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Abstract

The high mortality associated with glioblastoma multiforme (GBM) is attributed to its invasive
nature, hypoxic core, resistant cell subpopulations and a highly immunosuppressive tumor
microenvironment (TME). To support adaptive immune function and establish a more robust
antitumor immune response, we boosted the local innate immune compartment of GBM using an
immunostimulatory mesoporous silica nanoparticle, termed immuno-MSN. The immuno-MSN
was specifically designed for systemic and proficient delivery of a potent innate immune agonist to
dysfunctional antigen-presenting cells (APCs) in the brain TME. The cargo of the immuno-MSN
was cyclic diguanylate monophosphate (cdGMP), a Stimulator of Interferon Gene (STING)
agonist. Studies showed the immuno-MSN promoted the uptake of STING agonist by APCs /n
vitro and the subsequent release of the pro-inflammatory cytokine interferon g, 6-fold greater than
free agonist. In an orthotopic GBM mouse model, systemically administered immuno-MSN
particles were taken up by APCs in the near-perivascular regions of the brain tumor with striking
efficiency. The immuno-MSNs facilitated the recruitment of dendritic cells and macrophages to
the TME while sparing healthy brain tissue and peripheral organs, resulting in elevated circulating
CD8™ T cell activity (2.5-fold) and delayed GBM tumor growth. We show that an engineered
immunostimulatory nanoparticle can support pro-inflammatory innate immune function in GBM
and subsequently augment current immunotherapeutic interventions and improve their therapeutic
outcome.
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Introduction

Glioblastoma multiforme (GBM) is resilient to current clinical treatment strategies like
surgical resection, chemotherapy, and radiation therapy, resulting in more than 95%
recurrence and a grim survival.l The high mortality of GBM is primarily attributed to its
invasive peripheral growth, hypoxic core, and highly resistant cell subpopulations.23 On the
other hand, immunotherapies like CAR T cells and immune checkpoint blockade (ICB) have
shown promise against certain hard-to-treat cancers by facilitating immune-recognition and
T cell-mediated killing of tumor cells.*> However, patient responses vary widely, with only
a small cohort of patients responding favorably to current immunotherapies.®8 One major
hurdle in immunotherapy is to overcome the profound immunosuppression within the tumor
microenvironment (TME) of GBM.® While GBM was once thought to be immune-
privileged, overwhelming evidence now suggests that the TME of GBM is crowded with
dysfunctional immune cells including antigen-presenting cells (APCs), such as macrophages
and dendritic cells (DCs), and myeloid-derived suppressor cells (MDSCs) that drive
immunosuppression and tumor progression.10

An effective approach in GBM immunotherapy therefore is to alter the local innate immune
compartment of the TME by reprograming inhibitory APCs into properly activated APCs
that stimulate tumor antigen-specific T cells. We designed an immunostimulatory
nanoparticle that systemically delivers a Stimulator of Interferon Gene (STING) agonist to
the TME of GBM to achieve local and robust immunostimulation. More specifically, the
cargo of the nanoparticle was cyclic diguanylate monophosphate (cdGMP), a cyclic
dinucleotide that activates APCs by inducing pro-inflammatory Type | interferon (IFN)
secretion. By targeting host pattern recognition receptors (PRRs), cdGMP has gained
significant attention in recent years as a potent immunogenic molecule that triggers the
body’s natural defense mechanism to foreign DNA.11-14 Importantly, the compromised
blood-brain barrier in GBM gives circulating nanoparticles direct access to the near-
perivascular regions of the tumor!>-17 which is populated by dysfunctional resident immune
cells (Fig. 1A). By using systemic administration, the immunostimulatory nanoparticles can
selectively deposit into the APC-rich perivascular regions of the tumor, leading to the uptake
of nanoparticles by the desirable subset of cells.18 When properly activated, DCs and
macrophages recruit more immune cells to the local TME, process tumor-associated
antigens that are shed from tumor cells, and can cross-present these antigens to prime T
cells. In addition to the challenges associated with local intratumoral injections in GBM,
systemic delivery enables circulating nanoparticles to access the majority of the tumor
microvasculature and trigger widespread IFN-B-mediated danger signaling.

The immunostimulatory nanoparticle used here was a 60-nm mesoporous silica nanoparticle
stably loaded with high amounts of cdGMP (abbreviated as immuno-MSN), which
diminished systemic toxicities and facilitated direct uptake by APCs in GBM (Fig. 1B). The
mesoporous silica surface of the immuno-MSN was functionalized with a very high content
of protonatable primary and secondary amines. With a pKa close to endosomal and
lysosomal pH, these amines facilitated endosomal escape and the release of cdGMP in the
cytosol. Considering the limitations of systemically delivered ‘free’ cdGMP associated with
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its hydrophilicity and negative charge, the immuno-MSN effectively presented the STING
agonist to its binding site in the cytosol of APCs in GBM.

2. Experimental section

2.1 Mesoporous silica nanoparticle (MSN) synthesis and characterization

5.7 mL of 25% cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich) was added to
H»0 heated at 75-80 C for a total volume of 20 mL and mixed for 15 min. While continuing
to heat and mix the solution, 0.8 mL of freshly prepared 10% triethylamine (TEA) was
added. After 15 min, 1.5 mL of silica precursor TEOS (tetraethylorthosilicate, Sigma-
Aldrich) was added dropwise to the mixing solution at a rate of approximately 75 L per
minute. The solution was stirred vigorously for 1 h at 80 C to form silica particles of
diameter near 60 nm. The solution was collected and washed several times with EtOH via
centrifugation at 22000 rpm. To remove the CTAB surfactant, particles were suspended in
100 mL methanol and 3.8 mL HCI (12M) and mixed for 24 h at room temperature. The
solution was collected and washed several times with EtOH via centrifugation at =2000 rpm.
Prior to removal of the surfactant, particles were resuspended in H,O to a volume
corresponding to approximately 20 mL H»O per 250 mg of particles. The solution was
adjusted to pH 8.0-9.0 using NH4OH and heated to 70 C under stirring. 50uL of N1-(3-
Trimethoxysilylpropyl) diethylenetriamine (Santa Cruz Biotechnology) was added in 10 pL
increments and left for 3 h. For flow cytometry studies using fluorescently labeled MSNs,
particles were conjugated with Alexa Fluor 750 NHS ester (Thermo Fisher Scientific). For
PEGylation, MSN-NH> particles were first resuspended in H,O to a volume corresponding
to approximately 1 mL H,O per 10 mg of particles. The pH of the solution was kept near
neutral (pH 7.0-7.5). A ratio of 20 pg of mPEG succinic acid NHS (2k Da) (NANOCS) was
suspended in DMSO and added to 1 mg of MSN-NH,, particles, and allowed to react for 2 h
under mixing at room temperature. For loading into MSNs, particles were sonicated in an
ultrasonic bath and washed several times in H,O adjusted to pH 10.2 using NH4,OH.
Loading was performed by combining MSNs in pH 10.2 H,0 with cdGMP (InvivoGen) at a
ratio of 62.5 ug cdGMP per mg MSNs. The mixture was briefly sonicated and placed on a
shaker for 12 h. CAGMP encapsulation was measured by reading the loading supernatant on
a spectrophotometer at an absorbance wavelength of 284 nm (Tecan Infinite 200). Stability
studies of the immuno-MSN particles were performed by measuring cdGMP release across a
20k MWCO mini dialysis unit (Thermo Fisher Scientific) in PBS (pH 7.4 or 5.5) at 25 C.
MSN size diameter and surface charge were measured via dynamic light scattering (DLS)
and zeta potential, respectively (90Plus, Brookhaven Instruments). MSN size diameter was
also analyzed in ImageJ using images acquired via transmission electron microscopy.

2.2 Institutional animal care and use committee statement

All animal procedures were conducted under protocols approved by the Institutional Animal
Care and Use Committee (IACUC) of Case Western Reserve University (CWRU). CWRU
follows the Guide for the Care and Use of Laboratory Animals, which is required by the
United States Public Health Service Policy (PHS) on humane care and use of laboratory
animals.
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2.3 Cell lines and animal models

Murine RAW 264.7 macrophages (ATCC) and murine GL261 cells expressing tdTomato and
luciferase (a gift from the Jeremy Rich Laboratory at USCD) were cultured in DMEM
(Gibco) containing 10% FBS (HyClone). All cell lines were authenticated using short
tandem repeat (STR) profile and routinely tested for Mycoplasma contamination. All cells
were grown at 37 C with 5% carbon dioxide.

For flank GL261 studies, 6-10-week-old, female C57BL/6 albino mice (Jackson
Laboratories) were subcutaneously injected with 1x108 GL261 cells in 100 pL PBS. After
tumor implantation, mice were randomized into groups for subsequent studies. Flank GL261
models were treated by intravenous administration on days 7, 8, and 9 after flank inoculation
when tumors became palpable and measurable with calipers (~70 mm?3). Tumors were
monitored by bioluminescence imaging (IVIS Spectrum, Perkin Elmer) 10 min after
intraperitoneal administration of 200 pL of D-luciferin (12.5 mg mL~1). Tumors were
measured with calipers at least twice a week and tumor volume calculated using the
following formula: volume = 0.5x length x widtt?.

For orthotopic GL261 studies, 6-10-week-old, female C57BL/6 albino mice (Jackson
Laboratories) were anesthetized and fitted into a stereotaxic rodent frame. A 10 uL Hamilton
syringe was used to inoculate 2x10° GL261 cells AP = +0.5 and ML = —2.0 mm from the
bregma at a rate of 1 L min~! in the right striatum and a depth of =3 mm from the dura.
After tumor implantation, mice were randomized into groups for subsequent studies.
Orthotopic brain tumor models were treated by intravenous administration beginning on day
7 after inoculation. 2.5 mg kg™ of a-TGF-BR1 (Galunisertib, MedChemExpress) was
administered by intraperitoneal injection for five consecutive days per week beginning on
day 3 after inoculation. Tumors were monitored by bioluminescence imaging (IVIS
Spectrum, Perkin Elmer) 10 min after intraperitoneal administration of 200 uL of D-luciferin
(12.5 mg mL™1).

2.4 Transmission electron microscopy

MSNs were diluted in EtOH, applied to 3 nm thick carbon film grids (Ted Pella), and left to
dry. Imaging was performed using a FEI Tecnai F30 300 keV Transmission Electron
Microscope.

2.5 Immuno-MSN cell uptake and confocal microscopy

2 M RAW 264.7 macrophage cells were plated in glass bottom cell culture dishes and
allowed to adhere for 24 h. Cells were then exposed to either 30 ug of cGMP (8-[Fluo]-
cGMP, BIOLOG Life Science Institute) loaded into MSNs or free cGMP alone. Cells were
quickly washed with PBS a fixed in 2% paraformaldehyde (in PBS) after incubation. Cells
were mounted with VECTASHIELD Antifade Mounting Medium with DAPI (Vector
Laboratories) and No. 1.5 glass coverslips and imaged using a Leica TCS SP8 gated STED
Confocal Microscope (Leica Microsystems). Confocal images were analyzed on ImageJ
software to quantify cGMP fluorescence signal per cell from immuno-MSN treatment
compared to free cGMP alone.
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2.6 ELISA assay of IFN-B

6 M RAW 264.7 macrophage cells were plated in a 24-well plate. Cells were then treated in
triplicate with 20 pg/mL cdGMP loaded into MSNs or an equivalent amount of cdGMP,
either free or loaded into liposomes per previously established lab protocols.18 Cell culture
supernatants were harvested 24 h later, centrifuged at 4 C, and analyzed for mIFN-B per the
manufacturer’s protocols using LumiKine Xpress Bioluminescent Cytokine ELISA Kits
(InvivoGen). Luminescence was measured using a Tecan Infinite 200 spectrophotometer.

2.7 Immunostaining and confocal microscopy

Mice bearing orthotopic GBM tumors were injected i.v. with immuno-MSNSs (10 ug of
cdGMP) conjugated with Alexa Fluor 647 NHS ester (Thermo Fisher Scientific) on days 7
and 8 post tumor inoculation with GL261 cells. Mice were perfused on day 9 with PBS and
PBS containing 4% paraformaldehyde (Alfa Aesar). Brains were harvested in 4%
paraformaldehyde in PBS, transferred to 30% sucrose in PBS, and finally embedded in
optimum cutting temperature gel (OCT, Thermo Fisher Scientific) at =80 C. Primary (anti-
CD31 and anti-CD11c) and Alexa Fluor 488 secondary antibodies were purchased from
Thermo Fisher Scientific. Frozen sections were sectioned at a 10 um thickness using a Leica
Cryostat and stained with a 1:50-1:100 dilution of anti-mouse primary antibodies overnight
at 4 C. Tissue sections were then stained with Alexa Fluor 488 secondary antibodies at a
1:150 dilution for 30 min at 25 C before being mounted with a No. 1.5 glass coverslip and
VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories). Images
were collected using a Leica TCS SP8 gated STED Confocal Microscope (Leica
Microsystems).

2.8 Flow cytometry

DAPI, anti-mouse CD16/32 (2.4G2), CD45 (30-F11), CD3e (145-2C11), CD11b (M1/70),
CD11c (HL3), CD19 (1D3), CD49b (DX5), and F4/80 (T45-2342) dye-conjugated flow
cytometry antibodies were purchased from BD Biosciences. Anti-mouse CD4 (GK1.5),
CD8a (53-6.7), CD25 (3C7), CD80 (16-10A1), CD206 (C068C2), Ly-6C (HK1.5), and
Ly-6G (1A8) antibodies were purchased from Biolegend. For flow cytometry studies using
fluorescently labeled MSNs, particles were conjugated with Alexa Fluor 750 NHS ester
(Thermo Fisher Scientific). Flow cytometry analysis was typically performed 24 h after two
consecutive days of treatment. After blood collection via retro-orbital bleeding, mice were
immediately euthanized followed by harvesting of brains, spleens, and livers. After
removing the cerebellum, brains were separated into left (healthy control) and right (tumor-
bearing) hemispheres prior to digestion for 15 min in trypsin-EDTA (25%). Single-cell
suspensions were obtained by gently homogenizing organs and passing the homogenates
through 70 pm filters. Myelin was separated from brain cell suspensions via a 30%/70%
Percoll gradient (Sigma-Aldrich). ACK lysis buffer was used to remove residual red blood
cells in blood and organ cell suspensions. In survival studies of orthotopic GL261 models,
flow cytometry was performed weekly following retro-orbital bleeding. Cells were blocked
with anti-mouse CD16/CD32 and stained to identify immune cell populations. Samples were
analyzed using a BD FACS LSR Il Flow Cytometer (Becton Dickinson) and FlowJo
software. Threshold gating for AF750/MSN* cells was determined using untreated (MSN™)
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cells as a background. This strategy was confirmed by comparing AF750 signals between
CD45+ immune cells and CD45- non-immune cells. The AF750/MSN* gate was the same
for all immune cell subsets. For analysis, immune cell numbers were normalized by 10°
viable (DAPI-) cells.

In a separate study, 6-10-week-old, female C57BL/6 albino mice received intravascular
administration of either immuno-MSNs or free cdGMP alone (10 pug cdGMP). 24 h later,
mice were bled retro-orbitally and cell blood counts were measured using a HemaVet 950
(Drew Scientific).

2.9 Invivo imaging of the biodistribution of immuno-MSN

Mice with orthotopic GL261 tumors received i.v. injections of either empty MSNs or
immuno-MSNs conjugated with Alexa Fluor 750 NHS ester (Thermo Fisher Scientific) on
days 7 and 8 after tumor inoculation. Animals were imaged at various time points (0.5, 6,
24, and 44 hours after the first injection) via IVIS Spectrum (Perkin Elmer, 124262). Blood
was collected by retro-orbital bleeding, after which the mice were euthanized and organs
were harvested (brain, spleen, liver, lungs, kidneys, heart). The organs were then imaged on
the IVIS Spectrum.

2.10 Statistical analysis

All statistical analyses were performed using Prism 8 (GraphPad) and are detailed in the
figure legends. Data was analyzed by unpaired #test (two-tailed) or either one- or two-way
ANOVA with Tukey or Sidak post-test. Statistical significance was determined using ~-
values less than 0.05. All values are comprised of at least three independent biological
replicates and are reported as the mean + standard deviation, unless otherwise noted. In
animal studies, each treatment group consisted of at least 5 mice unless otherwise noted.

3. Results and discussion

3.1 Synthesis and characterization of the immuno-MSN

Immuno-MSNs were synthesized in a reproducible process that yielded approximately 500
mg of monodispersed nanoparticles per batch. Dynamic light scattering (DLS)
measurements and transmission electron microscopy (TEM) images indicated MSN size
distributions of 87.2 + 5.0 nm and 59.1 + 11.0, respectively (Fig. 2A,B). TEM imaging
confirmed the mesoporous structure of the MSN, formed from tetraethylorthosilicate
(TEOS) particle nucleation with cetyltrimethylammonium bromide (CTAB). The
mesoporous structure creates a high surface area that is more than 15 times greater than that
of similarly sized solid silica nanospheres.’® Amine functionalization with N1-(3-
Trimethoxysilylpropyl) diethylenetriamine was verified by zeta potential measurements
where aminated MSNs (MSN-NH,) recorded a distinct positive surface charge (34.7 £ 6.2
mV) compared to unfunctionalized MSNs (MSN-OH) (-2.7 = 7.1 mV) (Fig. 2C). Amine
functionalization facilitates two major functions of the MSN: high cdGMP loading into the
particle and effective release of cdGMP in acidic conditions as in endosomes upon
internalization. For cdGMP loading, surface amines on the porous MSN-NH, become
deprotonated in basic conditions near pH 10.2 and attract negatively charged cdGMP
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molecules with high efficiency. MSN-NH, particles loaded 99.2% of the available cdGMP
compared to just 9.4% observed in unfunctionalized MSNs (Fig. 2D). This equates to
roughly 60 pg of loaded cdGMP per mg of MSN-NH, (Fig. 2E). The neutralization of
surface charge during loading was reflected by a measured drop in zeta potential to —8.5 +
24.1 mV (Fig. 2C). Further, PEGylation of the MSNs did not hinder the loading capacity of
the particle under the same loading conditions. The immuno-MSN particles demonstrated
good stability at physiological pH, releasing just 8.6% (5.2 ug) of the cdGMP payload over 5
h in phosphate buffer solution (PBS) (Fig. 2F).

3.2 Immuno-MSN facilitates efficient cdGMP cell uptake and IFN-B secretion from innate
immune cells

To validate the ability of the immuno-MSN to facilitate intracellular delivery of cdGMP,
RAW 264.7 murine macrophages were incubated with immuno-MSNSs. A fluorescein variant
of cdGMP (8-[Fluo]-cGMP) was loaded into the MSNs to directly visualize the uptake of
the agonist by cells. Macrophage cells were exposed to either cGMP-loaded MSNs or an
equivalent amount of free cGMP before imaging with confocal microscopy. Confocal
microscopy showed that free STING agonist exhibited poor uptake by APCs with very low
amounts reaching the cytosol (Fig. 3A). On the other hand, immuno-MSNs shuttled cdGMP
rapidly into the cytosol of macrophages. After just 5 min of incubation, the immuno-MSN
exhibited a 10-fold higher cGMP uptake than the ‘free” agonist condition. Uptake became
even more pronounced after 6 h where MSNs shuttled cGMP into macrophages with striking
efficiency compared to free cGMP controls. Quantitative image analysis of fluorescence
showed a 12.6-fold increase in cGMP signal per macrophage when cGMP was delivered
with the MSN particles (Fig. 3B). The effective intracellular delivery of the agonist to its
binding partner STING in the cytosol was mediated by the MSN and stems from the
protonatable primary and secondary amines on the particle, which provide high pH buffering
capability. Nanoparticles can escape endosomes and transition to the cytosol viathe ‘proton
sponge’ mechanism because of the particle’s buffering capability.2® Through a titration
study, the immuno-MSN showed strong pH buffering for a wide range of pH (5-7.4). In fact,
the proton buffering property of the immuno-MSN was nearly 20-fold greater than the pH-
buffering capacity of the well-established cationic polymer polyethylenimine, which is often
used in proton sponge applications. At the same time, the intracellular pH is below the pKa
of cdGMP, causing protonation of its phosphate groups, which eliminates the electrostatic
attraction with the silica surface and results in the efficient release of cdGMP from the
particle (Fig. 3C). Rapid and continuous release of cdGMP was observed at pH 5.5 (Fig.
3D).

Proficient delivery to the cytosol is important for cdGMP since the STING machinery is
located in the cell cytosol. This was directly assessed by measuring IFN-B cytokine secretion
from macrophages. RAW 264.7 macrophages were incubated for 24 h with either free
cdGMP, immuno-MSN, or empty MSN before sampling cell supernatants for enzyme-linked
immunosorbent assay (ELISA) analysis. The immuno-MSN was also compared to a
commonly used liposomal formulation of cdGMP.12:21 Treatment with immuno-MSNs
elicited a 6.1-fold increase in IFN-p compared to equivalent amounts of free cdGMP (Fig.
3E). The empty MSN vehicle control resulted in negligible IFN-B secretion similar to the

Nanoscale Horiz. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bielecki et al.

Page 8

untreated control. Considering that liposomes have been widely used to deliver
immunomodulators including STING agonists, the superior presentation of the STING
agonist using the immuno-MSN was highlighted by comparing it to the liposome variant,
which induced a 3.1-fold lower IFN-B production.

3.3 Immuno-MSN drives tumor reduction in a flank GBM model

First, the therapeutic potential of the immuno-MSN treatment was tested in mice bearing
flank GBM tumors.22 The objective was to directly assess the antitumor immune response in
the absence of the complexity associated with intracranial GBM and the blood-brain barrier.
GL261 glioma cells (1x108 cells) were inoculated subcutaneously into C57BL/6 albino
immunocompetent mice to form palpable tumors and treated for three consecutive days with
either immuno-MSN or empty MSN-NH, vehicle control (Supplementary Fig. S1A). Tumor
progression was monitored with bioluminescent imaging (Fig. S1B) and caliper
measurements of tumor size. While tumors treated with the empty MSN-NH> vehicle
continued to grow, complete tumor clearance was achieved in 50% of mice treated with
immuno-MSNs (Fig. S1C,D). Complete tumor remission in the good responders was
sustained through the duration of the 110-day study (Fig. S1E). Meanwhile, the entire group
treated with empty MSN-NH, was euthanized by day 72 due to excessive tumor burden. The
mouse weight progression is shown in Supplementary Fig. S2A. Both groups exhibited an
initial mild weight loss, which was transient. The immuno-MSN-treated mice regained
weight 3 days after treatment. In a separate study, a single dose of immuno-MSN or free
agonist (10 pg cdGMP) was intravenously administered into healthy mice. A complete blood
count was performed after 24 h to evaluate short-term safety and detect signs of acute
adverse systemic inflammation caused by immune-potentiating agents. Within 24 h after
treatment, mice treated with free cdGMP had significantly higher levels of leukocytes and
lymphocytes (3.6 and 4.5-fold, respectively) compared to the immuno-MSN treatment group
(Supplementary Fig. S2B). In a previous study,8 serum clinical chemistry, clinical
observations, and body weight monitoring was performed in mice treated with systemically
administered immunostimulatory nanoparticles to assess the safety profile over a period of
one month after systemic administration. Analysis of serum chemistry revealed mild and
transient elevation in liver enzyme levels at day 1 post-treatment, which returned to baseline
at day 4 post-treatment.

3.4 Microdistribution of immuno-MSNSs in the tumor immune microenvironment of an
intracranial GBM model

We next sought to evaluate the uptake of the MSN particles by key innate immune cells in
the TME of an orthotopic GBM model. GL261 brain tumor cells were inoculated into the
right striatum of immunocompetent mice. To first understand the immune landscape of the
intracranial GL261 brain tumor, brains were excised 9 days after tumor inoculation. Cells
were isolated from the brain and resident immune cell populations were analyzed using flow
cytometry. The two hemispheres of the brain were processed independently in order to
decipher immune cell populations in the tumor-burdened hemisphere against the healthy
brain tissue of the contralateral hemisphere. Significantly elevated natural killer (NK) cells
(5.4-fold) and monocytes (38.2-fold) were found in the brain tumor tissue compared to
healthy brain, as well as heightened levels of macrophages (6.7-fold) and DCs (1.8-fold)
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(Fig. 4A). These findings are in agreement with reports that the brain tumor is not as
immune-privileged as previously thought, and it is, in fact, occupied by innate and adaptive
immune cells that can facilitate tumor progression.

MSN particles were then fluorescently tagged with Alexa Fluor 750 to track their uptake by
innate immune cells in the brain tumor and other major organs. Fluorescent MSNs were
intravenously delivered on days 7 and 8 after orthotopic brain tumor inoculations and
analyzed by histology and flow cytometry on day 9 (Fig. 4B). Histological analysis indicates
that the intratumoral microdistribution of systemically administered MSNs was
predominantly in the perivascular regions of GBM, which coincided with locations
harboring high levels of APCs (Fig. 4C). Flow cytometry analysis showed that the uptake of
MSNSs by key innate immune cell subsets in brain tumors was remarkably high (Fig. 4D). A
representative example of threshold gating for MSN™ cells is shown in Supplementary Fig.
S1A. Regarding uptake of the particle by APCs, MSNs were found in roughly 50% of DCs
and 27% of macrophages. Evaluating cell uptake in the reticuloendothelial (RES) organs, we
found that less than 1% of cells in the liver and spleen were positive for the immuno-MSNs
compared to 8.7% of cells in the glioma TME of the brain (Fig. 4E).10

Although the GBM vasculature is not as leaky as the angiogenic endothelium of other solid
tumors,23-26 the BBB of brain tumors is partially breached?’, allowing for the intratumoral
accumulation of nanoparticles in glioma patients.28 These nanoparticles typically exhibit a
near-perivascular microdistribution and a limited penetration into the tumor interstitium.2?
We previously showed that mesoporous silica nanoparticles of similar size to the immuno-
MSN particles accumulate in the near-perivascular space in various orthotopic GBM models.
30-32 \While the near-perivascular accumulation of nanoparticles limits the effective delivery
of cytotoxic drugs to the majority of glioma cells, the APC-rich perivascular space of GBMs
is an ideal target as a deposition space for immunostimulatory nanoparticles. With systemic
delivery, immuno-MSN particles circulate through the entire tumor microvasculature and
readily gain access to these perivascular regions to promote their uptake by local APCs,
which recruit antitumor immune cells.

Using IVIS Spectrum imaging, longitudinal /7 vivo imaging provided the overall organ
distribution of fluorescent MSN (empty, no agonist cargo) and fluorescent immuno-MSN
(Fig. 4F and Supplementary Fig. S1B, C.). Quantification of NP fluorescence obtained ex
vivo from the main organs indicated the fluorescent MSN and fluorescent immuno-MSN
exhibited similar organ distribution with the majority of the particles being cleared by the
reticuloendothelial organs (Fig. 4G). It should be noted that fluorescent labeling of the MSN
gave the particle a similar zeta potential to the immuno-MSN. Overall, the MSN
accumulation in the brain tumor was consistent to previous reports.3%-32 Flow cytometry
showed the uptake of fluorescent MSN and fluorescent immuno-MSN by innate immune
cells was similar in the brain tumor, liver and spleen (Fig. 4H).

3.3 Immuno-MSN mediates activation and expansion of DCs and macrophages in brain

tumors

To assess the cellular response in the glioma TME after treatment with immuno-MSNs,
orthotopic GBM mice were treated for two consecutive days with immuno-MSNs and the
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innate immune cell content was analyzed after 24 h using flow cytometry (Fig. 5A).
Significantly elevated levels of macrophages in the brain tumor (>3.6-fold) were measured
compared to either the liver or spleen, as well as high levels of DCs, NK cells, and
monocytes (>1.5-fold, >1.5-fold, and >6.2-fold, respectively) (Fig. 5B). Compared to
untreated controls, significant increases in both macrophages (9.6-fold) and DCs (6.6-fold)
were observed in the brain tumor (Fig. 5C). Importantly, healthy brain tissue was largely
unaffected by the immuno-MSN treatment, seeing only a modest increase in macrophages,
which was significantly lower than that of the brain tumor (Fig. 5C).

3.6 Immuno-MSN delays GBM tumor growth and elevates peripheral CD8* T cells

The therapeutic efficacy of the immuno-MSN and its ability to elicit CD8* T cell activity
was assessed in a long-term therapeutic study. After orthotopic inoculation of GL261 glioma
cells, mice were treated with immuno-MSNs on days 7, 8 and 14 (Fig. 6A). Strikingly, BLI
data showed delayed GBM tumor growth after the first week of treatment with the immuno-
MSN particles compared to the untreated tumor controls (Fig. 6B). This finding highlights
the importance of recruiting innate immunity to the TME for the treatment of
immunosuppressive brain tumors. Additionally, weekly blood samples were analyzed for
circulating DCs and CD8* T cells using flow cytometry. Within one week after treatment,
significantly elevated circulating DCs (3.7-fold) were present in the blood (Fig. 6C).
Similarly, the immuno-MSN group had a significant 2.5-fold more CD8" T cells in the blood
than the untreated mice, indicating the immuno-MSN treatment successfully drove CD8* T
cell priming (Fig. 6D). It is also evident that the dose and schedule of administration of
immuno-MSNs need to be refined to obtain a sustained antitumor immune response as the
later data points indicate. It is important to note that the primary objective of the immuno-
MSN treatment is the activation of pro-inflammatory innate immunity in the tumor itself,
which is a pivotal step to enable consistent and robust outcomes of cancer immunotherapies.
An inflamed “hot” brain tumor that is rich in activated APCs can be significantly more
receptive to additional immunotherapeutic intervention. For example, we augmented the
immuno-MSN treatment with an inhibitor of Transforming Growth Factor beta (TGF-B).
Elevated TGF-p is accompanied by both a tumor-intrinsic effect on tumor antigenicity as
well as an increase in immune suppressive regulatory T cells33-38 MDSCs and TAMs39-42,
These immunosuppressive cells are known to depend on TGF- either for their recruitment
into the TME or as a mediator of their immune suppression.*3-46 In this context, a survival
study was conducted in the orthotopic GL261 model using a combination of immuno-MSNs
and Galunisertib, a small molecule inhibitor of TGF-B receptor 1 (TGF-BR1). The
combination treatment significantly prolonged median survival compared to the untreated
tumor controls (Supplementary Fig. S3).

In the last decade, scientific efforts revealed the complex immune landscape of GBM,
dismissing the long-standing dogma of an immune-privileged brain tumor. The GBM TME
is comprised of a dynamic assortment of cells that includes dysfunctional innate and
adaptive immune cells, MDSCs, and glioma stem-like cells.10 Notably, a system of
lymphatic vessels was recently detected in the central nervous system that allows for
immune cell trafficking to deep cervical lymph nodes.#” As the framework of the GBM
microenvironment continues to evolve, redundant mechanisms of immune escape are
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becoming better understood.*® More combination therapies are being tested to overcome
these immunosuppressive barriers that are not addressed by current standard of care
treatments. While clinical trials are underway to concurrently block PD-1 suppression,
VEGF signaling, and/or IDO1 suppression, there are no trials that aim to directly stimulate
innate immune activity in the TME of GBM (source: ClinicalTrials.gov).

Here, we demonstrated the ability of the immuno-MSN particles to stimulate innate immune
activity and IFN-B secretion by systemically delivering STING agonist to the brain TME.
Activation and expansion of the innate immune arm within a brain tumor can further
augment other immunotherapies with the ultimate objective being improved infiltration and
function of effector immune cells. For example, many tumors, including GBM, display an
‘immune excluded’ phenotype, which is largely driven by the cytokine TGF-B.4%-51 As
previously described, TGF-B is a potent immunosuppressive cytokine that diminishes
functionality and tumor infiltration of effector CD8™ T cells and NK cells.59-52 Specifically,
elevated TGF-p potently suppresses MHC expression.>3-57 To reverse the TGF-B-mediated
immune suppression of effector immune cells in GBM, we augmented the immuno-MSN
treatment with a small molecule inhibitor of TGF-BR1°8-63 Our studies found that the
combination of the immuno-MSN treatment with the anti-TGF-p inhibitor improved the
outcome compared to the immuno-MSN treatment alone and significantly prolonged GBM
survival compared to the untreated tumor controls. The antitumor potential of the immuno-
MSN system may also enhance standard of care treatments like temozolomide
chemotherapy and radiotherapy in GBM. Future work includes optimizing the therapeutic
potential of the immuno-MSN particles by identifying the minimal effective dose, treatment
regimen and experimenting with combination treatment strategies.

4. Conclusions

We engineered an immuno-MSN system that systemically delivered a STING agonist to
APCs in the brain TME to reverse immunosuppression. Immuno-MSN particles facilitated
the recruitment of DCs and macrophages to the TME while sparing healthy brain tissue and
peripheral organs, resulting in elevated circulating CD8* T cell activity and delayed tumor
growth. The immuno-MSN system seeks to address limitations in cancer immunotherapies
by boosting innate immunity for a more robust antitumor immune response. The systemic
design of the immuno-MSN complex may also translate well for metastatic lesions as well
as more accessible cancers like breast cancer and melanoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Conceptual Insights

Cancer immunotherapies that leverage adaptive immunity often fall short in solid tumor
masses and aggressive cancers like glioblastoma multiforme (GBM). This stems mainly
from the inability to overcome the profound immunosuppression in the tumor
microenvironment (TME), which is enriched with dysfunctional antigen-presenting cells
(APCs). To drive a more robust anti-tumor response, we engineered an
immunostimulatory mesoporous silica nanoparticle, termed immuno-MSN, to
specifically boost the dysfunctional innate immune compartment of GBM from within
the tumor itself. The highly versatile and tunable immuno-MSN particle offered a set of
valuable features including 1) efficient delivery of a potent innate immune agonist to the
site of disease, 2) protection of its cargo while in circulation and diminished systemic
toxicities, 3) direct uptake by the dysfunctional tumor-resident APCs, and 4) proficient
intracellular presentation of the immune agonist. While conventional approaches focus on
local delivery, systemic delivery enabled immuno-MSNs to efficiently use the entire
microvasculature and readily deposit into the APC-rich perivascular areas of the tumor
itself, leading to predominant uptake by tumor-resident APCs. Due to its design, the
immuno-MSN resulted in remarkable activation and expansion of APCs in the TME and
improved therapeutic outcomes.
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Figure 2.
Effective loading and stability of STING agonist in monodispersed immuno-MSN particles

after amine functionalization. MSN characterization with (A) dynamic light scattering
(representative sample run) and (B) transmission electron microscopy to determine particle
size distributions (nm) and confirm the mesoporous structure. The effects of MSN amine
functionalization evaluated by (C) MSN zeta potential measurements (mV), (D) MSN
loading efficiency of cdGMP (%), and (E) MSN mass loading of cdGMP per mg of MSN
particles. (F) Stability study of cdGMP release from the immuno-MSN particle in PBS. All
samples were run at least in triplicate. Statistical significance in zeta potential was conducted
by one-way ANOVA with Tukey’s post-test (****P<0.0001). Statistical significance in
cdGMP loading was conducted by unpaired #test (two-tailed) (****/<0.0001).

Nanoscale Horiz. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bielecki et al. Page 18

A

5 min

6h

@

Ratio of cGMP release

(pH 5.5/7.4)

free agonist

immuno-MSN B quantification of uptake of
¢GMP DAPI TR

cGMP by macrophages

20
gL
1=
_g Q 154
8
2% 4o
a§§ 10
506
a?
=Z 5
L3S
) 6h
pH dependent D cdGMP release E IFN-B ELISA
cdGMP release atpH 5.5 __ 4000
T 3500 ... I untreated cntl
30 4 "g 3000 B free cdGMP
- ’%‘. = i:gg- B liposomelcdGMP]
-4 n p
§20 iL 1500— BN immuno-MSNIcdGMP]
E -
25 % ° 1222- . i = empty MSN
. Q — =
% 10 *é N ==
2 g 2 s
0 0 M- * o
1 h incubation 0 2 4 6
time incubation time (h)

Figure 3.
Immuno-MSN particles facilitate efficient uptake of STING agonist and subsequent release

of IFN-B from RAW 264.7 murine macrophages /n vitro. (A) Representative confocal
images (40x - top row, 63x - bottom row) depicting the cell uptake of fluorescent STING
agonist after incubation with macrophages /in vitro. Fluorescein-cGMP (green), DAPI-
stained nuclei (blue). (B) ImageJ analysis of confocal images evaluating the fold-increase of
fluorescent STING agonist signal as a result of MSN delivery compared to free STING
agonist alone. STING agonist signal (a.u.) was normalized per cell. (C,D) pH-dependent
release of cdGMP from the immuno-MSN particle. (E) ELISA analysis of in vitro IFN-p
secretion (ug/mL) from macrophage cells after a 24 h incubation with the tested
formulations. A total of 30 ug cdGMP was tested per condition. All samples were run in
triplicate. Statistical significance to the untreated control was conducted by one-way
ANOVA with Tukey’s post-test (**/<0.01, ****/<0.0001, n.s. = not significant).
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Figure 4.
Immuno-MSN particles target APCs and innate immune cells in the TME with high

efficiency in an orthotopic GBM model. (A) Flow cytometry analysis revealed heightened
levels of resident immune cells in the brain tumor microenvironment. Statistical significance
in the box and whisker plot (5-95 percentile, “+” mean) was conducted by two-way ANOVA
with Sidak’s post-test (**/<0.01, ****/£<0.0001). (B) Treatment regimen of intravascularly
administered fluorescent MSN particles. (C) Representative confocal images depicting the
microdistribution of immuno-MSN particles in orthotopic GBM tumor sections. Fluorescent
immuno-MSNs accumulate in near-perivascular regions rich with APCs. Alexa Fluor 647
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tagged immuno-MSNs (red), tdTomato-expressing GL261 tumor cells (yellow), DAPI-
stained nuclei (blue), CD31 (green, top panel), DCs (green, bottom). (D) Flow cytometry
analysis of fluorescent MSN particle uptake by APCs and innate cells in the brain tumor
(DCs and NK cells, n=4). (E) Flow cytometry analysis of cell uptake of fluorescent MSNs
in the brain TME, blood, liver, and spleen. (F) Live-animal spectrum imaging for
fluorescently labeled MSN was performed longitudinally. The fluorescent immuno-MSN
and the fluorescent MSN (empty, no cdGMP cargo) were compared following the
administration schedule showed in (A). (F) Organs were collected 24 h after the second
injection. Nanoparticle deposition was quantified ex vivo by measuring fluorescence signal
from organs. The total signal from all organs was considered 100%. (H) Flow cytometry
analysis of cell uptake of fluorescent immuno-MSN and fluorescent MSN in the brain (left
panel), liver (middle panel), and spleen (right panel). Statistical significance was conducted
by one-way ANOVA with Tukey’s post-test (****/<0.0001). All cell count data from flow
cytometry analysis was collected from a sample size of 7=5, unless otherwise noted, and
normalized to 10° viable cells.
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Figure5.

Heightened APC recruitment to the GBM microenvironment after treatment with immuno-
MSN particles, sparing healthy brain tissue and peripheral organs. (A) Treatment regimen of
intravascularly administered immuno-MSN particles delivering 10 ug of cdGMP per dose.
(B) Flow cytometry analysis of excised organ tissue in mice receiving immuno-MSN
treatment. Statistical significance in the box and whisker plot (5-95 percentile, “+” mean)
was conducted by two-way ANOVA with Tukey’s post-test (*/~<0.05, ***F<0.001,
****P<0.0001). (C) Flow cytometry analysis of the brain tumor microenvironment (top) and
healthy brain tissue (bottom) in mice treated with immuno-MSNs compared to untreated
controls. Statistical significance was conducted by two-way ANOVA with Sidak’s post-test
(**P<0.01, ****P<0.0001). All cell count data from flow cytometry analysis was collected
from a sample size of 7= 5 and normalized to 10° viable cells.
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circulating CD8* T cells
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after initiation of treatment

Immuno-MSN particles delay GBM tumor growth and elevate circulating CD11c* DCs and
CDS8™* T cells in orthotopic GBM studies. (A) Treatment regimen of intravascularly
administered immuno-MSN particles delivering 10 ug of cdGMP per dose. (B) BLI
quantification of GBM tumor cell luminescence. Tumor signal is represented as mean +
standard error (7= 5). Statistical significance was conducted by unpaired #test (two-tailed).
Flow cytometry analysis from Wk 1 and Wk 2 blood draws measuring levels of (C) CD11 ¢*
DCs, and (D) CD8* T cells after the start of immuno-MSN treatment compared to untreated
controls. All cell count data from flow cytometry analysis is represented as mean + standard
error and was normalized to 10 viable cells (Wk 1 and Wk 2: 72> 5 for immuno-MSN and
untreated). Statistical significance was conducted by two-way ANOVA with Sidak’s post-
test (*P<0.05, ***£<0.001, ****p<0.0001).
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