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Notch signaling, akey regulator of stem cells, is frequently
overactivated in cancer. It is often linked to aggressive
forms of cancer, evading standard treatment highlighting
Notch as an exciting therapeutic target. Notch is in prin-
ciple “druggable” by y-secretase inhibitors (GSls), inhibi-
tory peptides and antibodies, but clinical use of Notch
inhibitors is restricted by severe side effects and there is
a demand for alternative cancer-targeted therapy. Here,
we present a novel approach, using imagable mesopo-
rous silica nanoparticles (MSNPs) as vehicles for targeted
delivery of GSls to block Notch signaling. Drug-loaded
particles conjugated to targeting ligands induced cell-
specific inhibition of Notch activity in vitro and exhibited
enhanced tumor retainment with significantly improved
Notch inhibition and therapeutic outcome in vivo. Oral
administration of GSI-MSNPs controlled Notch activ-
ity in intestinal stem cells further supporting the in vivo
applicability of MSNPs for GSI delivery. MSNPs showed
tumor accumulation and targeting after systemic admin-
istration. MSNPs were biocompatible, and particles not
retained within the tumors, were degraded and elimi-
nated mainly by renal excretion. The data highlights
MSNPs as an attractive platform for targeted drug deliv-
ery of anticancer drugs with otherwise restricted clinical
application, and as interesting constituents in the quest
for more refined Notch therapies.

Received 21 December 2010; accepted 1 May 2011, published online
31 May 2011. doi:10.1038/mt.2011.105

INTRODUCTION

Signaling through the Notch receptor constitutes an evolution-
ary conserved cell-cell communication mechanism in stem cells
and is critical for development."> Mutations in the components
of the Notch pathway and aberrant signaling contributes to car-
cinogenesis in various cancers, including T-cell leukemia (T-ALL)

and solid cancers such as breast, prostate, melanoma, colon and
various brain cancers.>* Notch cross-talks with other oncogenic
pathways and is implicated in therapy resistance of conventional
treatment strategies targeting these pathways.*® Furthermore,
Notch plays a significant role in tumor angiogenesis.” Notch
targeted therapy is thus a very promising treatment option and
several clinical trials have been launched to test Notch inhibi-
tors efficacy and safety in cancer treatment (http://clinicaltrials.
gov/ct2/results?term=notch+inhibitors). In addition, as Notch
controls stem cell fate®® and regenerative responses,"'* develop-
ing targeted strategies for controlling the duration and strength of
Notch activity is of therapeutic interest also in regenerative medi-
cine. Despite the availability of efficient Notch inhibitors such as
v-secretase inhibitors (GSIs), peptides' or antibodies,”'?"* Notch
related treatments are currently prevented by considerable side
effects.”*'* GSIs, originally developed to treat Alzheimer’s dis-
ease, efficiently inhibit Notch®'® activation (Figure 1a). However,
due to the requirement for Notch signaling in most tissues, GSI
treatment gives rise to considerable side effects including diar-
rhea and suppression of lymphopoiesis.'*** Intermittent dosing
schedules*>'” and possibly co-treatment with glucocorticoids'®
can reduce adverse effects. These approaches, however, are associ-
ated with other complications and clinically efficient suppression
of Notch activity requires more targeted delivery strategies.

An attractive means for targeted drug delivery is to use
drug carriers to which cell-specific targeting ligands have been
linked.”** Most GSIs are small, hydrophobic molecules which
require vehicles able to carry sufficient amounts of hydropho-
bic drugs. We have developed mesoporous silica nanoparticles
(MSNPs), with a large intrinsic pore volume adequate for high
concentrations of cargo, and demonstrated that they are suitable
for targeted delivery of hydrophobic model drugs in vitro.'-»
MSNPs can further carry a wide array of drug modalities, mak-
ing them especially attractive for Notch therapy. The relative ease
and flexibility of functionalization of silica allows straightfor-
ward covalent linking of cell-specific ligands to the MSNPs. This
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Figure 1 Targeting Notch signaling by design. (a) Upon binding to
Jagged or Delta ligands, the Notch receptor is subjected to proteolytic
processing that releases the Notch intracellular domain (NICD), which
translocates to the nucleus where it regulates Notch-dependent gene
expression. The cleavage event is mediated by the y-secretase (GS) com-
plex rendering Notch sensitive to GS-inhibitors (GSls). (b) For targeted
Notch therapy, the following particle design was chosen: mesoporous
silica nanoparticle (MSNP) matrix for loading of GSI; surface functional-
ization of a PEl-layer for facilitated further modifications such as coupling
of targeting ligands, suspension stabilization, and possible molecular
gate properties; labeling with fluorophore for easy visualization and con-
jugation of folate (FA) to the PEl-layer on the particle surface for cellular
targeting. FITC, fluorescein isothiocyanate

flexibility also allows control over parameters, such as particle
diameter, shape, charge and pore surface chemistry, that regulate
biobehavior and drug release properties.?***** Despite the num-
ber of in vitro studies by us*-*?**” and others,*** evidences for the
biocompatibility, targetability and therapeutic efficiency of drug-
containing MSNPs in vivo are still largely lacking. As highlighted
above, Notch signaling provides an excellent biological system
for addressing these questions. In this work, we demonstrate that
targeting ligand-conjugated MSNPs are suitable for cell-specific
delivery of the GSI DAPT {N-[N-(3,5-Difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester}. We further confirm tumor
retention and targetability in vivo and prove enhanced therapeutic
efficacy of GSI-loaded MSNPs on tumor reduction and regulation
of Notch driven stem cell fates as compared to free drugs in vivo.
In addition, we show that the particles are biocompatible and
biodegradable and provide evidence for the potential of systemic
delivery of the developed drug delivery system.

RESULTS

Functionalized MSNPs for GSI delivery

To evaluate targeted delivery of GSIs by MSNPs we synthesized
fluorescein isothiocyanate (FITC) (for in vitro)- or AlexaFluor750
(for in vivo)-labeled polyethylenimine (PEI) MSNPs of an aver-
age size centered around either 200 or 350nm (Supplementary
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Figure Sle). The particles were loaded with the GSI, DAPT (5
weight% or 1 weight%, corresponding to 115 umol/gand 23 pmol/g,
respectively). In order to enable active targeting of the MSNPs to
cancer cells, folate (FA) was covalently conjugated to the outer PEI-
layer of the particles (See Figure 1b for experimental design). The
folate receptor (FR) is overexpressed on the surface of a number
of different cancer cells, and we have previously shown that FA
provides good cancer cell specificity in vitro.”»*** Particles were
characterized according to standard MSNP characterization meth-
ods (Supplementary Figure S1). The targetability of the particles
were prescreened using cells expressing high (HeLa) or low (293)
levels of the FR as models.”***” FA-conjugated MSNP were specifi-
cally taken up by the FR-expressing cells, (Supplementary Figure
S1f) and were further shown to be noncytotoxic (Supplementary
Figure S1g) in agreement with our previous results.??%%

Cell-specific GSI delivery and Notch inhibition

by MSNPs

To determine targeted delivery of GSI for cell-specific Notch
inhibition, we used a luciferase-based reporter assay (12 x CSL-
luciferase) to analyze Notch activity in the FR-low and FR-high
cells where Notch had been activated with a gain-of-function ver-
sion of Notchl, Notchl AE that can be inhibited by GSIs. Notch
activity was specifically blocked in a dose-dependent manner in
FR-high cells as compared to FR-low cells, in which GSI particles
showed no significant effect (Figure 2a). These results confirm
targeted delivery and cell-specific Notch inhibition, and, impor-
tantly, also demonstrate the lack of premature leakage of the drug
into the medium as leakage to the medium would have inhibited
Notch in FR-low cells. Containment of the drugload within the
vehicles was further supported by lack of GSI-release from parti-
cles in physiological buffer over a period of 48 hours as determined
by high pressure liquid chromatography (Supplementary Figure
§2). The specific response in FR-high cells to GSI particles was not
due to enhanced sensitivity of these cells to GSI, as addition of free
GSI inhibited Notch signaling in both cell types to a similar extent
(Figure 2b). Particle-mediated delivery furthermore significantly
enhanced the biological effect as compared to free drug adminis-
tration with a 50% inhibition obtained by free GSI as compared
to more than 80% inhibition with GSI-MSNPs (Figure 2a,c box).
Further, the inhibition of Notch activity by GSI-MSNPs was strin-
gently dose-dependent as shown in Figure 2a. This was further
supported by the levels of Notch intracellular domain shown in
Figure 2c implying that accurate activity control can be achieved
by varying either the particle concentration or the concentration
of the drug load.

FR-mediated targeting to breast cancer cells

We and others have shown that Notch signaling is upregulated in
breast cancer and that GSIs provide a therapeutic benefit.*-* To
analyze FR-mediated internalization of MSNPs in breast cancer
cells, we screened the uptake of FA-conjugated nanoparticles in
a range of different breast cancer cell lines (MCF7 (FR-positive),
MDA-MB-231, T47D, SK-BR-3, MDA-MB-468) with variable
surface levels of the FR (Figure 3a). All studied cells internal-
ized FA-tagged particles within 4 hours, although the level of
internalization varied between cells (Figure 3b). The differences
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Figure 2 Cell-specific block of Notch signaling by y-secretase inhibitor-mesoporous silica nanoparticles (GSI-MSNPs) conjugated to folate (FA).
(a) Luciferase reporter assays for Notch activity demonstrate cell-specific inhibition of Notch in high- folate receptor (FR) Hela cells as compared to
low-FR 293 cells at 24 hours of incubation with MSNPs loaded with 1 weight% and 2.5 weight% GSl, respectively. Notch was activated by transfec-
tion of AE Notch1 in both cell lines. Control MSNPs (Ctrl-MSNPs) denote drug free control particles; GSI-MSNPs denote GSl-containing particles. Both
particles were FA-conjugated. X-axis denotes particle concentration (n > 3; mean + SD). (b) Luciferase reporter assay demonstrates dose-dependent
inhibition of Notch signaling by free GSI in 293 and Hela cells (n > 3; mean + SD). The boxes in a and b denote GSI concentration at 0.1 pg/ml
(***P < 0.0001). (c) Immunoblot of Hela cells transfected with GS-cleavable active form of Notch, AENotch1, and treated with GSI-loaded (GSI-
MSNPs) and drug free particles (Ctrl-MSNPs) using an antibody against the GS-cleaved active form of Notch, Notch intracellular domain (NICD).
Hsc-70 is used as a loading control. RLU, relative luciferase units.
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Figure 3 Internalization of folate (FA)-conjugated mesoporous silica nanoparticles (MSNPs) in MCF7 (FA high), MDA-MB-231, T47D, SK-BR-3
and MDA-MB-468 breast cancer cells. (a) Folate receptor (FR) surface expression in breast cancer cells. Cells were labeled with anti-FR antibody
followed by Alexa 488-conjugated secondary antibody (black line) and analyzed by flow cytometry. Nonspecific fluorescence was measured using the
secondary antibody only (shaded area). The results are representative of two independent experiments. (b) The endocytosed particles were detected
by flow cytometry and mean fluorescence intensity (MFI) was measured after 4 hours and normalized to background fluorescence of each cell line
in the absence of particles (n = 3, mean * SD). (c) FA-mediated uptake of MSNPs. Uptake of PEI-MSNPs and FA-MSNPs was measured at 4 hours of
particle incubation and normalized to background fluorescence. The graph shows the FA-mediated uptake as a function of the unspecific uptake of
FA-MSNPs (n = 3, mean £ SD).
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in uptake most likely reflect cell-specific differences, i.e., cell
morphology, surface area, and endocytosis rate and mecha-
nisms, rather than the level of receptors on the surface. To assess
the significance of active (FA-mediated) targeting, we measured
endocytosis of FA-MSNPs and PEI-MSNPs. When the uptake
of FA-MSNPs was plotted as a function of the uptake of PEI-
MSNPs (nonspecific uptake) the FR-mediated internalization
correlated well with the surface levels of the FR on the different
cells (Figure 3a,c). The FA-mediated endocytosis was highest in
MCF7, in agreement with recent data demonstrating efficient
FA-mediated uptake in MCF7 cells,*? and in MDA-MB-231 cells
expressing high levels of the receptor. FR-mediated internaliza-
tion was further supported by competition experiments with
free FA (Supplementary Figure S3a) and by the observation
that FA-tagging of the MSNPs facilitated cellular uptake (as mea-
sured by % of cells and amount of internalized particles) only
in cells expressing the FR (Supplementary Figure S3b). Taken
together, the correlation of FA-facilitated uptake with recep-
tor levels and inhibition of FA-mediated uptake by free ligand
competition,” are in favor of particle internalization through
FR-mediated endocytosis.
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FA-MSNP
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Targeting enhances tumor penetration

and retains MSNPs at the tumor site in vivo

Tumor accumulation of nanoscopic drug carriers in vivo is facili-
tated by the combination of passive and active targeting. The main
objective of active targeting, is to enhance interactions with tumor
cells to facilitate cellular uptake and retain the drug carrier within
the tumor. To verify active targeting in vivo, we analyzed the
behavior of FA-MSNPs, as compared to nontargeted PEI-MSNPs
after peritumoral (p.t.) injections in nude mice bearing subcutane-
ous MDA-MB-231 tumors. Incorporation of a far-red fluorophore
into MSNPs provided an efficient tracking system to follow the
fate of the particles in vivo. To ensure that the fluorescent signal
from PEI-MSNPs and FA-MSNPs was comparable all used particle
batches were prescreened for signal to concentration ratio before
use (Supplementary Figure S4a). After p.t. injections (20 mg/kg)
we observed enhanced retainment and increased tumor penetra-
tion of FA-MSNPs as compared to PEI-MSNPs (Figure 4a,b). This
result was further verified by ex vivo analyses of isolated tumors
(Figure 4c). Hence, improved tumor retention and penetration of
MSNPs in vivo were achieved through conjugation of targeting
ligands also in vivo.

b 1.5

2

k7]

=4

o

£

104 m

G:) * *

8 *

[

S

2 05 4

: I 1o

©

[}

o

0.0 T T T T T T

Inject. 1 3 24 48 72 hours
®  FA-MSNP
A PEI-MSNP

200
Counts

Color bar
Min = 200
Max = 1,200

Figure4 Tumor accumulation and retention of mesoporous silica nanoparticles (MSNPs) through folate (FA)-functionalization. (a) FA-conjugated
and nonconjugated particles (PEl) were injected peritumorally and followed by the IVIS Lumina Il imaging system for 72 hours. Scale bars range from
300 to 8000 counts for images 30 minutes to 72 hours, whereas scale bar is 200 to 4500 counts for control image (before injection). (b) Graph shows
the quantification of the fluorescence intensity in tumors injected with FA-MSNPs and PEI-MSNPs over time as related to the initial intensity within each
tumor (n = 6, two tumors per animal). (*P < 0.05). (c) Ex vivo imaging of internal organs and tumors 72 hours after injection of MSNPs. The tumors

were cut in half to visualize particles within the tumor tissue.
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GSl-loaded MSNPs show enhanced Notch inhibition
as compared to free drug in vivo

In order to validate the applicability of MSNPs for delivery of
GSIs in vivo, we tested GSI-loaded FA-tagged particles (GSI-
MSNPs) for therapeutic efficacy in mice bearing MDA-MB-231
tumors. It has previously been shown by Rizzo et al.® that
MDA-MB-231 cells have high intrinsic Notch activity and that
treatment of mice with MDA-MB-231 tumors by p.t. injections
of 1.2mg/kg GSI every second day for 2 weeks for the whole
course of the experiment reduced tumor growth. As particle-
mediated GSI delivery enhanced the therapeutic efficacy in vitro
(Supplementary Figure S5) we used an alternative administra-
tion scheme were particles (1 mg/kg GSI) were injected every 3rd
day for 12 days when the treatment was terminated and the mice
left untreated for an additional 2 weeks. Treatment with GSI-
loaded particles clearly reduced tumor growth and the effect was
detectable even 2 weeks after the last injection (Figure 5a). The
same administration regime of free GSI had no effect on tumor

o
3
T

= Ctrl-MSNP 20 7 m Vehicle
:Z' 4 GSI-MSNP { 189 , Gsl
= 1617 — 16
£ 4
£ I . E 14-
o 127 .1 < 12 I
3 10 5 107 A
2 el . 2 A LA
gg_ P S I{ 5 81 %E E}
2 { AKX , 4 i I I 5 64 [} i "
4 Fo4d
2 2
° 03 6 9121518212427 days O
2383 Y 0 3 6 9121416182022 days
nicp | B - n" .-
Ctrl-MSNP  + - + - + -
GSIFMSNP -+ - o+ -+
d Treatment Control GSlI Ctr-MSNP | GSI-MSNP
% Stool hydration + SD 60.33+7.3 | 80.9+3.5 50.9+6.5 82.1+4.6
Relative stool wet weight 1 1.3 1 1.6
n 3 3 2 4
P value <0.05 <0.002
€ culmsne s GSI-MSNP ¢ [ :
: ¢ ] 4 L B
. v »
s ~ s <
- 1! - 3 L S -
- - A
- - -
. 7 . »
- ol ® o "
" - & ofl ik 3 & | Villus
o ¥ b T . E |
- e & 1
. . - | ';_ . g
. & » : ; .
B N P LY
» g 0k B AR S " et
Eaclk '. ik
—— IMuscIe
Goblet cells/villus Goblet cells/crypt
Treatment Ctr-MSNP | GSI-MSNP Ctrl-MSNP GSI-MSNP
Average + SD 172+4.7 19.3+6.2 47+22 6.2+£22
n 48 70 173 169
P value <0.05 <0.0002
1542

© The American Society of Gene & Cell Therapy

growth (Figure 5b). The levels of Notch intracellular domain
were clearly reduced in tumors treated with GSI-loaded particles
as compared to tumors treated with control particles determined
by western blotting, demonstrating inhibition of Notch activity
(Figure 5c¢). Notch signaling plays an essential role in intesti-
nal morphogenesis and homeostasis, and blockade of Notch
signals results in the arrest of crypt cell proliferation and con-
verts crypt cells into a goblet cell fate'**** In line with the role of
Notch governing cell fate decision in the gastrointestinal tract,
the most prominent effect of chronical administration of GSIs
is diarrhea. Efficient drug delivery to colon tissues through oral
administration is counteracted by nonspecific adsorption along
the delivery route and the acidic environment of the stomach.
To test whether MSNPs could provide a drug carrier system for
oral delivery of GSIs, FVB/N adult mice were fed by oral gavage
once a day for 3 days with free GSI at a concentration of 500 mg/
kg and GSI-MSNPs at a concentration of 200mg/kg (GSI 2
weight%) and monitored for signs of diarrhea and analyzed for
Notch-mediated cell fate switches in the gastrointestinal tract.
As control for particle-mediated effects one group of mice were
treated with unloaded control MSNPs (Ctrl-MSNPs). After 3
days the GSI- and GSI-MSNP-treated mice showed clear diar-
rhea (Figure 5d), the % change of stool hydration was 20 for free
GSI (500 mg/kg) and 32 (200 mg/kg) for GSI-MSNPs demon-
strating a clearly enhanced effect by MSNPs-mediated delivery.
Histochemical examination demonstrated intestinal goblet cell
differentiation in line with the expected effects of Notch inhibi-
tion and the effect was enhanced after treatment with GSI-MSNPs
as compared to treatment with Ctrl-MSNPs (Figure 5e). Taken
together, we show efficient MSNPs mediated-GSI-delivery and
Notch inhibition in vivo by two different administration routes,
p-t. injections and oral administration and the therapeutic effi-
cacy of particle-mediated delivery was significantly enhanced as
compared to free drug administration in both cases.

Figure 5 y-Secretase inhibitor (GSl)-loaded mesoporous silica nano-
particles (MSNPs) block Notch activity, inhibit tumor growth, and
control stem cell functions in vivo. (a) MDA-MB-231 tumor-bearing mice
were injected peritumorally up to day 12 (arrowheads) with FA-conjugated
GSl-loaded (GSI-MSNP, 20mg/kg, 2.5 weight% GSI) and empty MSNPs
[control MSNPs (Ctrl-MSNP), 20mg/kg] (tumor size was followed for 3
weeks (n =6, mean + SD). (**P < 0.011). (b) MDA-MB-231 tumor-bearing
mice were injected peritumorally up to day 12 (arrowheads) with 1 mg/
kg free DAPT {N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester} (GSI) or the DMSO aqueous vehicle solution (Vehicle).
Tumor size was followed until day 22 (n = 4, mean * SD). (c) GSI-MSNP-
treatment leads to reduction in the levels of active Notch in the tumors,
as demonstrated by western blot using an antibody against Notch intra-
cellular domain (NICD), the active form of Notch. (d,e) Oral delivery of
GSI-MSNP induces goblet cell differentiation and diarrhea. (d) Stool from
mice fed by gavage with DMSO-vehicle solutions, free DAPT (500 mg/kg),
control particles (Ctrl-MSNP) and DAPT particles (GSI-MSNP, 250mg/kg
DAPT) (2—4 mice per treatment) was collected. The % water content (stool
hydration) was determined from stool wet and dry weights. Statistics;
Students t-test, unpaired, normal distribution. (e) Duodenum from mice
fed control particles (Ctrl-MSNP) or GSI particles (GSI-MSNP) by gavage
(2 mice per treatment) was excised, fixed in 4% paraformaldehyde and
processed for paraffin embedding. 6 um sections were stained for Goblet
cells by Periodic-Shiff (PAS)-staining, and the number of goblet cells in
intact crypts and villi displaying clear cross sections were counted in 6-10
sections per mice. Statistics; Students t-test.
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Figure 6 Mesoporous silica nanoparticles (MSNPs) accumulate in the tumors, are biocompatible biodegradable and eliminated through
renal excretion. (a) In vivo imaging of mice injected peritumoral with PEI-MSNPs or folate (FA)-MSNPs. Images of the abdominal area demonstrate
accumulation of fluorescence in the bladder, and imaging of the dorsal area show accumulation of fluorescence in the tumors. Time lapse imaging of
the abdominal area shows elimination of fluorescence within 48 hours after injections (number of animals per group, n = 4, two tumors per animal).
(b) Ex vivo analyses (left) and quantification of fluorescence intensity (right) in organs from mice injected intravenous (i.v.) with FA-MSNPs. Mice were
killed 196 hours after injection (n = 4). Please note the occasional signal from brain tissue which most likely represents background fluorescence as it
is present also in untreated control animals. (c) Histological analysis of brain, kidney, spleen, liver, and lungs of untreated mice and FA-MSNPs-treated
mice showed no morphological changes. Mice were killed 192 hours after i.v. injection.

MSNPs are biocompatible, biodegradable and can

be targeted to tumors upon i.v. administration

In order to evaluate the biocompatibility of the developed MSNPs,
we followed the particles after both p.t. (Figure 6a) and intrave-
nous (i.v.) (Figure 6b,c, Supplementary Figure S6) administra-
tion. Within a few hours after p.t. injection of particles (20 mg/kg),
a strong fluorescent signal was visible in the bladder indicating
urine excretion of non-retained particles (Figure 6a). At 48 hours,
the signal in the bladder was below the detection limit (Figure 6a)
indicating that the majority of particles which were not internal-
ized by cancer cells were eliminated within 2 days. This is in agree-
ment with the dissolution kinetics of silica in biological buffer,

Molecular Therapy vol. 19 no. 8 aug. 2011

demonstrating a 70% dissolution rate at 50 hours (Supplementary
Figure S6a). Inductively coupled plasma optical emission spec-
trometry analyzes of the silica content in urine collected from mice
injected i.v. with FA-MSNPs at 4 and 24 hours further supported
biodegradation and renal excretion (Supplementary Figure S6b).
On the contrary, internalized particles are dissolved at a slower
rate®® and at 72 hours after injection FA-conjugated particles were
still present in tumors in line with efficient cancer cell internaliza-
tion. After i.v. injections (20 mg/kg) we observed tumor accumula-
tion within 12 hours after injection and particles were still clearly
visible at the tumor site at 120 hours (Supplementary Figure S7a).
Specific tumor accumulation was further supported by ex vivo
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analyses of isolated organs at 196 hours after particle administra-
tion (Figure 6b and Supplementary Figure S7b). To analyze the
significance of active targeting, we quantified the signal at 72 hours
after injection ex vivo in organs of animals that had been injected
iv. with PEI-MSNPs and FA-MSNPs. Although FA-MSNPs
showed slightly enhanced accumulation PEI-MSNPs also were
preferably localized to tumors (Supplementary Figure S7c). FA-
and PEI-MSNPs otherwise showed quite similar distribution at
72 hours after injection and both particles appeared to be biode-
gradable and eliminated with the exception of accumulation of
FA-tagged particles in the lungs (Supplementary Figure S7c). At
196 hours, the signal from the lungs in mice that had been injected
with FA-MSNPs was no longer detectable (Figure 6b), implying
that although FA-conjugated particles showed lung accumulation
at 3 days after injection (Supplementary Figure S7c) particles
were degraded and eliminated within 8 days.

In agreement with efficient elimination of particles, mice
treated with FA-MSNPs demonstrated no pathological abnormal-
ities in major organs (Figure 6d) at 8 days after i.v. administra-
tion and gross histology of brain, liver, spleen, kidneys and lungs
isolated from treated and control mice was identical (Figure 6c).
The animals tolerated particle treatment well. Body weight did not
change during treatment, and no reduced food intake, impaired
mobility nor were visible infections observed (data not shown),
indicating high biocompatibility of MSNPs. Irrespective of
the administration route, the mice lacked any signs of systemic
inflammatory responses as determined by serum levels of inter-
leukin-6 and tumor necrosis factor-o. (Supplementary Figure
S8a). As the kidneys and urine excretion appeared to be the main
route of elimination, we analyzed kidney function by measuring
serum creatinine levels in untreated mice and of mice treated with
PEI-MSNPs or FA-MSNPs. We observed no significant elevation
of creatinine levels indicating that the kidney function was not
impaired (Supplementary Figure S8b).

DISCUSSION

Despite the availability of efficient Notch inhibitors, such as GSIs,
the requirement of Notch in maintaining homeostasis in most
tissues prevents general Notch inhibition. To circumvent adverse
effects, better drug delivery platforms for localized Notch inhibi-
tion need to be developed. MSNPs have attracted immense inter-
est in the biomedical field as vehicles for targeted delivery, but
there is very limited knowledge of their therapeutic applicability
and biocompatibility in vivo. Here, we show that MSNPs provide
a novel platform for efficient GSI delivery in vivo highlighting
MSNPs as valuable constituents in the development of intelligent
Notch therapeutics. Despite ongoing efforts to develop more tar-
geted Notch therapies,”>"" this is the first report demonstrating
successful targeted vehicle-mediated delivery of Notch inhibitors
with significantly improved therapeutic efficacy as compared to
free drug in vivo.

The most critical question regarding the use of MSNPs for
therapy is its actual efficacy for delivering drugs through different
administration routes. To our knowledge, there is only one recent
study demonstrating tumor-suppressing activity in vivo by camp-
tothecin containing MSNPs.** Here, we demonstrate that GSI-
MSNPs efficiently blocked Notch signaling and tumor growth in
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mouse xenograft models upon p.t. administration and induced
goblet cell metaplasia as a consequence of Notch inhibition upon
oral delivery. MSNPs-mediated GSI delivery provided a signifi-
cant therapeutic benefit over free drug administration, which was
virtually noneffective at inhibiting tumor growth, allowing the use
of lower concentration and less frequent dosing. This is encour-
aging as using MSNPs as delivery vehicles for GSI, or any other
drug, especially those related to severe side effects, may allow for
the use of drug concentrations below the toxicity limit. Although
we used GSIs as a model for Notch inhibition, the platform can be
adopted for delivery of other drug classes** including antibod-
ies' and peptides'! that constitute recent developments of Notch
therapeutics. Further, Notch cross-talks extensively with other
pathways*®* that include candidate therapeutic targets, which
also makes strategies to use combinatorial treatments an inter-
esting avenue. Such treatments could be accomplished with high
precision using the nanoparticle technology platform where the
optimum particle-cargo combinations can be rationally chosen.

Our data show tumor accumulation and retainment in vivo,
although also nontargeted particles accumulate at tumor sites after
i.v. administration. This is most likely due to passive targeting due
to the leaky vascular of tumors, known as the enhanced permea-
bility and retention effect.* FA-tagged particles were retained lon-
ger in the tumor area indicative of efficient cellular internalization,
in line with our previous data on particle stability inside cells.®®
Here we used FA as the targeting moiety, although the flexibility
of the MSNP-based drug delivery system enables easy modifica-
tions of the particles with other types of targeting ligands, such as
antibodies,”” peptides, and aptamers,* which can be easily linked
to MSNPs, providing a platform for more individual-based target-
ing strategies.

The biocompatibility of MSNPs will depend on morphology,
size, composition and surface chemistry in addition to the dos-
age and the administration route used. FA-PEI and PEI-modified
particles at the concentrations used in this study (20 mg/kg) were
well tolerated irrespective of the route of administration. In agree-
ment with the absence of adverse effects, particles that were not
targeted to the tumors appeared to be efficiently eliminated from
the body primarily by renal excretion. This is in agreement with
previous reports on MSNPs showing that renal clearance was the
major route of excretion although these authors used different
MSNPs with different sizes and surface modifications.’>* These
reports also show that size critically affect the circulation time.
Future work need to be focused at optimizing the technology with
regards to circulation time, drug release kinetics in order to obtain
the optimal particle for i.v. administration, the preferred adminis-
tration route. Modulation of size and surface properties of MSNPs
allow for optimization of the pharmacokinetics of the delivery
platform. For example, a recent publication demonstrated that
surface charge influenced hepatobiliary excretion of MSNPs.*
Detailed understanding of how different modifications of MSNPs
influence biobehavior in vivo will need to be the focus of future
studies for medical applicability of the technology.

Taken together, the incorporation of Notch modifiers into
MSNPs presents a novel approach in the development of refined
Notch therapy. Based upon the example of the Notch signal-
ing pathway, the data demonstrate that MSNPs is a promising
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platform for targeted therapeutic approaches and enhanced thera-
peutic efficacy in cancer.

MATERIALS AND METHODS

Preparation and characterization of MSNPs. Amino-functionalized co-
condensed MSNPs were synthesized according to previously described*!
but with the thiol-silane replaced by 3-aminopropyltrimethoxysilane in
accordance with our earlier publication.® For more detailed description
on synthesis, drug loading and characterization of the particles please see
the Supplementary Materials and Methods.

Cell culture and assessment of particle endocytosis and cellular toxicity.
All cell lines were obtained from ATCC, Manassas, VA. HeLa cervical car-
cinoma cells, HEK 293 (human embryonic kidney) cells and breast can-
cer cell lines, T47D, MDA-MB-231, SK-BR-3, MDA-MB-468, MCF7, were
cultured on 12-well plates in Dulbecco’s modified Eagle’s medium (Sigma,
St Louis, MO) supplemented with 10% fetal calf serum (BioClear, Calne,
UK), 2mmol/l L-glutamin, 100 U/ml penicillin, 100 g/ml streptomycin in
37°C and 5% CO,. For particle handling, anlayses of particle endocytosis
by flow cytometry see ref. 23. For FA competition experiments the cells
were cultured overnight with 1 mmol/l folic acid (Sigma) prior to addition
of the particles. MSNPs were suspended in growth medium at a concen-
tration of 10 pg/ml. After 20-minute sonication in water bath, the medium
with particles or the control medium was added to the 50-70% confluent
cells and incubated for 4 hours at 37°C. The cells were trypsinized and the
extracellular fluorescence was quenched by resuspension to 200 pg/ml try-
pan blue (Fluka, St Louis, MO) for 5 minutes at room temperature. The
cells were washed once and resuspended in phosphate-buffered saline. The
amount of endocytosed particles inside cells was analyzed by FacsCalibur
flow cytometer (BD Pharmingen, San Diego, CA). The mean fluorescence
intensity of the cells at FL-1 channel was measured. The data were analyzed
with Cyflogic software. For assessment of apoptotic cell death, the cells were
incubated in the presence of 10 pg/ml nanoparticles for 72 hours. For cyto-
toxicity analysis the cells were collected by trypsinization and resuspended
in propidium iodide buffer (40 mmol/l Na-citrate, 0,3% Triton X-100, 50 pug/
ml propidium iodide; Sigma). After 10-minute incubation, the samples were
analyzed for nuclear fragmentation with FacsCalibur flow cytometer (FL-2,
BD Pharmingen). The fraction of sub-G0/G1 events (nuclear fragmenta-
tion) was detected as a measure of apoptotic cell death.

Activation of Notch signaling and assessment of Notch signaling
activity. The AENotchl construct and the 12 x CSL-luciferase reporter
construct has previously been described.’® HeLa and 293 cells were co-
transfected with AENotch1 for activation of Notch signaling, and 12 x
CSL-luciferase and B-gal constructs for measuring Notch signaling
activity. Twenty-four hours after transfection GSI-loaded particles (GSI-
MSNPs) and corresponding GSI-free control particles (Ctrl-MSNPs) dis-
solved in Hepes buffer were added to the cells at denoted concentrations.
After 24 hours, the cells were lysed and Notch signaling was determined
by luciferase assay, as previously described.” For ligand activation, HeLa
cells expressing the full length Notch receptor were cocultured with 3T3
cells expressing the Notch ligand Jagged or control cells lacking expression
of the ligand. Receptor-expressing cells were pretreated with MSNPs for 4
hours whereafter the medium was removed, cells were washed three times
and the medium was replaced with medium containing ligand-expressing
cells. After 48 hours of co-culture the cells were lysed in Promegas passive
lysate buffer for luciferase assay.

Animals. All animal experiments were conducted in accordance with the
institutional animal care policies of the University of Turku/Abo Akademi
University (Turku, Finland). Athymic Nude-Foxnlnu 5-to 6-week-old
female mice (Harlan, Horst, Netherlands) were housed in Scantainer cages
(Tecniplast, Buguggiate, Italy) three to five per cage supplied with TD.97184
chlorophyll-free mouse chow (Harlan Teklan, Madison, WI) and tap water
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ad libitum, in controlled conditions of light and temperature. To initiate
tumors, mice were injected subcutaneously into both flanks with 1 x 10°
MDA-MB-231 cells in the presence of Matrigel (BD Biosciences, Franklin
Lakes, NJ) and kept until tumors reached ~100 mm®. Biodistribution of FA-
or polyethyleneimine-PEI functionalized (see Supplementary Figure S1)
MSNPs (20mg/kg) was followed up in mice after i.v. injection in the tail
vein. Images were obtained with IVIS Lumina II (Caliper Life Sciences,
Hopkinton, MA) with a combination of 745 nm excitation filter and indo-
cyanine green emission filter at various time points after injection. For
assessment of the effect of MSNPs on tumor growth, tumor-bearing mice
were injected peritumorally (in the vascular bed of the tumor) with (i)
FA-tagged GSI-containing MSNPs (GSI-MSNPs, 20 mg/kg, weight 2.5%
DAPT) (ii) Ctrl-MSNPs (20 mg/kg), (iii) free DAPT (1 mg/kg,), and (iv)
vehicle-HEPES. Frequency of injections was once every 3rd day. Treatment
was terminated at day 12 after first injection, and mice were followed up
for an additional 15 (all MSNPs) and 10 (DAPT and vehicle) days. Tumor
diameter was determined by vernier caliper every third day.

To demonstrate active targeting mechanism, FA-conjugated (FA-
MSNPs) and nonconjugated particles (PEI-MSNPs) (20 mg/kg) were
injected peritumorally and the distribution of particles was followed
during 72 hours. Fluorescence intensity was determined with Living
Image 3.1 software from anatomical (drawn around tumor) regions of
interests. The results were presented as fluorescence intensity over time
related to the initial intensity within each tumor (n = 4, two tumors per
animal). At the end of all treatments animals were killed, and tumors,
liver, kidneys, spleen, lungs, and brain were removed, imaged ex vivo and
fixed in 4% paraformaldehyde for histological analyzes, or snap frozen in
liquid nitrogen for western blotting. The serum levels of inflammatory
cytokines were analyzed with mouse IL-6 immunoassay kit (Invitrogen,
Carlsbad, CA) and mouse TNF-o. Instant ELISA kit (Bender MedSystems,
Hatfield, UK) according to manufacturer’s instructions. Kidney function
was assessed with serum creatinine detection kit (Arbor assays, Ann
Arbor, MI) according to the manufacturers’ instructions.

Oral delivery of GSI-MSNP and evaluation of diarrhea. FVB/N adult mice
were fed by oral gavage once a day for 3 days with ~350 nm DAPT particles
(GSI-MSNPs, 200mg/kg DAPT), control particles (Ctrl-MSNPs, 250 mg/
kg, GSI 2.5 weight%), free DAPT (500 mg/kg), and dimethyl sulfoxide-
vehicle solutions. Total volume of administered substances was 0.5ml per
day. Stool samples (2-4 mice per treatment) were collected directly from the
animals, weighed, and dried overnight on the heating plate and the water
content (% hydration) was determined by the loss of weight upon drying."
Goblet cell numbers were analyzed by PAS-staining and light microscopy.

Histological analysis. Organs were collected in 4% paraformaldehyde,
fixed overnight in +4°C, placed in 70% ethanol, and sent for paraffin
embedding, sectioning, and hematoxylin-eosin staining (Department of
Forensic Medicine, University of Turku). Slides were reviewed in blind by
a board-certified pathologist.

Statistical analysis. The cell culture experiments were done a minimum of
three times. One-way analysis of variance or t-test (GraphPad Prism soft-
ware, San Diego, CA) was used to determine statistical significance for the
following experiments: serum interleukin-6 and tumor necrosis factor con-
centration measurements, FA competition experiments, luciferase activity,
and fluorescence intensity in regions of interest, goblet cell numbers.

SUPPLEMENTARY MATERIAL

Figure S1. MSNP characterization.

Figure S2. DAPT-release from MSNPs as measured by HPLC.

Figure $3. FR-mediated targeting of FA-tagged MSNPs.

Figure S4. Fluorescent intensity of FA-MSNPs and PEI-MSNPs.
Figure S5. Successful Notch inhibition in MDA-MB-231 cells by GSI-
MSNPs.
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Figure $6. Mesoporous silica nanoparticles are degradable.

Figure $7. Tumor accumulation and biodistribution of MSNPs after
i.v adminsitration.

Figure $8. MSNPs does not induce inflammatory reaction nor affect
kidney function.

Materials and Methods.
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