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ABSTRACT Nanoparticles allow for controlled and targeted drug delivery to
diseased tissues and therefore bypass systemic side effects. Spatiotemporal control of
drug release can be achieved by nanocarriers that respond to elevated levels of disease-
specific enzymes. For example, matrix metalloproteinase 9 (MMP9) is overexpressed in
tumors, is known to enhance the metastatic potency of malignant cells, and has been
associated with poor prognosis of lung cancer. Here, we report the synthesis of
mesoporous silica nanoparticles (MSNs) tightly capped by avidin molecules via MMP9
sequence-specific linkers to allow for site-selective drug delivery in high-expressing
MMP9 tumor areas. We provide proof-of-concept evidence for successful MMP9-triggered
drug release from MSNs in human tumor cells and in mouse and human lung tumors

using the novel technology of ex vivo 3D lung tissue cultures. This technique allows for
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translational testing of drug delivery strategies in diseased mouse and human tissue. Using this method we show MMP9-mediated release of cisplatin,

which induced apoptotic cell death only in lung tumor regions of Kras mutant mice, without causing toxicity in tumor-free areas or in healthy mice. The

MMP9-responsive nanoparticles also allowed for effective combinatorial drug delivery of cisplatin and proteasome inhibitor bortezomib, which had a

synergistic effect on the (therapeutic) efficiency. Importantly, we demonstrate the feasibility of MMP9-controlled drug release in human lung tumors.

KEYWORDS: mesoporous silica nanoparticles - controlled drug delivery - cisplatin - lung cancer - combination treatment -
bortezomib - matrix metalloproteinase-9 - ex vivo 3D lung tissue cultures - nanomedicine

cles as inert carriers for therapeutics has

revolutionized the field of drug delivery.
Such nanocarrier systems have shown ad-
vantageous features resulting in improved
accumulation of active drugs at disease sites
and have contributed to reduced systemic
toxicity." However, release systems of many
drug carriers rely on spontaneous degrada-
tion of the nanoparticle in vivo (e.g., hydro-
lysis) and do not allow for controlled drug
release. Controlled drug delivery can be
achieved by exploiting the (patho)physio-
logic characteristics of biological micro-
environments, such as reducing conditions,
changes of pH (eg. acidic endosomal

I n the past decade, the use of nanoparti-
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compartments), or altered levels of disease-
specific enzymes. For example, matrix me-
talloproteinases 2 and 9 (MMP2 and MMP9)
are overexpressed in advanced stages of
cancer including lung cancer, whereas they
are minimally expressed in healthy tissue.
Indeed, elevated levels of MMP9 in the
tumor microenvironment enhance the me-
tastatic potency of malignant cells and cor-
relate with tumor progression, angiogene-
sis, or metastasis.®> In particular, increased
expression of MMP9 has been associated
with poor prognosis of lung cancer.*® Spe-
cific peptide sequences can be exploited as
protease-sensitive linkers® to allow for con-
trolled release of chemotherapeutics from
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nanoparticles, as recently shown by the use of MMP2/
9-sensitive peptides for drug delivery.” ' Conse-
quently, the use of MMP2/9-responsive nanoparticles
represents a promising strategy for local treatment of
aggressive lung cancer.

Multifunctional mesoporous silica nanoparticles
(MSNs) are attractive carriers for drug delivery.'® They
offer unique properties such as tunable pore sizes and
pore volumes for high drug loading capacity and
efficient encapsulation of a wide variety of cargo
molecules.”” Additionally, these carriers can be selec-
tively functionalized at specific sites within the
nanoparticle.'® For example, an outer-shell function-
alization enables the attachment of external functions
exclusively on the outer surface of the particle, which
do not interfere with the pore environment. This can be
exploited to create stimuli-responsive pore sealing for
controlled drug release.'”” ~2' For example, MSN pore
closing can be achieved by utilizing biotin—avidin
complexation, which serves as a bulky biomolecule-
based valve blocking the entrances of the MSN pores.?

In this work, we developed avidin-capped MSNs
functionalized with linkers that are specifically cleaved
by MMP9, thereby allowing for controlled release of
chemotherapeutics from the MSNs in high MMP9-
expressing lung tumor areas. We demonstrate efficient
protease sequence-specific release of the incorporated
chemotherapeutic cisplatin (CP), as well as combina-
tion treatment with the proteasome inhibitor borte-
zomib (Bz) in two lung cancer cell lines. To assay
therapeutic effectiveness in diseased tissue, we estab-
lished a novel experimental setup using 3D lung tissue
cultures (3D-LTCs). This technique allows for spatio-
temporal resolution and quantification of nanoparti-
cle-mediated drug delivery in the preserved 3D
environment of diseased mouse and human lung
tissue. We here demonstrate MMP9-mediated tumor-
site-selective drug release and tumor cell death in
mouse and human lung tumors revealing the feasibil-
ity of MMP9-controlled drug site-selective delivery for
the treatment of lung cancer.

RESULTS

Synthesis and Characterization of MMP9-Responsive MSNs.
According to previous reports, the MSNs were synthe-
sized by a sol—gel procedure.'®?3 In the present work,
the external surface of the MSNs was coated with a
heptapeptide (HP) linker (MSNyp) consisting of a biotin
functionality on the periphery (for detailed synthesis
procedure, refer to the Sl). This HP sequence is selec-
tively recognized by MMP?9 for proteolysis (RSWMGLP,
cutting sequence shown in bold).?* As a negative
control, MSNs containing a noncleavable heptapeptide
(NHP) attached to the outer surface of the particles
were synthesized (MSNyp). In this NHP-biotin linker, the
specific cleavage site for MMP9 is lost due to an
exchange of a single amino acid (RSWMLLP, exchanged
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amino acid shown in bold). After dye/drug uptake into
the mesopores of both particle types, the glycoprotein
avidin (66 kDa, av diameter ~8 nm) was attached to the
outer surface of the particles via noncovalent linkage
to the biotin groups. The particles have been termed
throughout the text as cMSN (MMP9 cleavable linkers)
or ncMSN (MMP9 noncleavable linkers). Avidin shows
high affinity to biotin and therefore acts as a bulky
gatekeeper to block the mesopores of the silica nano-
particles. The complete synthesis strategy and charac-
terization of the particles are depicted in Figure 1.
Comprehensive characterization of the synthesized
MSNs involved a range of physiochemical methods —
thermogravimetric analysis, zeta potential, dynamic
light scattering, nitrogen sorption, and infrared (IR)
spectroscopy (Figure 1B—F, respectively) — all of which
confirmed the successful synthesis of cMSN or ncMSN.
See also Table 1, Figure S1, and the Sl for additional
information. From these data, we conclude that
the attachment of the avidin gatekeepers via short
heptapeptide-biotin linkers (cleavable and noncleavable
for MMP9) to the external surface of MSNs was success-
ful. In order to prove the MMP9-specific release behavior
of our nanoparticle system, release experiments with
fluorescein were performed as previously reported.?
Only upon the addition of recombinant MMP9 to the
particle suspension an increase in fluorescence intensity
over time was observed, reaching a plateau after about
16 h.Importantly, no release of the preloaded fluorescein
was observed for MSNs containing a noncleavable
heptapeptide linker (nhcMSN) (Figure 1G). Furthermore,
MMP2 was also able to induce fluorescein release from
the particles, but with slower kinetics, compared to
MMP?9 (Figure S1D). This is not surprising, as MMP2 has
different enzyme kinetics compared to MMP9 and has
been shown to degrade several substrates that are not
degraded by MMP9 and vice versa.®> For this reason,
we chose to continue with MMP9 in the in vitro studies.
However, it is important to note that both enzymes are
overexpressed in lung cancer, and so we expect a
cumulative effect on cargo release in vivo.*> The cMSN
particles took up the drug cisplatin very efficiently
(0.44 £ 0.02 mg/mg cMSN, Table S1) and showed
specific release of cisplatin when incubated with recom-
binant MMP9, whereas no release of cisplatin could be
detected in the absence of MMP9 (Table S1). Further-
more, the avidin-capped particles preloaded with fluor-
escein (cMSN-fluorescence) showed stability of the
capping system for up to 16 h (Figure S1F). Colloidal
stability of our particles was retained for up to 7 days (168
h), after which time agglomeration of the MSNs could be
observed in solution (Figure S1G). In addition, long-term
cargo release experiments of fluorescein-loaded cMSN
in HBSS buffer solution (no MMP9) showed that the
particles were stable for at least 28 days (Figure STH),
similar to what we previously observed for related
MSNs with organic coatings.’®*” Consequently, the
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Figure 1. Synthesis and characterization of MMP9-responsive mesoporous silica nanoparticles (MSNs). (A) Synthesis scheme
of core (green, thiol groups), shell (red, amino groups) functionalized MSNs. (i) EDC amidation of amino groups with carboxy
groups of the MMP9 cleavable HP (HP, red) or the MMP9 noncleavable HP-biotin linker (NHP, blue) results in a covalent
attachment to the external particle surface (MSNyp, MSNyyp). (ii) After cargo incorporation (cisplatin (CP) or bortezomib
combination treatment (CT), yellow star), (iii) the strong binding affinity of biotin to avidin leads to blocking of the mesopores
of MSNs with MMP9 cleavable linkers (cMSN) and MMP9 noncleavable linkers (ncMSN). Characterization of MSNs. (B)
Thermogravimetric analysis, (C) zeta potential measurements, (D) dynamic light scattering, (E) nitrogen sorption isotherms,
and (F) infrared spectroscopy (all curves are shifted by a value of 0.02 along the y-axis for clarity) of MSN (black), MSN,p (red),
MSNyyp (blue), and cMSNs (green). (G) Release kinetics of fluorescein from cMSNs and ncMSNs before and after addition of
MMP9.

TABLE 1. Structural Parameters of Functionalized MSNs

Saple Patticle dize" (i) BET surface area| Pore volume® DFT pore
(m?/g) (cm’/g) size® (nm)
MSN 106 £9 1150 0.67 3.0+0.1
MSNyp 142 £13 882 0.55 3.6 0.1
¢MSN 164 £15 90 0.05 -0
MSNxpp 142 +17 825 0.52 3.6 0.1

? Partidle size refers to the peak value of the size distribution derived from DLS measurements. ° Pore volume was calculated up to a pore size of 8 nm to remove the
contribution of interparticle textural porosity. “ DFT pore size refers to the peak value of the pore size distribution.

above experiments validate highly specific release
behavior of fluorescein and cisplatin from cMSNs by
recombinant MMP2/9 enzymes.

MMP9-Responsive Release of Cargo to Lung Cancer Cells. We
next investigated MMP9-mediated release of the che-
motherapeutic drug cisplatin in two human lung can-
cer cell lines (A549 and H1299) as a function of cell
viability. MMP9-dose-responsive release of cisplatin
from the nanoparticles and subsequent induction of

dose-dependent cell death were observed in both cell
lines (Figure 2A and B).

It is important to note that the MSNs were pre-
loaded by diffusing a defined cisplatin solution into the
particles, after which the particles were sealed and
washed. In the figures, these loading concentrations
are referred to as loaded cisplatin concentrations.
However, the amount of cisplatin released from the
particles, thus the effective cisplatin concentration the
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Figure 2. MMP9-responsive release in lung cancer cells. Controlled release of cisplatin (CP) from cMSN as measured by
percent cell survival after 24 h exposure, incubated with 0 (white bars), 0.5 (light gray bars), or 1 ug/mL (dark gray bars) MMP9
in H1299 (A) and A549 cells (B) or (C) with MMP9 cDNA (gray bars) or empty vector transfected cells (white bars) in H1299. (D)
ncMSN particles encapsulating CP incubated in the presence of 1 ug/mL MMP9 for 24 h did not result in significant
cytotoxicity in H1299 (light gray bars) and A549 cells (dark gray bars). (E) Cytotoxicity of cMSNs determined by WST-1 assay in
H1299 and A549 lung cancer cell lines after 24 h of exposure. (F) Controlled release of cMSNs loaded with CP alone (light gray
bars) and in combination with 1 xM bortezomib (CT, dark gray bars) in MMP9 cDNA transfected A549 cells, in comparison to
empty vector transfected A549 cells (white bars). Untreated cells were set to 100% survival; * means a significant decrease in
percent cell survival compared to control (p < 0.05). Values given are an average of three independent experiments + SD.

cells or tissue were exposed to, was much lower, as the
incorporated amount is lower than the provided
amount in the stock solution. Of note, we observed a
high cisplatin MSN loading of 440 £ 0.02 ug/mg MSN,
when diffusing 10 mM cisplatin stock solution into the
pores (Table S1). The cisplatin concentration released
from the particles was estimated to be an order of
10-fold less (then the used stock solution) when com-
pared to free cisplatin as determined by a dose—
response viability curve of direct cisplatin treatment
in A549 and H1299 cells (Figure S2A).

To determine if cell-secreted MMP9 was able to
open the particle caps, A549 and H1299 cells were
transiently transfected with MMP9 ¢DNA and over-
expression of active MMP9 was validated with gelatin
zymography (Figure S2B). MMP9-overexpressing cells
responded to cisplatin-loaded MSNs with pronounced
loss of cell viability compared to empty vector trans-
fected control cells. This demonstrates that the cell-
secreted concentrations of MMP9 were able to trigger
the release of chemotherapeutic drugs from stimuli-
responsive MSNs (Figure 2C). Importantly, cisplatin-
loaded MSNs containing noncleavable linkers
(ncMSN-CP) did not induce any cell death in either cell
line (Figure 2D), indicating tight sealing of the particles.
Importantly, nonloaded MSNs were found to be non-
toxic at the dose applied (50 ug/mL) (Figure 2E).

Because MSNs can efficiently encapsulate multiple
drugs, these carriers offer a unique opportunity for
combinatorial drug delivery, which overcomes the
problem of acquired drug resistance.?® Proteasome
inhibitors are promising combinatorial drugs, as sug-
gested by multiple clinical trials, since they effectively
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inhibit proliferation of tumor cells, sensitize them to
apoptosis, and overcome drug resistance.”® Bortezo-
mib is FDA-approved for the treatment of multiple
myeloma and mantle cell lymphoma and is currently
being tested in phase Il clinical trials for lung cancer.>
In our setup, nanoparticles loaded with nontoxic doses
of cisplatin and Bz when used on their own, induced
significant cell death in the presence of MMP9 when
applied in combination (Figure 2F). Augmented cyto-
toxicity was largest for the lowest cisplatin dose (2 uM),
with an increased cytotoxicity of over 35% in the
presence of Bz. This was a remarkable 5- to 10-fold
increase in cytotoxic potency for nontoxic doses of a
single drug. Cells exposed to MSNs loaded with cis-
platin and Bz (cMSN-CT) in the absence of MMP9
showed no significant loss in cell viability (Figure 2F,
white bars), indicating again tight sealing of the parti-
cles. These results demonstrated that the combinatorial
delivery of cisplatin and Bz via nanoparticles induced an
additive cytotoxic effect and thus allow for a reduction
of drug doses.

Application of 3D Mouse and Human Lung Tissue Cultures.
Having shown the feasibility of MMP9-mediated drug
release from the avidin-capped MSNs in lung tumor
cell lines, we next aimed to validate MMP9-responsive
drug release in the complex setting of lung tumor
tissue. For that purpose, we made use of a novel 3D
ex vivo tissue culture method. This technology involves
the preparation of ex vivo tissue cultures from healthy
and tumoral mouse and human lungs, which can be
cultured for up to 7 days (Figure 3A) (Uhl et al.
unpublished). For our purposes, mouse and human
lung tissue slices of 200 um thickness were exposed for
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Figure 3. 3D human and mouse ex vivo tissue culture (3D-LTC). (A) 200 um thick WT and Kras mouse lung tissue slices were
kept under normal culture conditions. Kras mouse tumors can be easily observed with bright-field microscopy (5 x objective).
(B) Confocal microscopy images of WT mouse and Kras mutant mouse 3D-LTC with (from top to bottom) phalloidin, Kras, and
MMP9 staining using immunofluorescence and immunohistochemistry. (C) 3D images of tumorous and tumor-free lung
tissues from human with (from top to bottom) phalloidin and MMP9 staining using immunohistochemistry (Hemat. =

hematoxylin). The scale bar is 50 um.

24 to 72 h to MSNs that had been covalently labeled
with Atto633 in their core. After treatment, lung tissue
slices were fixed and stained using immunofluores-
cence (Figure 3B). As a model for murine lung tumors,
we used transgenic mice carrying a spontaneously
activated Kras mutation, which are highly predisposed
to a range of tumor types, however predominantly
show early spontaneous development of lung cancer
after only a few weeks of age.>' This mouse model not
only carries the most common mutation, i.e., Kras,
observed in human lung cancer patients®*—>* but also
closely resembles spontaneous tumor development
via oncogene activation as seen in humans. Human
material was obtained from freshly excised lung tumor
tissue from consenting patients. Tumor lesions were
clearly detectable in both mouse Kras and human
patient derived 3D-LTC, as characterized by loss of
parenchymal lung structure and the appearance of
dense cell populations (Figure 3B and 3C, phalloidin
staining). Staining of 3D-LTCs with a Kras antibody
confirmed its overexpression in Kras tumor and non-
tumor mouse tissue, compared to low expression in
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3D-LTC of wild-type (WT) mice (Figure 3B and Figure
S4A). MSNs suspended in culture media distributed
evenly and reproducibly in the tissue (Figure S4B).
Nonloaded particles were not toxic to the 3D-LTC for
up to 72 h of exposure, as revealed by the absence of
apoptotic caspase-3 activation (Figure S4C). High MMP9
expression was detected in tumor lesions of Kras
mutant mice and in tumorous human tissue by
MMP9 immunofluorescence staining (Figures 3B,C
and S4D) and by immunohistochemistry of paraffin-
embedded lung tissue (Figures 3B,C and S4E). MMP9
expression was highest in early phase neoplasms, and
staining was most pronounced at the invading periph-
eries of the tumors (Figure S4D). These data confirm
MMP9 overexpression in Kras mouse and human lung
tumors, validating this model as suitable for MMP9-
mediated drug delivery.

MSN-Mediated MMP9-Responsive Drug Delivery to Kras Mu-
tant Mouse Lungs. Having established the 3D-LTCs of
Kras mouse lung tumor tissue as a powerful tool for
MMP9-mediated drug delivery via nanoparticles,
we next evaluated therapeutic effectiveness of drug
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Figure 4. Therapeutic efficacy of MMP9-responsive MSNs in Kras mutant mouse lungs. (A) Kras mutant mouse 3D-LTC
exposed to MSNs encapsulating either a low dose of CP (cMSN-CPy,,,), high dose of CP (cMSN-CP,y1,), low dose of CP in
combination with Bz (cMSN-CT), or comparable doses of the free drugs (CP/CT) for 48 h. (B) Kras mouse 3D-LTC exposed
to MSNs with noncleavable linkers encapsulating combination treatment (ncMSN-CT) for 48 h (upper panel) and WT mouse
3D-LTC exposed to MSNs with MMP9-cleavable linkers encapsulating combination treatment (cMSN-CT) or free
(nonencapsulated) drugs (CT) for 48 h (lower panel). The scale bar is 50 um. Comparable sized tumors were chosen for
microscopy (indicated by dotted line); tumor-free refers to images that were made in a nontumor area of a Kras 3D-LTC.
Nuclear staining (DAPI) is shown in blue, apoptotic marker (cleaved caspase-3 positive) in green, and Atto633-labeled MSNs in
red. Images shown are representative for three independent experiments (see also Figures S6, S7). Quantification of apoptotic
cells (cleaved caspase-3) per number of counted nuclei (DAPI) in tumor and tumor-free areas in Kras 3D-LTC after (C, D) 24 h of
exposure and (E, F) 48 h of exposure to MSNs encapsulating drugs (cMSN-CP/CT) or free (nonencapsulated) drugs (CP/CT),
respectively. Nontreated control slices (white bars) and control MSNs (i.e., ncMSN-CT) (light gray bar, 48 h exposure) were also
included in the study. * means a significant increase in apoptosis compared to a nontumor control area (p < 0.05). Values given

are average of three independent experiments + SD (see also Figures S7, S8).

release from our functionalized nanoparticles (cMSN).
For that, lung tissue slices of Kras mutant mice were
exposed to particles that contained different con-
centrations of cisplatin (¢(MSN-CPy,,, and cMSN-CPpgp;
5% higher concentration) or a combination of low
doses of cisplatin with bortezomib (cMSN-CT) for 24
or 48 h. We established the dose by exposing the lung
tissue slices to various concentrations of cisplatin.
At the reported cisplatin concentrations (Table 2) we
observed a significant amount of apoptosis of approxi-
mately 12% of cells after 24 h and 20% after 48 h using
the higher dose of cisplatin (Figure 4D,F), as indicated
by a significant amount of caspase-3 positive staining
(Figure 4A right panel and Figures S6A,B and S7A,B). On
the basis of our in vitro findings of about 10-fold less
encapsulation of cisplatin into the MSNs, we encapsu-
lated 10x higher doses of cisplatin solution inside the
MSNs to be able to achieve a similar effect and applied
those to the lung slices (see Table 2 for an overview of
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used doses). Importantly, a similar induction of tumor
cell death was observed for both the encapsulated
drugs and the drugs alone for all tested doses and time
points, showing that the chosen doses were effective
and comparable to each other (Figure 4C—F).
Strikingly, all nanoparticles containing chemo-
therapeutic(s) induced apoptosis only in tumor lesions
of Kras lungs, while not affecting tumor-free regions in
the same Kras lung tissues (Figure 4A). In addition, we
observed a dose-dependent therapeutic effect on
apoptotic cell death, with the combination therapy
(cMSN-CT) being most effective (Figure 4A). In contrast,
Kras mutant mouse 3D-LTC exposed to comparable
doses of free (nonencapsulated) drug(s) (CP or CT)
resulted in apoptotic cell death that did not discrimi-
nate much between tumorous and nontumorous tis-
sue (Figure 4A). Of note, MSNs with noncleavable
linkers encapsulating both drugs (ncMSN-CT) did not
cause any significant apoptotic cell death in Kras

AR
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TABLE 2. Drug Doses Used for the Mouse Lung Tissue Slices Experiments

As represented in Fig. 1 Label (loaded) drug concentrations
AT, S cMSN-CPjyy 2 mM cisplatin
o § CMSN-CPhign 10 mM cisplatin
ek 2 ¢MSN-CT 2 mM cisplatin + 1 pM Bortezomib
AR ) NcMSN-CPyqy 2 mM cisplatin
B f"- g ncMSN-CPyig 10 mM cisplatin
- ' ncMSN-CT 2 mM cisplatin + 1 pM Bortezomib
CPioy 0.2 mM cisplatin
CPrign 1 mM cisplatin
CT 0.2 mM cisplatin + 0.2 uM Bortezomib

tumors or in healthy tissue in Kras lungs (Figure 4B
upper panel). In addition, healthy lungs of WT mice
exposed to drug-loaded nanoparticles (cMSN-CT) did
not show significant signs of apoptosis, whereas ex-
posure to comparable doses of free (nonencapsulated)
drugs caused apoptotic cell death that distributed
evenly in the healthy tissue (Figure 4B and Figure S5),
further proving the selective cytotoxic effect of our
MSNs. The dose- and time- dependent therapeutic
effects of the MSNs were quantified by counting the
number of apoptotic cells versus the total number of
cells in lung tissue slices containing tumors of compar-
able size (see Figures S6 and S7 for the images used for
quantification). Of note, cell death in the tumor area
was 10- to 25-fold higher compared to the nontumor
area upon nanoparticle-mediated drug delivery. This
was even more pronounced after 48 h (Figure 4E). The
effect was highest for the combination therapy with a
25-fold increase in apoptotic tumor cell death, while
exposure of Kras lung tissue to Bz alone did not cause
any significant apoptosis (Figure S8A). In contrast to
the nanoparticle-mediated drug delivery, Kras lungs
exposed to comparable doses of cisplatin 4= Bortezomib
for 24 and 48 h showed a similar degree of apoptotic
cell death in the tumor and nontumor areas (Figure 4D
and F). Only for the highest doses (CPngn and CT) a
small but significant increase in tumor cell death was
observed. This might be attributed to the increased
effectiveness of cisplatin toward fast-dividing and
“leaky” tumor cells.*®

Importantly, MSNs induced apoptosis correlated
with MMP9 expression in tumor lesions (Figures 5A
and S8B). Detailed analysis of the 3D-LTC revealed that
apoptosis took place throughout the tumor while the
particles remained mainly on the top of the tissue, where
they associated with the tissue (Figures 5B and S8C).
This observation suggests that the particles are first
immobilized on the tissue and subsequently cleaved
by overexpressed MMP9 on the surface of the tissue,
and the released chemotherapeutic(s) effectively dif-
fuse into the tissue. A similar distribution of apoptotic
cells in the tumor tissue was observed for 3D-LTC
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exposed to the drug alone (Figures 5B and S8C). This
indicates that deep penetration of nanoparticles into
the tumor tissue is not required, as the released drugs
effectively diffuse throughout the tissue. Moreover, we
confirmed that the cytotoxic effects were mainly re-
stricted to epithelial tumor cells by costaining of 3D-
LTCs with cleaved caspase-3 and the epithelial cell type
marker E-cadherin (Figures 5C and S8D). These data
clearly demonstrate tumor-site-selective drug delivery
by our nanoparticles.

MMP9-Responsive Drug Delivery to Human Lung Tumors. In
a final step, we set out to assess protease-responsive
drug delivery from our nanoparticles in human lung
tumors. For that purpose, we used 3D-LTCs from
freshly excised human lung cancer tissue obtained
from different donors. Cisplatin-loaded nanoparticles
(cMSN-CPy,,) induced pronounced apoptotic cell
death in human cancer tissue after 72 h of exposure.
This correlated well with particle density on the tissue
(Figure 6A). Furthermore, therapeutic effectiveness of
the cMSN-CP was not dependent on the tumor type,
as apoptotic cell death was induced in both meta-
static and primary lung tumors (Figure 6A). Untreated
control tissue showed only a minor degree of
apoptosis, which might be attributed to the tissue-
cutting procedure (Figure 6A). Human 3D-LTCs ex-
posed to noncleavable MSNs (ncMSN-CP) did not
show significantly more apoptosis compared to con-
trol tissues (Figure 6A, middle panel), confirming
MMP9 sequence-specific drug release. Importantly,
cMSN-CP,,, particle exposure did not induce any
apoptosis in healthy human tissue (Figure 6B). MSN-
induced apoptosis was observed throughout the
tumor tissue (Figure S9). The therapeutic effect of
the particles was confirmed by quantification of
cleaved caspase-3 levels by Western blot analysis
using whole 3D-LTC homogenates (Figure 6C).

DISCUSSION AND CONCLUSIONS

Nanoparticles as drug delivery carriers have received
a lot of attention in the last decades, and several
formulations have been approved by the FDA and
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Cleaved caspase-3

Cleaved caspase-3

B) cMSN-CT

Merged (no DAPI)
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Figure 5. (A) Kras 3D-LTC exposed to cMSN-CT for 48 h with MMP9 antibody costaining (magenta, maximum intensity
projections of the different channels, white dots in merged image show direct overlay) in tumor (top) and tumor-free (bottom)
areas. (B) Exposed Kras 3D-LTC showing only the calculated number of particles, nuclei, and apoptotic cells per 3D-LTC tissue
slice from the side where tumor tissue is located. Red spots represent the calculated particles, blue spots represent the nuclei,
and green spots represent the apoptotic cells in cMSN-CT-exposed 3D-LTC (top panel) and CT-exposed 3D-LTC (bottom
panel). Original stainings were omitted for clarity. (C) Kras 3D-LTC exposed to cMSN-CT for 48 h with E-cadherin antibody
costaining (magenta, orthographic representation using a 63 x objective). The nuclear staining (DAPI) is shown in blue;
apoptotic marker (cleaved caspase-3) in green. The fluorescence signal originating from Atto 633-labeled MSN particles was
omitted from the images for clarity (for A and C). Scale bar is 50 um.

European Medicines Agency for the treatment of
cancer.®® Many of these formulations offer improved
pharmacodynamics over the free drug by increasing
their bioavailability and tumor delivery efficiency. In
addition, nanoparticles such as MSNs can be devel-
oped for inhalation therapy,” which is advantageous
for the treatment of lung cancer, as drugs are directly
administered in the target organ, bypassing the gas-
trointestinal tract and the liver, and problems asso-
ciated with stability throughout blood circulation
become irrelevant. Indeed, our preliminary data indi-
cate that the particles are well distributed in the lungs
and have low lung toxicity. The drug release of nano-
carries such as liposomes and polymers is sustained
(ie, slow release of drugs over time that is not
controllable). A promising approach to further increase
the tumor specificity and effectiveness of nanoparti-
cles is the ability to release high concentrations of
drugs only in the extracellular matrix in close proximity
to the tumor site. Cancer-specific extracellular enzymes
can be used to achieve this goal. For example, MMP9 is
overexpressed in lung tumors, known to enhance the
metastatic potency of malignant cells, and is asso-
ciated with poor prognosis in lung cancer.’> The
feasibility and promise of MMP2/9-responsive drug
therapy has previously been demonstrated in in vivo
mouse xenografts of the pancreas, fibrosarcoma,'’
glioblastoma (brain),'? and hepatoma (liver),>® demon-
strating that this is a promising technology for
treatment of a variety of cancers. No such in vivo
data for non-small-cell lung cancer (NSCLC) currently
exist.
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In the present study, we report the synthesis of novel
mesoporous silica nanoparticles containing an MMP9-
responsive avidin capping system. MMP-responsive
MSNs were reported only in three studies recently, by
Singh et al.,*® Zhang et al.*" and Xu et al.** However,
these studies did not report a MMP9 sequence-specific
capping system for controlled drug delivery from the
MSNs. In the study by Singh et al., the MSNs were
coated with a polymer shell consisting of MMP sub-
strate polypeptides with a degradable sequence. In the
study by Zhang et al, MSNs were coated with a
polyanion layer, preventing particle uptake by healthy
cells, which could be removed via MMP cleavage in
MMP2-expressing colon and squamous cancer cell lines.
After (tumor) cell uptake of the particle, cargo release
(doxorubicin) was obtained by a redox-driven release
mechanism. In another study by Xu et al., gelatin was
used both as a gatekeeper and as a degradable sub-
strate for MMPs in gelatin-coated MSNs and showed
efficacy in a MMP2-overexpressing colon cancer cell line
and a xenograft mouse model. Nevertheless, the effi-
ciency of pore sealing to prevent unwanted drug re-
lease was poor in this system. In contrast, here we show
effective MMP2/9 sequence-specific release of loaded
cargo from the biomolecule-capped MSN system in
two non-small-cell lung cancer cell lines and in mouse
and human lungs. To achieve this, we developed a
novel ex vivo tissue culture application (3D-LTC) to test
our particles. The 3D-LTC technique allows for high-
resolution and spatiotemporal imaging of the thera-
peutic effect of nanoparticles in selected areas of
interest (e.g., diseased versus healthy areas) within
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Figure 6. Therapeutic effect of MMP9-responsive MSNs in human lungs. (A) Human lung adenocarcinoma and (B) human
healthy lung 3D-LTC exposed to cMSN-CP,,,, or ncMSN-CP,,, for 72 h. Nonexposed control slices were included in the study.
Nuclear staining (DAPI, blue), cleaved caspase-3 (green), and MSNs (red). The scale bar is 50 um. Images shown are
representative for three different sections within the tumor (see also Figure S9). (C) Western blot analysis of human 3D-LTC

exposed to cMSN-CP,,,, and ncMSN-CP,,, for 72 h.

the complex 3D structure of lung (cancer) tissue. While
previous reports have used 3D-LTC predominantly for
short-term toxicological analysis of nanoparticles,**~*>
we studied the therapeutic effect of nanoparticles in
relevant disease models. As a model for murine lung
tumors, we used transgenic mice carrying a sponta-
neously activated Kras mutation, which show early
spontaneous development of lung cancer after only a
few weeks of age. As this model closely reflects the
human pathophysiology, we believe that therapeutic
strategies that are confirmed in this model are more
likely to translate to humans than the commonly used
xenograft mouse models. Furthermore, finding thera-
peutic strategies that work against Kras tumors is
promising, as Kras mutations result in aggressive can-
cers, are generally correlated with poor prognosis, and
are associated with reduced responsiveness to many
existing therapies.***® Additionally, this technique
allowed us to confirm our findings also in diseased
human tissue, which represents a major advance in
closing the gap between drug development and
application in the clinic. Using this method, we show
that in vivo MMP9 concentrations are locally highly
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expressed in mouse Kras tumor and in patient-derived
explanted tumor tissue compared to healthy mouse
and human lung tissue. Because MMP9 expression has
been reported as a clinical marker for tumor progres-
sion and metastasis,*® it is possible that these highly
MMP9 positive tumor areas represent metastasis-
prone tumor cells. A link between MMP9 expression
and metastasis was also shown in mice, where MMP9-
deficient mice had a reduced number of metastatic
colonies.® MMP9-mediated drug delivery may thus
most likely target metastatic tumor cell areas and
therefore may effectively reduce tumor invasion and
metastasis. Indeed, only MMP9-expressing Kras tumor
areas were affected by MSN treatment, as revealed
by spatiotemporal high-resolution imaging, whereas
healthy lungs from WT mice and healthy areas in
tumor-bearing mouse lungs remained unaffected. In
contrast, slices exposed to free (nonencapsulated)
drugs had an even distribution of apoptosis in tumor,
tumor-free, and healthy lung tissue. Accordingly, quan-
tification of the therapeutic effect showed that the
MSNs were 10- to 25-fold more effective in tumor
tissue, whereas the free drug was less than 2-fold more
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effective in tumor tissue compared to the tumor-free
areas in the same tissue slices. Furthermore, our 3D-LTC
data proved the synergistic effect of our combinatorial
drug delivery strategy and agrees very well with our
in vitro data, where we observed a 5—10-fold increase
in cytotoxic potency upon combinatorial drug delivery.
Using proteasome inhibitors in combination with a
commonly used chemotherapeutic is a novel approach
for treatment of cancer in general and for lung cancer
in particular. A phase Il clinical trial study with borte-
zomib in combination with carboplatin (another plati-
num-based chemotherapeutic) showed promising
progression-free and improved overall survival rates
for treatment of NSCLC.>' Our report is the first in
which nanoparticle-based controlled release of a pro-
teasome inhibitor in combination with cisplatin shows
greatly enhanced antitumor activity. Finally, we pro-
vide proof that these particles are also effective in
human metastasis and adenocarcinoma lung cancer.

METHODS

Materials. Tetraethyl orthosilicate (TEOS, Fluka, > 98%),
triethanolamine (TEA, Aldrich, 98%), cetyltrimethylammonium
chloride (CTAC, Fluka, 25% in H,0), mercaptopropy! triethox-
ysilane (MPTES, Fluka, > 80%), aminopropyl triethoxysilane
(APTES, Sigma-Aldrich, 99%), ammonium fluoride (NH4F, Fluka),
ammonium nitrate (NH4NOs, Fluka), hydrochloric acid (HCI,
37%), Bio-PLGMWSR (HP-biotin, GenScript, 96.3%), Bio-
PLLMWSR (NHP-biotin, GenScript, 90.1%), N-(3-(dimethylamino)
propyl)-N'-ethylcarbodiimide hydrochloride (EDC, Aldrich),
N-hydroxysulfosuccinimide sodium salt (sulfoNHS, Aldrich), avi-
din, egg white (Merck, Calbiochem), fluorescein disodium salt
dihydrate (Acros), calcein acetoxymethyl ester (calcein-AM,
Sigma-Aldrich), cisplatin (Sigma-Aldrich), bortezomib (Bz, Vel-
cade, Millennium Pharmaceuticals), cleaved caspase-3 antibody
(Asp175) (Cell Signaling, 9661), E-cadherin antibody (BD Bio-
sciences, 610181), Kras antibody (Santa Cruz, SC30), MMP9
antibody (Millipore, AB19016), 3-actin antibody (Cell Signaling),
o-tubulin  (Genetex), and secondary Alexafluor antibodies
(Invitrogen) were used as received. Ethanol (EtOH, Aldrich,
absolute), dimethyl sulfoxide (DMSO, Aldrich), and HBSS buffer
(Gibco) were used as solvents without further purification.
Bidistilled water was obtained from a Millipore system (Milli-Q
Academic A10).

Synthesis Procedures. Particle synthesis of MSNs containing SH
groups in the core particle and NH, groups on the particle
surface (MSN) was performed. A mixture of TEOS (1.63 g,
7.82 mmol), MPTES (112 mg, 0.48 mmol), and TEA (143 g,
95.6 mmol) was heated under static conditions at 90 °C for
20 min in a polypropylene reactor. Then, a solution of CTAC
(241 mL, 1.83 mmol, 25 wt % in H,0) and NH4F (100 mg,
2.70 mmol) in H,0 (21.7 g, 1.21 mmol) was preheated to 60 °C
and rapidly added to the TEOS solution. The reaction mixture
was stirred vigorously (700 rpm) for 20 min while cooling to
room temperature. Subsequently, TEOS (138.2 mg, 0.922 mmol)
was added in four equal increments every 3 min. After another
30 min of stirring at room temperature, TEOS (19.3 mg,
92.5 umol) and APTES (20.5 mg, 92.5 umol) were added to the
reaction. The resulting mixture was then allowed to stir at room
temperature overnight. After addition of ethanol (100 mL), the
MSNs were collected by centrifugation (19 000 rpm, 43 146 rcf,
for 20 min) and redispersed in absolute ethanol. The template
extraction was performed by heating the MSN suspension
under reflux (90 °C, oil bath temperature) for 45 min in an
ethanolic solution (100 mL) containing NH4NOs (2 g), followed

VAN RUT ET AL.

We show that MMP9-sensitive MSNs encapsulating
cisplatin cause significant apoptosis in human lung
tumor 3D-LTCs but not in healthy human lung tissue
3D-LTCs. This effect was MMP9 sequence specific, as no
apoptosis was induced for MSNs containing nonclea-
vable linkers encapsulating the same cisplatin concen-
tration. To our knowledge, we are the first to show the
effectiveness of MMP9-responsive drug delivery to
human patient-derived tissue.

In summary, this study shows the feasibility of
MMP9-mediated drug release in human lung tissue
and in an advanced mouse model (Kras mutant mice)
that closely reflects the human pathophysiology. Spe-
cifically, our novel drug delivery system using MMP9-
responsive MSNs could be used to effectively deliver a
combination of two drugs, bortezomib and cisplatin, in
a stimuli-controlled manner and potentiate a synergis-
tic effect selectively to (metastatic) tumors in mouse
and human ex vivo tissue slices.

by 45 min heating under reflux in a mixture of concentrated HCI
(10 mL) and absolute ethanol (90 mL). The mesoporous silica
nanoparticles were collected by centrifugation and washed
with absolute ethanol after each extraction step.

Heptapeptide Functionalization (MSNyp and MSNyup).
Biotin-PLGMWSR (HP-biotin 96.3%, 5.1 mg, 4.6 umol) or Biotin-
PLLMWSR (NHP-biotin, 90.1%, 5.0 mg, 4.0 umol) were dissolved
in 100 uL of DMSO. The solution was diluted by addition of
400 uL of H,0. Then, EDC (0.8 mg, 5.2 umol) was added, and the
reaction mixture was stirred for 5 min at room temperature.
Subsequently, sulfoNHS (1 mg, 5.0 umol) was added, and the
reaction mixture was stirred for another 5 min at room tem-
perature. This mixture was added to a suspension containing
50 mg of sample MSN (NH, on the surface) in a total volume of
8 mL (EtOH/H,0, 1:1). The resulting mixture was then allowed to
stir at room temperature overnight. The MSNs were thoroughly
washed with EtOH and H,O (3 times) and finally collected by
centrifugation (19 000 rpm, 43 146 rcf, 20 min). The HP-biotin- or
NHP-biotin-functionalized MSNs were stored as a colloidal
suspension in absolute ethanol.

Cargo Loading. One milligram of MSNs (MSNyp or MSNnwp)
was immersed in 500 uL of HBSS buffer containing fluorescein
disodium salt dihydrate (1 mM), calcein-AM (20 or 50 uM),
cisplatin (2, 10, 20, or 100 uM), or a combination of cisplatin
and Bz (2 + 1 uM, 10 + 1 uM, or 20 + 1 uM) for 2 h at room
temperature. Afterwards, the particles were coated with avidin.
Fluorescein-loaded particles were washed once by centrifuga-
tion and redispersion prior to the addition of avidin. All other
samples were coated with avidin without a previous washing
procedure.

Avidin Capping (cMSN and ncMSN). One milligram of
loaded or nonloaded MSNs (in 500 uL of HBSS buffer) was
added to 500 uL of HBSS buffer containing 1 mg of avidin. The
solution was mixed by vortexing for 5 s and allowed to react
for 30 min under static conditions at room temperature. The
resulting suspension was then centrifuged (5000 rpm, 2200 rcf,
4 min, 15 °C) and washed three times with HBSS buffer. The
particles were finally redispersed in HBSS buffer and used for
cuvette release experiments or in vitro studies.

For details on characterization of the MSNs, please refer to
the Supporting Information.

Cell Culture. The human non-small-cell lung cancer cell lines,
A549 and H1299, were obtained from ATCC (American Type
Culture Collection, Manassas, VA, USA). Both cell lines were
maintained in DMEM media (Gibco, Life Technologies). Media
were supplemented with 10% fetal bovine serum and 1%
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penicillin/streptomycin. All cells were grown at 37 °Ciin a sterile
humidified atmosphere containing 5% CO,.

WST-1 Assay. The cytotoxicity of the nonloaded MSNs was
assessed using the WST-1 assay (Roche). Briefly, 1.5 x 10* cells/
well were seeded in 96-well plates. Twenty-four hours after
seeding, the cells were exposed to cMSNs for 24 to 72 h. After
treatment, 10 uL of WST-1 reagent solution (Roche) was added
to each well, and the cells were incubated at 37 °C for 30 min.
Absorbance was measured at 450 nm using a Tristar LB 941
plate-reader (Berthold Technologies).

MTT Assay. The MTT assay was performed to assess cell
viability after cisplatin or Bz release from the particles. Briefly,
1 x 10* cells/well for H1299 and 0.5 x 10 cells/well for A549
were seeded in 96-well plates. Forty-eight hours after seeding,
cells were exposed to 50 xg/mL MSN particles that had been
loaded with solutions of cisplatin with or without Bz, in the
presence of 0, 0.5, or 1 ug/mL of recombinant MMP9 (Enzo Life
Sciences) in 50 uL of fresh media. In the case of transfected cells,
24 h after seeding, the cells were transfected with 0.15 ug of
MMP9 cDNA (DNASU) or empty vector cDNA per well using
SatisFection transfection reagent (Agilent Technologies),
according to the manufacturer's instructions. Twenty-four hours
after transfection, the cells were exposed to 50 ug/mL cMSN
particles that had been loaded with solutions of cisplatin, in
50 ul of fresh media. After treatment, 10 uL of a freshly prepared
solution of 5 mg of thiazolyl blue tetrazolium bromide/mL of
PBS (Sigma) was added to each well, and the cells were
incubated at 37 °C for 1 h. The supernatant was then aspirated,
and the violet crystals were dissolved in 500 uL of 2-propanol +
0.1% Triton X-100. Absorbance was measured at 570 nm, using a
Tristar LB 941 plate-reader (Berthold Technologies). Experi-
ments were done in triplicate. Data analyses were performed
in Prism Graphpad (version 6) software.

Zymography. To assess catalytically active MMP9 expression
and transfection efficiency in A549 and H1299 cells, gelatin
zymography was performed. In short, collected cell culture
supernatants were centrifuged to get rid of cellular debris
and then electrophoresed on 10% SDS-gels containing
1% gelatin substrate in nonreducing conditions (i.e, no
pB-mercaptoethanol), so that the proteins could renaturate
afterwards. After electrophoresis, the enzymes were renatu-
rated by incubation with 2.5% Triton-X-100 in developing buffer
(50 mM Tris, 200 mM NaCl, 5 mM CaCl,, pH 7.5) for 1 h at room
temperature, to ensure that the proteins were catalytically
active. Then, the gels were incubated in developing buffer at
37 °C for 24 h, to allow for the enzyme reaction to proceed.
Thereafter, the gels were stained using PAGE-Blue (Fermentas)
protein staining, according to the manufacturer's instructions.
Gels were analyzed using the ChemiDoc XRS+ software
(BioRad).

Animals. 1295/Sv-Kras™3™/) (K-ras**?) mutant mice were
obtained from The Jackson Laboratory, Bar Harbor, ME, USA,
and cross-bred with FVB-NCrl WT females obtained from
Charles River Laboratories, Sulzfeld, Germany, for seven gen-
erations. Animals were kept in rooms maintained at constant
temperature and humidity with a 12/12 h light/dark cycle and
were allowed food and water ad libitum. All procedures were
conducted according to the international guidelines and with
the approval of the Bavarian Animal Research Authority in
Germany.

Human Tissue. The experiments with human tissue were
approved by the Ethics Committee of the Ludwig-Maximilians-
University Munich, Germany (LMU, project no. 455-12). All
samples were provided by the Asklepios Biobank for Lung
Diseases, Gauting, Germany (project no. 333-10). Written
informed consent was obtained from all subjects. Tumor or
tumor-free tissue from patients who underwent lung tumor
resection was used.

Human and Mouse 3D Lung Tissue Cultures (3D-LTC). The whole
procedure was done under sterile conditions and performed
according to a method established by Uhl et al. (unpublished).
WT FVB as well as Kras mutant mice with lung tumor burden
were anaesthetized with a mixture of ketamine and xylazin
hydrochloride (Bela-pharm, Germany). Kras mice of approxi-
mately 3 months of age that had several tumor lesions in each
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lung tissue slice were used. After intubation and diaphragm
dissection, lungs were perfused via the right ventricle with
sodium chloride solution (Braun Vet Care, Germany). Using a
syringe pump, airways were filled with warm 2 wt % low-
melting agarose solution (Sigma, Germany) prepared in
DMEM/F12 (Gibco, Germany) supplemented with 1% penicil-
lin/streptomycin and amphotericin B (Sigma, Germany). Later,
tracheae were knotted with a thread to keep the liquid agarose
inside the airways. Afterward, the lungs were excised and
transferred into tubes loaded with cultivation medium, left to
cool on ice to allow for the solidification of the agarose. Finally,
lobes were separated and cut with a vibratome (Hyrax V55,
Zeiss, Germany) to a thickness of 200 um. The 3D-LTCs were
cultivated for up to 3 days. The amount of sections per mouse
varied between 30 and 50 slices. Directly after cutting, mouse
3D-LTCs were exposed to 50 ug/mL of CP, CT, or Atto 633
labeled MSN particles containing CP or CT, administered directly
into the medium. For human 3D-LTCs, tumorous and tumor-free
regions excised from lung cancer surgeries were used. Airways
at tumor-free segments were filled with 3 wt % agarose
dissolved in DMEM/F12 as described above, via respective
bronchi. Both the tumorous and tumor-free segments were
then cut to a thickness of 300 um with the vibratome. Directly
after cutting, mouse and human 3D-LTCs were exposed to
50 ug/mL of MSN particles containing CP or CT, administered
directly into the medium for 24—72 h.

Immunofluorescence. 3D-LTCs were fixed with acetone/
methanol, 50/50 vol % solution for 10 min, washed with PBS,
blocked for 1 h with Roti-lmmunoBlock (Carl Roth, Germany) at
room temperature, and incubated with primary antibody at 4 °C
overnight. Afterward, 3D-LTCs were washed with PBS, incu-
bated with secondary antibody for 2 h at room temperature,
again washed with PBS, and finally stained with DAPI. Stained
3D-LTCs were mounted using fluorescence mounting medium
(DAKO, USA) and evaluated using confocal microscopy
(LSM710, Carl Zeiss, Germany). 3D reconstruction and quantifi-
cation of cell death in the 3D-LTC were conducted using the
IMARISx64 software (version 7.6.4, Bitplane, Switzerland). Max-
imum intensity projections were made using ZEN2009 software
(Carl Zeiss, Germany).

Immunohistochemistry. Lung segments were placed in 4% (w/v)
paraformaldehyde after exciscion and processed for paraffin
embedding. 3 um thick sections on slides were subjected to
quenching of endogenous peroxidase activity using a mixture
of methanol/H,0, for 20 min, followed by antigen retrieval in a
decloaking chamber. From this step on, the slides were washed
with TBST after each incubation with the reagents throughout
the procedure. The sections were incubated first with Rodent
Block M (Zytomed Systems, Germany) for 30 min and then with
the primary antibody, i.e., MMP9 (Millipore, USA) or IgG, control
for 1 h. The cuts were then incubated with Rabbit on Rodent
AP-Polymer for 30 min, which was followed by Vulcan Fast Red,
AP substrate solution (both Biocare Medical, Concord, USA)
incubation for 10—15 min. The sections were counterstained
with hematoxylin (Carl Roth, Germany) and dehydrated respec-
tively in consecutively grading ethanol and xylene (both Appli-
Chem, Germany) incubations. Dried slides were mounted in
Entellan (Merck, Germany).

Study Design and Statistics. The therapeutic effect of the par-
ticles was assessed by immunofluorescent stainings using an
apoptosis marker (cleaved caspase-3) and was investigated on
lung tissue slices from 15 different Kras mutant animals that
were prepared and exposed to the MSNs or free drugs in three
independent experiments. Similarly sized tumors were chosen
for the imaging from a minimum of three different mice per
individual staining. In addition, each staining was performed a
minimum of three times per mouse. Three representative
images of three different mice were chosen for the quantifica-
tion as shown in Figure 4. The quantification was done blinded
using the IMARISx64 software (version 7.6.4, Bitplane,
Switzerland). For the controls, nine WT FVB mice lungs were
prepared in three independent experiments and stained and
quantified according to the same principle. For comparison of
two groups, one-way ANOVA analysis was performed. A p-value
lower than 0.05 was considered statistically significant
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Western Blotting. Human 3D-LTCs were lysed in RIPA buffer
(50 mM Tris HCI, pH 7.5, 150 mM Nacl, 1% NP40, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with protease inhibitor
cocktail (Complete, Roche). Protein content was determined using
the Pierce BCA protein assay kit (Thermo Scientific). For Western
blot analysis, equal amounts of protein were subjected to electro-
phoresis on 12% SDS-PAGE gels and blotted onto PVDF mem-
branes. Membranes were treated with antibodies using standard
Western blot techniques. The ECL Plus detection reagent
(GE Healthcare) was used for chemiluminescent detection,
and membranes were analyzed with the ChemiDoc XRS+ (Bio-Rad).
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