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Abstract

Irinotecan is a key chemotherapeutic agent for the treatment of colorectal (CRC) and pancreatic
(PDAC) cancer. Because of a high incidence of bone marrow and gastrointestinal (GI) toxicity,
Onivyde® (a liposome) was introduced to provide encapsulated irinotecan (Ir) delivery in PDAC
patients. While there is an ongoing clinical trial (NCT02551991) to investigate the use of
Onivyde® as a 15t-line option to replace irinotecan in FOLFIRINOX, the liposomal formulation is
currently prescribed as a 2"9-line treatment option (in combination with 5-fluorouracil and
leucovorin) for patients with metastatic PDAC who failed gemcitabine therapy. However, the
toxicity of Onivyde® remains a concern that needs to be addressed for use in CRC as well. Our
goal was to custom design a mesoporous silica nanoparticle (MSNP) carrier for encapsulated
irinotecan delivery in a robust CRC model. This was achieved by developing an orthotopic tumor
chunk model in immunocompetent mice. With a view to increase the production volume and to
expand the disease applications, the carrier design was improved by using an ethanol exchange
method for coating of a supported lipid bilayer (LB) that entraps a protonating agent. The
encapsulated protonating agent was subsequently used for remote loading of irinotecan. The
excellent irinotecan loading capacity and stability of the LB-coated MSNP carrier, also known as a
“silicasome”, previously showed improved efficacy and reduced toxicity when compared to an in-
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house liposomal carrier in a PDAC model. Intravenous injection of the silicasomes in a well-
developed orthotopic colon cancer model in mice demonstrated improved pharmacokinetics and
tumor drug content over free drug and Onivyde®. Moreover, improved drug delivery was
accompanied by substantially improved efficacy, increased survival and reduced bone marrow and
Gl toxicity compared to the free drug and Onivyde®. We also confirmed that the custom-designed
irinotecan silicasomes outperform Onivyde® in an orthotopic PDAC model. In summary, the Ir-
silicasome appears to be promising as a treatment option for CRC in humans based on improved
efficacy and the carrier’s favorable safety profile.
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Irinotecan, a topoisomerase | inhibitor, is frequently used for chemotherapy in
gastrointestinal (Gl) cancers, including colorectal cancer (CRC) and pancreatic ductal
adenocarcinoma (PDAC).1~6 Most commonly, irinotecan is used in combination with
infusion fluorouracil (5-FU) and leucovorin (LV) as a 15t-line treatment option for metastatic
CRC.%5 It was also suggested that irinotecan can serve as a monotherapy for CRC patients
who are unable to tolerate 5-FU.> In spite of its efficacy, irinotecan use is hindered by high
drug toxicity, with especially severe impact on the bone marrow (e.g., neutropenia) and the
Gl tract (e.g., diarrhea).89 As a result, irinotecan-based chemotherapy is generally conserved
for patients with good performance status who tolerate the side effects. This restricts its use
in poor performance status patients, who are often in need of cytotoxic therapy.

The high rate of irinotecan toxicity has prompted the development of alternative treatment
strategies to reduce the drug’s serious side effects. This includes the use of encapsulated
drug delivery by various nanocarriers, including liposomes (e.g., FDA approved MM-398
for PDAC and IHL-305 in a phase I clinical trial for advanced solid tumors), polymeric
nano-conjugates (e.g.,, NKTR102 in phase 11l for metastatic breast cancer) and hyaluronic
acid nano-complexes (HyACT™ in phase I1 for colorectal cancer).19-18 The liposomal
carrier, Onivyde® (also known as MM-398 or PEP02), was approved in 2015 for
combination with 5-FU/LV as a 2"d-line therapeutic option for patients with metastatic
PDAC who progressed after gemcitabine monotherapy, based on an overall survival
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improvement of ~2 months.1%-21 However, this approval was accompanied by a “black box”
safety warning from the Food and Drug Administration (FDA), citing the possibility of
severe and life-threatening neutropenia (grades 3—-4, 27%) and severe diarrhea (grades 3-4,
13%).21 Although Onivyde® also demonstrated antitumor efficacy and improved safety in a
subcutaneous CRC model in nude mice, 10 the advantages of encapsulated drug delivery
could not be demonstrated in CRC patients in a phase 11 clinical trial, and the effort was
abandoned.22 Nonetheless, Onivyde® is currently being tested in variety of solid tumor
types, including lung and breast cancer.23:24

We have recently demonstrated the utility of a first-generation mesoporous silica
nanoparticle (MSNP) drug carrier for irinotecan delivery in an orthotopic PDAC model, with
improved efficacy and reduced toxicity compared to an in-house liposome.14 MSNPs are
excellent carriers due to high biocompatibility, large surface area, tunable particle/pore sizes
and tunable surface functionalization.1425-37 |t was also demonstrated that the MSNPs are
biodegradable to silicic acid that is eliminated vz urinary and fecal secretion in mice.38-40
Since the improved efficacy of our lipid bilayer (LB)-coated MSNP carrier, a.k.a.
silicasome, has been ascribed to improved drug loading capacity and LB stability over the
liposome,4 we were interested in testing a next- generation silicasome carrier in a murine
orthotopic colon cancer model. The design improvement was necessitated by the demand for
an increased production volume for clinical translation as well as expanding the use of the
carrier for other disease applications. In addition to redesigning the synthesis of the bare
MSNPs by a multi-parametric approach, it was also necessary to develop an ethanol
exchange method for coating the surface of the MSNPs with a LB, in light of the logistical
limitations of using a biofilm for encapsulation. In order to perform the study in a
reproducible preclinical CRC model, we also developed a rigorous and reproducible
orthotopic tumor chunk model in mice. Our data will show that the improved
pharmacokinetics (PK) and tumor irinotecan levels of the silicasome is accompanied by
increased efficacy compared to free drug or Onivyde®. We will also show that the
silicasome substantially reduces bone marrow and Gl toxicity compared to other treatment
modalities. We further confirmed that the next generation silicasomes outperforms
Onivyde® in an orthotopic PDAC model.

Customized design of the irinotecan silicasome for comparative studies

In order to streamline silicasome production for a comprehensive series of comparative
studies in orthotopic animal models other than PDAC, it was necessary to scale up the
synthesis of the particles by eliminating the use of a lipid biofilm method to coat the
particles.14:3 Since the surface area of the lipid biofilm is a limiting factor for synthesizing
large particle batches (as explained in supplementary data and Figures. S1A-C), it was
necessary to substitute this procedure by a custom-designed approach that uses an ethanol
exchange procedure as described in Figure 1.1435 The ethanol exchange method involved
the direct introduction of the bare MSNP, suspended in an aqueous solution, into a
concentrated ethanol-dissolved lipid solution, followed by sonication (Figures 1C and S1D-
E).2841 This approach allowed us to increase the LB coated batch size from a few hundred
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milligrams up to ~100 g batch sizes (Figure S1E). Increased batch sizes also demanded
optimization of the sol-gel reaction parameters for MSNP synthesis, as described online in
Figures S2-4. This involved a multiparameter design process in which the reaction
temperature, reaction time, stirring speed and the ratio of silica precursor (tetraethyl
orthosilicate, TEOS) vs. the organic base (triethanolamine, TEA-ol) and templating agent
(cetyltrimethylammonium chloride, CTAC) were varied in a combinatorial fashion. After
experimenting with ~70 reaction conditions in an iterative design process, it was possible to
accomplish ~100 g batch sizes in ~18 L reaction volume (Figure 1D). The particles were of
the desired particle size, pore structure and size, surface area and pore volume as shown in
Figures 1D and S5. We demonstrated that extensive washing in ethanol/HCI and pure
ethanol can effectively remove the CTAC, which is capable of exerting cytotoxic effects and
activation of pro-inflammatory responses (Figures 1D and S6). The absence of cytotoxicity
and pro-inflammatory effects of the bare particles were demonstrated /n vitroin a variety of
cell lines, using particle doses up to 1,000 pg/mL (Figures S7 and S8).

To prepare a 20 g batch of silicasomes for the performance of experimentation in this
communication, we followed the steps outlined in Figure 1A. Briefly, MSNP (40 mg/mL)
was incubated in a solution containing the trapping agent triethylammmonium sucrose
octasulfate (TEAgSOS), and then mixed with 500 mg/mL lipid ethanol solution at the ratio
of 1:10 (v/v, ethanol: H,0O). The remaining steps for making the drug-laden particles
included the removal of the free TEAgSOS, remote irinotecan loading, purification and
sterilization as described in the methods section (Figure 1A). A schematic depicting the
principles for remote drug loading is shown in Figure S9. The final product was referred as
the “Ir-silicasome”. Physicochemical characteristics of Ir-silicasome vs Onivyde® are
summarized in Figure 1E. This includes the hydrodynamic size measurement by DLS,
which demonstrated a hydrodynamic size of ~110 nm and ~130 nm for Ir-silicasome and
Onivyde® respectively. The Ir-silicasome sample was also visualized by CryoEM, and
compared to the morphology of Onivyde® (Figure 1E). This allowed us to obtain primary
particle sizes and standard deviation by viewing at least 100 randomly selected particles in
each of the Ir-silicasome and Onivyde® formulations. CryoEM data showed primary sizes
of 78.0 £ 6.8 nm for the silicasome and 67.1 + 19.7 nm for Onivyde®, respectively. CryoEM
also revealed that although the silicasome particles were of uniform size (Figure 1E),
Onivyde® contained a mixture of large and small liposomal vesicles of uni-or multi-lamellar
composition. This is reflected by the coefficient of variation index (CV%) of 29.4% for
Onivyde® vs. 8.7% for the Ir-silicasome.*2 Other physicochemical characteristics, including
loading capacity, hydrodynamic size, zeta potential, endotoxin level and sterility, are shown
in Figure 1E.

The cytotoxic potential of the newly synthesized Ir-silicasome was tested by an MTS assay
in a variety of cancer cells. This demonstrated that the silicasome could provide increased
MC38 and KPC cell killing compared to the liposomal irinotecan carrier (Figure S10). The
free drug exhibited the most robust Killing effect, a finding that is frequently seen in
comparative analyses of free vsencapsulated chemotherapy agents in vitro.*344 One
explanation is that the free drug is more rapidly taken up into the cytosol while the
encapsulated drug carriers need to be internalized, followed by more gradual drug release to
the cytosol and the nucleus.
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Establishing a robust orthotopic model for colon cancer

In order to establish a rigorous orthotopic model for colon cancer, the classic approach of
injecting MC38 cells into the wall of the cecum in C57BL/6 mice had to be changed since
the procedure was only successful in ~40% of mice in our hands due to uncertainty about the
exact depth of tumor cell injection into the wall (Figure S11).4° To improve the tumor
engraftment rate, we developed an orthotopic model, in which tumor chunks were fastened
to the cecum wall by a stitch.#6 The tumor chunks were obtained from subcutaneous growth
of MC38 tumors in C57BL/6 mice (Figure 2A). This approach helped to establish successful
orthotopic tumor growth in >95% animals, while also avoiding seepage of bowel content
from the cecum to the peritoneum. Hematoxylin and eosin (H&E) staining of a biopsy taken
from the primary attachment site demonstrated the presence of orthotopic tumor invasion
into the cecal wall (Figure 2B). Using luciferase-expressing MC38 cells (MC38-luc) to non-
invasively monitor orthotopic tumor growth by 1VVIS imaging, it was possible to discern a
primary tumor mass within a week (Figure 2C), whereupon exponential growth ultimately
leads to metastatic spread and the occurrence of ascites, leading to a moribund state within 4
weeks (Figure 2D).

Pharmacokinetic profile and irinotecan levels in the orthotopic MC38 tumors

The pharmacokinetic (PK) studies were performed in healthy C57BL/6 mice, which
received a single intravenous (V) injection of the silicasome to deliver an irinotecan dose of
40 mg/kg. Onivyde® and the free drug, used at equivalent doses, were used as controls. A
dose of 40 mg/kg was chosen based on literature that this is equal to ~2/3 of the free
irinotecan maximal tolerated dose (MTD) in mice.10-1447 Plasma samples collected at
different time points were used to quantify the irinotecan concentration in plasma, using
UPLC-MS. The PK data were fitted in a one-compartment model, using PKSolver software.
48 These calculations demonstrated that the circulatory half-life (#,) of Ir-silicasome was
~9.6 h compared to ~3.3 h for Onivyde® (Figure 3A). Free irinotecan was rapidly cleared
from the circulation, with a £, of <30 min. The detailed PK parameters are summarized in
Table S1. Please notice that our PK data did not include the measurement of SN-38, which is
the active metabolite into which the irinotecan is converted at the tumor site.® While
published human data for Onivyde® has demonstrated that it was possible to detect an
SN-38 concentration that was ~7800-fold less than the measurable blood content of
irinotecan (/.e., SN-38 Cpax of ~ 9.2 ng/mL vs 72 pg/mL for irinotecan),*? it was not
possible to detect SN-38 in the limited blood volumes that could be obtained from mice
(where the lowest level of detection was ~30 ng/mL).

The drug biodistribution to the MC38 orthotopic tumor site was determined by injecting a
dose equivalent of 40 mg/kg irinotecan intravenously, followed by animals sacrifice after 48
and 72 h. Drug delivery by the silicasome resulted in a ~55-fold and ~2.8-fold higher drug
content at the tumor site compared to free drug and Onivyde® at 48 hr, respectively (Figure
3B). The comparable increases after 72 h were ~63-fold and ~5.3-fold, respectively (Figure
3B). Utilizing near infrared (NIR) labeled silicasomes, 1450 we could also follow carrier
biodistribution by VIS fluorescence imaging of explanted tumor tissue and organs (Figure
3C). This demonstrated that the particles showed abundant distribution to the primary tumor
site, liver and spleen, with some fluorescence associated with the kidneys. A semi-
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quantitative display of NIR image intensity is shown in Figure S12. These results were also
confirmed by coupled plasma optical emission spectrometry (ICP-OES) to display Si
abundance, demonstrating that ~5% of the injected dose (ID) distributed to the orthotopic
tumor site after 48 h (Figure 3D). It was also possible to view the NIR-labeled silicasomes at
the tumor site by confocal microscopy (Figure 3E). We found a heterogeneous particle
distribution in the tumor microenvironment, with a relatively high particle density in the
vicinity of the CD31" tumor blood vessels (Figure 3E). This is compatible with the previous
demonstration of the micro-heterogeneity of MSNP distribution in pancreatic and breast
cancer xenograft tumor sites.51:52

Prolonged animal survival in the CRC orthotopic tumor model during treatment with the Ir-

silicasome

Treatment efficacy and animal survival were determined in the orthotopic tumor model by
IV injection of an irinotecan dose equivalent of 40 mg/kg free drug, Ir-silicasomes or
Onivyde® every third or fourth day, as shown in Figure 4A (upper panel). Tumor growth (n
= 6) was monitored by IVIS imaging up to day 21, where the appearance of peritoneal
metastases and ascites interfered in quantifying the bioluminescence intensity (Figure 4A,
bottom left).>3 Quantitative display of the imaging data was shown in the bottom right panel
in Figure 4A, which demonstrated clear tumor inhibition by the Ir-silicasome. Noteworthy,
no significant tumor growth inhibition was seen in mice receiving identical doses and
frequency of free drug or Onivyde® administration. Continued daily monitoring of the
animals to the point of moribund health status or spontaneous animal death, allowed us to
generate comparative survival data.>0-54 Data expression by Kaplan-Meier plots and Log-
rank testing (SPSS software)>®56 demonstrated a statistically significant survival benefit (p
<0.05) for the Ir-silicasome as compared to saline, free irinotecan, and Onivyde® (Figure
4B). However, no significant survival benefit was seen for free irinotecan or Onivyde®.

A repeat of the efficacy experiment (n = 3) to harvest tumor tissue 24 h after the 4™ 1V
injection, allowed us to generate quantitative data for tumor weight and histological
characteristics (Figure 4C). This demonstrated a significant reduction in tumor weight for
the silicasome vs. free drug or Onivyde® (Figure 4C). Moreover, we also confirmed using
immunohistochemistry (IHC) staining for cleaved caspase-3 (CC-3), differences in the rate
of apoptosis amongst the treatment groups (Figure 4D). Thus, while the rate of apoptosis
was ~16% for the Ir-silicasome treated group, the values were ~2.5% and ~6.5% for free
drug and Onivyde®, respectively.

Major toxicity reduction in the bone marrow and the Gl tract, as a result of silicasome use

Irinotecan exerts major systemic toxicological effects (e.g., neutropenia and diarrhea) when
used as a free drug monotherapy or in combination with 5-FU (7.e., FOLFIRI regimen) in
CRC.2-* This constitutes one of the principal reasons for considering encapsulated
irinotecan delivery. To study acute bone marrow toxicity, we designed the toxicity study
based on a literature-recommended protocol where the mice were sacrificed at 24 h after
receiving six daily irinotecan IV injections to allow for the detection of acute
myelosuppression and overall change in health status.>7-3 Thus, an independent experiment
was performed in C57BL/6 mice receiving an initial plus three follow-up doses of 40 mg/kg
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irinotecan 1V injections (Figure 5A).%9 The possibility of acute myelosuppression effects
was assessed by the collection of whole blood 24 h after the last IV injection, as well as
looking at bone marrow cellularity.?® No effect was seen on animal weight (Fig S13), while
assessment of differential WBC counts demonstrated a significant degree of neutropenia in
animals treated with free irinotecan or Onivyde® (Figure 5A, left panel). The toxicity was
reduced by treating with the Ir-silicasome, which yielded essentially a normal neutrophil
count compared to the saline group. Sternums were collected to evaluate bone marrow
cellularity by H&E staining (Figure 5B). While both the free drug and Onivyde® exhibited
significant myelosuppressive effects as evidenced by estimation of total marrow cellularity
or the presence of nucleated hematopoietic cells,> no obvious change in cellularity was
observed in Ir-silicasome treated animals (Figure 5B). The visual appearance was confirmed
by computer software that semi-quantitatively scored the total marrow cellularity and
hematopoietic nuclei in the histology images (Figure 5A).50 Thus, while the total and
hematopoietic cellularity were reduced by ~26% and ~44% in the Onivyde® treated group,
the corresponding values were ~0% and ~3% in the Ir-silicasome treated group.

In addition to the bone marrow assessment, sections of the small bowel were used to
evaluate the presence of apoptotic cells in the intestinal crypts, using IHC to detect cleaved
caspase-3 (Figure 5C).61 This demonstrated a significant reduction in the number of CC-3*
cells in animals treated with the silicasome carrier compared to the free drug and Onivyde®
(Figure 5 D). Curiously, we did not observe significant liver toxicity by any of the treatment
modules in C57BL/6 mice, which differs from the higher rates of toxicity seen in a previous
study in B6129SF1/J mice (Figure S14).14.62.63 A|| considered, the aforementioned data
demonstrate that the custom-designed Ir-silicasome carrier provides favorable toxicity
reduction compared to free irinotecan and Onivyde®.

Confirmation of the efficacy of the next-generation Ir-silicasome in a PDAC model

The first silicasome generation provided an effective anti-tumor effect free irinotecan in an
orthotopic animal model. In order to see how the efficacy of the newly synthesized
silicasome compare to Onivyde®, we made use of the Krast-SL-G12D/+/Typ53LSL-R172H/+;
Pdx-1-Cre (KPC) derived PDAC model,1* which is explained in Figure S15. Assessment of
tumor drug content demonstrated that the Ir-silicasome could provide a ~5.3-fold and ~48-
fold increase in the PDAC drug content compared to Onivyde® and free drug, after 48 h,
respectively (Figure 6A). The differences were even more significant after 72 h, amounting
to ~8.7-fold and ~79-fold increases, respectively (Figure 6A). Therapeutic efficacy was
assessed at either a fixed time point (Figure 6B) or when the tumor-bearing mice approached
moribund status (Figure 6C). The IVIS imaging data and CC-3 IHC results showed that the
Ir-silicasome significantly reduced primary tumor growth and suppression of metastases
(Figures 6B and S16). While free irinotecan led to inefficient tumor inhibition on primary
tumor growth and metastasis, Onivyde® had a modest impact on both parameters. Clearly,
the Ir-silicasome had the most robust effect on apoptosis at the PDAC site compared to other
treatments (Figure 6B and S17). The use of Kaplan-Meier analysis in a survival experiment
also demonstrated a significantly increased lifespan (p= 0.047) through the use of the Ir-
silicasome compared to Onivyde® (Figure 6C, left panel). This effect is also reflected by the
comparative IVIS imaging data shown in Figure 6C (right panel) and quantification of
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bioluminescence intensity in the operator-defined region of interest at the tumor sites (Figure
S18).

Discussion

In this communication, we demonstrated that the use of a custom-designed irinotecan-
delivering silicasome can improve drug delivery in an orthotopic colon cancer model,
leading to an improved treatment outcome and significant toxicity reduction compared to the
free drug and Onivyde®. Our data demonstrate that the improved PK of the silicasome was
accompanied by at least an order of magnitude increase in the drug concentration at the
tumor site compared to free irinotecan. The improved drug biodistribution was accompanied
by dramatic tumor shrinkage and increased tumor cell death. Moreover, the silicasome also
outperformed the Onivyde® liposome with respect to PK properties, tumor drug levels, and
efficacy, particularly at later time points. Additionally, there were also clear differences
between the nanocarriers in terms of adverse outcomes in the bone marrow and Gl tract. We
also demonstrated that the increased efficacy of the silicasome in the colon model could be
reproduced in PDAC, similar to the previous comparative study with a first generation
silicasome vs. an in-house liposome.14 Based on these observations, we propose that the Ir-
silicasome could also be considered as a treatment option for colon cancer, where the
reduction of irinotecan toxicity, coupled with improved efficacy, could advance the Ir-
silicasome to be more frequently considered as a treatment consideration for encapsulated
drug delivery.

Although liposomal irinotecan has been approved as a 2"%-line treatment option for PDAC, a
Phase Il clinical trial using Onivyde® for CRC treatment yielded disappointing results,
leading to temporary abandonment of the therapeutic effort for this cancer indication.22
However, it should be possible to revisit the option of irinotecan monotherapy for CRC with
the development of our newly designed Ir-silicasome carrier. We should also consider the
use of the Ir-silicasome as a substitute for free irinotecan in GI cancer treatment
combinations such as FOLFIRINOX (5-FU, folinic acid, irinotecan, oxaliplatin), FOLFIRI
(5-FU, folinic acid, irinotecan), XELIRI (irinotecan, capecitabine), FOLFIRI plus the
vascular endothelial growth factor (VEGF) antibody, bevacizumab, or the epidermal growth
factor (EGFR) antibody, cetuximab.#564.65 This being stated, it is important to consider that
each of these treatment options involve consideration of specific variables that may be
introduced by individual treatments, e.g., normalization of blood vessels by VGEF blockage,
which could impact permeability and egress to the tumor site.86 This could have a bearing
on the efficacy of various carrier characteristics such as size and the ability of the particle to
change its shape during egress through the blood vessel wall.66-68 Recently, a modified
FOLFIRINOX (MFOLFIRINOX) regimen, which adjusts the 5-FU and irinotecan dosing
schedule, has attracted attention due to a significant disease-free survival improvement
compared to gemcitabine (21.6 vs. 12.8 months) in non-metastatic PDAC.%9 It is possible
that the silicasome can further improve these therapeutic combinations, in addition to the
major effect on the irinotecan toxicity reduction.

In this study, a key discovery is the increased potency of the Ir-silicasome compared to
Onivyde® in two orthotopic tumor models. An obvious advantage is the improved PK and
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tumor drug content of the silicasome over the liposome. This improved performance is
derived from the structural composition and design features of the silicasome compared to
the liposome. First, the support provided by the mesoporous silica core allows improved
stability of the LB compared to that of the liposome.1427-29.70 Thjs stability improvement is
reflected by prolonged circulatory half-life. Second, the porous structure of the coated
MSNP provide a large surface area for drug packaging against the side walls of the pores as
result of electrostatic and van der Waals interactions.28:31:32 Thus, the large internal surface
area of the MSNPs (~800 m?/g) allows more drug encapsulation than for a liposome of
equal size. This feature also accounts for the slower drug release rate from the Ir-slicasome
compared to Onivyde® under abiotic testing conditions (Figure S19). A third major
differential feature from a formulation perspective, is the increased PEG2000 density of the
Ir-silicasome (3 mol%) vs. Onivyde® (0.3 mol%). In a simulation study;, it was
demonstrated that the PEG2000 chain assumed a hemispherical (“mushroom”) conformation
on the lipid bilayer at low density (e.g., <1.6 mol%).”! However, at higher PEG grafting
density, the PEG2000 molecules exhibit an extended “brush” conformation, which is
associated with reduced plasma protein binding to the nanoparticle surface under
experimental and simulation conditions.”1~74 Based on the quantitative assessment of the
Flory radius or grafting point distance for PEG in the literature,’* we propose that the PK
data could reasonably be interpreted to imply that the 3 mol% PEG density in silicasome
assumes a brush-like confirmation that reduces mononuclear phagocyte system (MPS)
uptake, leading to a prolonged circulatory ty,.”375-79 In contrast, the simulation studies for
PEG2000 would suggest that the lesser 0.3 mol% PEG density of the liposome assumes a
“mushroom” shape, which is associated with faster clearance from the blood.”* Collectively,
the combination of improved stability, large internal surface area and increased PEGylation
density of the silicasome likely contributes to the improved PK and tumor drug content
during treatment with this carrier.

Finally, a major benefit of using the silicasome vs. the liposome for irinotecan delivery in
PDAC and colon cancer is toxicity reduction in the bone marrow and the gastrointestinal
tract, as demonstrated in our study. This is in agreement with a previous PDAC study
(performed before the commercial availability of Onivyde®) in which we demonstrated that
the silicasome could outperform an in-house liposome due to reduced irinotecan leakage and
a slower rate of drug release.1* One possible explanation is the decreased rate of premature
drug release from the silicasome due to increased lipid bilayer stability. Another explanation
for the differential toxicity could be the differences in the level of PEGylation of the carriers,
which could allow increased opsonization of the lesser PEGylated liposomal membrane to
lead to increased phago-endocytosis by the reticuloendothelial cells in the myeloid bone
marrow.89 From this perspective, it has been demonstrated in imaging studies that 60 nm
PEG-coated nanoparticles are capable of being phago-endocytosed by bone marrow
reticuloendothelial cells and released across the capillary wall into the myeloid bone marrow
interstitium.80-82 |t is possible that the carrier size and the deformability of the carrier could
possibly play a role in favoring liposome over silicasome uptake in the bone marrow, leading
to increased toxicity.
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Conclusions

Methods

Materials

In summary, we demonstrated the establishment of a next generation silicasome proved to be
more efficacious with reduced toxicity during Irinotecan delivery to orthotopic CRC and
PDAC models. Since Onivyde® resulted in a disappointing outcome in a phase Il clinical
study in CRC, the availability of an alternative carrier, which can be produced in large
quantities, could allow the pursuit of human clinical studies with the silicasome in patients
with CRC, in addition to the potential treatment benefit in PDAC. Moreover, the silicasome
nanocarrier can also be used to deliver other chemotherapeutic agents, such as weak basic
drugs that can be remotely loaded into the carrier, including the ability to co-encapsulate
synergistic drug combinations.

Tetraethylorthosicate (TEOS), triethanolamine (TEA-ol), (3-aminopropyl)triethoxysilane
(APTES), cetyltrimethylammonium chloride solution (CTAC, 25 wt% in water) and Dowex
50WX8 resin were purchased from Sigma-Aldrich, USA. Sucrose octasulfate (SOS) sodium
salt was purchased from Toronto Research Chemicals, Inc, Canada. Triethylamine (TEA)
was purchased from Acros, USA. Sepharose CL-4B was purchased from GE Healthcare,
USA. Irinotecan hydrochloride trihydrate was purchased from LC Laboratories, USA.
Onivyde® (Ipsen Biopharmaceuticals, Inc., 4.3 mg/mL irinotecan free base, 10 mL/vial)
was purchased through the UCLA health pharmacy. 1,2-Distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanol amine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEGyqqp), and cholesterol
(Chol) were purchased from Avanti Polar Lipids, USA. Penicillin, streptomycin, Dulbecco’s
modified Eagle medium (DMEM) and Roswell Park Memorial Institute (RPMI) 1640
medium were purchased from Invitrogen. Fetal bovine serum (FBS) was purchased from
Gemini Bio Products. Rabbit mAb antibody (catlog. #9664), which detects activated
(cleaved) caspase-3, was purchased from Cell Signaling. Anti-CD31 antibody (catalog#
553708) was purchased from BD Pharmingen™, USA. Alexa Fluor® 488 conjugated goat
anti-rabbit 1gG (H+L) secondary antibody (catalog# A11008), and DyLight 680 NHS ester
were purchased from Thermo Fisher Scientific Inc, USA. Matrigel™ Matrix Basement
Membrane was purchased from BD Bioscience.

Synthesis, purification, and characterization of Ir-silicasomes

Synthesis of bare MSNPs: 17.1 L pure water was added to a 20 L beaker. 0.9 L CTAC
solution (25 wt.% in H,0O) was gently added while stirring at 185 rpm, using an overhead
stirrer shaft. The solution was heated to 85 °C while stirring and then 72 g triethanolamine in
300 mL H,0 was added when the solution reached a temperature of 85 °C. After stirring the
solution for another 30 min at 85°C, 600 mL TEOS at 85 °C was gently added, followed by
stirring at the same temperature for another ~4 hr. This yielded a milky particle suspension,
which was allowed to cool down naturally to room temperature. Six L of ethanol was added
to the suspension to precipitate the silica particles, followed by centrifugation at 10,000 rpm
for 10 mins. To remove the CTAC, the particles pellets were resuspended in acidic ethanol
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(HCl/ethanol, 4:100 v/v) by sonication through repeated centrifugation (10,000 rpm x 60
mins) and resuspension, which was repeated 5 times. This was followed by washing in pure
ethanol 3 times. The primary size and morphology of the particles were characterized using
TEM (JEOL 1200-EX). The presence of residual CTAC in the MSNP was tested by FTIR
and high-performance liquid chromatography (HPLC, Infinity 1260, Agilent), using an
Acclaim Surfactant Plus column. A charged aerosol detector was used for CTAC
quantification. Surface area, pore volume, and pore size of the purified MSNP were tested
by (Brunauer-Emmett-Teller) BET measurement, as described before.50

Lipid coating using an ethanol exchange method: Briefly, a mixture of lipids (16 ¢
DSPC, 5.4 g, cholesterol (Chol) and 2.8 g DSPE-PEG»qqo, Yielding a DSPC/Chol/DSPE-
PEGygpg molar ratio of 3:2:0.15) was dissolved in 50 mL pure ethanol at ~65°C. 500 mL of
a preheated (~65°C) solution, containing a 40 mg/mL MSNP suspension into which 80 mM
TEAgSOS trapping agent was soaked, was poured into the lipid solution while stirring at
~1,000 rpm. The TEAgSOS trapping agent was made based on our established protocol.14
The mixture was treated by probe sonication (power = 200 W) using a 15s/5s on/off cycle
for 2 hr. In between, the sample was stirred at ~500 rpm, followed by centrifugation at 4,000
rpm for 5 min to remove any aggregates.

Removal of free TEAgSOS and remote loading of the irinotecan into the
silicasomes: Unentrapped free TEAgSOS was removed by size exclusion chromatography
over a Sepharose CL-4B column, using a HEPES-buffered dextrose solution (5 mM HEPES,
5% dextrose, pH 6.5) for elution. 10 g irinotecan was dissolved in 1 L HEPES buffered
dextrose (5 mM HEPES, 5% dextrose, pH = 6.5) and mixed with the TEAgSOS-loaded
silicasome suspension. The mixture was incubated at ~65 °C for 30 min, before quenching
the sample in ice water for ~30 min. The drug loaded silicasome were washed 3 times using
a HEPES-buffered NaCl solution (4.05 mg/mL HEPES, 8.42 mg/mL NaCl, pH 7.2). The
supernatant was collected and filtered with a 0.45 pm syringe filter, followed by a 0.2 pm
filter for sterilization.

Characterization of the Ir-silicasomes

The irinotecan concentration was determined by either UV spectroscopy (360 nm) or HPLC.
The free base form of the drug was prepared at 4.3 mg/mL. MSNP mass and lipid mass in
the final product were determined by TGA and HPLC, respectively. Particle hydrodynamic
size and zeta potential were measured by a ZETAPALS instrument (Brookhaven Instruments
Corporation). The DLS size measurement was performed by diluting the MSNP to ~100
pg/mL in DI water. The zeta potential was assessed by diluting the particles in 10 mM NacCl
solution, at a concentration of 100 pg/mL. The final product was visualized by cryoEM
(TF20 FEI Tecnai-G2 in CNSI) to confirm the uniformity and integrity of the coated lipid
bilayer. Endotoxin levels were tested using a chromogenic LAL assay (QCL-1000 300 Test
Kit, Lonza). Sterilization of the final product was confirmed by performing tests for
microbial contamination (HPC Count sampler, Millipore Corp., MHPC10025) or the
presence of yeasts and molds (Yeast and mold sampler, Millipore Corp., MY0010025).
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The dimethylhydrazine-induced murine MC38 colon adenocarcinoma cell line,83 which is
syngeneic for a C57BL/6 background, was kindly provided by Dr. Siwen Hu-Lieskovan at
UCLA. The KPC murine pancreatic adenocarcinoma cell line was derived from a
spontaneous tumor originating in a transgenic Kras-SL-G12D/+: Trp53LSL-RI72H/*: pgx_1_Cre
mouse (B6/129 background).1* To allow bioluminescence tumor imaging, both cells were
permanently transfected with a luciferase-based lentiviral vector in the UCLA vector core
facility, followed by a limiting dilution cloning.14:3% Detailed cell culture conditions,
cytotoxicity, testing and screening for IL-1p release are described in Supplementary
Materials.

Development of an orthotopic MC38 tumor chunk transplantation model

Female C57BL/6 mice were purchased from Charles River Laboratories and maintained
under pathogen-free conditions. All animal experiments were performed according to
protocols approved by the UCLA Animal Research Committee. In order to prepare a tumor
that can be sliced into tumor chunks, MC38-luc cells were subcutaneously injected (~2x10°
cells suspended in 100 uL of DMEM/Matrigel, 1:1 v/v) in the flank of C57BL/6 mice (6~8
weeks). The mice were euthanized when the tumor size reached ~1 cm3. The tumor was
removed under sterile conditions and cut into ~1.5 mm x ~3 mm tumor chunks.*® The
orthotopic placement of the tumor chunks involved a short surgical procedure in
anesthetized (isoflurane, ketamine and xylazine) C57BL/6 mice (10~12 weeks). We also
administered the 15t dose of pain medication (carprofen 5 mg/kg, subcutaneous) pre-
operatively. The surgical area (abdomen) was shaved with a #40 blade and sterilized with
betadine and 70% ethanol. The animals were placed on a heat pad and sterilely draped with
gauze to expose the surgical site. A 2—-3 cm abdominal incision was made to expose the
cecum, which was exteriorized and isolated from the rest of the abdominal content by
packed gauze. Warm saline was used to keep the cecum moist. A figure of 8 stitch was
placed superficially in the cecum wall, using size 6-0 absorbable sutures (PDS Il, Ethicon).
The tumor piece was tied onto the wall, which was lightly abraded with tweezers to facilitate
tissue level contact with the tumor chunk. After attaching the tumor chunk, the cecum was
returned to the abdominal cavity. The inner (fascial) layer was closed with size 6-0
absorbable sutures (PDS I, Ethicon) and the exterior skin was closed with size 5-0 sized
non-absorbable sutures (PROLENE, Ethicon). The mice were kept on the warming pads
until full recovery from anesthesia, and then transferred to clean cages. The efficacy study
was performed in the tumor-bearing mice approximately one week after implantation, at
which point the tumors had grown to ~0.5 cm. For the biodistribution experiments, the
tumor-bearing mice were used ~2 weeks after tumor implantation, at which point the tumors
had grown to a size of ~1.0 cm. The orthotopic implantation of KPC cells in the pancreas of
B6/129 mice have been previously described#20 and is briefly summarized in the
Supplementary Materials.

Assessment of irinotecan pharmacokinetics (PK), using the silicasome

The PK study was performed on 10~12 week old healthy female C57BL/6 mice. The
animals received IV injections of free irinotecan, Onivyde® or Ir-silicasome at an irinotecan
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dose of 40 mg/kg, followed by collection of blood samples at 5 min, 3, 6, 24, and 48 hrs.
After separation of the plasma fraction, the drug was extracted in an acidic methanol
solution (0.1 mol/L phosphoric acid/methanol, 1:4 v/v).14 The irinotecan concentration was
measured by UPLC-MS (Waters LCT Premier ESI), using gradient elution of acetonitrile in
water at a flow rate of 1.00 mL/min.84 The PK data were analyzed by PKSolver software,
using a one-compartment model .48

Tumor drug content and intratumoral biodistribution

Drug content was determined in the tumor tissue obtained from both the MC38 and KPC
orthotopic models. Tumor bearing mice received IV injections of free irinotecan, Onivyde®
or Ir-silicasome at dose of 40 mg/kg irinotecan. Animals were sacrificed after 48 and 72 hr
for collection of tumor tissue, estimation of tumor weight, and homogenization in acidic
methanol to measure the drug concentration by UPLC-MS.14:84 To track the silicasome
biodistribution by VIS imaging, silicasomes were labeled with NIR dye by modifying the
MSNP with APTES to react with NHS-DyLight 680 NHS ester,14:50 following which tumor-
bearing mice were IV injected with 100 mg/kg MSNP. Animals were sacrificed after 48 hr to
collect tumor tissue and major organs for performance of ex vivo IVIS imaging and
assessment of Si content by ICP-OES. Tumor slices were also cryo-embedded in OCT
reagent to prepare tumor sections for confocal microscopy (SP8-SMD, Leica). The tumor
blood vessels were stained with a primary anti-CD31 antibody (1:500), followed by an
Alexa Fluor® 488-conjugated secondary antibody (1:500). DAPI was used to localize the
cellular nuclei.

Assessment of treatment efficacy in the orthotopic tumor models

Seven days after MC38 tumor chunk implantation, the tumor-bearing mice were randomly
assigned into 4 groups (n = 6) (Figure 4A-B). Animals in each group received IV injections
of free irinotecan, Onivyde®, or Ir-silicasome at an irinotecan dose equivalent of 40 mg/kg,
twice per week for a total of 4 to 6 administrations (depending on animal survival). Saline
was used as a negative control. To assess survival rate, animals were monitored daily up to
the point of spontaneous death or approaching moribund status.5%54 Live bioluminescence
imaging was used to monitor the orthotopic tumor burden twice per week, as previously
described.14 We also performed an efficacy study in the orthotopic MC38 model to obtain
tumor tissue for weighing and histological analysis (Figure 4C-D). This study was
conducted using a total of four injections as described above, followed by sacrifice on day
18 (24 hr after the 4™ IV injection). The orthotopic tumors were harvested and weighed,
then fixed in 10% formalin for H&E or assessment of cleaved caspase 3 (CC-3) expression
by IHC staining in the UCLA Translational Pathology Core Laboratory. (TPCL). The
images were assessed by using Aperio ImageScope software (Leica). The efficacy study in
PDAC orthotopic model was provided online.

Safety assessment of encapsulated versus free irinotecan delivery

To compare the toxicity of different irinotecan formulations, a toxicity study was performed
in healthy female C57BL/6 mice using a published protocol.>® Animals received daily IV
injections of different irinotecan formulations at a drug dose of 40 mg/kg. A total of four
administrations were performed.>® The mice were sacrificed 24 hr after the final injection.
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Blood was drawn to perform complete blood count and sternums and other organs collected
for histological analysis and IHC. IHC staining to assess CC-3 expression in the small
intestine was performed as described above. H&E staining to assess bone marrow and
hematopoietic cellularity in the sternum was analyzed by Aperio ImageScope software.50

Statistical analysis

Comparative analysis of differences between groups was performed using the 2-tailed
Student’s #test (Excel software, Microsoft) for two-group comparison. A One-way ANOVA
followed by a Tukey’s test (Origin software, OriginLab) was performed for multiple group
comparisons. Data were expressed as mean + SD or SEM, as stated in the figure legends.
The survival analysis was performed by Log Rank testing (Mantel-Cox) using SPSS 20.0
software. The software instructions for the Log Rank testing indicate that multiple
comparisons analysis is possible, including pairwise comparisons for three or more groups.
A statistically significant difference was considered at p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Development of a custom-designed irinotecan silicasome nanocarrier.
(A) Schematic to show the different steps for developing the irinotecan nanocarrier, namely:

(1) bare mesoporous silica nanoparticle (MSNP) synthesis and purification (see detailed
description of the high-volume process online and Figures S2-8), (2) lipid coating of the
particles containing the soaked-in trapping agent, triethylammmonium sucrose octasulfate
(TEAGSOS); and (3) remote loading of irinotecan by a proton gradient (generated by the
trapping agent), followed by purification and sterilization. (B) The final product, the Ir-
silicasome, is comprised of a MSNP core that contains a large packaging space for
irinotecan, which is stably entrapped by a lipid bilayer (LB). The LB contains a PEG
attachment to improve colloidal stability and circulatory half-life. (C) Schematic to show the
custom-designed procedure for surface coating by an alcohol-exchange method. Lipids are
dissolved in ethanol as described in the online data section Figure S1. This ethanol
suspension is rapidly mixed with TEAgSOS laden particles and sonicated, which leads to the
lipids assembling on the particle surface, and rapid sealing of the pores. (D) The integrated
synthesis process, with precise control of temperature, stirring speed, and addition of the
precursor materials at optimal ratios, is capable of producing 18 L batches that contain ~100
g of particles, as described online. The table shows the physicochemical properties of the
purified bare MSNPs. (E) CryoEM visualization of the Ir-silicasome and Onivyde®. The
final Ir-silicasome product contains an irinotecan (free base) concentration of 4.3 mg/mL,
which was dispensed in smaller volumes in glass containers. The table summarizes the

comparative physicochemical properties.
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Figure 2. Establishment of an orthotopic MC38-luc tumor chuck model in C57BL/6 mice.
(A) The orthotopic implantation involves minor surgery to place the MC38 tumor chunks on

the cecum wall of C57BL/6 mice. Briefly, the tumor chunks were obtained from
subcutaneous growing tumors established in C57BL/6 mice. Once the tumor reached ~1 cm
in size, the tumor mass was aseptically harvested and cut up into 2~4 mm?3 chunks. These
tumor chunks were tied onto the cecum wall by absorbable surgical sutures. (B) H&E
staining to show the growth of the orthotopic tumor in relation to the adjacent normal tissue.

(C) Live-animal VIS imaging to monitor the orthotopic tumor growth. The

bioluminescence intensity was quantified at the region of interest (ROI) by VIS Living
Image software. (D) Example ex vivo IVIS image of the complete gastrointestinal tract of an
animal, sacrificed ~3 weeks post tumor chunk implantation. More than 95% of operated
mice developed primary tumors, which metastasized to adjacent intestinal tissues and the

peritoneum.
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Figure 3. Improved PK and tumor irinotecan concentrations using the silicasome carrier for
treating orthotopic tumor-bearing mice.

(A) PK profile after a single 1V injection of free drug or the nanocarriers at an irinotecan
(IRIN) dose equivalent of 40 mg/kg (n = 3). Circulatory t1,» values were calculated using
PKSolver software. (B) Drug content at the tumor site after 48 hr and 72 hr in animals
receiving an IV injection of 40 mg/kg irinotecan by the different carriers. (C) Ex vivo IVIS
imaging of tumor-bearing mice receiving IV injection of DyLight680-labeled silicasomes at
the identical dose in (A). Tumor tissue and major organs were harvested at 48 hr. (D) ICP-
OES was used to quantify the percent injected Si dose (%ID) at the different sites after 48 hr.
(E) Confocal microscopy to show the intratumoral distribution of the NIR silicasome
particles used in the same experiment as in (C). Color code: Red, NIR silicasome particles;
green, blood vessel staining with anti-CD31 antibody; blue, nuclear stained with DAPI. Bars
represent 25 um. Data represent mean + SEM. *p<0.05 compared to saline; #p<0.05
compared to free IRIN; €p<0.05 compared to Onivyde® (1-way ANOVA followed by a
Tukey’s test).
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Figure 4. Comparative efficacy testing of the Ir-silicasome in the orthotopic MC38 model.
(A) A survival experiment was performed, in the course of which VIS imaging was used to

compare tumor growth up to day 21, beyond which metastatic peritoneal spread interfered in
image detection. MC38 tumor-bearing mice (n = 6) received free irinotecan, Onivyde® or Ir-
silicasome at an irinotecan dose equivalent of 40 mg/kg twice per week for up to six IV
administrations. Saline was used as the negative control. Representative images are shown in
the left panel, with quantitative data display of bioluminescence intensity at the ROI, using
IVIS software. (B) Kaplan-Meier plots to display the survival rate of the different animal
groups in the same experiment (*,p<0.05, Log Rank test). (C) In a separate experiment, the
tumor-bearing mice received similar doses as in (A) twice a week for a total of four
administrations (n = 3). Animals were sacrificed at 24 hr after the last treatment (day 18).
Orthotopic tumors were collected and weighed. (D) IHC analysis of cleaved caspase-3
(CC-3) expression in the orthotopic tumors harvested in (C). Quantification of the number of
CC-3* cells, using ImageScope software (right panel). Bar = 100 um. Data represent mean +
SEM:; *p<0.05 compared to saline; #p<0.05 compared to free IRIN; €p<0.05 compared to
Onivyde®. “n.s.” indicates p>0.05.
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Figure 5. Reduction of bone marrow and Gl tract toxicity by encapsulated irinotecan delivery by
the silicasome.

(A) Peripheral blood was collected to obtain differential WBC and neutrophil counts in non-
tumor-bearing animals 24 hr after receiving 4 IV injections of the various irinotecan
formulations at 40 mg/kg. Bone marrow toxicity was evaluated by H&E staining of sternal
tissue. Normalized total bone marrow cellularity was determined by using Aperio
ImageScope software to calculate the surface area occupied by all cell types (middle panel),
as well as the surface area occupied by nucleated hematopoietic cells (right panel). (B)
Representative H&E images of the sternums. Both low (bar = 400 um) and high (bar = 50
um) magnification pictures are shown. (C) Gl tract toxicity evaluated by IHC analysis to
discern the number of intestinal groups displaying cleaved caspase-3 (CC-3). The intestines
were collected from the experiment in (A). Representative CC-3 IHC staining images in low
(bar = 100 um) and high (bar = 50 um) magnification are shown. (D) Quantitative display of
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the percentage CC-3* cells. Data represent mean + SEM. *<0.05 compared to saline;
#p<0.05 compared to free IRIN; ¥p<0.05 compared to Onivyde®.
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Figure 6. The custom designed Ir-silicasome demonstrate increased efficacy over Onivyde® in an
orthotopic PDAC model.

(A) Intratumoral irinotecan content in orthotopic KPC tumor bearing mice that received a
single 1V injection of the Ir-silicasome, Onivyde®, or free drug at an irinotecan dose
equivalent of 40 mg/kg. The mice were sacrificed after 48 hr or 72 hr, and irinotecan content
at the harvested tumor sites was determined by UPLC-MS as described in Figure 3B. (B)
Efficacy experiment to compare the effects of various irinotecan formulations on primary
tumor growth and metastasis. Orthotopic KPC tumor bearing animals received treatments at
an irinotecan dose of 40 mg/kg twice per week or saline, for a total of three IV
administrations (n = 3). Animals were sacrificed at 24 h after the last treatment; autopsy and
ex vivo bioluminescence imaging were performed to evaluate the primary and metastatic
tumor burden in each group. IHC analysis of CC-3 was performed on primary tumors. (C)
An independent experiment was conducted to determine the survival outcome between Ir-
silicasome vs. Onivyde® (n = 8). Orthotopic KPC-bearing mice received IV injections of an
equivalent dose of 40 mg/kg irinotecan twice per week for a total of six administrations.
Overall survival rate was determined as described in Figure 4 (left bottom panel, *p<0.05,
Log Rank test), and orthotopic tumor growth was monitored by live animal tumor
bioluminescence imaging (Right bottom panel, Figure S18). Data represent mean + SEM.
*<0.05 compared to saline; #p<0.05 compared to free IRIN; ¥p<0.05 compared to
Onivyde®.
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