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Combination Chemo-Immunotherapy for Pancreatic Cancer
Using the Immunogenic Effects of an Irinotecan Silicasome
Nanocarrier Plus Anti-PD-1

Xiangsheng Liu, Jinhong Jiang, Yu-Pei Liao, Ivanna Tang, Emily Zheng, Waveley Qiu,
Matthew Lin, Xiang Wang, Ying Ji, Kuo-Ching Mei, Qi Liu, Chong Hyun Chang,
Zev A. Wainberg, Andre E. Nel,* and Huan Meng*

There is an urgent need to develop new life-prolonging therapy for pancreatic
ductal adenocarcinoma (PDAC). It is demonstrated that improved irinotecan
delivery by a lipid bilayer coated mesoporous silica nanoparticle, also known
as a silicasome, can improve PDAC survival through a chemo-immunotherapy
response in an orthotopic Kras-dependent pancreatic cancer model.
This discovery is premised on the weak-basic properties of irinotecan, which
neutralizes the acidic lysosomal pH in PDAC cells. This effect triggers a linked
downstream cascade of events that include autophagy inhibition, endoplasmic
reticulum stress, immunogenic cell death (ICD), and programmed death-ligand
1 (PD-L1) expression. ICD is characterized by calreticulin expression and
high-mobility group box 1 (HMGB1) release in dying Kras-induced pancreatic
cancer (KPC) cells, which is demonstrated in a vaccination experiment
to prevent KPC tumor growth on the contralateral site. The improved delivery
of irinotecan by the silicasome is accompanied by robust antitumor immunity,
which can be synergistically enhanced by anti-PD-1 in the orthotopic
model. Immunophenotyping confirms the expression of calreticulin, HMGB1,
PD-L1, and an autophagy marker, in addition to perforin and granzyme
B deposition. The chemo-immunotherapy response elicited by the silicasome
is more robust than free or a liposomal drug, Onivyde. The silicasome
plus anti-PD-1 leads to significantly enhanced survival improvement,
and is far superior to anti-PD-1 plus either free irinotecan or Onivyde.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC)
is a lethal disease with a 5-year survival
rate of ≈8%.[1] According the guidelines of
the American Cancer Society, the best avail-
able chemotherapy options for advanced
disease are treatment with gemcitabine
(GEM)/nab-paclitaxel or a four-drug regi-
men, known as FOLFIRINOX (folinic acid,
5-fluorouracil, irinotecan, oxaliplatin) (Fig-
ure 1A).[2] The FOLFIRINOX regimen was
modified in 2018 to allow resected PDAC
patients to be treated with a reduced irinote-
can dose (150 instead of 180 mg m−2)
for 24 weeks.[2d] The outcome was en-
couraging in the patients who had been
resected, demonstrating a median overall
survival of 54.4 months in the modified
FOLFIRINOX group versus 35.0 months
in the control arm (GEM monotherapy)
(p < 0.01).[2a,d] While more clinical valida-
tion studies are ongoing, it is suggested
that the modified regimen is gaining sup-
port. Moreover, recent studies of liposomal
irinotecan (Onivyde) have led to its approval
in metastatic pancreas cancer in patients
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having progressed on gemcitabine.[3] This provided the first ev-
idence that a liposomal formulation of irinotecan in pancreatic
cancer has clinical utility.

In addition to new ways in which chemotherapy is being used,
we are drawing on the game-changing advances that have been
introduced immune checkpoint inhibitors (ICIs) to treat can-
cers such as melanoma, renal, and lung cancer.[4] However, there
has been little success in the use of immune checkpoint block-
ing antibodies in PDAC.[5] While anti-PD-1 antibody (Keytruda)
was approved for PDAC patients with rare genetic mutations
(i.e., microsatellite instability or mismatch repair deficiency),
this treatment option only impacts less than 1% of cases.[6] Al-
though the exact rate of PD-L1 expression in PDAC is contro-
versial, several studies have suggested that this biomarker is ex-
pressed in only ∼10% of cases.[7] However, higher rates have
also been reported,[8] which is indicative of the heterogeneous
PDAC immune landscape as well as the lack of consensus in how
to perform PD-L1 quantification.[9] Nevertheless, it is generally
agreed upon that the general lack of expression of immune check-
point receptors is an important reason for the poor response
to PD-1/PD-L1 blockade in this disease.[7a,9] Other factors, such
as low tumor immunogenicity (“cold tumors”), low mutational
load, poor drug access, accumulation of regulatory T-cells (Tregs),
stroma-mediated immunosuppression, and regional expression
of a host of additional immune escape pathways also contribute
to failed immunotherapy in PDAC.[10]

In spite of the poor response to chemotherapy, it has become
popular for many solid tumors, including PDAC, to address the
immune-suppressive tumor microenvironment (TME) by intro-
ducing combination therapy in an attempt to augment the ICI
responsiveness.[5a,11] A promising approach is to utilize the im-
munogenic properties of certain chemotherapeutic agents, such
as anthracyclines (e.g., doxorubicin, DOX) or oxaliplatin (OX),
capable of increasing the recruitment of cytotoxic T cells (CTL)
to the “cold” TME, i.e., switching its immune status to “hot.”[12]

This immunogenic effect is dependent on off-target effects of the
chemo agents on cellular sites such as the endoplasmic reticu-
lum (ER), where the generation of cell stress responses can trig-
ger translocation of calreticulin (CRT) to the dying tumor cell
surface; CRT serves as an “eat me” signal for cancer cell en-
gulfment by antigen-presenting cells (APC).[12e,f,13] This allows
APC display of endogenous tumor-associated antigens to naïve
T-cells.[12e,f,13] In addition, disintegration of the nuclei of dying
tumor cells, leads to the release of high-mobility group box 1
(HMGB1) protein, which acts as an adjuvant by engaging TLR4
receptors on APC.[12e,f,13] There is also a critical contribution to

the immunogenic effects of above chemo agents through induc-
tion of autophagy and ATP release.[12f,14] The collective effect of
CRT, HMGB1 and autophagy is to generate immunogenic cell
death (ICD) responses by above chemo agents to provide an en-
dogenous vaccination effect that can be used to complement the
chemotherapy response. Moreover, ICD leads to the activation
and recruitment of cytotoxic T-cell-lymphocytes (CTL), the killing
effect of which can be boosted by the use of checkpoint block-
ing antibodies.[12c–e,g] In PDAC, for example, it has been demon-
strated that oxaliplatin is capable of triggering immunogenic ef-
fects in human PANC-1 and murine Pan02 models.[12b] However,
the deliberate implementation of chemotherapeutic agents to in-
duce immune responses has not as yet been accomplished as a
reproducible treatment option in the clinic because it is difficult
to control the delivery of ICD stimuli, which is a particular chal-
lenge for PDAC in light of the restricted drug access to the tumor
site as a result of the dysplastic stroma.[15]

We have previously demonstrated improved irinotecan (IRIN)
delivery by mesoporous silica nanoparticles (MSNP), coated with
a lipid bilayer, in a robust treatment-resistant Kras-induced pan-
creatic cancer (KPC) model,[16] derived from a spontaneous
KrasLSL-G12D/+; Trp53LSL-R172H/+; Pdx-1-Cre (KPC) tumor.[17] We
also refer to the MSNPs carrier as a “silicasome.”[16] While ef-
fective for improving the chemotherapy response in the ortho-
topic KPC model, the experimentation did not explore the im-
munogenic effects of IRIN, which until now have been labeled
as “nondetermined.”[12e] The possibility that an immunogenic
effect must be entertained emerged from studies on the KPC
cell line, which demonstrated that IRIN could induce CRT ex-
pression and HMGB1 release that curiously was combined with
autophagy inhibition instead of autophagy flux simulation, as
seen in the conventional ICD model.[12f,14a] This prompted exten-
sive mechanistic investigation into the biological effects of IRIN
to explain its immunogenic effects, including whether these re-
sponses could be used to initiate immunotherapy in vivo. Our
results will delineate that an additional dimension of the IRIN
treatment response involves the neutralizing effect of the free or
encapsulated drug on lysosomal pH, which is associated with au-
tophagy inhibition and triggering of an ICD response that is de-
pendent on primary ER stress. This allowed us to assign IRIN as
a “Type II” ICD inducer, an ICD stimulus that has been described
from the perspective of photodynamic therapy.[12,14] Moreover,
we also show that the autophagy inhibition is associated with in-
creased PD-L1 expression on KPC cells. These findings provided
the basis for studying the chemo-immunotherapy response to
IRIN-delivery silicasomes in an orthotopic KPC model. We also

Figure 1. The alkalizing effect of free IRIN leads to autophagy inhibition and upregulation of PD-L1 expression in KPC cells. A) IRIN, a major PDAC cancer
drug, is a weak base that can be protonated in an acidic environment. B) Confocal microscopy to demonstrate the localization of the amphiphilic drug,
in organelles close to the surface membrane of KPC cells, exposed to 300 × 10−6m IRIN for 24 h. The drug exhibits blue fluorescence at an excitation
wavelength of 405 nm. The cell membrane was stained by Alexa Fluor 594 conjugated WGA (red). Bar: 10 µm. C) Representative confocal microscopy
to demonstrate that IRIN (300 × 10−6m, 24 h) could neutralize the acidic pH of lysosomes that were stained by the red fluorescent acidotropic dye,
DND 99 Lysotracker. Alkalization of these organelles by IRIN resulted in a sharp reduction of DND 99 fluorescence, which is overtaken by the blue
fluorescence of the drug in the same compartment. Costaining with Hoechst 33342 showed the presence of nuclear condensation in IRIN-treated cells.
Bar: 10 µm. D) Dose- and time-dependent study of the lysosomal alkalization effect of free IRIN at the indicated concentrations (left) and incubation
time periods (right). Image J software analysis was used to quantify the change in DND 99 fluorescence intensity. Data represents mean ± SD, n = 3.
*p < 0.05; ***p < 0.001 (1-way ANOVA followed by a Tukey’s test). The corresponding confocal images appear in Figure S2 (Supporting Information).
E) IF staining of LC3B, p62, and PD-L1 in KPC cells exposed to IRIN (300 × 10−6m), CQ (32 × 10−6m), RAP (100 × 10−9m), or IFN-𝛾 (10 ng mL−1) for
24 h. Bar is 10 µm. F) Immunoblotting of LC3 and PD-L1 in KPC lysates following cellular treatment with IRIN at the indicated concentrations for 24 h.
Densitometric analysis was performed by ImageJ software and the fold of intensity was normalized to vinculin.
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asked whether the effect could be combined with the delivery of
anti-PD-1 antibodies.

2. Results

2.1. IRIN Leads to Lysosomal Alkalization, Which is Linked to
Autophagy Inhibition and PD-L1 Overexpression in KPC Cells

IRIN is a weak base (pKa = 8.1) that can be readily protonated in
an acidic environment.[18] In fact, we make use of this property
for remote loading of IRIN into the silicasome carrier (Figure S1,
Box 2, in the Supporting Information). This is premised on the
principle that the nonprotonated, amphiphilic drug, is capable
of diffusing across the coated lipid bilayer, where its protonation
by an encapsulated trapping agent (triethylammonium sucrose
octasulfate) leads to the generation of hydrophilic IRIN, which
is incapable of back-diffusion across the lipid bilayer.[16a] The
ability to achieve drug compartmentalization across an artificial
lipid bilayer also prompted us to ask whether IRIN can cross cell
membranes and become entrapped in acidifying cellular com-
partments? Utilizing the fluorescent (blue) properties of IRIN,
it was possible to demonstrate in a confocal study that the drug
was taken up in a vesicular compartment that localizes close to
the wheat germ agglutinin (WGA) stained surface membrane in
KPC cells (Figure 1B). To confirm that this constitutes an acid-
ifying compartment, a weak-basic acidotropic dye, Lysotracker
Red DND 99, was used to determine the impact of IRIN on
the red fluorescence in a confocal microscopy experiment[19]

(Figure 1C). Thus, while DND 99 could be seen to localize in
the lysosomal compartment of untreated KPC cells (Figure 1C,
upper right panel), there was a sharp reduction in the dye’s red
fluorescence intensity in cells that were prior treated with IRIN
(Figure 1C, lower right panel). Image J software was used for
quantifying the shift in DND 99 fluorescence intensity, allowing
us to demonstrate that IRIN treatment could significantly reduce
the relative staining intensity from 57.9± 1.3 to 13.9± 0.9 in KPC
cells. This allowed the blue drug fluorescence to be observed, in
addition to the appearance of nuclear condensation in the dying
cells (Figure 1C). Noteworthy, the IRIN treatment effect was both
dose- (Figure 1D, left) and time-dependent (Figure 1D, right);
the corresponding confocal images appear in Figure S2A,B. The
alkalizing effect of IRIN was duplicated by chloroquine (CQ),
which is a frequently used weak-base lysosomal alkalizing agent
in cancer cell biology (Figure S2C, Supporting Information).[20]

The effect of the encapsulated drug will be discussed
later.

In addition to the role of the acidic pH in the destruction
of lysosomal content, lysosomal acidification is also important
for the fusion of the organelle with the autophagosome.[20b,21]

Thus, we were interested to determine if IRIN can interfere
in autophagy flux, as previously demonstrated, through the
use of CQ or gene deletion of the proton-generating V-ATPase
subunit of the lysosome.[22] The methodology for demonstrat-
ing autophagy inhibition is to show the presence of LC3B
complexes, which are involved in the formation of the au-
tophagosome, as well as the accumulation of the sensor protein,
p62/SQSTM1. The p62/SQSTM1 detects toxic cellular waste
products and is removed and destroyed with the waste prod-
ucts in the lysosome.[20a,21a,23] This was accomplished by the per-

formance of confocal microscopy to demonstrate the intracellu-
lar appearance of immunofluorescence (IF) stained LC3B and
p62/SQSTM1 complexes, as shown in Figure 1E. Confocal view-
ing demonstrated that IRIN treatment leads to the contempora-
neous appearance of fluorescent LC3B puncta as well as p62 pro-
tein complexes in KPC cells (Figure 1E, right panel). In order
to confirm that dual fluorescence staining discerned autophagy
inhibition, we also used CQ to demonstrate the appearance of
similar immunofluorescence features (Figure 1E). In contrast,
rapamycin (RAP), which functions as an autophagy inducer, re-
sulted in LC3B assembly without p62 accumulation.[20a,21a,23] The
assembly of LC3B complexes were confirmed in an immunoblot-
ting assay, which demonstrated a dose-dependent increase in the
ratio of the LC3-II to LC3-I expression during IRIN treatment
(Figure 1F).

Of specific importance to the objective of addressing IRIN im-
munogenicity, it has recently been demonstrated that the accu-
mulation of p62/SQSTM1 during pharmacological disruption of
autophagy can trigger PD-L1 expression in gastric cancer cells.[23]

Not only did we demonstrate IRIN treatment can induce robust
cell surface expression of PD-L1 in KPC cells during the perfor-
mance of confocal microscopy (Figure 1E, bottom right panel),
but also observed the same effect during immunoblotting (Fig-
ure 1F). These results were in in agreement with the effect of
CQ or cellular treatment with IFN-𝛾 , a robust inducer of the
PD-L1 promoter[24] (Figure 1E, bottom right panel). Noteworthy,
these responses were dose- and time-dependent, as shown in
the immunoblotting (Figure 1F) and confocal experiments (Fig-
ure S3A,B, Supporting Information). A possible mechanism to
explain PD-L1 expression by p62/SQSTM1 in gastric cancer has
been the demonstration of NF-𝜅B activation, which impacts the
PD-L1 promoter.[23] We confirmed that that IRIN treatment can
induce the phosphorylation of the p65 (p-p65) subunit of NF-𝜅B
in KPC cells (Figure S4, Supporting Information). In contrast to
IRIN, oxaliplatin (OX), a potent nonbasic PDAC chemo agent in-
duced autophagy (Figure S5, Supporting Information) but failed
to upregulate PD-L1 expression in KPC cells (Figure S6, Support-
ing Information).

2.2. The Autophagosomal Inhibitory Effect of IRIN is
Accompanied by Endoplasmic Reticulum (ER) Stress, An Inducer
of Immunogenic Cell Death Pathways

The ablation of autophagy has been linked to the generation
of ER stress and the generation of immunogenic cell death in
cancer cells during hypericin-mediated photodynamic therapy
(Hyp-PDT).[25] Not only is ER stress a common feature of cel-
lular damage, but has also been used to distinguish between a
“Type I” ICD response that primarily targets the nucleus, with
secondary impact on the ER, as compared to a “Type II” ICD
response in which ER stress is the primary event that secon-
darily leads to cell death and nuclear involvement.[13,14b,26] Thus,
while most chemotherapeutics (e.g., DOX and OX) engaged in
ICD effects have been characterized as “Type I” ICD inducers,
a few novel platinum agents (e.g., Pt–N-heterocyclic carbene)
and physicochemical stimuli (e.g., Hyp-PDT) are primarily ER
stress inducer with secondary effects on nuclear damage and
apoptosis.[12a,c-e,27] The basis of the hypericin-induced effect on
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Figure 2. Assessment of ER stress responses induced by free IRIN in KPC cells. A) Left: Simplified schematic to show the unfolded protein stress
response in the ER. Right: immunoblotting to show the expression of the ER stress response marker CHOP and cleaved caspase 3 (CC-3) in KPC cells
treated with IRIN for 24 h. B) CRT expression was assessed by flow cytometry (left panel), while HMGB1 release was determined by ELSLA (right panel)
in KPC cells exposed to OX (500 × 10−6m), IRIN (300 × 10−6m), DOX (20 × 10−6m), and PTX (12 × 10−6m) for 24 h. Data are expressed as mean
± SD. n = 3. *p < 0.05; **p < 0.01; ***p < 0.001 compared to PBS control (Student’s t-test). C) Vaccination experiment in a PDAC mouse model.
Left: The schematic shows execution of the vaccination study through subcutaneous injection of dying KPC cells treated with IRIN or OX, followed by
rechallenge with untreated KPC cells. As a negative control in the vaccination experiment, mice were treated with PBS only, without cellular debris. Right:
Tumor growth curves of normal KPC cells, injected in the opposite flank of the vaccinated animals. Data are expressed as mean ± SEM. n = 6. Insert:
Photography of the harvested tumors collected for each group. Note that there was one tumor free animal in the IRIN group (labeled as “ x©”). Bar:
2 cm. D) Quantitative assessment of CD8+/FoxP3+ cell ratios by IHC analysis. *p < 0.05; **p < 0.01 (1-way ANOVA followed by a Tukey’s test).

the ER has been shown to involve reactive oxygen species (ROS)
production that leads to ER-associated proteotoxicity, also known
as an unfolded protein response.[13,14b,26] We focused on unfolded
protein response, which leads to the phosphorylation of the eu-
karyotic initiation factor (eIF2𝛼) that is responsible for transcrip-

tional activation of the CCAAT-enhancer-binding protein homol-
ogous (CHOP) protein[13,28] (Figure 2A, left panel). CHOP, in
turn, is capable of inducing apoptotic cell death through the gen-
eration of immunological danger signals that promote antitumor
immunity.[13,28]

Adv. Sci. 2021, 8, 2002147 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2002147 (5 of 17)
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To determine the impact of IRIN on CHOP expression in
KPC cells, immunoblotting analysis was used to show a sizable
and dose-dependent increase in CHOP expression (Figure 2A,
right panel). Moreover, this response was accompanied by in-
creased expression of cleaved caspase-3 (CC-3), indicative of a
linked apoptosis event. In order to assess the involvement of ROS
generation, fluorescence microscopy was used to assess the im-
pact of IRIN on “total ROS” production in KPC cells, using an
Abcam kit.[29] OX, a Type I ICD inducer, as well tunicamycin
(TUN), an ER stress generating antibiotic, served as controls (Fig-
ure S7, Supporting Information). The data showed robust gen-
eration ROS production in IRIN treated KPC cells (Figure S7,
Supporting Information). It has previously been shown that the
link among ROS production, ER stress and cell death involves
the triggering of intracellular Ca2+ flux.[28a,c,d,30] In order to as-
sess intracellular Ca2+ release, confocal microscopy was used to
perform a Fluo-4 AM assay[31] in KPC cells. IRIN treatment led
to the highest level of Ca2+ release compared to OX and TUN
(Figure S8, Supporting Information). All considered, these data
indicate that IRIN exerts a robust ER stress response in KPC cells,
which distinguishes it from the ICD effect of OX.

2.3. IRIN Induces an Immunogenic Response in KPC Cells that
Leads to a Successful Vaccination Outcome In Vivo

ICD responses are characterized by the induction of CRT translo-
cation to the dying tumor cell surface, where it serves as an
“eat-me” signal for tumor cell antigen presentation by dendritic
cells.[13] Cell death is also associated with the release of the chro-
matin protein, HMGB1, from the damaged cell nuclei.[13] IRIN
was compared to OX, DOX, and paclitaxel (PTX) in CRT and
HGMB1 assays in KPC cells.[12a,14b,27] Utilizing flow cytometry
to assess CRT expression on the KPC surface and an enzyme-
linked immunosorbent assay (ELISA) for HMGB1 release, it
was possible to demonstrate that IRIN is a strong inducer of
both responses (Figure 2B). Moreover, we also confirmed that
the CRT response was dose-dependent (Figure S9A,B, Support-
ing Information). Extracellular ATP release is often described
as the third component of a typical Type I ICD response.[14b,25b]

However, it was of interest that we could not demonstrate an
increase in ATP release by IRIN, which is in agreement with
the induction of a Type II response by Hyp-PDT[25] and previ-
ous demonstration that autophagy inhibition is accompanied by
ATP consumption.[32] Thus, in order to definitively demonstrate
that IRIN induces an immunogenic cell response, we made use
of an in vivo vaccination experiment as the gold standard for
demonstrating assess the response outcome, as per the Consen-
sus Guidelines for detection of ICD.[33]

A vaccination experiment was performed to determine if the
subcutaneous injection of dying KPC cells into the flank of syn-
geneic B6129SF1/J mice on two occasions could impact the
growth of live KPC tumor cells injected on the opposite flank (Fig-
ure 2C, left panel).[12c,f] A comparison of the vaccination response
to KPC cells, treated with 300× 10−6 m IRIN or 500× 10−6 m OX,
demonstrated that the generation of cell death by IRIN was com-
parable to the effect of OX, both of which improved the shrink-
age of the tumor on the opposite flank significantly (p < 0.05)
compared to phosphate-buffered saline (PBS) control (Figure 2C,

right panel). Moreover, tumor harvesting on day 26, followed
by collection of bright field pictures, confirmed the growth in-
hibitory effect of the chemo agents, including total tumor disap-
pearance in one IRIN-treated animal (right panel). The harvested
tumor tissues were also used to conduct immunohistochemistry
(IHC) analysis for the expression of the CD8+ marker for cyto-
toxic T-cells and FoxP3+ for Treg cells (Figure S10, Supporting
Information). This showed that while there was a slight increase
in CD8+ staining number in response to OX (but not IRIN), both
agents significantly (p < 0.01) increased the CD8+/FoxP3+ ratio
in the quantitative response assessment (Figure 2D).

2.4. Encapsulated IRIN Induces Lysosomal Alkalization,
Autophagy Inhibition, and PD-L1 Expression in PDAC Cells

Although free IRIN is quite effective for triggering a series
of linked effects, where lysosomal alkalization, autophagy in-
hibition and the generation of immunogenic effects can be
accomplished in KPC cells, the in vivo efficacy of the drug is
considerably impaired due to the desmoplastic PDAC stroma
and interference in vascular access.[34] For this reason, a lipo-
somal carrier, Onivyde, was established to address the IRIN
delivery problem and to reduce the serious side effects resulting
from systemic drug administration.[35] While effective, IRIN
leakage from the liposome is still responsible for significant side
effects, leading to receiving a black box safety warning from the
FDA.[3] To further improve IRIN delivery and safety profile, we
have previously established a silicasome that have the advantage
of improved stability of the lipid bilayer, decreased systemic
leakage and toxicity and improved IRIN loading compared to
the liposome.[16c] A new batch of the silicasome formulation was
synthesized under GLP conditions, and an aliquot was used to
perform physicochemical characterization of the nanocarrier, as
demonstrated in Figure 3A.[16c] This demonstrated the presence
of uniform particles size of ≈130 nm, a slight negative charge,
and a drug loading capacity of ∼40 wt%.

In order to assess the nanocarrier impact on lysosomal alka-
lization, KPC cells were incubated with the silicasomes to deliver
IRIN concentrations of 75 × 10−6 and 300 × 10−6 m (Figure 3B).
While at the lower drug dose, the silicasome was capable of
reducing the DND 99 signal by ∼50% and by ∼85% at 300 ×
10−6 m. Empty silicasomes had no effect on the alkalization.
Immunoblotting assessment of LC3, p62, and PD-L1 expression
confirmed the ability of the encapsulated drug to increase the
LC3-II/I ratio, p62 accumulation and PD-L1 expression, similar
to free drug (Figure 3C). These effects were also confirmed
by confocal microscopy (Figure S11, Supporting Information).
Moreover, IRIN also induced intracellular Ca2+ flux, ROS
production and CHOP expression in KPC cells in a dose-
dependent fashion (Figure S12, Supporting Information). For
example, use of the silicasome, to deliver the equivalent of a
300 × 10−6 m drug dose over 48 h, induced an 11.2-fold increase
in CHOP expression compared to the control (Figure S12C,
Supporting Information). In addition to the profiling of the
murine cell line, we also confirmed the ability of IRIN silicas-
ome, to induce lysosome alkalization, autophagy inhibition and
PD-L1 expression in the frequently used human PDAC cell line,
PANC-1 (Figure S13, Supporting Information).
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Figure 3. Silicasome synthesis and assessment of lysosomal pH, ER stress and autophagy in KPC cells, using encapsulated IRIN. A) Schematic to
explain large batch synthesis and characterization of the silicasome nanocarrier in this study. The carrier is comprised of a MSNP core, which contains
a large packaging space for IRIN loading, and encapsulated by a lipid bilayer (comprised of DSPC: Cholesterol: PE-PEG2K at 3:2:0.15 molar ratio). The
fully synthesized carrier was dispensed into vials containing 50 mg IRIN/container. CryoEM was undertaken to show particle morphology, in addition to
characterization of size, charge, and IRIN loading capacity, as shown. B). KPC cells were treated with the IRIN silicasome at indicated concentrations for
24 h. Empty silicasomes (equivalent to 300 × 10−6m IRIN) were included as control. The lysosome alkalizing effect was studied with the DND99 dye,
similar to Figure 1C. C) KPC cells were treated by free IRIN and IRIN silicasome at drug concentration of 300 × 10−6m for 24 h. Empty silicasomes were
used as control. The treated cells were used for further analysis by LC3-II/I, p62, and PD-L1 immunoblotting, as described in Figure 1F. Image J software
was used to quantify the fluorescent intensity and band density. Data represent mean± SD, n= 3. ***p< 0.001 (1-way ANOVA followed by a Tukey’s test).

2.5. In Vivo Efficacy of the IRIN Silicasome for Inducing a Survival
Effect in the Orthotopic KPC Model, Premised on Generation of
an Immune Response that is Boosted by Anti-PD-1 Antibody

To establish the feasibility to trigger a chemo-immunotherapy re-
sponse in an orthotopic KPC model in response to treatment with
the IRIN-silicasome, luciferase-transfected KPC cells were im-
planted in the pancreatic tail of immunocompetent B6129SF1/J
mice, as previously described and explained in Figure 4A.[16a,b,17b]

We also hypothesized that the accompanying expression of PD-
L1 on KPC cells could allow the immunogenic response to be
boosted by coadministering a checkpoint blocking anti-PD-1 an-
tibody. The first was a survival experiment in which we com-
pared the effect of free to encapsulated IRIN in the absence or
presence of anti-PD-1 treatment. Orthotopic KPC tumor-bearing

mice were injected IV with a free or encapsulated IRIN dose of
40 mg kg−1 every 3 or 4 days on 6 occasions (Figure 4B, up-
per panel, blue squares). The treatment was compared to free
drug alone or in combination therapy with anti-PD-1 antibody,
which was injected intraperitoneal (IP) at 100 µg per mouse 2
days after IRIN administration (pink squares). Additional con-
trols included saline injections or mice receiving anti-PD-1 anti-
body alone. Animals were monitored daily until reaching mori-
bund status (Figure 4A) or spontaneous death. This allowed us
to generate Kaplan–Meier plots, which were statistically ranked
by Log Rank testing (Mantel-Cox) using GraphPad Prism 7.00
software.[16,36] The results demonstrated a significant improve-
ment in the survival (p < 0.01) of silicasome-treated animals
compared to free drug or anti-PD-1 alone (Figure 4B). Free drug
or anti-PD-1 had no survival benefits compared to the saline
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Figure 4. Animal survival study in an orthotopic KPC model, treated with an IRIN silicasome plus anti-PD-1 antibody. A) Explanation of the KPC model,
including orthotopic implant in the pancreas and technical development of the primary tumor and metastases that can be followed by IVIS imaging.
Animals were sacrificed according to the establishedmoribund criteria. B) Details of the survival experiment in tumor-bearing mice (n = 5–7), which
were treated with free IRIN or the silicasome at an IRIN dose equivalent of 40 mg kg−1 IV every 3 or 4 days, with or without IP administration of 100 µg
anti-PD-1 antibody, for a total of six administrations. Please notice that the antibody was administered two days after IRIN injection. Saline and anti-PD-1
alone were used as controls. Kaplan–Meier plots were used to display the survival rate of the different animal groups (*p < 0.05, Log Rank test). C)
Summary of the median survival time (MST) and percentage of increase in life span (%ILS) for each group.

control. While the combined effect of free IRIN plus anti-PD-1
was significantly improved compared to monotherapy (p < 0.05),
the best survival was obtained with the IRIN silicasome plus anti-
PD-1, which was significantly better than IRIN silicasome alone
(p < 0.05) or use of free IRIN plus anti-PD-1 (p < 0.05) (Fig-
ure 4B). The survival data was also used to calculate “median
survival time” (MST) and percent increase in life span (%ILS)
versus saline; this is a frequently used index in preclinical sur-
vival studies.[37] The MST of 36 days and %ILS of 89.5% were
significantly better than other treatment groups (Figure 4C). All
considered, the data in Figure 4, strongly support the ability of
IRIN to induce an immune response that is augmented by anti-
PD-1 treatment.

2.6. Demonstration of an IRIN-Induced Immune Response in the
Orthotopic KPC Model

In order to assess whether the innate and cognate arms of the
immune system are involved in the response to IRIN, and ef-

ficacy experiment, coupled with the assessment of immune re-
sponse markers, was carried out in animals treated with saline,
free IRIN, or the IRIN silicasome (Figure 5A). The orthotopic
tumor-bearing mice (n = 3 per group) received IV injection to
deliver an IRIN dose equivalent of 40 mg kg−1 on days 8, 11, and
14. Animals were sacrificed on day 17 for tumor harvesting to
perform ex vivo IVIS imaging as well as IHC analysis for im-
munogenic responses. From a global tumor growth perspective,
quantitative assessment of bioluminescence intensity in “regions
of interest” was obtained from the IVIS images, to demonstrate
significant tumor shrinkage (p< 0.05) in animals treated with the
IRIN silicasome compared to saline control (Figure 5A). While
free IRIN also reduced tumor growth, the results were not sta-
tistically significant (Figure 5A). The IVIS data were further con-
firmed by tumor weight assessment, as outlined in Figure S14
(Supporting Information).

IHC analysis to assess CRT expression demonstrated that en-
capsulated IRIN delivery was associated with significantly higher
expression of the “eat-me” biomarker (p < 0.01) compared to
the staining intensity in animals treated with saline or free drug
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Figure 5. Efficacy study in the KPC model to demonstrate the generation of ICD markers by the IRIN silicasome. A) This experiment was undertaken
to demonstrate the immunogenic effect of IRIN in orthotopic tumor-bearing mice receiving 3 IV injections of either free IRIN or the silicasome at a
drug dose of 40 mg kg−1, followed by animal sacrifice 72 h after the last treatment. IVIS imaging was performed on explanted organs to obtain the
bioluminescence intensity in the region of the primary tumor as well as the metastases. The datawere quantitatively displayed as normalized values
by IVIS software in the left panel. IHC analysis to determine B) CRT B) and C) LC3B expression at the orthotopic tumor site. Imaging intensity was
quantitatively expressed as fold increase that was normalized to the saline group. Representative IHC images are shown on the right. Bar is 50 µm. D)
Quantitative assessment of HMGB1 release. The IHC images were analyzed by Aperio ImageScope software to determine protein released from the
damaged nuclei, as described in Figure S15 (Supporting Information). Data are expressed as mean ± SEM, n = 3. *p < 0.05; **p < 0.01; ***p < 0.001
(1-way ANOVA followed by a Tukey’s test).
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Figure 6. Analysis of cognate immunity in the efficacy experiment in Figure 5. Additional IHC analysis was undertaken using the tumor samples collected
in Figure 5A. Quantitative assessment of: A) the CD8+/ FoxP3+ cell ratio; B) perforin; C) granzyme B; D) IFN-𝛾 production; and E) PD-L1 expression.
Representative IHC images appear in Figure S11A–C (Supporting Information). Data are expressed as mean ± SEM, n = 3. *p < 0.05; **p < 0.01; ***p
< 0.001 (1-way ANOVA followed by a Tukey’s test).

(Figure 5B). Representative images are shown on the right side
(Figure 5B). IHC staining using an antibody that recognizes
LC3B also demonstrated significantly increased staining inten-
sity of the autophagy marker in tumor tissue obtained from an-
imals treated with either free or encapsulated IRIN (p < 0.001)
(Figure 5C). However, staining intensity was significantly higher
for encapsulated versus free drug delivery (p < 0.05). Represen-
tative IHC images appear on the right-hand side (Figure 5C). Es-
sentially similar results were obtained for HMGB1 staining (Fig-
ure 5D), which required the software analysis to be adapted to
quantify the amount of released protein from the damaged nu-
clei, as explained in Figure S15A (Supporting Information). Rep-
resentative IHC images are shown in Figure S15B (Supporting
Information).

IHC analysis was also used to assess the expression of CD8+

T cells and FoxP3+ Treg cells, as shown in the vaccination ex-
periment (Figure 2D). While the silicasome treatment showed a
marginal effect on the CD8+ T cell number, there was a dramatic
reduction of Treg numbers at the tumor site (Figure S16, Support-

ing Information). This resulted in a significant increase in the
CD8+/Treg ratio (p < 0.001) compared to free drug or the saline
control (Figure 6A). We also confirmed increased staining for per-
forin (p < 0.01) and granzyme B (p < 0.05) at the tumor site of
animals treated with the IRIN silicasome compared to free drug
or the saline control (Figure 6B,C). Representative IHC images
appear in Figure S17A (Supporting Information). Assessment of
IFN-𝛾 production in the TME showed a significant increase in
response to treatment by free and encapsulated IRIN, the latter
being significantly (p < 0.05) higher than free drug (Figure 6D).
Representative IHC images appear in Figure S17B (Supporting
Information). Similar response profiles were obtained during the
assessment of PD-L1 expression (Figures 6E and Figure S17C,
Supporting Information). This is congruent with the level of IFN-
𝛾 production, which is a robust inducer of PD-L1 expression.[24]

All considered, the IRIN silicasome was more effective than
free drug for the ability to induce innate and adaptive anti-PDAC
immune responses at the tumor site. We have previously demon-
strated that this is the result of improved pharmacokinetics and
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Figure 7. Comparative antitumor immune response for IRIN delivery by
the silicasome versus Onivyde, w/wo anti-PD-1. The treatment schedule
is outlined in the upper panel. Orthotopic KPC tumor-bearing mice (n = 6)
were IV injected with Onivyde or the silicasome at an IRIN dose of 40 mg
kg−1 every 3–4 days, w/w anti-PD-1 (100 µg per mouse) IP, two days later.
The controls included saline and anti-PD-1 antibody alone. Kaplan–Meier
plots were used to display the differential survival rate of the different treat-
ment groups (*p < 0.05, Log Rank test).

drug delivery by the silicasome as a result of its increased car-
rier stability, circulatory half-life, and ability to transcytose to the
PDAC site.[16] Utilizing liquid chromatography (LC)–mass spec-
trometry (MS), we confirmed that at an IV injection dose of 40
mg kg−1,the amount of delivered IRIN in tumor at 24 h is at least
a log-fold higher for encapsulated compared to free drug (Fig-
ure S18, Supporting Information). This is consistent with our
previous observations in the KPC model.[16c] While it is difficult
to quantify the amount of free drug in the tumor site, including
in cancer cells and the surrounding interstitium, it is reasonable
to expect that the acidifying conditions in the PDAC matrix[38]

assist drug release, as demonstrated in our abiotic study, where
∼20% of the encapsulated irinotecan is released within 4 h at a
pH of 4.5 (Figure S19, Supporting Information).

2.7. Comparison of the Combination Immunotherapy Response
of the IRIN Silicasome versus Onivyde

We also performed a second survival experiment in the KPC or-
thotopic model to compare the effect of encapsulated IRIN de-
livery by the silicasome versus the Onivyde liposome[3] in the
absence and presence of anti-PD-1 treatment. The study de-
sign, dosimetry considerations, and frequency of administration
were the same as in Figure 4B, with minor modifications (Fig-
ure 7). While Onivyde improved survival outcome compared to
saline, the IRIN silicasome showed additional survival benefit
over Onivyde. Moreover, combination therapy with anti-PD-1 sig-
nificantly extended the animal life span during treatment with
the IRIN silicasome (comparable to Figure 4B), which was sig-
nificantly better (p < 0.05) than the effect of anti-PD-1 coadmin-
istration with Onivyde. The response of Onivyde versus Onivyde
plus anti-PD1antibody was nonsignificant (p = 0.22). All consid-
ered, these data demonstrate that IRIN silicasome plus anti-PD-1
combination therapy outperforms Onivyde plus anti-PD-1.

3. Discussion

In this study, we demonstrate that irinotecan is capable of trig-
gering a chemo-immunotherapy response in an orthotopic KPC
model. Not only is the response more robust during drug deliv-
ery by silicasome but considerably augmented in combination
with an anti-PD-1 antibody. We also show that the immunogenic
effects of IRIN, either in free for encapsulated form, can be as-
cribed to its effect on neutralizing the acidic pH of lysosomes.
This early effect leads to autophagy inhibition and the triggering
of an ER stress response that culminates in a “Type II” ICD re-
sponse and PD-L1 overexpression. These immunogenic effects
were confirmed by the ability of exposed KPC cells to trigger a
vaccination response in vivo. The ability to induce an anti-tumor
immune response was further confirmed in an orthotopic KPC
tumor model, in which the delivery of IRIN to the tumor site by
a silicasome could be seen to induce ICD markers, in addition
to increasing the CD8/Treg ratio and PD-L1 expression. More-
over, response augmentation by anti-PD-1 antibodies was seen
to significantly prolong animal survival, far superior to the use
of anti-PD-1 in combination with free drug or Onivyde. These
results suggest that it is feasible to improve PDAC survival with
the IRIN silicasome through a chemo-immunotherapy effect that
generates a “hot” tumor microenvironment that can be further
exploited by immune checkpoint therapy.

IRIN has been used to treat solid tumors for ≈30 years, partic-
ularly in patients with PDAC, colorectal and certain types of lung
cancer.[39] Similar to the most cancer drug, it is a potent cancer
drug with pleiotropic cellular effects. The classic mode of action
(MOA) of this cytotoxic alkaloid is its conversion to SN-38, which
functions as a topoisomerase I inhibitor, capable of inducing sin-
gle and double strand DNA breaks.[40] It is not a surprise, there-
fore, that most studies addressing IRIN anticancer effects have
focused on damage to the cell nucleus, without paying much at-
tention to extranuclear effects.[39–40] However, studies of the im-
pact of IRIN on colon cancer cell death have revealed evidence of
“lysosomal leakage” and a possible impact on autophagy.[41] We
now characterize this as an impact on autophagy flux due to the
weak basic properties of IRIN. This leads to alkalization of the
lysosomal pH by the free as well as the encapsulated drug. These
IRIN medicinal chemistry features (pKa=8.1; LogP=2.78) are
characteristic of lysosomotropic agents that exhibit pKa values of
7.5-10.5 and LogP values of 2.5-5.5,[42] therefore, it is reasonable
to expect that once IRIN reaches lysosome, the 1st mode of action
of this weak-base is proton consumption, similar to other lysoso-
motropic agents such as acridine orange[43] and chloroquine.[44]

The latter was included as a positive control in Figure 1E. Nev-
ertheless, the lysosomal alkalization effect results in interference
in organelle fusion with autophagosomes (Figures 1 and 3). Sub-
sequent accumulation of p62, results in increased expression of
PD-L1 (Figures 1 and 3). This distinguishes IRIN from most clas-
sic ICD inducers that are capable of inducing rather than interfer-
ing in autophagy.[12f,14a] While the exact mechanism by which p62
induces PD-L1 expression requires further study, some evidence
has been obtained that this could involve NF-𝜅B activation.[23]

This is in keeping with our data showing increased phospho-
rylation of the p65 NF-𝜅B subunit (Figure S4, Supporting In-
formation). In addition to activating a potential immune escape
mechanism, IRIN is also capable of inducing a “Type II” ICD,
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primarily linked to ER stress (Figure 2). This is important since
this drug until now has been depicted as having an ICD status
that is “nondetermined.”[12e] We do show, however, that IRIN
is capable of inducing CRT expression and HMGB1 release, in
addition to the ability to generate a robust vaccination and life-
prolonging immune response in the orthotopic PDAC model
(Figure 5B–D). This is equivalent to an endogenous vaccination
response that holds the promise to switch the "cold" immuno-
genic PDAC microenvironment into "hot" status with activated
cytotoxic T-cells. This may improve the responsiveness to anti-
PD-1 (Figure 4). All considered, our study provides cumulative
evidence that IRIN can indeed play an immunogenic role in can-
cer, as outlined in Table 1.[45] Further evidence for the involve-
ment of the immune system is the augmentation of MHC class
I expression, concurrent with increased PD-L1 expression on
mammary tumor cells.[45a] Moreover, in a mammary carcinoma
model, it has also been demonstrated that IRIN can induce Treg
depletion, in addition to the potential to synergize with anti-PD-
L1.[45a] Further, a subcutaneous MC38/gp100 colon cancer model
was used to demonstrate that the antitumor efficacy of an IRIN-
delivering liposome can be enhanced by ICI antibodies.[45b]

Since its approval in 1998, the development of new IRIN for-
mulations has been an area of great interest because of this
drug’s high potency, which also leads to severe dose-limiting
side effects.[39] This includes severe neutropenia and gastroin-
testinal toxicity, which limits IRIN use to PDAC patients with
good clinical status. IRIN also has the shortcoming of large in-
terindividual PK variability that is accentuated by poor access
to the desmoplastic PDAC tumor site.[34] These challenges pro-
vided the basis for developing the liposomal formulation that
received FDA approval as Onivyde.[3] While successful for in-
ducing PDAC responses in the clinic, Onivyde received a black
box warning for residual drug toxicity, which could be due to
drug leakage by the unsupported lipid bilayer.[3] This observa-
tion promoted the development of the IRIN-silicasome, which
makes use of a supported lipid bilayer.[16a,c] From this perspec-
tive, the silicasome can be viewed as a next-generation liposome
(Figure 3A), which is less leaky, and capable of reducing bone
marrow and gastro-intestinal toxicity compared to Onivyde[3] or
an in-house liposome in orthotopic KPC as well as colon cancer
models.[16a,c] Moreover, the increased stability of the silicasome
also contributes to improved drug delivery at the desmoplastic
PDAC tumor site.[16a,c,34c] In light of our demonstration of the
unusual immunogenic properties of IRIN, we introduce a novel
treatment option for the use of the silicasome for PDAC treat-
ment in the clinic in combination with ICI antibodies. We are
also aware of an ongoing clinical trial that is looking at triple
therapy (Onivyde/5-fluorouracil/leucovorin) with anti-PD-1 anti-
body (pembrolizumab) plus a CXCR4 antagonist (BL-8040) for
metastatic PDAC in patients who failed gemcitabine therapy
(NCT02826486).[46] While the final report is not released yet, the
preliminary data are encouraging, showing an objective response
rate (ORR) of 32% for triple-therapy versus 17% for chemo com-
bination only.[3,46]

While most ICD responses are categorized as “Type I”
responses, “Type II” responses have been linked to agents
that generate a primary ER stress response and ROS produc-
tion, e.g., hypericin-induced photodynamic therapy[47] and Pt-N-
heterocyclic carbene.[48] We now demonstrate that IRIN, both Ta
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as a free or an encapsulated drug format, induces robust ROS
production and ER stress, and CHOP expression (Figures 1–3).
Moreover, its lysosomal effects appear to precede the onset of
nuclear damage, suggesting that the ER stress effect is a pri-
mary response. This particular constellation of findings would
place IRIN into the category of “Type II” ICD inducer, which sets
it apart from other chemotherapeutic agents such as OX. This
could be advantageous from the perspective that Type II induc-
ers are considered more robust inducers of anti-tumor immune
responses.[14b,26] A more robust ICD effect holds clear advantages
from the perspective that PDAC is generally considered a poorly
immunogenic tumor.[5b,49] Not only does this open up the possi-
bility for combination therapy with ICIs, as we show in the use of
anti-PD-1 (Figures 4 and 7), but it also paves the way for consider-
ing the introduction of additional immunomodulators, including
anti-CD40 antibodies, IDO-1 inhibitors, autophagic inhibitors, or
small drug inhibitors of immune checkpoint pathways.[50] From
this perspective, the creative use of the multifunctional silica-
some platform promises to allow additional synergistic treat-
ment combination for use in immunotherapy. Here it is im-
portant to consider the contribution of the dysplastic stroma,
its high content of carcinoma-associated fibroblasts (CAFs) and
myeloid derived dendritic cells to interference in the PDAC im-
mune response.[5,10c,49b] This can be accomplished by combinato-
rial therapy with TGF-𝛽 inhibitor (e.g., LY364947),[15b,51] as well as
CXCR4 antagonists (e.g., AMD 3100[52] and BL-8040[46]), which
can disrupt adhesive tumor-stroma interactions and overcome
T cell exclusion mechanism via targeting FAP-expressing CAFs,
making PDAC more accessible to conventional drugs and cyto-
toxic T cells.[46,52–53]

4. Conclusions

In summary, we provide a novel explanation for the immuno-
genic effects of irinotecan. First, the weak basic drug neutralizes
the acidic pH of the lysosome in KPC cells, leading to autophagy
inhibition and upregulation of PD-L1 expression. Another linked
effect is the delivery of a robust ER stress response which leads
to cell death, characterized by ecto-CRT expression and the gen-
eration of immunological danger signals. Collectively, this cul-
minates in an immunogenic cell death response accompanied
by PD-L1 expression. The in vivo relevance is that this allowed
us to induce an ICD response in an orthotopic KPC model by
using encapsulated delivery of IRIN in a silicasome carrier. The
response could be augmented by anti-PD-1 treatment, leading
to a pronounced survival improvement compared to anti-PD-1
combination therapy with free drug or a liposome composition.
Our discovery introduces a major additional avenue for PDAC
chemotherapy.

5. Experimental Section
Materials: Tetraethylorthosilicate (TEOS), triethanolamine (TEA-ol),

triethylamine (TEA) cetyltrimethylammonium chloride solution (CTAC,
25 wt% in water), Dowex 50WX8 resin, and chloroquine diphosphate
salt were purchased from Sigma-Aldrich, USA. Sucrose octasulfate
(SOS) sodium salt was purchased from Toronto Research Chemicals,
Inc, Canada. 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-PEG2000), and cholesterol (Chol)
were purchased from Avanti Polar Lipids, USA. Sepharose CL-4B was
purchased from GE Healthcare, USA. Irinotecan hydrochloride trihydrate,
oxaliplatin, doxorubicin hydrochloride salt, paclitaxel, and rapamycin
were purchased from LC Laboratories, USA. Tunicamycin was purchased
from Cell Signaling Technology. Onivyde (Ipsen Biopharmaceuticals, Inc.,
4.3 mg mL−1 irinotecan free base, 10 mL per vial) was purchased through
the UCLA Health Pharmacy. Murine anti-PD-1 antibody (#BE0146) and di-
lution buffer (#IP0070) in InVivoPure were purchased Bio X Cell. Penicillin,
streptomycin, Dulbecco’s modified Eagle medium (DMEM) and Lyso-
Tracker Red DND-99 (L7528), and Fluo-4 AM (F14201) were purchased
from Invitrogen. Cellular ROS Assay Kit (Red) (ab186027) was purchased
from Abcam. Fetal bovine serum (FBS) was purchased from Gemini Bio
Products. Murine IFN-𝛾 was purchased from R&D (Minneapolis, MN).
Matrigel Matrix Basement Membrane was purchased from BD Bioscience.

Cell Culture: The KPC pancreatic adenocarcinoma cell line, which
was derived from a spontaneous tumor originating in a trans-
genic KrasLSL-G12D/+; Trp53LSL-R172H/+; Pdx-1-Cre mouse (B6/129
background),[16,17b] was cultured in DMEM, containing 10% FBS, 100 U
mL−1 penicillin, 100 µg mL−1 streptomycin, 2 × 10−3 m l-glutamine and
1 × 10−3 m sodium pyruvate. To allow bioluminescence tumor imaging,
the cells were permanently transfected with a luciferase-based lentiviral
vector in the UCLA vector core facility, followed by a limiting dilution
cloning as previously described.[16a] PANC-1 cells were obtained from
the American Type Culture Collection (ATCC), and cultured under similar
conditions as KPC cells.

Use of Confocal Microscopy to Study the Intracellular Distribution and Al-
kalinizing Effect of IRIN-treated KPC Cells: Approximately 1.5 × 104 KPC
cells were seeded in µ-Slide 8 well (ibidi, 80826). To reveal the intracellular
distribution of IRIN, attached KPC cells were treated with IRIN (300 × 10−6

m) for 24 h. Cell membranes were stained using an Alexa Fluor 594 conju-
gated WGA dye (Invitrogen, W11262) at 2 µg mL−1 for 10 min. After wash-
ing, the cells were visualized using a Leica SP8-MD confocal microscope
under the 100× objective lens. The excitation and emission wavelengths
for IRIN were 405 and 440–490 nm, respectively.[54]

To demonstrate the alkalinizing cellular effect of IRIN, LysoTracker Red
DND-99 was used. IRIN-treated KPC cells were washed and replenished
with fresh media containing 100 × 10−9 m DND-99 dye and 5 µg mL−1

Hoechst 33342 for nuclear staining. The cells were incubated at 37 °C for
0.5 h, followed by washing with phenol red free media. The cells were then
visualized using a Leica SP8-MD confocal microscope under the 100× ob-
jective lens.

Use of IF Staining to Demonstrate the Effect of IRIN on Autophagy and
PD-L1 Expression in KPC Cells: KPC cells were seeded in the µ-Slide 8 well.
After cell attachment, the cells were treated by IRIN at 300 × 10−6 m for 24
h. Control treatments included exposure to PBS, chloroquine (32 × 10−6

m), rapamycin (100 × 10−9 m), and IFN-𝛾 (10 ng mL−1). Before IF stain-
ing, the cells were washed with PBS and fixed with 4% paraformaldehyde
at RT for 15 min. Cells were treated in 1% BSA (blocking reagent) plus
0.2% Triton-X100 in PBS for 30 min. Subsequently, the cells were incubated
with primary antibody that recognizes LC3B (Cell Signaling #2775, 1:200)
or p62/SQSTM1 (Cell Signaling #23214, 1:800) in 1% BSA containing
PBS solution at 4 °C overnight. The sample was washed twice in PBS and
further stained using an Alexa Fluor 488 conjugated goat anti-rabbit sec-
ondary antibody (Thermo Fisher, A-11008, 1:1000) and 5 µg mL−1 Hoechst
33342 dye for 1 h. Cell surface staining for PD-L1 assessment was car-
ried out in fixed (4% paraformaldehyde) cells, using a staining process
similar to the above protocol. Primary PD-L1 antibody (Abcam, ab213480,
1:500) and Alexa Fluor 594 conjugated goat antirabbit secondary antibody
(Thermo Fisher, A-11012, 1:1000) were used. The cells were visualized us-
ing a Leica SP8-MD confocal microscope under the 100× objective lens.

Western Blotting: To confirm the confocal staining results for LC3B,
p62 and PD-L1, western blotting experiments were performed in KPC cells
exposed to IRIN (300 × 10−6 m) or OX (500 × 10−6 m) for 24 h. Another
experiment also looked at the dose-dependent effect of IRIN at concentra-
tions of 75, 150, 300, and 600 × 10−6 m for 24 h. Briefly, ≈2 × 105 KPC cells
per well were seeded in 6-well plates. After drug exposure, KPC cells were
harvested and treated with cold RIPA lysis buffer (Cell Signaling # 9806S),
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supplemented with a cocktail of protease and phosphatase inhibitors (Cell
Signaling #5872) and incubated on ice for 30 min. After centrifugation of
the lysates at 12 000 rpm for 10 min, protein concentration was quantified
by a Bradford assay (Biorad). Equal amounts of protein in the supernatants
were loaded onto a 10–20% Tris-glycine SDS-PAGE gel (Invitrogen, Grand
Island, NY). The proteins were subsequently transferred to a PVDF mem-
brane. The membrane was blocked with 5% nonfat dry milk/TBST, before
incubation with primary and HRP-conjugated secondary antibodies. The
primary antibodies included: LC3B (Cell Signaling #2775), p62/SQSTM1
(Cell Signaling #5114), NF-𝜅B p65 (Cell Signaling #8242), Phospho-NF-
𝜅B p65 (Cell Signaling #3033), and PD-L1 (Abcam, ab213480). The blots
were developed by soaking in ECL substrate (Thermo Fisher Scientific).
Densitometric analysis of each protein band on the film was quantified
by ImageJ software and normalized to the intensity of a corresponding
housekeeping protein.

Western blotting was also used to detect the ER stress marker, CHOP,
and Cleaved Caspase-3 (CC-3). In this case, KPC cells were treated with
IRIN at the indicated concentrations (75 × 10−6–600 × 10−6 m) for 24 h.
In a separate experiment, KPC cells were treated with IRIN (300 × 10−6 m)
and tunicamycin (10 × 10−6) for 4 h. Primary antibodies were purchased
from Cell Signaling Technology: 𝛽-actin (#3700), vinculin (#13901), CHOP
(#2895), and Cleaved Caspase-3 (#9664).

Measurement of the IRIN Effect on CRT Expression and HMGB1 Release:
7.5 × 104 KPC cells were seeded into 24-well plates. After cell attachment,
KPC cells were treated with IRIN (300 × 10−6 m), OX (500 × 10−6 m), DOX
(20 × 10−6 m), or PTX (12 × 10−6 m) for 24 h. The cell culture media were
collected in 1.5 mL tube and spun down (2000 rpm for 5 min) to collect the
supernatants for HMGB1 detection by an ELISA kit (Catalog# ST51011,
IBL International GmbH). Surface CRT expression was measured by flow
cytometry in the same experiment, as previously described.[27] Briefly, the
loosely attached cells were combined with trypsin-treated adhered cells.
The cells were washed in cold PBS and then stained with a primary anti-
CRT antibody (Abcam, ab2907, 1:140) in 200 µL BD staining buffer for 0.5
h on ice. 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).

Animal Purchase and Study Approval: Female B6/129SF1/J mice (JAX
101043) were purchased from The Jackson Laboratory, and maintained
under pathogen-free conditions. All animal experiments were performed
according to protocols approved by the UCLA Animal Research Commit-
tee.

Assessment of the Immunogenic Effects of IRIN in a Vaccination Experi-
ment: The vaccination schedule is highlighted in Figure 2C. Eight mil-
lion KPC cells were seeded in a tissue culture dish. After cellular attach-
ment, IRIN (300 × 10−6 m) or OX (500 × 10−6 m) were added for 24 h.
Cells were collected and washed before resuspended in 0.8 mL cold PBS.
For vaccination, each mouse received subcutaneous (SC) injection of a
100 µL suspension of chemo-treated cells in the right flank. Control ani-
mals received SC injection with 0.1 mL PBS. The vaccination was repeated
after 7 days. Fourteen days after the 1st injection, the animals received SC
injection of normal KPC cells (1 million cells in 0.1 mL PBS) in the con-
tralateral (left) flank. Tumor growth was measured by a digital caliper ev-
ery 2–3 days, and the tumor volume calculated according to the formula:
length × width2 /2. Animals were sacrificed on day 26 and the tumors
were collected, weighed and fixed in 10% formalin, followed by paraffin
embedding and sectioning to derive to 4 µm thick slices for IHC analysis.
Primary antibodies to CD8 (#14-0808-82) and FoxP3 (#13-5773-82) were
purchased from ThermoFisher. IHC staining was performed in the UCLA
Translational Pathology Core Laboratory (TPCL). The slides were scanned
and images assessed by using Aperio ImageScope software (Leica).

Synthesis, Purification, and Characterization of IRIN Silicasomes: The
irinotecan-loaded silicasomes were prepared as previously reported
described.[16c] Briefly, bare MSNPs were synthesized at 18 L scale and puri-
fied by extensive acidic ethanol washing to remove the CTAC detergent.[16c]

The trapping agent (TEA8SOS) was prepared from a sucrose octasulfate
sodium salt. For lipid coating, 40 mg mL−1 of the purified MSNPs, ex-
posed to 80 × 10−3 m TEA8SOS solution for soaking in, were added to

an ≈50% (w/v) lipid solution. This ethanol suspended solution contained
DSPC/Chol/DSPE-PEG2000, in the molar ratio of 3:2:0.15. This yields a
MSNP:lipid ratio of 1:1.25 (w/w). The suspension was introduced by a
flow pump into a flow cell (Sonics & Materials, Inc., #53630-0651) that
provides probe sonication (Ultrasonic Processor Model VCX500, 80% am-
plitude) at a 15 s/15 s on/off cycle and a flow rate of 5 mL min−1.[16c] In
order to remove the free trapping agent, the sample was purified through
centrifugation (4000 rpm for 5 min), followed by purification, using size ex-
clusion chromatography. For IRIN import, TEA8SOS-loaded particles were
mixed with IRIN and incubated at 65 °C for 1 h. The IRIN silicasomes were
purified and filtered across a 0.2 µm filter for sterilization.

The final product was fully characterized as previously described by
us.[16c] Briefly, the loading capacity was calculated as the weight ratio of
irinotecan to MSNP. MSNP mass was determined by TGA. Particle hydro-
dynamic 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. A chromogenic LAL assay (QCL-1000 300 Test
Kit, Lonza) was performed to test the endotoxin levels. Sterilization of the
final product was confirmed by microbial (HPC Count sampler, Millipore
Corp., MHPC10025), yeast and mold counting (Yeast and mold sampler,
Millipore Corp., MY0010025) tests.

Assessment of Cellular Responses to the IRIN Silicasome: The IRIN sili-
casome on lysosomal alkalization was performed at drug concentrations
of 75 × 10−6 and 300 × 10−6 m in KPC cells. Empty silicasomes (in which
a 500 µg mL−1 particle dose is representative of an encapsulated IRIN
dose of 300 × 10−6 m) was included as control. The assessment of LC3B,
p62, and PD-L1 immunoblotting and IF staining were performed in KPC
cells during treatment with the IRIN silicasome or empty silicasomes, as
described for the free drug.

Assessment of the Treatment Response to Combination Therapy with the
IRIN Silicasome Plus Anti-PD-1 in an Orthotopic KPC Tumor Model: The
KPC-derived orthotopic tumor model in immunocompetent B6129SF1/J
mouse was established as described in Figure 4A.[16] Briefly, 30 µL of
DMEM/Matrigel (1:1 v/v), containing ≈1 × 106 KPC-luc cells, was injected
into the tail of the pancreas in female B6129SF1/J mice (8–10 weeks) by a
short survival surgery procedure.[16] In the first survival experiment (Fig-
ure 4B), tumor-bearing mice were randomly assigned into 6 groups (n= 5–
7) and received IV injection of the IRIN formulations at API dose of 40 mg
kg−1. Anti-PD-1 antibody was injected at 100 µg per animal IP. To assess
survival rate, animals were monitored daily up to the stage of spontaneous
death or approaching moribund status (defined in Figure 4A).[16,36] The
survival data were plotted as Kaplan–Meier curves, followed by data anal-
ysis to derive mean survival time. Statistical analysis and p values were
obtained by Log Rank testing (Mantel-Cox), using GraphPad Prism 7.00
software.

Assessment of Immune Parameters in Response to Silicasome Treatment in
the Orthotopic KPC Tumor Model: Tumor-bearing mice received IV injec-
tion to deliver an IRIN dose of 40 mg kg−1 (free IRIN or IRIN silicasome)
per injection every 3 days for a total of 3 administrations. Control animals
received saline only. Animals were sacrificed 72 h after the last injection.
To confirm the impact on tumor growth, ex vivo bioluminescence imaging
was performed to assess image intensity at the primary and metastatic tu-
mor sites. Primary tumors were fixed in 10% formalin, followed by paraf-
fin embedding and sectioning to provide 4 µm slices for IHC analysis in
the UCLA Translational Pathology Core Laboratory (TPCL). The slides were
scanned and images were assessed by using Aperio ImageScope software
(Leica). Primary antibodies to CD8 (#14-0808-82) and FoxP3 (#13-5773-
82) were purchased from ThermoFisher; CRT (ab2907), while antibodies
to HMGB1 (ab18256), granzyme B (ab4059), perforin (ab16074) and IFN-
𝛾 (ab9657) were purchased from Abcam. The antibody to LC-3 (#0231-
100/LC3-5F10) was purchased from Nanotools, while the antibody to PD-
L1 (#64988) was purchased from Cell Signaling Technology.

Assessment of Anti-PD1 Combination Therapy with the Silicasomes versus
Onivyde in the Orthotopic KPC Model: The treatment schedule and fre-
quency of administration are outlined in Figure 7. Orthotopic KPC tumor-
bearing mice were randomly assigned into 6 groups (n= 6). The treatment
groups included: animals receiving IV injection of IRIN (Onivyde or IRIN
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silicasome) at 40 mg kg−1; IP injections of anti-PD-1 antibody monother-
apy (100 µg per injection); or an anti-PD-1/chemo combination, for a total
of 6 administrations. Kaplan–Meier analysis was performed as described
in Figure 6.

Statistical Analysis: Comparative analysis of differences between
groups was performed using the 2-tailed Student’s t-test (Excel soft-
ware, Microsoft) for two-group comparison. One-way ANOVA followed
by a Tukey’s test (Origin software, OriginLab) was performed for multi-
ple group comparisons. Data were expressed as mean ± SD or scanning
electron microscopy (SEM), as stated in the figure legends. The survival
analysis was performed by Log Rank testing (Mantel-Cox), using Graph-
Pad Prism 7.00 software. A statistically significant difference was consid-
ered at *p < 0.05.
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