was saved. After evaporation,
residues were reconstituted in 100 L of formic acid 0.1% acetonitrile
(80—20 v/v) and 10 uL was injected onto the HPLC system. Along
with the experimental samples, quality control (QC) and standards
samples, prepared using blank plasma spiked with R848, covering the
expected concentration range were processed. The standard curves
were obtained by weighted least-squares regression (weighting = 1/X)
of the measured peak area versus the analyte concentrations. The
standard curves were used to calculate concentrations of the analytes in
experimental and QC samples. The pharmacokinetics parameters (half-
life and AUC) were calculated with the software Phoenix WinNonlin
(Version 6.1) from Certara.

MSN Biodistribution and Activation Studies in Mice. To assess the
biodistribution of the particles in different organs, mice were injected
subcutaneously (s.c.) in the right hind limb with 1 mg of Atto633-
labeled MSNs in a volume of 100 uL. For activation studies, R848-
loaded MSNs or free R848 (10 g per mouse) were injected s.c. in the
right hind limb. The amount of MSN—R848 to be injected was
calculated with the help of R848 release measurements and adjusted for
every batch to reach 10 ug of R848 per mouse. For the control groups
100 uL of PBS or unloaded MSN's was injected. After 3 or 24 h, blood,
lymph nodes, and spleens were collected and organs were processed as
described in previous sections to obtain single cell suspensions. The
cells were then analyzed by flow cytometry. Blood samples were left to
coagulate at room temperature for a minimum of 1-2 h before
centrifuging them at a maximum speed for 30 min. The serum was then
collected and stored at —20 °C until further analysis by ELISA and LC-
MS/MS.

Mice. Female C57Bl/6 and OT-I mice (purchased from Charles
River, France) were housed under specific pathogen-free conditions
and were 6—16 weeks of age at the time of the experiment. All animal
studies were conducted in accordance with local regulations.

Statistics. All data sets are presented as mean + standard deviation.
For comparison between just two data sets, the two-tailed ¢ test was
used. For multiple statistical comparison, the one- or two-way ANOVA
test with either Tukey or Sidak post-test was applied. Significance was
set at p values of p < 0.05, p < 0.01, p < 0.001, and p < 0.0001 and was
then indicated with an asterisk (*, *%, **% and **** or ns = not
significant). All statistical calculations were performed with GraphPad
Prism (version 8).
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