RESEARCH ARTICLE

W) Check for updates

HEALTHCARE

www.advhealthmat.de

Targeted Delivery of the Pan-Inflammasome Inhibitor MMO1
as an Alternative Approach to Acute Lung Injury Therapy

Alba Garcia-Ferndndez,* Mdnica Sancho, Eva Garrido, Viviana Bisbal, Félix Sancendn,

Ramén Martinez-Mdriez,* and Mar Orzdez*

Acute lung injury (ALI) is a severe pulmonary disorder responsible for high
percentage of mortality and morbidity in intensive care unit patients. Current
treatments are ineffective, so the development of efficient and specific
therapies is an unmet medical need. The activation of NLPR3 inflammasome
during ALI produces the release of proinflammatory factors and pyroptosis, a
proinflammatory form of cell death that contributes to lung damage
spreading. Herein, it is demonstrated that modulating inflammasome
activation through inhibition of ASC oligomerization by the recently described
MMO1 compound can be an alternative pharmacotherapy against ALI.
Besides, the added efficacy of using a drug delivery nanosystem designed to
target the inflamed lungs is determined. The MMO1 drug is incorporated into
mesoporous silica nanoparticles capped with a peptide (TNFR-MMO01-MSNs)
to target tumor necrosis factor receptor-1 (TNFR-1) to proinflammatory
macrophages. The prepared nanoparticles can deliver the cargo in a controlled
manner after the preferential uptake by proinflammatory macrophages and
exhibit anti-inflammatory activity. Finally, the therapeutic effect of MMO1 free
or nanoparticulated to inhibit inflammatory response and lung injury is
successfully demonstrated in lipopolysaccharide-mouse model of ALI. The
results suggest the potential of pan-inflammasome inhibitors as candidates

1. Introduction

Inflammatory pulmonary disorders are a
major health concern due to the high
morbidity and mortality in critical ill pa-
tients. In particular, acute lung injury
(ALI) is an early phase of acute respira-
tory distress syndrome characterized by se-
vere lung inflammatory response and pul-
monary injury with mortality values that
reach 39-46% of hospitalized patients.['™*
The main treatments for ALI are focused
on supportive therapies based on mechan-
ical ventilation and pharmacological med-
ication with corticosteroids.>””} Although
many research efforts have been carried
out in last years, the molecular and cel-
lular mechanisms involved in ALI devel-
opment still remain unclear and the ef
fective prevention and treatment have not
been successfully achieved.®] The progres-
sion of the disease to the uncontrolled
lung inflammation is regulated by the

for ALI therapy and the use of nanopatrticles for targeted lung delivery.

activated alveolar macrophages and ag-
gravated by the associated proinflamma-
tory cell death in the lung tissue.*1% In
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particular, interleukin-14 (IL-1p) is a key player in disease evo-
lution being responsible of increased lung vascular permeabil-
ity and pulmonary edema.[!!] Recent studies have demonstrated
the role of the NLR family pyridine domain 3 (NLPR3) inflam-
masome in ALLI'>"15] NLRP3 is an intracellular receptor from
the innate immune system that, in response to diverse damage
signals, binds to the adaptor apoptosis-associated speck-like pro-
tein containing a CARD domain (ASC) to finally recruit and ac-
tivate the inflammatory protease procaspase-1. Once activated,
caspase-1 cleaves pro-IL-1f and -18 to their active forms that
are released from the cell contributing to inflammation.['*17] Be-
sides, caspase-1 also cleaves gasdermin D resulting in the for-
mation of pores in the cellular membrane, which induces the
proinflammatory form of cell death known as pyroptosis.[81]
Due to the critical role of NLRP3 in the pathogenesis of ALI, the
inflammasome key mediators have become promising pharma-
cological targets!'*?*2!l and in recent years inhibitors of caspase-1
activity,[2223] antagonists of interleukin-1 receptor,?* and other
anti-inflammatory compounds (such as flavonoids or antioxi-
dants) have been analyzed in ALI animal models with posi-
tive results.!?28] ALI development is a major determining fac-
tor of the prognosis of patients with severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) infection.[””] In addition,
studies in COVID-19 patients indicate that disease severity corre-
lates with an exacerbated inflammatory response in which ASC
plays a role.?%) Interestingly, Rodrigues et al. reported that mono-
cytes from SARS-CoV-2 infected patients exhibited increased
ASC speck formation, NLRP3 inflammasome activation, and lac-
tate dehydrogenase release compared to monocytes from healthy
donors.(3!

An important related issue to be taken into account for the
development of effective ALI treatments is the fact that the ef-
ficient delivery of drugs to the inflamed lungs is still an un-
resolved challenge.’>3)] In this scenario, the development of
nanomedicines to target lungs in ALI has become an intensive
area of research.[>*3°] The use of nanoparticles as reservoirs pro-
vides an improvement in the bioavailability of the drug to tar-
get organs resulting in an enhanced therapeutic effect that usu-
ally results in minimizing drug toxicity. In the last years, several
nanoparticulated systems based on organic polymers,***] lipid
nanocarriers,*®3° and inorganic materials(*’l have been devel-
oped to deliver drugs to treat ALL. However, among them meso-
porous silica nanoparticles (MSNs) have been poorly studied for
this application.*!l MSNs have been widely used in biomedicine
due to their unique properties, such as high loading capacity, sta-
bility, biocompatibility, and easy surface functionalization.[*>=#]
Moreover, the possibility to functionalize the external surface of
MSNs makes them excellent candidates for the preparation of
gated materials, which displays cargo delivery only upon the pres-
ence of certain chemical, biochemical or physical stimuli.[*¢-*]
Moreover, when working with nanoparticles one can take advan-
tage of the intrinsic capacity of macrophages to take nanomateri-

F. Sancenédn, R. Martinez-Ménez

Unidad Mixta de Investigacién en Nanomedicina y Sensores
Universitat Politécnica de Valéncia

IIS La Fe. Av. Fernando Abril Martorell

106 Torre A 72 planta, Valencia 46026, Spain

Adv. Healthcare Mater. 2023, 12, 2301577 2301577 (2 O‘FTG)

www.advhealthmat.de

als and transport them to the inflamed site of action.>*>3! This ef-
fect is known as the extravasation through leaky vasculature and
inflammatory cell-mediated sequestration (ELVIS) mechanism.
Besides, two additional properties of MSNs make them suitable
nanocarriers for the design of nanomedicines for ALI treatment.
One is the preferentially accumulation of MSNs in lungs, due
to the large area of absorption of the lungs and the rich circu-
lation and permeability,“>¢! and the other is the possibility of
anchoring targeting (bio)molecules in the nanodevice to target
selected cells/organs.>’] At this respect, the use of antibodies or
peptides to target proinflammatory macrophages has been de-
scribed and some examples have been reported in their use for
ALI treatment.58-61]

Dealing with ALI treatments, we have recently described the
inflammasome inhibition features of a 1,3-dihydro-2 H-indol-2-
one derivative (MMO01),[°?] which interferes with ASC oligomer-
ization and procaspase-1 recruitment and activation. One of the
main advantages of this inhibitor is the point of action, which cir-
cumvents caspase-1 activation, thus producing the inhibition of
IL-1p release and, more interestingly, interfering with pyroptosis.
The use of this novel inhibitor can bring new insights in ALI ther-
apy considering the lack of effectiveness of current treatments,
mainly based in the application of mechanical ventilation or/and
pharmacological treatments consisting in the use of vasoactive
agents, such as inhaled nitric oxide, and corticoids (hydrocorti-
sone, prednisolone, and dexamethasone) trying to limit the cy-
tokine storm cascade.[®*%*] Hence, MMO1 blocks, in addition to
cytokine storm, the proinflammatory signaling spread.[®?] On the
other hand, attending that the limitation of most of the pharma-
cological therapies is attributed to the difficulty of the drugs to
reach the lungs, nanomaterials such MSNs could be a promis-
ing tool to achieve increased drug availability and efficacy, due to
greater drug protection till drug delivery on the diseased lungs,
allowing to reduce dosage and frequency and thus limiting un-
desired side effects.[*16]

Here we report the use of MSNs loaded with MMO1 and
capped with a peptide (TNFR-MMO01-MSNs) to target the TNFR-1
receptor in proinflammatory macrophages. Besides, the efficacy
of the nanodevice is tested in an in vivo lipopolysaccharide (LPS)-
induced ALI model. We demonstrated that blocking oligomer-
ization of ASC protein upon inflammasome activation in vivo
reduces levels of proinflammatory cytokines and levels of leuko-
cyte infiltration in inflamed lungs. Moreover, attending to the fact
that some therapies blocking inflammatory cytokines are only
partially successful and the need to improve the drug biodistri-
bution in lungs,[®% our results show that the combination of
MMO1 therapy with targeted nanodevices could become an at-
tractive strategy to limit injury and inflammation in lungs in the
future.

2. Results and Discussion

2.1. Synthesis, Characterization, and Cellular Biocompatibility of
the Prepared Nanodevices

With the aim of developing alternative pharmaceuticals and
better formulations to treat ALI, we synthesized a nanofor-
mulation based on gated MSNs loaded with the novel in-
flammasome inhibitor MMO1. MSNs were prepared using a
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well-known synthetic procedure that used cetyltrimethylammo-
nium bromide as a structure-directing agent and TEOS as a
silica source. The as-made MSNs were then calcined in order
to remove the structure-directing agent from the pore voids.
MSNs were loaded with rhodamine B or with MMO1 and
the external surface of the nanoparticles functionalized with
(3-isocyanatopropyl)triethoxysilane (solids NCO-RhB-M SNs and
NCO-MMO01-MSNs). Finally, pores were capped upon the ad-
dition of TNFR1 peptide, which was linked onto the external
surface through the formation of urea bonds. This synthetic
procedure yielded the final nanoparticles TNFR-RhB-MSNs and
TNFR-MMO1-MSNs (Figure 1A). In both solids, the bulky an-
chored peptide plays a dual role as a capping ensemble and as
a targeting ligand (vide infra).

The structural and textural properties of TNFR-RhB-MSNs,
TNFR-MMO01-MSNs, and the intermediary solids, obtained dur-
ing the different synthesis steps, were characterized. The pres-
ence of ordered mesoporous scaffold in all the prepared nanopar-
ticles was confirmed by powder X-ray diffraction, which showed
the (100) reflection typical of mesoporous materials (Figure
S1, Supporting Information). Transmission electron microscopy
(TEM) images showed the spherical morphology of the pre-
pared nanoparticles in which the pores were observed as alter-
nate black and white stripes (Figure 1B). The textural proper-
ties were determined for calcined MSNs and TNFR-RhB-MSNs
by N, adsorption—desorption isotherms (Figure S1, Support-
ing Information). MSNs presented a surface area of 954.88 m?
g!, pore volume of 0.71 cm® g™', and pore size of 2.7 nm,
whereas for TNFR-RhB-MSNs values of 436.39 m? g=! and
0.33 cm?® g! were obtained for the surface area and pore
volume, respectively. The reduction of surface area and pore vol-
ume are ascribed to cargo loading inside the pores and func-
tionalization of the external surface of the nanoparticles with
the gatekeeper.

Dynamic light scattering measurements showed a marked in-
crease in the hydrodynamic diameter of the nanoparticles after
each functionalization steps (Figure 1C). In this respect, calcined
MSNs presented a hydrodynamic diameter of 125 + 33 nm which
increased to 184 + 9 nm and to 267 + 27 for NCO-MMO01-MSNs
and TNFR-MMO01-MSNs, respectively. Besides, the zeta poten-
tial of the calcined MSNs was —31 + 2 that changed to 15 + 1
and 16 + 2 for NCO-MMO01-MSNs and TNFR-MMO01-MSNs, re-
spectively. The same trend was observed for TNFR-RhB-MSNs
nanoparticles in which the staring hydrodynamic diameter in-
creases to 150 + 8 and to 182 + 14 nm for NCO-RhB-MSNs
and TNFR-RhB-MSNs, with respective zeta potential values of
19 + 2 and 11 + 2 (Figure S2, Supporting Information). The
amounts of cargo and gating peptide in TNFR-RhB-MSNs and
TNFR-MMO01-MSNs were determined using thermogravimetric
and HPLC analysis. TNFR-RhB-MSNs nanoparticles contained
0.18 mmol g~! SiO, of thodamine B and 0.03 mmol g~! SiO, of
TNFR peptide. Finally, amounts of 72.5 pg mg=! SiO, of MM01
(loading efficiency) and 0.03 mmol g~! SiO, of peptide were mea-
sured for TNFR-MMO01-MSNs. All these results demonstrated
the successful loading (with the dye or drug) and functionaliza-
tion of the external surface of MSNs with the TNFR peptide as
gating ensemble.

In a next step, to assess the possibility of using TNFR-MMO01-
MSNs, the stability of nanoparticles was evaluated. For this
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purpose, TNFR-MMO01-MSNs were suspended in PBS (pH 7.4)
for 1 month and TEM and dynamic light scattering measure-
ments were carried out over time to determine both morphol-
ogy and size of nanoparticles, which are parameters related with
stability.l7!] The size and morphology of nanoparticles mea-
sured immediately after their preparation were used as refer-
ences. The obtained results are shown in Figure S3 of the Sup-
porting Information. As could be seen, TEM images taken at
different days (0, 1, 3, 7, 14, and 31) showed that the typi-
cal hexagonal pore network in the nanoparticles remained un-
changed. However, as expected, after 1 month some degra-
dation of the mesoporous silica framework was found, being
this a crucial point for further clinical application.[>73] Besides,
DLS measurements showed an average nanoparticle diameter
of 210 nm that was also maintained overtime. Overall, the ob-
tained results show that the nanoparticles did not exhibit any
significant change, thus confirming the good stability of the
nanoparticles in suspension, which made them ideal vehicles for
administration.

Finally, the correct capping and controlled cargo release was
first tested using the dye-loaded TNFR-RhB-MSNs nanoparticles.
Delivery studies were carried out in PBS at pH 7.4 (mimick-
ing physiological conditions) and in the presence of protease en-
zymes (mimicking lysosomal extract of endocytic cellular com-
partments) and the obtained results are shown in Figure S2C
of the Supporting Information. At pH 7.4 negligible thodamine
B release was observed (210% of the maximum release after
180 min). By contrast, a marked dye release was found in the pres-
ence of the lysosomal extract and ascribed to protease-induced
hydrolysis of the capping peptide. These results confirmed the
proper ability of TNFR peptide as capping ensemble. A sim-
ilar result was observed for TNFR-MMO01-MSNs. In this case
zero MMO1 release was observed in PBS, whereas a remarkable
MMO1 delivery was achieved in presence of protease enzyme
(Figure 1F).

The biocompatibility of the nanoparticle scaffold by using dye-
loaded nanoparticles TNFR-RhB-MSNs with THP-1 monocytes
and the epithelial lung adenocarcinoma cell line A549 was eval-
uated at different concentrations at 24 h by the cell prolifera-
tion WST-1 assay (Figure 1G; Figure S4A, Supporting Informa-
tion). Nanoparticles were well-tolerated by THP-1 and A549 cells
at concentrations up to 150 pg mL~! with viabilities in the 80—
100% range. On the other hand, the potential ability of nanopar-
ticle scaffold to activate the immune system (and therefore an
inflammatory response) was assessed by measuring the inflam-
matory cell death pyroptosis by lactate dehydrogenase (LDH) ac-
tivity assay in THP-1 and A549 cells. TNFR-RhB-MSNs were
unable to activate inflammatory cell death in both lines and a
nonsignificant LDH release was observed indicating the absence
of cellular death by necrosis or pyroptosis (Figure 1H; Figure
S5A, Supporting Information). This effect was also confirmed
by evaluating the possible morphological changes of THP-1 cells
and proinflammatory M1 macrophages by TEM analysis. The re-
sults did not show significant differences between control and
nanoparticle-treated cells (Figure S6, Supporting Information).
These results evidenced the biocompatibility of the capped meso-
porous scaffold. Besides, the safety of the final nanoparticles,
TNFR-MMO01-MSNs were also confirmed in THP-1 cells by the
WST-1 assay and LDH activity (Figure 1G,H). In addition, the
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Figure 1. Synthesis and characterization of TNFR-RhB-MSNs and TNFR-MMO1-MSNs. A) Representation of TNFR-MMO1-MSNs design. B) TEM im-
ages of MSNs and TNFR-MMO01-MSNs. C) Nanoparticle size of MSNs, NCO-MMO01-MSNs, and TNFR-MMO01-MSNs determined by dynamic light
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safety of NCO-MMO01-MSNs and TNFR peptide were evaluated
discarding any possible toxic effect (Figure S5B, Supporting In-
formation).

2.2. Cellular Uptake Studies in Proinflammatory M1
Macrophages

As explained above, the proinflammatory cytokine TNF-a has a
relevant role in the outcome of pulmonary diseases and in partic-
ular in ALL[7 The responsiveness of macrophages to the proin-
flammatory cytokine TNF-a depends on presence of the TNFR-1
and TNFR-2 receptors on the cellular surface. Binding of TNF-«
to the TNFR-1 produces the activation of cell death signaling and
contributes to inflammation. For these reasons, in a first step, we
polarized (Figure S4, Supporting Information) and evaluated the
presence of TNFR-1 receptor on the surface of THP-1 cells, MO
macrophages and proinflammatory M1 macrophages by western
blot analysis. As could be seen in Figure 2A, proinflammatory
M1 macrophages overexpress TNFR-1, making this cell surface
receptor an appropriate candidate for targeting. In fact, recent re-
ports demonstrated that an anti-TNFR-1 antibody prevents pul-
monary inflammation in ALI, reinforcing the relevance of the
TNFR-1 receptor in this lung disease model.”5) In this scenario,
we aim using TNFR-MMO01-MSNs to specifically target those acti-
vated macrophages that overexpress TNFR-1 and the intracellular
release of the inflammasome inhibitor MMO1 to eliminate their
proinflammatory activity. To accomplish this objective, nanopar-
ticles must be preferentially internalized by macrophages in a
TNFR-1 dependent manner (Figure 2B). In order to study the
selectivity of TNFR-RhB-MSNs nanoparticles (vide infra) a sim-
ilar solid containing the same cargo but capped with a scram-
bled peptide (KKRSLFGSLLVVGAVIMGTLFWRKK) was pre-
pared (Rd-RhB-MSNs). Cellular uptake and cargo release of both
solids were tested by confocal microscopy and by flow cytome-
try. As could be seen in confocal images in Figure 2C, the in-
tensity of the rhodamine fluorescence signal inside the inflam-
matory cells was significantly higher when using TNFR-RhB-
MSNs than that observed in cells treated with Rd-RhB-MSNs.
This preferential internalization of TNFR-RhB-MSNs was also
assessed by flow cytometry (Figure 2D). Despite the Rd-RhB-
MSNs can be endocyted by the cells, the presence of TNFR pep-
tide onto the surface of MSNs favors the preferential internaliza-
tion by receptor-mediated endocytosis. In accordance with this
mechanism of action, the internalization of rhodamine-labeled
TNFR-MSNs (TNFR-RhB*-MSNs) was reduced in proinflamma-
tory macrophages preincubated with the endocytic inhibitor dy-
nasore (~10-fold) (Figure S9, Supporting Information) or in the
presence of TNF-a that blocks TNFR (~4-fold) (Figure S10, Sup-
porting Information) where nanoparticles preferentially accumu-
late and colocalize with the cellular membrane. These results in-
dicate that TNFR-1 peptide, anchored onto the external surface
of TNFR-RhB-MSNss, selectively recognizes the TNFR-1 recep-
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tor, inducing a preferential internalization of TNFR-RhB-MSNs
by M1 macrophages.

2.3. Cellular Studies of the Anti-Inflammatory Activity of
TNFR-MMO01-MSNs

To test the ability of MMO01 and TNFR-MMO01-MSNs to attenu-
ate the inflammatory response in cellular models (Figure 3A),
the NLPR3 inflammasome was stimulated in THP-1 monocytes
and in proinflammatory M1 macrophages by activation with LPS
and nigericin. Under these conditions, the activation of the in-
flammasome produces the cleavage of procaspase-1 to the active
form caspase-1 that is secreted by the cell. As a consequence, the
caspase-1 dependent processing of pro-IL-14 induced the subse-
quent release of IL1-f and an increment in the pyroptotic cell
death that is reflected in an increased LDH activity, a typically
intracellular enzyme, in the extracellular milieu. In a first step,
the expression, processing, and secretion of the different com-
ponents from the inflammasome activation cascade were ana-
lyzed (Figure 3B,C; Figures S7 and S8, Supporting Information).
NLRP3 and caspase-1 protein expression in cell lysates was con-
firmed both in THP-1 monocytes and in M1 proinflammatory
macrophages. The appearance of active caspase-1 in cell super-
natants after LPS/nigericin treatment supports inflammasome
activation. Interestingly, caspase-1 is reduced in the supernatants
of cells treated with free MMO01 and TNFR-MMO01-MSNs, indi-
cating that inhibition of the inflammasome is taking place upon
treatment (Figure 3B,C). Finally, we also analyzed full-length
gasdermin D (GSDMD), and the appearance of N-ter GSDMD
fragment cleaved by caspase-1 responsible of pyroptosis. Upon
inflammasome activation, the levels of full-length GSDMD de-
creased and the N-ter GSDMD fragment significantly increased.
By contrast, TNFR-MMO01-MSNs and free MMO1 treatments in-
duced a reduction of the N-ter GSDMD levels accompanied by a
restoration of full-length GSDMD, as expected by inflammasome
inhibition (Figure 3B,C).

In a second step, IL-1f levels and LDH activity in THP-1
cells (Figure 3D,F) and M1 macrophages (Figure 3E,G) were
evaluated after treatment with TNFR-RhB-MSNs, TNFR-MMO01-
MSNs, and MMO1. As could be seen, both THP-1 monocytes
and M1 proinflammatory macrophages showed high levels of IL-
1p and increased extracellular LDH activity after LPS/nigericin
treatment. In the presence of TNFR-RhB-MSNs slightly changes
in the IL-18 and LDH levels were observed. However, treat-
ment with free MMO01 or TNFR-MMO01-MSNs reduced drasti-
cally the levels of IL-1 and the LDH activity. Both facts indi-
cated that MMO1 inhibits inflammasome activation as previously
described(®?! and in consequence, it causes the reduction of the
IL-1p release and pyroptotic proinflammatory cell death that con-
tributes to inflammation spreading. In addition, TNF-a was eval-
uated in both THP-1 cells and proinflammatory macrophages. As
expected, no effect was observed in the downregulation of TNF-a

scattering. D) Zeta potential of MSNs, NCO-MMO01-MSNs, and TNFR-MMOT-MSNs. E) Schematic representation of TNFR-targeted nanoparticles up-
take by proinflammatory macrophages and drug release. F) MMO1 release profiles from TNFR-MMO1-MSNs in PBS at pH 7.4 and in the presence of
protease enzymes. G) Cell viability assays using TNFR-RhB-MSNs (red bars) and TNFR-MMO1-MSNs (gray bars) in THP-1 cells by WST-1. H) Cellular
death using LDH release assay in the presence of TNFR-RhB-MSNs and TNFR-MMO1-MSNs. Positive control represents the lysate cells, which are
correlated with the high inflammatory cell death. Data represent the means + SEM of at least three independent experiments.
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Figure 2. Targeting of TNFR-1 capped nanoparticles to M1 Macrophages. A) TNFR-1 expression profile in THP-1 monocytes, MO macrophages, and
proinflammatory M1 macrophages. B) Schematic representation of TNFR-1 recognition of TNFR-RhB-MSNs by proinflammatory macrophages com-
pared to Rd-RhB-MSNs. C) Confocal images of proinflammatory M1 macrophages after treatment with Rd-RhB-MSNs (left) or TNFR-RhB-MSNs (right)
for 4 h. Rhodamine B is represented in red and DNA marker Hoechst 33342 in blue. Scale bar corresponds to 15 um. D) Rhodamine B intensity from
proinflammatory M1 macrophages quantified by flow cytometry in the presence of Rd-RhB-MSNs (gray bars) or TNFR-RhB-MSNs (black bars) for 1 and
4 h. The data represent the means + SEM of at least two independent experiments. Statistical analysis was performed by two-way ANOVA with multiple

comparisons (**p < 0.01; *** p < 0.0001).

levels considering that MMO1 does not interfere with the TNF-a
activation pathway (Figure S11, Supporting Information). On the
other hand, to evaluate the possible effect of TNFR peptide, proin-
flammatory macrophages were treated with TNFR-MMO01-MSNs,
NCO-MMO01-MSNs, and free TNFR peptide (at equivalent con-
centration). NCO-MMO01-MSNs results in a similar effect than
TNFR-MMO01-MSNs reducing the inflammatory response. The
results showed a slight effect on the downregulation of the in-
flammatory response using the free peptide that can be correlated
with the effect observed with TNFR-RhB-MSNs (see Figure S12,

Adv. Healthcare Mater. 2023, 12, 2301577 2301577 (6 O‘FTG)

Supporting Information). This can be attributed to the TNFR
peptide acting as a molecular gate that binds to the TNF receptor
in the cellular membrane, and it could interact by blocking the
receptor and thereby affecting the downregulation of the inflam-
matory cascade.l’®””] However, the effect is negligible and finally
masked when combined with MMO1, achieving in all cases a sig-
nificant reduction of the cytokine’s levels.

In addition, the obtained results indicate that MMO1 encap-
sulated in TNFR-MMO1-MSNs preserves its activity as an in-
flammasome modulator. In our experiments, a similar reduction

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. TNFR-MMOT-MSNs inhibition of inflammasome in human monocytes and macrophages. A) Schematic representation of the MMOT mecha-
nism of action. After a danger signal, NLRP-type receptors bind to the adaptor apoptosis-associated speck-like protein containing a CARD domain (ASC)
(7). The application of MMO1, that acts inhibiting ASC oligomerization (2) avoids inflammasome triggering (3) and thereby the subsequent impediment
of procaspase-1 activation (4). The downstream inhibition of inflammatory cytokines, such as IL-18 and gasdermin D processing, respectively, avoids
the pore formation in the cellular membrane (5), and thus inhibiting the proinflammatory cell death pyroptosis as well as inflammation spreading (6).
Inflammatory studies with MMO1, TNFR-RhB-MSNs, and TNFR-MMO1-MSNs in THP-1 cells (left) and proinflammatory M1 macrophages (right). B,C)
Western blot analysis of different proteins involved in the inflammatory response. Levels of cleaved caspase-1 were detected in cell supernatants and
NLPR3, TNFR1, pro-Caspase 1, GSDMD, and N-ter GSDMD detected in cell lysates. GAPDH was used as a reference protein. D,E) Quantification of
IL-18 proinflammatory cytokine from cell supernatants by ELISA. F,G) LDH release measured in cell supernatants as an inflammatory cell death marker
of pyroptosis. Data represent the means + SEM of at least three independent experiments. Statistical analysis was determined by one-way ANOVA (**p
< 0.01; **%p < 0.001).
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ALl mice model. A) Scheme of the ALI mice model for targeted studies.

B) Representative lung images obtained using IVIS. C) Quantification of rhodamine B associated fluorescence. D) Biodistribution pattern of silicon in

lung, liver, spleen, kidney, and tail. The graph showed the ug of silicon per g
(ICP-MS). The data represent the mean &+ SEM and statistical significance
determined by applying two-way ANOVA with multiples comparisons (* p <

in IL-18 and LDH levels was observed when using free MMO1
or TNFR-MMO01-MSNs, but the amount of the drug adminis-
tered with the nanoformulation (6 um) was 3.5-fold lower than
that used with free MMO1 (20 um), which may increase the
therapeutic window and avoid possible drug side effects. Addi-
tional advantages of the use of TNFR-MMO01-MSNs nanoparti-
cles for drug encapsulation are the recognition of alveolar proin-
flammatory macrophages mediated by the TNFR-1 targeting
peptide and the potential passive targeting (ELVIS effect) that
should be verified in in vivo settings (vide infra). Altogether
the results suggest that the described delivery strategy could
be a potential tool to avoid possible systemic effects derived

Adv. Healthcare Mater. 2023, 12, 2301577 2301577 (8 of 16)

ram of organ, measured by inductively coupled plasma mass spectroscopy
was determined using a one-way ANOVA (n = 4). Statistical analysis was
0.05).

from the anti-inflammatory systemic drug administration in
vivo.

2.4. Targeted-Lung Delivery and Biocompatibility Profile of
TNFR-MSNs for ALI Mice Model

To investigate the targeting ability of the TNFR-containing
nanoparticles, TNFR-RhB-MSNs were used to track the accumu-
lation of the nanoparticles in inflamed lungs in vivo in an ALI
mice model (Figure 4A). In this model, the inflammation was
induced by intratracheal instillation of LPS at semihigh doses
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for 24 h. We monitored the presence of TNFR-RhB-MSNs in
the lungs of animals either treated or not with LPS. 24 h after
intravenous injection of nanoparticles, animals were sacrificed
and rhodamine B accumulation in lungs was analyzed by quan-
tifying fluorescence in an IVIS Spectrum (Figure 4B). A signifi-
cant increase of fluorescence (quantification shown in Figure 4C)
was observed in the lungs of animals cotreated with TNFR-RhB-
MSNs and LPS when compared with control animals in which in-
flammation was not induced. The targeting ability of TNFR-RhB-
MSNs to inflamed lungs was also studied by the determination
of silicon levels, associated with the presence of nanoparticles, in
selected organs. The higher silicon content was identified in the
lungs of animals treated with LPS and TNFR-RhB-MSNs when
compared to mice treated with TNFR-RhB-MSNs in the absence
of inflammation (Figure 4D). These results confirmed the prefer-
ential targeting of TNFR-RhB-MSNs in inflamed lungs in an in
vivo ALI model.

In parallel, the potential toxicity of TNFR-MMO01-MSNs was
evaluated in healthy CD-1 for the acute therapy according to the
experimental protocol Guideline 423 of the Organization for Eco-
nomic Cooperation and Development (OECD).I”8] For this pur-
pose, mice were treated with a single dose of TNFR-MMO01-MSNs
at 50 mg kg™' (or vehicle) and were observed periodically for 15
days (Figure 5A). All animals survived the TNFR-MMO01-MSNs
treatment without any apparent affectation on their wellness or
behavior (Figure 5B). Besides, histological analysis of the ma-
jor organs (lungs, heart, liver, spleen, and kidney) did not re-
veal any evident pathological alteration, in terms of morphology
and structure, in the treated animals compared to vehicle group
(Figure 5C). Hemograms and biochemistry blood analytics cor-
roborated the absence of alterations in the red and white blood
cell lineages as well as proper renal and liver function (Figure
S13, Supporting Information).

2.5. Anti-Inflammatory Activity of TNFR-MMO01-MSNs In Vivo in
an ALl Model

To study the therapeutic activity of MMO1 in ALI, we ana-
lyzed different inflammatory parameters upon treatment of mice
with free MMO0O1 and TNFR-MMO01-MSNs nanoparticles. Fol-
lowing established protocols, mice were treated with 10 mg
kg™' of MMO1 or TNFR-MMO01-MSNs at 50 mg kg™ (equiv-
alent to 3.6 mg kg™! of MMO1) and after 30 min animals
were instilled intratracheally with LPS. The inflammatory pro-
file and the effect of the treatments were evaluated after 24 h
of LPS administration (Figure 6A).1*7980] The inflammatory re-
sponse was analyzed by measuring the levels of proinflamma-
tory cytokines (TNF-a, IL-6, and IL-1p) and the total amount
of leukocytes in bronchoalveolar fluid (BALF) obtained from
the lungs. Animals treated with MMO01 or TNFR-MMO01-MSNs
showed significantly reduced levels of TNF-a, IL-6, and IL-1p
(Figure 6B; Figure S15, Supporting Information). Moreover, af-
ter LPS treatment an increase of leukocytes was observed in
BALF associated to the influx of inflammatory cells to injured
lungs (Figure 6C). In comparison, in animals treated with MMO01
and TNFR-MMO1-MSNs, the leukocyte counts notably dimin-
ished (4.9- and 9.3-fold, respectively). The reduction was more
evident in animals treated with TNFR-MMO01-MSNs. In accor-
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dance with these results, evaluation of the systemic inflam-
matory parameters showed a reduced neutrophils/lymphocyte
ratio in the case of animals treated with TNFR-MMO01-MSNs
when compared to free MMO1 (Figure 6D,E), which is indica-
tive of a better recovery from the inflammatory insult for animal
treated with TNFR-MMO01-MSNs.[%) We also found equivalent re-
sults in terms of inflammatory signaling between groups treated
with only LPS or LPS + TNFR-RhB-MSNs, indicating that the
nanoparticles did not induce any inflammatory response in the
lungs.

Lung injury and recovery were also assessed by histological
analysis, studying the alterations in alveolar tissue. Lung histol-
ogy in ALI is mainly characterized by alveolar damage accompa-
nied by interstitial thickening, neutrophil accumulation, forma-
tion of hyaline membranes, and other proteinaceous debris.[8182]
In our experimental setting, lung sections for healthy animals
show thin alveolar walls, whereas clear disrupted lung architec-
ture was observed in lungs from LPS treated mice (Figure 6F).
Lung architecture was clearly restored in animals treated with
MMO1 and TNFR-MMO1-MSNs (Figure 6F). Calculation of an
ALI score following standard methods,[®!] showed the high-
est punctuation for the LPS groups in which the strongest in-
jury was produced, while the score significantly diminished in
the animal groups treated with MMO01 and TNFR-MMO01-MSNs
(Figure 6G). Despite some reports discuss the critical role of
silica nanoparticles for lung therapy, related to safety issues,
signs of lung damage or toxicity were discarded after the treat-
ment with TNFR-RhB-MSNs confirming the biocompatibility
of the nanodevice. Besides, specific markers were used to con-
firm the characteristic histological findings observed, such as the
presence of neutrophils after LPS administration by myeloper-
oxidase activity staining (Figure S14, Supporting Information),
to discard the fibrotic stage by Masson markers (Figure S16,
Supporting Information), the increase of vascular inflamma-
tion by the VIII/Von Willebrand factor (Figure S17, Support-
ing Information) and the presence of alveolar proteinuria by
the periodic acid Schiff (PAS) staining (Figure S18, Supporting
Information).

Overall, our work demonstrates that MMO1 inhibits the in-
flammatory response and lung injury in an LPS-mouse model
of ALI. Moreover, their encapsulation in TNFR-MMO01-MSNs al-
lowed an improvement of the therapeutic effect of the free drug,
mainly attributed to the direct drug delivery into the inflamed
lungs with the subsequent nanoparticle uptake by TNFR1 over-
expressed in proinflammatory macrophages.

3. Conclusion

The complexity of the ALI pathogenesis accompanied by the
scarcity of useful treatments converts the study of new thera-
peutic alternatives in a medical need. In this work we success-
fully demonstrate the effectivity of the inflammasome inhibitor
MMO1 in the resolution of uncontrolled inflammation and lung
injury in ALIL Interestingly, our in vivo model shares common
features with other respiratory disorders, such those caused by
SARS-CoV-2, which could validate the model for the study of
this type of infections,®] suggesting that the described efficacy
of MMO1 in ALI may be appropriate to COVID-19 therapy. More-
over, a nanodevice was prepared, based on mesoporous silica
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Figure 5. A) Acute systemic toxicity test. The behavior of healthy CD1 mice, vehicle or TNFR-MMO1-MSNs (50 mg kg™") treated, was evaluated for 14
days (n =5 per group). Then, blood and major organs were collected and biochemical, hematological, and histopathological changes were evaluated.
B) Weight changes and survival in TNFR-MMOT1-MSNs toxicity assay for acute therapy. Data represents means + SEM (n = 5 animals per group).
C) Representative H&E staining images of main organs in treated mice with TNFR-MMO1-MSNs after two weeks. Scale bar: 200 um.

nanoparticles, loaded with the MMO1 drug and capped with a
TNFR targeting peptide (TNFR-MMO01-MSNs). This work also
describes, for the first time, the encapsulation of the drug MM01
as well as its proper activity after encapsulation into a MSNs
scaffold and its application in both in vitro and in vivo mod-
els. Moreover, in concordance with previous reports that also
support the use of targeted nanomedicines as promising ap-

Adv. Healthcare Mater. 2023, 12, 2301577 2301577 (10 of 16)

proach for efficient drug delivery to inflamed lungs,[3¢37:8+-87]
we demonstrate the targeting effect to inflamed lungs of TNFR-
functionalized TNFR-RhB-MSNs by IVIS and silicon biodistri-
bution analysis in ALI mice model. Targeted-delivery of MMO01
using TNFR-MMO01-M SN also exhibited greater therapeutic ef-
fect of the entrapped drug. The nanoparticles allowed drug pro-
tection to the inflamed lungs, increasing its bioavailability and
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Figure 6. Anti-inflammatory activity of TNFR-MMO1-MSNs in an ALl in vivo model. A) Schematic representation of ALI mice model for therapeutic
evaluation. Female and male CD-1 mice (10-12 weeks of age) were distributed in six groups (n = 10). The acute lung injury was developed upon
the LPS administration ((E. coli 055:B5, 2.5 mg kg™'; i.t.) for 24 h. Prior to LPS administration the different treatments, TNFR-MMO01-MSNs (50 mg
kg~1; equivalent to 3.6 mg kg™ of MMO1) and MMO1 (10 mg kg™") were intravenously (i.v.) administered. B) Levels of IL-1§ proinflammatory cytokine
quantified by ELISA from BALF. C) Leukocytes account obtained from BALF by flow cytometry analysis, as indicator of inflammatory focus. D) Percentage
of neutrophils and E) lymphocytes quantified from blood by flow cytometry analysis, as systemic inflammation indicators. The data represent the mean
+ SEM. Statistics were determined by one-way ANOVA analysis (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 compared to LPS group) (n = 6).
F) Histopathological analysis of images H&E stain of lungs sections and G) evaluation of the acute lung injury determined by ALI score. Scale bar (in
black) represents 50 um. The data represent the mean + SEM (n = 4). The data represent the mean = SEM and statistical analysis was determined by
applying one-way ANOVA (***p < 0.001; compared to LPS group).

thus efficacy, opening the possibility to reduce drug dosage or
frequency in further therapy due to the direct lung delivery.
The results confirmed that the combination of nanomedicine
and a new pharmacological strategy could be an attractive ap-
proach to limit injury and inflammation in ALI, which could help
to overcome clinical limitations of current treatments. Besides,

Adv. Healthcare Mater. 2023, 12, 2301577 2301577 (11 0f16)

our results suggest that mesoporous silica-based nanomedicines
are a potential tool to efficiently administer anti-inflammatory
drugs to solve other inflammatory disorders such as Chronic
Pulmonary Obstructive Disease, asthma, pulmonary fibrosis,
and COVID-19, which are also major health concerns in the
clinics.
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4. Experimental Section

Synthesis of MSNs: A CTABr solution in deionized water (1 g,
2.74 mmol) was prepared and then NaOH (3.5 mL, 2 m) was added. The
solution was stirred, and the temperature adjusted to 80 °C. Then TEOS
(5 mL, 2.57x1072 mol) was added dropwise to yield the as-made MSNs.
The final mixture was stirred for 2 h yielding a white precipitate, which
was isolated by centrifugation and washed until neutral pH with deion-
ized H,0. The material was dried, and the final MSNs were obtained after
calcination process at 550 °C in an oxidant atmosphere to remove the sur-
factant template.

Synthesis of NCO-RhB-MSNs: For MSNs loading, 38.32 mg of
rhodamine B (0.8 mmol g~' solid) was suspended in anhydrous
CH3;CN (10 mL) and stirred overnight at room temperature. Then (3-
isocyanatepropyl)triethoxysilane (124.93 L, 5 mmol g~ solid) was added
and the suspension stirred 5.5 h in order to functionalize the external
surface of MSNs. The solid was isolated by centrifugation, washed with
CH3CN, and dried at 37 °C obtaining a pink solid.

Synthesis of  TNFR-RhB-MSNs: The TNFR-1 peptide
(GGGGFIGLMYRYQRWKSKLY) was covalently attached onto the
grafted MSNs through the formation of urea bonds. For this purpose,
NCO-RhB-MSNs (30 mg) were suspended in CH;CN (2 mL). On the
other hand, a solution of the peptide (30 mg) was prepared in H,O (2 mL)
and added to the nanoparticles suspension together with triethylamine
(80 pL). The mixture was stirred at room temperature for 2 h and then
the solid was isolated by centrifugation, washed with water and with PBS.
Finally, the final solid was dried at 37 °C.

Synthesis of TNFR-RhB*-MSNs: Rhodamine B isothiocyanate (RBIT,
1 mg) was reacted with (3-aminopropyl)triethoxysilane (APTES, 10 ul)
in anhydrous acetonitrile (3 mL). The mixture was stirred in the dark
overnight at room temperature. Then MSNs (5 mg) were dispersed in an-
hydrous acetonitrile (2.5 mL) and the RBIT/APTES mixture (20 uL) was
added with 3.1 pL of (3-isocyanatopropyl)triethoxysilane (2.5 mmol g~!
solid). The suspension was left in the dark for 5.5 h at room temperature.
Nanoparticles were washed with acetonitrile and dried to yield NCO-RhB*-
MSNs. To obtain TNFR-RhB*-MSNs, 1 mg of labeled nanoparticles were
stirred in acetonitrile (0.2 mL), and a suspension of TNFR (1 mgin 0.2 mL
of water) and TEA (2 uL) were added. The mixture was incubated for 2 h
at room temperature and then the solid was washed with water and PBS
and dried to yield TNFR-RhB*-MSNs.

Synthesis of NCO-MMOT-MSNs:  The pores of the MSNs were loaded
with MMO1 (Merck R639036) using an impregnation method. For this pur-
pose, a saturated solution of MMO1 (26 mg in 1 mL of DMSO) was pre-
pared and separated in two aliquots. 50 mg of MSNs was extended on a
plate and a first 500 pL of MMO1 suspension was added dropwise. The
mixture was dried at 37 °C and then a second cycle of impregnation was
carried out. The MMOT-loaded MSNs were obtained after drying the solid
at 37 °C. Then, the loaded nanoparticles were suspended in anhydrous
CH3CN and an excess of (3-isocyanatepropyl)triethoxysilane (32.48 pL,
5 mmol g~! solid) was added to the suspension. The solid was stirred
at room temperature for 5.5 h and then was collected by centrifugation,
washed with CH;CN, and dried at 37 °C to obtain NCO-MMO01-MSNs.
Taking into account the amount of MMO1 used for NCO-MMO01-MSNs
preparation and the final content determined by HPLC measurements in
the nanoparticles, an entrapment efficiency of ~20% was calculated.

Synthesis of TNFR-MMO01-MSNs:  The TNFR-1 peptide (40 mg) was
dissolved in H,O (2 mL) and then added to the NCO-MMO1-MSNs sus-
pension (40 mg in 2 mL of CH;CN). Finally, triethylamine (80 uL) was
added and the mixture was stirred at room temperature for 2 h. The re-
sulting solid was obtained by centrifugation, washed with water and PBS,
and finally, dried at 37 °C to yield TNFR-MMO01-MSN's.

Characterization Procedures: The prepared materials were character-
ized by standard techniques. Powder X-ray diffraction patterns were ob-
tained on a Seifert 3000TT diffractometer using Cu Ka radiation. TEM
images were obtained in a Philips CM-10. Micromeritics ASAP2010 au-
tomated sorption analyzer was used to record N, adsorption—desorption
isotherms. Thermogravimetric analyses were performed on a TGA/SDTA
851e Mettler Toledo equipment, using an oxidant atmosphere (Air, 80 mL
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min~") with a heating program consisting on a heating ramp of 10 °C per
min from 393 to 1273 K and an isothermal heating step at this temper-
ature for 30 min. HPLC studies were carried out with a Merck Hitachi L-
2130 HPLC pump, an L-2200 autosampler and a Lichrospher100 C18 (150
% 3.9 mm) column using gradients of CH;CN-H,O with 0.1% TFA as the
mobile phase.

TNFR-MMO1-MSNss Stability Assay: In order to assess the stability of
the nanoparticles a suspension of 1.5 mg of TNFR-MMO01-MSNs in PBS
(pH 7.4) was prepared and monitored during 1 month. At different times
(0, 1,3, 7, 14, and 31 days) dynamic light scattering measurements and
TEM analysis were carried out.

Drug Delivery Studies:  To evaluate the capping features of TNFR1 pep-
tide, TNFR-RhB-MSNs were suspended in PBS at pH 7.4 (mimicking phys-
iological conditions) or in lysosomal extract at pH 5 (to mimic endocytic
cellular compartments). Lysosomal extract was purified from animal tis-
sues in accordance to Lysosome lIsolation Kit (LYSISO1; Sigma-Aldrich)
following the provided instructions. To perform the delivery studies, 1 mg
of the nanoparticles was suspended in 2 mL of PBS or 2 mL of lysosomal
extract and stirred at 37 °C, respectively. At scheduled times aliquots were
isolated by centrifugation and dye release was followed by the fluorescence
emission band of rhodamine B at 575 nm (4, = 555 nm).

To evaluate MMO1 delivery from TNFR-MMO1-MSNs, 1 mg of the
nanoparticles was suspended in 400 uL of H,O at pH 7.4 and stirred at
37 °C. Both samples were centrifuged for 5 min at 12 000 rpm and the
absorbance (Aq, = 325 nm) of the supernatant (120 pL) was measured
to obtain the initial point. This volume was returned to the corresponding
aliquot. After that, 2 mg of protease enzyme (final concentration of 5 mg
mL~1) was added to one of the aliquots. Both suspensions were stirred at
37 °C. Then, after a certain time interval 120 uL of supernatant was taken
from both suspensions, treated, and measured as above. This procedure
was repeated until it allowed to construct the release kinetics of the capped
material in both, absence, and presence of the protease enzyme.

Cell Culture Conditions: A549 cell line was obtained from ATCC and
maintained in DMEM supplemented with 10% of FBS at 37 °C in an at-
mosphere of 5% carbon dioxide and 95% air. Human leukemic monocyte
THP-1 cells were obtained from the German Resource Centre for Biological
Materials (DSMZ) and were maintained in RPMI-1640 supplemented with
10% of FBS at 37 °C in an atmosphere of 5% carbon dioxide and 95% air.
For macrophage polarization from THP-1 cells (M0), 800 000 cells mL™!
was seeded in a 6-well plate and derived into nonpolarized macrophages
with the addition of 50 ng mL™" phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich) for 24 h of incubation in RPMI medium. Then, medium
was replaced with complete RPMI 1640 supplemented with 1% FBS to
differentiate macrophages to proinflammatory (M1). For M1 polarization,
20 ng mL™! of interferon-Y (IFN-Y’; Invitrogen) was added and cells were
incubated for 24 h, and finally incubated with LPS (100 ng mL™"; Sigma-
Aldrich) for 3 h.

TNFR-1 Characterization in Proinflammatory Macrophages: To confirm
the TNFR-1 expression profile, western blot analyses in the different in-
flammatory cells were performed. For this purpose, THP-1 cells were
cultured and polarized to MO macrophages and M1 proinflammatory
macrophages as described above. Whole cell extracts were obtained by
scrape-collecting in 50 pL of lysis buffer (25 mm Tris-HCl pH 7.4, 1 mm
EDTA, 1 mm EGTA, and 1% SDS plus protease and phosphatase in-
hibitors). Lysates were separated by SDS-PAGE electrophoresis, trans-
ferred to nitrocellulose membranes, blocked with 5% nonfat milk and in-
cubated with TNFR-1 antibody (C25C1 from Cell Signalling) overnight.
GAPDH expression (MA5-15738 from Invitrogen) was also analyzed in cell
lysates as reference protein for normalization. Membranes were washed
and incubated with horseradish peroxidase-conjugated secondary anti-
body. Chemiluminescent signal was detected using Amersham Imager 600
instrument.

Cytotoxicity Cell Studies: The cytotoxic effect of nanoparticle scaffold
was assessed in biocompatibility studies measuring cell proliferation ac-
tivity by Cell Proliferation Reagent WST-1 assay (11644807001 from Merck)
and inflammatory cell-death pyroptosis by LDH activity assay (Promega,
Ref. )2381). For this purpose, THP-1 and lung A549 cells were seeded in
a 96-well plate and treated with TNFR-RhB-MSNs at 0, 25, 50, 100, and
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150 ug mL~" for 24 h. To determine cell viability, WST-1 was added and af-
ter 1 h absorbance at 595 nm was registered in a Wallac 1420 workstation.
For LDH activity measurement, cell supernatants were collected following
the manufacturer’s instructions. In parallel, the possible toxic effect of the
nanoparticles in terms of morphological changes in the cells was evaluated
through transmission electron microscopy. For this purpose, THP-1 cells
or proinflammatory macrophages cells were seeded in chamber slides for
24 h and incubated with nanoparticles for 24 h. Then, cells were washed
and fixed with 3% of glutaraldehyde in sodium phosphate buffer (0.1 m),
dehydrated in ethanol, and stained with uranyl acetate (1%) and osmium
tetroxide (1%). The samples were included in epoxy resin (Araldite) to ob-
tain sections for TEM analysis. TEM images were acquired using a mi-
croscope FEI Tecnai Spirit G2 operating at 80 kV with a digital camera
(Soft Image System, Morada). Besides, to evaluate the possible toxic ef-
fect of the final nanoparticles WST-1 cell viability and LDH-release assays
were carried out in THP-1. The cells were incubated with TNFR-MMO1-
MSNs, NCO-MMO1-MSNs, and TNFR peptide at different concentrations
for 24 h. Nanoparticles were used at 0, 25, 50, 100, and 150 ug mL~" and
an equivalent concentration of TNFR peptide attached to the nanoparti-
cles was used in a free solution (0, 1.25, 2.5, 5, and 10 ug mL™").

Targeted Cellular Uptake Studies:  The cellular uptake TNFR-MSNs was
studied using rhodamine B-labeled nanoparticles (TNFR-RhB*-MSNs).
Proinflammatory macrophages were seeded on glass coverslips in 6-well
plates and incubated at 37 °C for 24 h. Then, cells were incubated with
the nanoparticles (50 ug mL™") for 1h in the absence or presence of the
endocytic inhibitor (Dynasore 100 um). Then, slides were washed, DNA
marker (2 ug mL™", Hoechst 33342) and cellular membrane marker (5 ug
mL~1, Wheat Germ Agglutinin Alexa Fluor 647 Conjugate, Invitrogen Ref.
W32466) were added, and slides were visualized under a confocal mi-
croscope Leica TCS SP8 HyVolution Il. Besides, activated macrophages
(seeded on glass coverslips in 6-well plates) were treated with TNF-a (1 ng
mL~1) for Th to block the TNFR receptor. Then macrophages were treated
with TNFR-RhB*-MSNs (50 ug mL™") for 1 h. Then, slides were washed
and visualized by confocal microscopy in the presence of Hoechst 33342
(2 ug mL™"y and Wheat Germ Agglutinin Alexa Fluor 647 Conjugate (5 ug
mL~"). The images were analyzed using Image] to determine the cellular
uptake by means of positive cells.

The added effect of active targeting of the TNFR-RhB-MSNss was eval-
uated in THP-1 cells and polarized proinflammatory (M1) macrophages
by confocal microscopy and flow cytometry studies. Moreover, to confirm
the selectivity of TNFR-RhN-MSNs, a similar solid containing a scrambled-
peptide sequence (Rd-RhB-MSNs) was prepared. THP-1 cells were seeded
in a 6-well plate and polarized to M1 macrophages as previously de-
scribed. Then, flow cytometry studies were carried out to determine the
nanoparticles uptake by the inflammatory cells. THP-1 monocytes and
M1 macrophages were treated with TNFR-RhB-MSNs and Rd-RhB-MSNs
solids (50 ug mL™") and, after 30 min, cells were washed with PBS and
media replaced to remove the noninternalized nanoparticles. Then, cells
were incubated for a total time of 1and 4 h, respectively. Finally, cells were
washed and collected for rhodamine B detection by flow cytometry. The
single-cell fluorescence determinations were realized using CytoFLEX S in-
strument (Beckman-Coulter, USA) and analyzed in the CytoFLEX software.
Nanoparticle internalization was confirmed in THP-1 cells and proinflam-
matory (M 1) macrophages by confocal microscopy. For this purpose, cells
were seeded over glass-cover slips in 6-well plates and treated with TNFR-
RhB-MSNs and Rd-RhB-MSNs (50 ug mL~") for 30 min. Then noninter-
nalized nanoparticles were removed by replacing media and cells were in-
cubated for a total time of 1and 4 h. Next, cells were washed with PBS and
Hoechst 33342 nuclei stain was added at 2 ug mL~". The fluorescence sig-
nal was followed using a Leica TCS SP8 confocal microscope.

Anti-Inflammatory Activity of TNFR-MMOT1-MSNs in Inflammatory Cells:
The anti-inflammatory activity of TNFR-MMO01-MSNs was studied in the
proinflammatory (M1) macrophages and in THP-1 cells. In the case of
THP-1, cells were seeded in a 6-well plate at 800 000 cells mL~" in RPMI
1% FBS and incubated for 24 h. Then, cells were treated with TNFR-MMO1-
MSNss at 25 ug mL~" suspended in PBS (being an equivalent dose of 6 um
of MMO1) and free-formulated MMO1 was added at 20 um in DMSO as
reference. Moreover, TNFR-RhB-MSNs (25 ug mL~") were used as con-
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trol. As an additional control, the possible effect of TNFR peptide (1.25 pg
mL~", equivalent dose to nanoparticles) and NCO-MMO1-MSNs (25 pg
mL~") was also evaluated in proinflammatory macrophages. After 30 min
of treatments, LPS from Escherichia coli (100 ng mL™") was added for 3 h
and nigericin (Sigma-Aldrich) at 20 um during the last 30 min of incuba-
tion to activate the NLPR3 inflammasome. In the case of proinflammatory
(M1) macrophages, THP-1 was derived with PMA as described above and
after 24 h of incubation, media were replaced for RPMI 1% FBS and IFN-
Y at 20 ng mL~" was added for 24 h. Then, treatments were added in a
similar manner as THP-1 cells. After 30 min of the addition, LPS from E.
coli (100 ng mL™") was added for 3 h and nigericin (10 um) during the last
30 min of incubation.

The activity of TNFR-MMO01-MSNs was examined by measuring the
amount of IL-14 and TNF-a secreted in the cell culture supernatants of
inflammatory cells by ELISA kit following supplier’s instructions (Human
IL-18 ELISA Set II (Ref. 557953) and Human TNF ELISA Set (Ref. 555212)
from BD Biosciences). In addition, LDH activity was measured in cell su-
pernatants to determine the pyroptosis cell death using the LDH Assay Kit
I following manufacturer instructions. Finally, the inflammasome compo-
nents were characterized by western blot analysis both in cell lysates and
supernatants from THP-1 cells and proinflammatory (M 1) macrophages.
The proteins studied in cell lysate were NLPR3, TNFR-1, pro-Caspase-1,
pro-Gasdermin D (GSDMD), N-ter Gasdermin D, and GAPDH as protein
reference to normalize the expression levels. In cell supernatants, cleaved
Caspase-1 (p20) was analyzed. Whole extracts were obtained from cells
using a lysis buffer (25 mm Tris-HCl pH 7.4, 1 mm EDTA, 1 mm EGTA,
and 1% SDS plus protease and phosphatase inhibitors) and supernatants
samples were collected and concentrate by lyophilization. The samples
were separated by SDS-PAGE, transferred to nitrocellulose membranes,
blocked with 5% nonfat milk and incubated with the different primary an-
tibody in each case (see the Supporting Information) overnight at 4 °C. Fi-
nally, membranes were incubated with horseradish peroxidase secondary
antibody and chemiluminescence detection was carried out in Amersham
Imager 600 instrument.

Animal Studies: Female and male CD-1 mice (10-12 weeks of age)
were obtained from Charles River (France) and were maintained in a
temperature-controlled room with a 12 h light/dark cycle with access to
food and water. The study was approved by the Ethical Committee for
Animal Experiments at Centro de Investigacién Principe Felipe (Valencia,
Spain) in strict accordance with the Ethical Committee for Research and
Animal Welfare Generalitat Valenciana, Conselleria d’Agricultura, Medi
ambient, Canvi climatic | Desenvolupmanet Rural (2018/VSP/PEA/0094).

To evaluate the toxicity of the TNFR-MMO1-MSNs for acute lung in-
jury therapy the experimental protocol Guideline 423 of the OECD was fol-
lowed. Healthy female and male CD1 mice were randomly distributed into
two groups of five animals. The animals were treated with a single dose
of the nanoparticles (50 mg kg™ in PBS) or vehicle and were observed
periodically during the next 15 days. Considering the effective therapeutic
activity for MMO1 was determined at 10 mg kg™ in previous studies, the
nanoaprticle dose was fixed according to the equivalent concentration of
encapsulated MMOT. After that, animals were euthanized and blood ex-
traction and dissection of different organs were obtained to examine the
possible toxicity through clinical analysis (haematology and biochemistry)
and histopathology. The organs were fixed with 4% paraformaldehyde and
then included in paraffin, cut with a microtome into 2 um sections, placed
on coated glass slides and stained by hematoxylin and eosin (H&E) for
histological evaluation. The Leica ASP300 tissue processor was used to
register the slides and the analysis was performed with the CaseViewer
software.

To evaluate the activity of TNFR-MMO1-MSNs in the ALl model mice,
six groups of ten animals were used including male and female mice. The
different groups were 1) control, 2) LPS treated, 3) administered with TNF-
RhB-MSNs, 4) treated with LPS + TNFR-RhB-MSNs, 5) administered with
LPS + TNFR-MMO1-MSNs and, 6) treated with LPS + MMO1. The acute
lung injury (ALI) was established upon LPS (E. coli 055:B5, 2.5 mg kg™")
intratracheal instillation in 50 pL of saline for 24 h. Prior to LPS admin-
istration, the nanoparticles TNFR-MMO01-MSNs were administered intra-
venously by tail vein injection at 50 mg kg=! in 200 uL of PBS, being
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equivalent of 3.6 mg kg™! of free formulated MMOT1. The free drug was
administered at 10 mg kg™" in 200 pL of PBS and PBS vehicle was admin-
istered in the control and LPS animals. Moreover, TNFR-RhB-MSNs were
administered at 50 mg kg™! as nanoparticle control in 200 uL of PBS. For
LPS instillation, the animals were previously anesthetized with ketamine
(75 mg kg™") and dexmedetomidine (1 mg kg™') and then anaesthesia
was reverted using 1 mg kg™' of atipamezole. After 24 h of ALl develop-
ment, the animals were euthanized with overdose of sodium pentobarbi-
tal. Bronchoalveolar lavage fluid (BALF), blood extraction, and dissection
of different organs were realized to examine the inflammatory response
and pulmonary injury.

BALF Analysis:  For BALF obtention six of the ten animals per group
to perform a lung lavage using intratracheal injections of 250 uL of PBS.
BALF was collected and centrifuged at 1200 rpm for 5 min at 4 °C to sep-
arate supernatant from cells. The cell pellet was suspended in PBS and
total leukocyte number was analyzed by flow cytometry by Acvlab (Valen-
cia). BALF supernatants were used to measure the expression of TNF-a,
IL-6, and IL-18 cytokines using ELISA kit following the supplier’s instruc-
tions. Finally, the total protein expression in BALF was determined by BCA
protein assay kit.

Histopathology Analysis of ALl Score:  Lungs from four of the ten ani-
mals were selected and embedded with 4% paraformaldehyde. After this
treatment, lungs were fixed in paraffin, cut with a microtome into 2 um
sections, placed on coated glass slides and stained by hematoxylin and
eosin for histological evaluation to determine the ALl Score. The Leica
ASP300 tissue processor was used to register the slides and the analy-
sis was performed with the CaseViewer software. For ALl score evalua-
tion, at least 20 random high-power fields were independently examined
for each group. ALl score was examined in different gradations attend-
ing to mainly histological findings (neutrophils in the alveolar space, neu-
trophils in the interstitial space, hyaline membranes, proteinaceous debris
filling the airspaces and alveolar septal thickening). In addition, the sec-
tions were analyzed with different markers to evaluate the neutrophil pres-
ence by myeloperoxidase activity, the determination of alveolar proteinosis
evaluating the accumulation of carbohydrates using PAS stainer, the fibro-
sis development using Masson’s trichrome to analyze the deposition of
collagen and the vascular inflammation by factor VIII/Von Willebrand fac-
tor staining.

TNFR-RhB-MSNs Biodistribution in ALl Mouse Model: The targeting
features to inflamed lungs of TNFR-RhB-MSNs were confirmed in vivo
monitoring the rhodamine B fluorescence in an IVIS spectrum imaging
system (PerkinElmer Inc.). For this purpose, the lungs from four animals
from each group to obtain IVIS images were used. The lungs were har-
vested after the euthanasia and immediately analyzed in the IVIS equip-
ment using excitation wavelength of 535 nm and emission wavelength of
580 nm. In addition, the silicon presence, associated to MSNs, was quan-
tified in selected organs (lungs, liver, kidneys, spleen, and tail) by ICP-MS.
The samples were digested with 1 mL of 25% tetramethylammonium hy-
droxide into polytetrafluorethylene tubes. The digestion process was es-
tablished at 80 °C for 2 h using a Bloc Digest 20 (Selecta). Finally, samples
were diluted to 10 mL of water and filtered to measure Si in 7900 ICP-MS
system in H, mode using germanium as an internal standard.

Statistical Analysis:  All the values represent the mean = SEM of at least
three independent experiments except the in vivo experiment with mice in
which a single representative experiment is shown (n = 10 animals per
group). For in vivo studies, mice were randomly assigned to treatment
groups; the sample size was not predetermined. Significance was deter-
mined by one-way ANOVA followed by Tukey’s post tests or by two-way
ANOVA with multiple comparisons with Tukey’s post tests using Graph-
Pad 8 software. A p-value below 0.05 was considered statistically signifi-
cant and indicated with an asterisk: (*p < 0.05; **p < 0.01; ***p < 0.007;
7‘:7‘::’:7':,9 <0000'|)

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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