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4Department of Physics and Astronomy, University of California, Los Angeles, California 90095,
United States

Abstract

In this study we developed a mesoporous silica nanoparticle (MSNP) based platform for high-dose
loading of a range of activated platinum (Pt) chemo agents that could be attached to the porous
interior through the use of electrostatic and coordination chemistry under weak-basic pH
conditions. In addition to the design feature for improving drug delivery, the MSNP could also be
encapsulated in a coated lipid bilayer (silicasome), to improve the colloidal stability after
intravenous (V) injection. We demonstrate improved pharmacokinetics and intratumor delivery of
encapsulated activated oxaliplatin (DACHPt) over free drug in an orthotopic Kras-derived
pancreatic cancer (PDAC) model. Not only did IV injection of the DACHPt silicasome provide
more efficacious cytotoxic tumor cell killing, but could also demonstrate that chemotherapy-
induced cell death is accompanied by the features of immunogenic cell death (ICD) as well as a
dramatic reduction in bone marrow toxicity. The added ICD features were reflected by calreticulin
and HMGB.1 expression, along with increased CD8*/FoxP3* T-cell ratios and evidence of perforin
and granzyme B release at the tumor site. Subsequent performance of a survival experiment,

“To whom correspondence should be addressed: hmeng@mednet.ucla.edu or anel@mednet.ucla.edu.

Competing financial interests: The authors declare the following competing financial interest(s): Andre E. Nel and Huan Meng are
co-founders, board members and equity holders in Westwood Bioscience Inc. UCLA entered into a sponsored research agreement with
Westwood Bioscience Inc. Andre E. Nel and Huan Meng are also co-founders and equity holders in NAMMI therapeutics. The
remaining authors declared no conflict of interest.

Supporting Information Available: Additional figures, table, and methods as described in the text. This material is available free of
charge online.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Keywords

1.

Page 2

demonstrated that the DACHPt silicasome generate a significant improvement in survival
outcome, which could be extended by delayed administrated of the anti-PD-1 antibody.

silicasome nanocarrier; platinum drug; pancreatic cancer (PDAC); immunogenic cell death (ICD);
anti-PD-1 antibody

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal cancer with 5-year survival of
~8%[11. As surgery is only suitable for ~15% of PDAC patients upon diagnosis, the best
clinically available option is to use chemotherapy in the majority of PDAC patients[2]. This
can be accomplished by the use of a gemcitabine (GEM)/Nab-paclitaxel combination or a
four-drug regimen, FOLFIRINOX, which includes folinic acid, 5-fluorouracil, irinotecan,
oxaliplatin[3]. While the recent breakthrough of a modified FOLFIRINOX regimen that
reduces the irinotecan dose has yielded promising results in a phase 3 study, the alternative
use option is still limited due to the occurrence of toxic side effects and chemo-
resistancel3c]. In order to develop a nanocarrier with reduced irinotecan side effects, we have
previously developed mesoporous silica nanoparticles (MSNP) coated with a lipid bilayer
for safer and more efficacious irinotecan delivery[4l. The success of this carrier, also known
as a “silicasome”, was attributed to the ability of a proton-generating trapping agent to allow
remote import of the weak-basic molecule, irinotecan, into the porous packaging space in
the particle interior[4l. This resulted in improved irinotecan delivery, which was
accompanied by a significant improvement in treatment efficacy for PDAC, prolonged
survival, and reduced toxicity compared to the free drug or a liposomal carrier,
Onivyde®I4b],

Oxaliplatin is another active pharmaceutical ingredient (API1) of the FOLFIRINOX regimen
that is very potent but exhibits major, and dose-limiting toxicity (e.g., bone marrow)[. In
addition, oxaliplatin is known to exert immunogenic effects that could be potentially useful
to supplement its chemotherapeutic effects[®l. However, since Pt drugs are coordination
compounds, it is not possible to perform remote loading to obtain MSNPs with high loading
capacity, thereby limiting the utility of this carrier for Pt drugs. It would be of great
advantage to develop MSNPs carriers for efficient Pt drug loading and delivery from the
perspective that ~50% of all cancer patients undergoing chemotherapy receive at least one
type of Pt-based treatmentl”].

Pt-based antineoplastic molecules (Fig. S1) are coordination compounds, with the
generalized chemical structure of cis-[PtAyX5] as shown in Fig. 1. A, represents two
monodentate or one bidentate ligands with a nitrogen donor atoms, while X, are comprised
of two monodentate or one bidentate anionic ligand(s)[8l. When delivered to a tumor site, Pt
drugs provide DNA crosslinking through the formation of platinum-DNA adducts (a.k.a.
alkylation)[®], in addition to the triggering of additional biological responses such as
impacting the signal transducer and activator of transcription (STAT) pathway, induction of
endoplasmic reticulum stress, and immunogenic cancer killing, etd®. This enables the Pt
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drugs, including encapsulated versions[%, to be useful to treat a variety of cancers,
including PDACI?P]. However, since remote loading of these drugs in MSNPs is not an
option, alternative encapsulation attempts have been tried with limited success, yielding a

Pt : MSNP with low (0.87 wt %) loading capacity (LC%) in an unmodified MCM-41
MSNPIL. This triggered additional improvements to increase the LC% to 10~20 wt% by
attaching a carboxy (-COOH) group to the MSNP surface, allowing coordination binding to
cisplatin[121113], Similar attempts were undertaken to improve oxaliplatin loading, providing
an agent with a broader spectrum of activities and reduced cross-resistance compared to
cisplatinl®l. Specifically, COOH-modified MSNP was used for complexation to cis-
dichloro(1,2-diamminocyclohexane) platinum(ll) (a.k.a. DACHPtCI,), which is an
oxaliplatin precursor [141. This resulted in improving the oxaliplatin loading capacity to 16.1
wit%[14]. The downside of a post-grafting carboxy modification, however, is that it interferes
in coating with a lipid bilayer, which is critical for colloidal stability and systemic
biodistribution[15]. This likely explains why the studies were only carried out under tissue
culture conditions, rather than /n vivo.

Herein, we report an intravenously (1V) injectable tailored-designed silicasome carrier for Pt
drug encapsulation. This was achieved by introducing active Pt drugs that can be efficiently
loaded under a carefully designed complexation conditions, making use of weak basic pH
conditions. Instead of using a post-grafting approach, we took advantage of the pH-
dependent properties of the surface silanol groups for electrostatic and coordination binding
of DACHPt, followed by applying a uniform lipid coat to seal the MSNP pores. This
strategy, which is also adaptable for other Pt payloads, allowed the generation of carriers
with colloidal stability and high loading capacity. The availability of a DACHPt silicasome
allowed us to perform efficacy and safety studies in an orthotopic Kras PDAC model. An
additional advantage proved to be the ability to use silicasome-encapsulated DACHPt for
generating immunogenic cell death, and hence the development of a chemo-immunotherapy
approach, where the carrier could be effectively combined with anti-PD-1 antibody for
treatment of orthotopic PDAC tumors.

Results and Discussion

Three common Pt drug payloads were used in this study to develop an effective drug loading
strategy, namely oxaliplatin, cisplatin and dichloro (ethylenediamine) platinum (Pt(en)Cl,)
(Fig. 1A, structures 2—4)[701. It is generally agreed upon that Pt drugs exist as an equilibrium
of “neutral” or “cationic” species in an agueous solution (Fig. 1B)[16]. The binding
equilibrium is dependent on the CI~ ion concentration (C¢j”) as well as pHI6l. While the
neutral drug version is dominant in the blood circulation due to a high C¢|™ (~150 mM), the
formation of an intracellular cationic version is facilitated due to a lower C¢j™ (~30 mM)[7],
Moreover, the cationic formulation is regarded as pharmaceutically active due to the
coordinated crosslinking to DNA, which is instrumental in preventing cancer growth[16],
These findings prompted us to consider loading cationic, activated Pt drugs into MSNP
rather than experimenting with the pristine drugs. This requires the use of “neutral” Pt drugs
where the X5 ligand is represented by CI~ ions. This required the purchasing of
commercially available dichloro(1,2-diaminocyclohexane) platinum(l1) (structure 5 in Fig.
1C) as the neutral version of oxaliplatin, in addition to the use of cisplatin and Pt(en)Cl,,
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which are already in the neutral form. This allowed us to proceed with the synthesis of 3
activated Pt drugs through the introduction of silver nitrate at 70°C, resulting in the
formation of DACHPt (structure 6 in Fig. 1C), DAPt (structure 7 in Fig. 1C) and EDAPt
(structure 8 in Fig. 1C). These represent the activated versions of oxaliplatin, cisplatin and
(Pt(en)Cl,), respectively, and could be derived from high reaction yields (>95%). These
reactions also generated a silver chloride precipitate, which can be easily removed through
centrifugation and filtration.

The synthesis procedure for deriving the Pt-silicasomes nanocarriers is schematically
outlined in Fig. 2A. The schematic illustrates the following steps: (1) synthesis of bare
MSNP, (2) soak-in of the activated Pt drugs under controlled pH conditions, (3) lipid
coating, and (4) purification and sterilization. In order to successfully implement the design
process shown in Fig. 2A, it was necessary to develop a multi-parameter design process that
takes into consideration pH, energy input, feed ratio and lipid coating (Fig. 2A, inserted
table). Sixty-five nm bare MSNP was synthesized using a sol-gel reaction, as previously
reported[4P]. MSNP is an amorphous silica nanocarrier that displays surface silanol
groupsl28l. While our previous studies have characterized the surface silanol groups on
MSNPs[2 it is known that these silanols can be ionized at high pH condition, 7.e. =Si-OH
(low pH) & =Si-O~ (high pH) (Fig. 2B1). Use of the ionized silanols, which exert most of
the negative charge, is advantageous to accomplish attachment of the cationic Pt drugs viaa
combination of coordination and electrostatic interactions (Fig. 2B2). Thus, we asked
whether pH-mediated fine-tuning could increase the abundance and efficiency of drug soak-
in of the carrier. This demonstrated that incremental increase of the negative charge by pH
adjustment from 5.5 to 8.5 could increase the drug binding efficiency of the carrier (Fig.
2C). During incubation of DACHPt with the MSNP to achieve a w/w coupling ratio of 1: 5
for Pt: MSNP, we observed a significant improvement in encapsulation efficiency (EE%), to
achieve ~75% at pH 8.5. This was considerably higher than the EE% at a weak acidic (pH
5.5) or neutral pH (7.4), which could only accomplish values of 25% and 60%, respectively
(Fig. 2C). In addition to pH, we also assessed the effect of stirring vssonication, the soak-in
time, and Pt: MSNP feed ratios to identify the optimal design parameters, as outlined in Fig.
S2.

Following the synthesis of the DACHPt soaked-in bare particles, the MSNPs were coated by
a lipid bilayer (LB), which was accomplished by an ethanol exchange method that resulted
in the formation of a bilayer with a molar ratio of 3:2:0.15 for DSPC: cholesterol: PE-
PEG2K, respectively[4P]. The LB provided rapid and uniform pore sealing, improved
colloidal stability and capable of entrapping drug payloads of ~70% into the porous interior
(Fig. S3). Following experimentation with multi-parameter adjustment, it was possible
through the use of ICP-MS Pt elemental analysis, to accomplish an EE% of ~53% and a LC
% of ~21 wt% (e.qg. oxaliplatin) for the optimized DACHPt silicasome formulation. We also
prepared a control silicasome carrier that encapsulated oxaliplatin by using a passive loading
approach. This demonstrated a ~5x higher LC% and EE% values using the coordination
approach, versus passive loading (Fig. 2D).

In order to confirm the LC% analysis, we conducted elemental mapping at nanostructural
level by performing energy-dispersive X-ray spectroscopy (EDS) in combination with
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scanning transmission electron microscope (STEM) (Fig. 2E). While STEM allowed
visualization of the silicasome morphology, complementary EDS spectrum imaging of the
same regions of interest (ROI) allowed high resolution visualization of the compositional
variations. EDS revealed a strong signature for Pt in the DACHPt silicasome compared to a
weaker signal for the same element in the oxaliplatin silicasome (Fig. 2E). This is in
agreement with the EDS spectrum that showed a Pt/Si element ratio (w/w) of 19.4% for the
DACHPt silicasome compared to a ratio of 3.3% for the oxaliplatin silicasome. We also
observed a phosphorus (P) signal in the EDS, which confirmed particle coating by a
phospholipid containing bilayer.

In order to show the broader application of our loading approach, we also carried out drug
loading studies for DAPt (activated cisplatin) and EDAPt (activated Pt(en)Cl,) at pH 8.5,
followed by lipid coating. ICP-MS analysis confirmed that the LC% and EE% were
improved 5.6 to 8.5-fold, respectively, compared to passive drug loading (Fig. 2F, upper
panel). Improved drug loading was also confirmed by /n situ STEM-EDS visualization (Fig.
2F, bottom panel).

To investigate the /n vivo relevance of improved DACHPt delivery by silicasomes in an
animal tumor model, a freshly prepared batch of DACHPt silicasome was fully
characterized, as shown in Fig. 3A. This includes assessment of the primary and
hydrodynamic particle sizes by cryoEM and DLS, allowing us to show a particle sizes of
82.4 + 2.8 nmand 137.3 £ 1.1 nm (PDI 0.076), respectively. High-magnification cryoEM
images confirmed that there was uniform coating on the MSNP surface by an intact 6-7 nm
thick lipid bilayer (Fig. 3A). The particles were also used to determine drug release by
incubation in H,0, acidified phagolysosomal simulation fluid (PSF) buffer (pH 4.5) and
100% serum (Fig. S4). This showed ~6% drug release from the carrier in H,O at 48 h,
compared to ~20% and ~35% by serum and PSF buffer, respectively (Fig. S4). Before
conducting animal experiment, we also assessed the impact of the carriers on the viability of
human PANC-1 and murine KPC cells. The latter cell line was derived from a spontaneous
Krasl-SL-G12D/+: Typ53LSL-R172H/+- pdx_1-Cre PDAC tumorl20]. An MTS assay was used to
demonstrate that the DACHPt silicasome resulted in roughly the same decrease in cell
viability, as the free drug over 48 h (Fig. S5A and S5B). Since oxaliplatin is also useful for
the treatment of colon cancer, similar cell viability experiments were carried out in MC38
and CT26 colon cancer cells. This demonstrated a dose-dependent cytotoxic effect (Fig. S5C
and S5D). The characterization of the cell death response by the DACHPt silicasome as
immunogenic cell death (ICD) will be discussed later.

To further investigate the impact of the silicasome carrier in an orthotopic PDAC model,
KPC cells were surgically implanted into the tail of the pancreas to establish a primary
cancer that develops metastatic spread and resembles human PDAC in the expression of a
robust dysplastic stroma and poor anti-PDAC immunity[29]. For ease of tumor visualization,
the KPC cells were stably transfected with a luciferase vector, as previously described“2 211,
In order to assess the pharmacokinetics (PK) of the DACHPt silicasome, the plasma Pt
content was quantitatively assessed by ICP-MS in animals receiving a single IV injection of
50 mg/kg MSNPs, which contain a Pt drug content equivalent to 10 mg/kg oxaliplatin. 1V
injection of non-encapsulated oxaliplatin (at identical Pt molar dose) served as the free drug
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control because free DACHPt leads to drug precipitates when interacting with Cl ions in the
blood[X7P]. Blood collection was performed at 5 mins, 3 h, 6 h, 24 h and 48 h after 1V
injection, followed by ICP-MS quantification. The PK profiling, using a two compartment
PKSolver model, was calculated to reflect both the half-live (t,2) in the circulation (a) as
well as for the elimination (B) phasel?2! (Fig. 3B). The area-under-the-curve (AUC) for the
encapsulated DACHPt was determined to be 458.3 + 3.25 pg/mLeh, which was ~40-fold
higher than for the free drug (labeled as “OX”). To assess Pt drug content in tumor,
orthotopic KPC tumor-bearing mice received a single IV injection of drug-laden particles as
in the PK study, followed by animal sacrifice at 48 h. Intratumoral drug content improved
~10-fold for encapsulated vs. free drug delivery (Fig. 3C), which is highly significant (o <
0.001). The DACHPt silicasome also showed abundant distribution to the liver and spleen,
while the kidney also showed a relatively high Pt level for the encapsulated vs. the free drug
(Fig. S6).

An efficacy study was performed by IV injection of the silicasome carrier eight days after
orthotopic KPC implantation in the pancreas of B6129SF1/J mice (Fig. 3D). This translates
into starting treatment at a primary tumor size of 5~7 mm in the absence of macro-
metastases[?Ll. IV injections were repeated every 3 days for a total of 3 administrations. The
control groups included animals receiving 1V saline or free oxaliplatin. Please notice that
this experiment did not include free DACHPt because the drug is unstable in the systemic
circulation due to the high concentration of chloride ions!27P: 231, The tumor growth at the
primary and metastatic sites was followed by IVIS bioluminescence imaging up to the time
of concluding the experiment on day 17 (Fig. 3D, right). This demonstrated a lower tumor
burden and metastatic spread in response to treatment with the DACHPt silicasome
compared to saline and free drug (v < 0.05). We also assessed the primary tumor weight,
which demonstrated ~60% tumor inhibition by the DACHPt-loaded silicasome compared to
~5% inhibition by the free drug (Fig. 3D, left). This difference was statistically significant (p
<0.05).

Overcoming chemotherapy side effects is an important objective of nano-based
chemotherapy [24]. In order to determine if therapeutic safety also applies to the DACHPt
silicasome, histological analysis was performed on all the main organs and the bone marrow.
In contrast to the major reduction (>50%) in cellularity of the hemopoietic bone marrow
cells by the free drug, there was no noticeable decrease in cellularity during treatment with
the DACHPt silicasome, similar to saline administration (Fig. 3E). This finding is of
significance from the perspective that PDAC patients frequently develop grade 3—-4
neutropenia upon administration of oxaliplatin[®]. Histological examination of other major
organs, such as liver, spleen, kidney, lung and heart, did not show any gross pathology in any
of the treatment groups (Fig. S7). This is in agreement with our previous drug delivery
studies using different mesoporous silica nanoparticle based formulations i viva4 21 251,

While clearly efficacious for chemotherapy delivery in the orthotopic PDAC model, we were
also interested to see whether encapsulated DACHPt exerts an ICD effect, similar to what
was described for oxaliplatin[26l. ICD represents a unique form of apoptotic cell death that is
accompanied by a chemo-induced cell stress response, characterized by the expression of
calreticulin (CRT) and the release of adjuvant stimulil262 271 While CRT expression on the
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dying tumor cell surface provides an “eat-me” signal to antigen-presenting cells (APC)[26],
the subsequent release of high-mobility group box 1 (HMGB1) from the dying tumor cells
provide an adjuvant stimulus for APC maturation (Fig. 4A)[26a. 26c-f, 28] |t is also highly
feasible to consider combining the ICD stimulus with an immune checkpoint inhibitor (ICI)
such as anti-PD-1 towards combination immunotherapy!28l. In order to investigate whether
DACHPt induces CRT expression and HMGB1 release in KPC cells, an /n vitro experiment
was performed in cultured cells that were exposed to the DACHPt as well as oxaliplatin
(Fig. S8). This demonstrated effective killing of 70% of the cells by both treatments after 24
h. Immunofluorescence staining with an anti-CRT primary antibody, followed by Alexa
Fluor® 488 conjugated secondary antibody, demonstrated a significant increase in cell
surface CRT expression during performance of flow cytometry (Fig. 4B, upper panel). We
also performed an ELISA assay to measure HMGBL release into the supernatant,
demonstrating increased release of HMGBL1 from treated cells (Fig. 4B, lower panel). In
order to determine whether the vitro ICD biomarker expression translates into /n vivo
immunogenic effects according to a consensus ICD guidelinel2%], we also performed a
vaccination study in a syngeneic KPC animal model. Suspensions of dying tumor cells,
generated by oxaliplatin or DACHPt exposure for 24 h, were subcutaneously injected on 2
occasions (7 days apart) in left flank of immunocompetent B6129SF1/J mice. This was
followed by tumor re-challenge on the contralateral side, using untreated KPC cells (Fig.
4C). The magnitude of the growth inhibition on the contralateral side demonstrated that both
treatments could result in growth retardation, implying immunogenic effects (v < 0.05).
Notably, 1 (out of 6) mouse in the DACHPt-treated group remained tumor free (see
“spaghetti curves” in Fig. S9A). Tumor weight measurements (Fig. S9B) confirmed the
reduction in tumor volume. Importantly, immunohistochemistry (IHC) analysis of the
remove tumor tissue showed an increase in infiltration by CD8* T-cells in parallel with a
reduced number of Foxp3* regulatory T cell (Treg) for both oxaliplatin and DACHPt
treatment (Fig.4D). This amounted to a respective increase of 4.8- and 6-fold in the CD8*/
Tregs cell ratios compared to PBS control (Fig. 4D).

Given this background, we proceeded to the performance of IHC staining for ICD markers,
and immune activation in the tumor tissues harvested from the animals treated with the
DACHPt silicasomes and oxaliplatin in Fig. 3D. This analysis demonstrated that
encapsulated DACHPt was capable of inducing significantly higher CRT expression
compared to animals treated with free drug (p < 0.05), or saline (p < 0.01) (Fig. 5A).
Representative IHC pictures for CRT staining appear online (Fig. S10A). The /n vivo CRT
data are further supported by increased CRT expression in cultured KPC cells exposed to
silicasome-encapsulated DACHPt or free drug controls (Fig. S10B). The DACHPt
silicasome induced comparable CRT expression on the KPC surface as free OX and
DACHPt /n vitro. Similar findings were obtained during IHC staining to assess HMGB1
release (Fig. 5B); this required software analysis to quantify protein release from damaged
nuclei (Fig. S11). Moreover, we also evaluated the number of CD8" T cells and FoxP3*
Tregs at the tumor site. This resulted in a significant increase in the CD8%/Treg ratio
compared to free drug (p < 0.05) or the saline control (p < 0.001) (Fig. 5C). Representative
IHC images appear online (Fig. S12). Impressively, we observed significantly increased
staining for perforin and granzyme B at the tumor site of animals treated with the DACHPt
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silicasome compared to free drug (v < 0.01) or the saline control (p < 0.001) (Figs. 5D and
5E). Representative IHC images appear on the right-side panels.

To confirm the therapeutic benefit of the DACHPt silicasome in the efficacy study, we also
performed a survival outcome study in the KPC orthotopic model, using the same dosimetry,
and frequency of DACHPt silicasome administration as for Fig. 3D, with minor
modifications (Fig. 6). We also included the use of the treatment with anti-PD-1 in this
analysis to determine whether the generation of a “hot” immune environment (as a result of
the ICD effect by encapsulated DACHPt) could affect the survival outcome through a
chemo-immunotherapy effect. Consistent with the efficacy study, the DACHPt silicasome
significantly improved the survival outcome compared to saline and free oxaliplatin in the
syngeneic orthotopic KPC model (p < 0.05). Moreover, the performance of the already
efficacious DACHPt silicasome was further enhanced by anti-PD-1 antibody, leading to a
significant prolongation of the animal life span (p < 0.05). No obvious benefits were
observed in the treatment using free oxaliplatin alone or anti-PD-1 alone. This likely reflects
inadequate oxaliplatin access to the tumor site[23] as well as low immunogenicity of the
PDAC tumor as a result of the low mutational load and a relatively “cold” tumor
microenvironment in the absence of an immunogenic stimulus(3%],

3. Conclusions

In this study, we developed a facile and effective drug loading approach to allow Pt drug
delivery by a silicasome nanocarrier. This required the use of activated Pt drugs for efficient
loading, and electrostatic/coordination attachment to the porous interior under weak basic
conditions. Additional coating of the MSNPs surface by a lipid bilayer allowed secured
entrapment of the Pt drug molecules, in addition to providing colloidal stability and effective
systemic biodistribution. This was corroborated by the improved PK profile and intratumoral
drug delivery by the DACHPt laden silicasome over free drug in the orthotopic KPC model.
IV injection of DACHPt silicasome also demonstrated efficacy in the chemotherapy
response of the tumor along with a significant reduction in bone marrow toxicity. In
addition, the tumor killing response was associated with an ICD response that was reflected
by increased biomarker expression for ICD and recruitment of cytotoxic T-cells. In a
separate survival experiment, IV injection of DACHPt silicasome led to a significantly
improved survival benefit compared to the free drug. Moreover, the efficacy of the chemo-
immunotherapy response was further enhanced by the co-administration of anti-PD-1
antibody. Collectively, the successful development of a facile and versatile Pt silicasome
offers great promise in improving the therapeutic index of Pt-based chemotherapy agents,
both as a monotherapy as well as in combination with checkpoint inhibitors.

4. Experimental Section

Materials

Tetraethylorthosicate (TEOS), triethanolamine (TEA-ol), triethylamine (TEA)
cetyltrimethylammonium chloride solution (CTAC, 25 wt% in water), silver nitrate(AgNQ3),
nitric acid (HNO3), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), dextrose,
dichloro(1,2-diaminocyclohexane)platinum(l1) (DACHPtCI,), cis-diammineplatinum(ll)
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dichloride (cisplatin), and dichloro(ethylenediamine)platinum(ll) (Pt(en)Cl,) were
purchased from Sigma-Aldrich, USA. 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC),
1,2-distearoyl-sn-glycero-3-phospho-ethanol amine-N-[methoxy(polyethylene glycol)-2000]
(ammonium salt) (DSPE-PEG»qqp), and cholesterol (Chal) were purchased from Avanti
Polar Lipids, USA. Oxaliplatin was purchased from LC Laboratories, USA. Murine anti-
PD-1 antibody (#BE0146) and InVivoPure pH 7.0 dilution buffer (#1P0070) were purchased
Bio X Cell (New Hampshire, 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. Matrigel- Matrix Basement Membrane was purchased from BD Bioscience.

Preparation of cationic and activated Pt drugs: DACHPt, DAPt and EDAPt

To achieve efficient drug loading, a list of cationic and activated Pt drugs were prepared as
detailed in the literature, with minor modification3Xl. Taking DACHPt for example,
DACHPtCI, (506 mg, 1.33 mmol) and AgNO3 (406 mg, 2.39 mmol) were added in 9.37 mL
DI H,0. The molar ratio of AgNO3 : DACHPtCI, was 1.8 : 1. Subsequently, 93.7 uL of a
5% HNO3 solution was added to the mixture to achieve an acidic pH of < 2. The suspension
was wrapped in aluminum foil and placed in a 70°C oil bath, with stirring overnight (~16 h).
The mixture was cooled on ice and stored in a 4°C refrigerator overnight. The sample was
spun down at 4,000 rpm for 10 min and the supernatant filtrated through a 0.22 um syringe
filter to obtain the final product, DACHPt. The DAPt and EDAPt aqueous complexes were
prepared in similar fashion from commercially available cisplatin and Pt(en)Cly,
respectively. The ratio of AgNO3: cisplatin (or Pt(en)Cl,) remained the same (1.8 : 1),
corresponding to 51 mg AgNO3 plus 50 mg cisplatin or 47 mg AgNO3 plus 50 mg
Pt(en)Cls, respectively. The Pt concentration was determined by ICP-MS (NexION 2000,
PerkinElmer). We also used ICP-MS to measure the Ag ion concentration to ensure the
removal of AgCl from our samples.

Synthesis, purification, and characterization of cationic and activated Pt drugs laden

silicasomes

Sixty-five nm bare MSNPs were synthesized at 18 L scale and purified by extensive acidic
ethanol washing to remove the CTAC detergent, as reported previously[4l. In order to
determine the optimal loading condition, we experimented with multiple rounds of drug
loading to find the optimal pH, incubation time, sonication condition, and particle/drug feed
ratio, etc. Details of the protocol optimization appear online (Fig. S2). In the case of
DACHPt loading, purified MSNP (20 mg) from ethanol stock solution was spun at 15,000
rpm for 15 min, and resuspend in 1 mL HEPES buffer (200 mM, pH 8.5). The MSNP
suspension was spun down and resuspend in 0.5 mL HEPES buffer (200 mM, pH 8.5). Then,
160 pL DACHPt solution (25 mg/mL, e.q. Pt) and 340 pL pure H,O were added to the
MNSP suspension (40 mg/mL, 0.5 mL). The mixture was sonicated for 10 min. In a
sonication water bath. The DACHPt-laden MSNPs were spun down at 15,000 rpm for 12
min, followed by collecting the supernatant for Pt elemental analysis by ICP-MS. This
allowed us to calculate the amount of drug associated with MSNP. Drug-soaked MSNPs
were further used to introduce surface lipid coating. Briefly, the DACHPt-laden MSNP
pellet was resuspended in 1 mL 5% Dextrose 5 mM HEPES buffer (pH 7.4, absence of CI~
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ion) and added to the lipid suspended in an ethanol solution (32 mg DSPC, 10.8 mg Chol
and 5.6 mg PE-PEG>, in 100 pL ethanol) at 65 °C. The mixture was sonicated by probe
sonication (Ultrasonic Processor Model VCX130, 40% amplitude) at a 10s/5s on/off cycle
for 5~10 mins. After sonication, the particles were purified by washing with 5% Dextrose 5
mM HEPES buffer (pH 7.4) through two rounds of centrifugation at 15,000 rpm for 15
mins. The washed DACHPt silicasome sample was re-suspended in 5% Dextrose 5 mM
HEPES buffer (pH 7.4) and filtered across a 0.22 um filter for sterilization. Similarly, the
DAPt and EDAPt silicasomes were prepared by the similar procedure as above. In order to
compare the complexation synthesis of Pt silicasomes to silicasomes that passively
encapsulate oxaliplatin, cisplatin and Pt(en)Cl,, 20 mg bare MSNPs were mixed with a 4 mg
equivalent Pt of the drugs dissolved in DI water during vigorously stirring for 24 h. The drug
soaked MSNPs were subsequently used for applying the lipid coating, as described above.

The Pt drug content of the final synthesized products was determined by ICP-OES or ICP-
MS by diluting the sample in 2% HNO3. The encapsulation efficiency was defined as EE%
= [the total amount of encapsulated Pt drug (/77)]/[the total amount of Pt drug (/775)] % 100%.
Drug loading capacity was defined as LC% = [the total amount of encapsulated Pt drug
(/Myrug))/[the total amount of particle (/7vsnp)] X 100%. Particle hydrodynamic size and
zeta potential were measured by a ZETAPALS instrument (Brookhaven Instruments
Corporation). The final product was visualized by cryoEM (TF20 FEI Tecnai-G2) to confirm
the uniformity and integrity of the coated lipid bilayer. The energy-dispersive X-ray
spectroscopy (EDS) and element mapping were performed by scanning transmission
electron microscopy (STEM) in a FEI Titan 80-300 kV TEM.

The KPC pancreatic adenocarcinoma cell line, which was derived from a spontaneous tumor
originating in a transgenic Kras-SL-G12D/+: Typ53LSL-R172H/+- pdy_1_Cre mouse (B6/129
background): 20b. 211 \as cultured in DMEM, containing 10% FBS, 100 U/mL penicillin,
100 pg/mL streptomycin, 2 mM L-glutamine and 1 mM sodium pyruvate. To allow
bioluminescence imaging, the KPC cells were permanently transfected with a luciferase-
based lentiviral vector in the UCLA vector core facility, followed by a limiting dilution
cloning as we previously described[4al,

Cytotoxicity MTS assay

Cytotoxicity testing of free Pt drugs or drug-laden silicasomes was performed by using a
standard MTS assay (CellTiter 96® AQueous One Solution Cell Proliferation Assay,
Promega). PDAC cells were plated at a density of 5x102 cells perwell in a 96-well plate and
cultured for 24 h before the medium was replaced with fresh medium containing free OX,
free DACHPt or DACHPt laden silicasome at indicated concentrations. Non-treated cells
were used as control. After treatment for 48 h, the medium was replaced with 100 pL of
fresh medium containing MTS solution (5:1, v/v medium/ CellTiter 96® Aqueous stock
solution), and the cells were further cultured at 37°C for 1 h. The absorbance of the culture
wells at 490 nm was recorded by a microplate reader (M5e, Molecular Device, USA). Wells
receiving the MTS solution without cells were used as blank. The relative cell viability (%)
is [(the absorption of treated well - blank)/(the absorption of control well - blank)] x100%.
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Animal purchase and study permission

PK study

Female B6129SF1/J mice (JAX 101043) were purchased from The Jackson Laboratory, and
maintained under pathogen-free conditions. All animal experiments were performed
according to protocols (#2009-134) approved by the UCLA Animal Research Committee.

The PK study was performed on 10~12-week-old healthy female B6129SF1/J mice. The
animals received a single 1V injection of free OX or DACHPt silicasome at a Pt dose of 4.95
mg/kg (equal to oxaliplatin dose of 10 mg/kg), followed by collection of blood samples at 5
min, 3, 6, 24, and 48 hrs. After separation of the plasma fraction, the plasma samples were
digested with HCI: HNOg3 3:1, v/v) in a hot-block, before replenishment in 2% HNO4 for
ICP-MS analysis of the Pt content. The PK data were analyzed by PKSolver software, using
a two-compartment model[22],

Tumor drug content and biodistribution study

An orthotopic KPC tumor model in immunocompetent B6129SF1/J mouse was established
as described previously[4 211, Briefly, 30 uL of DMEM/Matrigel (1:1 v/v), containing
~1x10% KPC-luc cells, was injected into the tail of the pancreas in female B6129SF1/J mice
(8~10 weeks) by a sort surgical survival procedurel# 211, To determine the tumor drug
content and biodistribution, tumor bearing mice received a single 1V injection of free OX or
DACHPt silicasome at a Pt dose of 4.95 mg/kg. Animals were sacrificed 48 h post-injection,
followed by tumor and tissue collections. These samples were accurately weighted, and
followed by digestion using aqua regia in a hot-block and reconstructed in 2% HNO3 for
ICP-MS measurement to determine the Pt content.

Assessment of anti-PDAC efficacy by the DACHPt silicasome in the orthotopic KPC model
described above

KPC-luc cells (~1x10%) were orthotopically injected into the pancreas in mice. Eight-day
post-surgery, the tumor-bearing mice received IV injections of DACHPt silicasome at Pt
dose of 2 mg/kg. The control includes saline as well as free oxaliplatin. This dose
arrangement is in agreement with the literature[23]. Tumor-bearing mice received IV
injection of the indicated therapy every 3 days for a total of 3 administrations. Before animal
sacrifice (72 h post the last IV injection), the mice received intraperitoneal injection of D-
luciferin, followed by ex vivo bioluminescence imaging using an VIS imaging system.
Primary tumor and major organs (e.g. sternum, heart, liver, spleen, lung and kidneys) were
harvested and fixed in 10% formalin, followed by paraffin embedding and sectioning to
provide 4 um slices for histological analysis in the UCLA Translational Pathology Core
Laboratory (TPCL). H&E staining was performed to look at the pathological abnormality in
mice receiving different treatments. The H&E slides for toxicity assessment were read in a
blinded fashion by an experienced veterinary pathologist.

Identification of DACHPt as an ICD-inducing agent

Surface CRT expression was visualized by immunofluorescence (IF) staining using an anti-
CRT primary antibody, followed by the incubation with Alex488 conjugated secondary
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antibody. Briefly, ~1.5x10% KPC cells were seeded into an 8-well confocal chamber slide.
After 24 h, the cell culture medium was replaced with fresh medium containing the chemo
agents, following which the cells were incubated for another 24 h. The cells were washed
twice in cold PBS and fixed with 4% paraformaldehyde (PFA) at room temperature (r.t.) for
15 mins. After fixation, the cells were washed twice with cold PBS and blocked with 1%
BSA in PBS for 0.5 h. The cells were incubated with anti-CRT primary antibody (ab2907,
1:200) in 200 pL blocking solution at 4 °C overnight, followed by washing with PBS and
staining with secondary antibody (Alex488 conjugated goat anti-rabbit secondary antibody;,
A-11008, 1:1000) together with the nuclear dye, Hoechst 33342, at r.t. for 1 h. The cells
were washed with PBS, then imaged by using a Leica SP8-MD confocal microscope under
the 100x objective lens.

Surface CRT expression was measured by flow cytometry as previously described[272],
Briefly, 7.5x10% KPC cells were seeded into 24-well plates. After cell attachment, KPC cells
were treated with free oxaliplatin and DACHPt (500 uM), for 24 h. The loosely attached
cells were combined with trypsin-treated at adherent cells. The cells were washed in cold
PBS and then stained on ice with a primary anti-CRT antibody (Abcam, ab2907, 1: 140) in
200 pL BD staining buffer for 0.5 h. The cells were washed in cold PBS and stained with an
Alexa Fluor® 680-conjugated secondary antibody (LifeScience Technologies #A21244) for
30 min on ice. After washing in cold PBS, the cells were assessed in a LSRII flow cytometer
(BD Biosciences). In the same experiment, the cell culture media were spun down to collect
the supernatants for HMGB1 detection by an ELISA kit (Catalog# ST51011, IBL
International GmbH), according to the manufacture’s instruction.

Moreover, we also validated the ICD effect of DACHPt in a vaccination experiment, using a
published protocoll2%]. Briefly, eight million KPC cells were seeded in a tissue culture dish.
After cellular attachment, DACHPt or free oxaliplatin (500 uM) were added for 24 h. Cells
were collected and washed before being resuspended in 0.8 mL cold PBS. For vaccination,
each mouse received subcutaneous injection (SC) of a 100 pL suspension of chemo-treated
cells in the right flank. Control animals received PBS only. The vaccination was repeated
after 7 days. Fourteen days after the 15t vaccination, the same mice received the SC injection
of healthy KPC cells (1x108 cells) in the contralateral side. Tumor growth was measured by
a digital caliper every 2-3 days. At the conclusion of the vaccination experiment (Day 26),
animals were sacrificed and the tumors collected for IHC immunophenotyping of CD8* T
cells and FoxP3* Treg cells. Primary antibodies to CD8 (#14-0808-82, 1: 100) and FoxP3
(#13-5773-82, 1: 200) were purchased from ThermoFisher. IHC staining was performed in
the UCLA Translational Pathology Core Laboratory (TPCL). The slides were scanned and
images were assessed by using Aperio ImageScope software (Leica).

Investigation of ICD and immune activation by silicasome encapsulated DACHPt in the
orthotopic KPC model

The tumor tissues in the efficacy study (Fig. 3D) were used for further immunophenotyping
with the focus of ICD induction and immune activation. Primary antibodies that recognizes
ICD biomarkers include CRT (ab2907, 1: 200) and HMGB1 (ab18256, 1: 200). We also

measured immune activation markers, such as CD8" T cells (#14-0808-82, 1: 100), FoxP3*
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Treg (#13-5773-82, 1: 200), granzyme B (ab4059, 1: 100), and perforin (ab16074, 1: 100)
through IHC staining. The slides were scanned and images were analyzed by using Aperio
ImageScope software (Leica).

Assessment of the survival outcome using DACHPt silicasome w/wo anti-PD-1 in an
orthotopic KPC tumor model

Tumor-bearing mice were randomly assigned into 6 groups (n = 5-7) and received IV
injection of Pt drug formulations twice perweek as designed in Fig. 6. Anti-PD-1 antibody
was injected at 100 pg/animal intraperitoneally two days later after each Pt chemo injection.
To assess survival rate, animals were monitored daily up to the stage of spontaneous death or
approaching moribund status based on the criteria of extensive abdominal ascites, severe
dehydration, significant weight loss (>20%), extreme weakness or inactivity[4: 21 321 The
survival data were plotted as Kaplan-Meier curves, followed by statistical analysis by Log
Rank testing (Mantel-Cox), using GraphPad Prism 7.00 software.

Statistical analysis

Comparative analysis of differences between groups was performed using the 2-tailed
Student’s #test (Excel software, Microsoft) for two-group comparison. 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 GraphPad
Prism 7.00 software. 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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Fig. 1.
Synthesis of activated Pt drugs for the purpose of encapsulation by silicasomes. (A) Pt drugs

are coordination compounds, with the basic structural composition of cis-[PtA2X5]. Ay, i.e.,
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two monodentate or one bidentate ligand with nitrogen donor atoms; X,: two monodentate
or one bidentate anionic ligand(s). Representative Pt drugs studied in this project include
oxaliplatin, cisplatin and Pt(en)Cl,. (B) Pt drugs in aqueous solution exist as equilibration
species that can be depicted as “neutral” or “cationic”; the cationic variant is
pharmaceutically active and capable of providing DNA cross linking. (C) Synthesis of
cationic and active version of Pt drugs. This resulted in DACHPt (for oxaliplatin), DAPt (for
cisplatin) and EDAPt (for Pt(en)Cly), respectively. The yield of these reactions is high, 7.e.
~95%.
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Cisplatin LC: 2.9% DAPt LC%: 16.3% (5.6 fold increase)
EE%: 9.5% EE%: 52.9%

Pt(en)ClI, LC%: 2.1% EDAPt LC%: 18.1% (8.5-fold increase)
EE%: 6.3% EE%: 54%

Pt/Si merge

Fig. 2.

Dgsign, synthesis and characterization of silicasomes, that contain the activated Pt drug. (A)
The top panel provides a schematic that outlines the synthesis steps for tailored construction
of silicasomes, incorporating the active Pt drug. The key parameters that govern successful
drug loading are outlined in the table (lower panel). (B) pH adjustment to attain weak-basic
conditions, favorable for drug loading. At basic pH, silanol groups can be ionized, /.e. =Si—
OH &< =Si-0™ (B1), leading to a surface that allows efficient drug attachment via
coordination chemistry and electrostatic binding (B2). (C) Zeta potential value of bare
MSNP is pH-dependent. The development of a negative surface charge at pH 8.5 leads to the
highest level of Pt drug binding, as exemplified by DACHPt. Other loading parameters, such
the sonication condition, feed ratio, incubation time, efc., were systemically optimized, as
illustrated online (Fig. S2). (D) After experimenting with multiple reaction conditions, it was
possible to accomplish a ~5x increase in terms of EE% and LC%, as determined by ICP-MS
analysis of Pt. The same binding level could not be achieved by a passive loading strategy.
(E) Ultrastructural /in situ STEM-EDS imaging confirmed the improved drug loading by
coordination chemistry and electrostatic binding. The Pt/Si ratio (w/w) was determined to be
19.4% for the DACHPt silicasome, which is ~6x higher than a silicasome passively
entrapping oxaliplatin. (F) And approximate 5-9x fold improvement in drug loading was
also achieved for DAPt and EDAPt, according to ICP-MS analysis; this was also confirmed
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by STEM-EDS visualization. The hydrodynamic sizes of DAPt silicasome and EDAPt
silicasome were 138.1 £ 1.5 nm (PDI: 0.113) and 137.8 +£ 0.2 nm (PDI: 0.146).
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Fig. 3.
The DACHPt silicasome improves the PK, biodistribution and anti-cancer efficacy over the

free drug in a KPC-derived orthotopic model. The encapsulated delivery also improves drug
safety. (A) Before animal experimentation, the DACHPt silicasomes were fully
characterized, including by cryoEM visualization. The physicochemical properties are
summarized. (B-C) PK profile in healthy mice (B) and Pt drug content in orthotopic KPC
tumor (C) after the animals received a single 1V injection of free oxaliplatin or DACHPt
silicasome at identical Pt dose, 7.e. 4.95 mg/kg (n = 3). PK parameters were calculated by
PKSolver software. Pt content was quantified by ICP-MS. Data represent mean + SD; ***, p
< 0.001 (two-tailed Student’s #test). (D) Comparative efficacy testing of DACHPt
silicasome vsfree oxaliplatin in the orthotopic KPC model in B6129SF1/J mice. KPC-luc
tumor-bearing mice received the free drug or DACHPt silicasomes 8 days after initial tumor
implantation. A total of 3 IV administrations were performed. Saline was used as a negative
control. In addition to assessing primary tumor size by weight, tumor size and metastases
were also assessed by VIS imaging as shown in the right-hand panel. Data represent mean +
SEM; *, p<0.05 (one-way ANOVA followed by a Tukey’s test). (E) Histological analysis
of bone marrow by H&E staining in the efficacy experiment in (D). Bar in upper panel is
400 um and in lower panel is 50 um. Additional histological analysis to show treatment
safety in various organs are shown online (Fig. S7).
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Fig. 4.

DACHPt induces immunogenic cell death (ICD) in the KPC tumor model. (A) Schematic to
illustrate the action of DACHPt as an inducer of ICD. Select Pt chemo agents, such as
DACHPt, induce and immunogenic response in which CRT expression on the dying cancer
cell surface provides an “eat-me” signal for APC cells. The response is also accompanied by
the release of adjuvant stimuli, such as HMGB1, which promote APC maturation and cross-
presentation of endogenous tumor-associated antigens. This can lead to the activation and
recruitment of CD8* T cells capable of mediating cytotoxic cancer cell death by the release
of perforin. (B) Upper panel: Confocal microscopy showing the appearance of CRT on the
KPC cell surface treated with oxaliplatin or DACHPt (500 uM) for 24 h. Bar is 20 um.
Green: CRT,; Blue: Nuclear. Lower panel: CRT expression was assessed by flow cytometer
(left panel) and HMGB1 release was determined by ELSLA (right panel) in KPC cells
exposed to oxaliplatin or DACHPt (500 pM) for 24 h. Data are expressed as mean + SD,
n=3. *, p< 0.05 compared to PBS control (one-way ANOVA followed by a Tukey’s test).
(C) In vivo confirmation of the ICD effect by a vaccination study, in which healthy
B6129SF1/J mice first received treatment with the chemo -induced dying KPC cells in one
flank on two occasions one week apart, followed by injection of live KPC cells on the
contralateral side. Tumors on the contralateral side were collected on day 26. (D) The tumor
tissue was used for IHC analysis of CD8* and Foxp3™ T cell appearance, allowing us to
calculate a CD8"/Foxp3™ ratio. Data are expressed as mean + SEM, n=6. *, p<0.05 (one-
way ANOVA followed by a Tukey’s test). Bar is 50 pm.
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Fig. 5.

Immunogenic effects of the DACHPt silicasome in orthotopic PDAC tumors. The data were
generated from the same efficacy study described in Fig. 3D. (A-C) IHC analysis shows the
appearance of ICD biomarkers (CRT and HMGBL1) as well as recruitment of activated CD8*
and Foxp3™* T-cells at the tumor site. A more comprehensive array of panels from the IHC
staining data are shown in Supplementary Figure S10. (D-E) Assessment of perforin (D) and
granzyme B (E) expression in the efficacy study. Data are expressed as mean + SEM, n=3. *,
p<0.05; ** p<0.01; ***, p<0.001 (one-way ANOVA followed by a Tukey’s test). Bars
are 50 um.
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Animal survival study in the orthotopic KPC model, treated with DACHPt silicasome w/wo
anti-PD-1 antibody. KPC tumor-bearing mice were treated with DACHPt silicasome at a Pt
dose equivalent of 2 mg/kg IV every 3—4 days, with or without IP administration of 100 pg
anti-PD-1 antibody. We also included free oxaliplatin with or without anti-PD-1 for
comparison. While chemotherapeutic agent was administrated for 3 times, a total of 4
administrations was given for the antibody, as we outlined on the top panel. Saline and anti-
PD-1 antibody alone were also used as controls. Kaplan-Meier plots were used to display the
survival rate of the different animal groups (n=5-7, *p < 0.05, Log Rank test).
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