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Abstract: Despite the formidable treatment challenges of pancreatic ductal adenocarcinoma (PDAC),
considerable progress has been made in improving drug delivery via pioneering nanocarriers. These
innovations are geared towards overcoming the obstacles presented by dysplastic stroma and fos-
tering anti-PDAC immune reactions. We are currently conducting research aimed at enhancing
chemotherapy to stimulate anti-tumor immunity by inducing immunogenic cell death (ICD). This
is accomplished using lipid bilayer-coated nanocarriers, which enable the attainment of synergistic
results. Noteworthy examples include liposomes and lipid-coated mesoporous silica nanoparticles
known as “silicasomes”. These nanocarriers facilitate remote chemotherapy loading, as well as
the seamless integration of immunomodulators into the lipid bilayer. In this communication, we
elucidate innovative ways for further improving chemo-immunotherapy. The first is the development
of a liposome platform engineered by the remote loading of irinotecan while incorporating a pro-
resolving lipoxin in the lipid bilayer. This carrier interfered in stromal collagen deposition, as well
as boosting the irinotecan-induced ICD response. The second approach was to synthesize polymer
nanoparticles for the delivery of mutated KRAS peptides in conjunction with a TLR7/8 agonist. The
dual delivery vaccine particle boosted the generation of antigen-specific cytotoxic T-cells that are
recruited to lymphoid structures at the cancer site, with a view to strengthening the endogenous
vaccination response achieved by chemo-immunotherapy.

Keywords: pancreatic cancer; tumor stroma; irinotecan; lipoxins; KRAS vaccination; tertiary
lymphoid structures

1. Introductory Statement

Pancreatic ductal adenocarcinoma (PDAC) represents a significant challenge in the field
of oncology, ranked as the twelfth most common cancer worldwide, with 495,000 new cases
in 2020 [1]. In the United States, it is the fourth leading cause of cancer-related deaths, where
patients diagnosed with PDAC face an alarming median survival of less than 6 months, and
the five-year survival rate remains distressingly in the single-digit range [2]. One of the most
challenging aspects of PDAC is its tendency to be detected at an advanced stage, often limit-
ing the feasibility of surgical intervention, which is crucial for successful treatment in many
other cancer types. Consequently, patients are frequently left with limited treatment options.
Despite extensive research efforts, the response to traditional chemotherapy or immunotherapy,
including the use of checkpoint-blocking antibodies, has been disappointing. Over the years, we
have introduced several nanotechnology-enabled strategies for the treatment of PDAC aimed at
improving drug delivery by nanocarriers that provide improved pharmacokinetics and the use
of single or synergistic drug combinations that trigger cytotoxic cell death and/or immunogenic
cell death (ICD) for chemo-immunotherapy strategies. The purpose of this communication is
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to discuss new groundbreaking studies recently undertaken as we continue to develop nano-
enabled chemo-immunotherapy in PDAC. After a brief overview of our long-term research
strategy, we discuss new cutting-edge experiments that address the use of a stroma-targeting
nanocarrier delivering lipoxin A4 (LXA4), as well as the use of exogenous KRAS vaccination to
strengthen the chemotherapy-induced immune response.

2. Nano-Enabled Chemo-Immunotherapy in PDAC

Pancreatic ductal adenocarcinoma (PDAC) poses a formidable challenge due to late
diagnosis, limited surgical accessibility, and chemotherapy resistance. Moreover, PDAC
displays a robust dysplastic stroma that hinders drug delivery and contributes to a tu-
mor microenvironment (TME) that impedes the immune response. Nanocarriers offer a
promising solution to some of these impediments, including improved drug delivery and
providing chemo-immunotherapy [3-5]. One historical approach has been the introduction
of an albumin-bound paclitaxel nanocarrier (Abraxane) [6], acting to reduce stromal density
while also allowing improved gemcitabine uptake at the tumor site. Building on this, we
developed a lipid-coated mesoporous silica nanoparticle (MSNP) carrier that could im-
prove similar drug synergy by allowing the contemporaneous release of gemcitabine and
paclitaxel [7]. This was made possible by the remote loading of gemcitabine into the porous
interior of the carrier with paclitaxel incorporation into the lipid bilayer. This carrier is also
referred to as a silicasome. Another nano-based approach was the development of a liposo-
mal carrier (Onivyde) [8] for irinotecan, one of four drugs in the FOLFIRINOX regimen [9],
which are collectively more effective than gemcitabine but highly toxic [10]. Onivyde
showed improved efficacy in combination with 5-fluorouracil and leucovorin in the phase
III NAPOLI-1 trial in metastatic, gemcitabine-resistant PDAC patients; the formulation had
leakage issues and residual toxicity, resulting in an FDA black box warning [11]. To address
these challenges, we once more resorted to the use of a silicasome to improve irinotecan
efficacy by using the supported lipid bilayer that provides improved drug loading with
more stable drug retention (Figure 1A) [12,13].
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Figure 1. Use of lipid bilayer encapsulated nanocarriers for endogenous chemo-immunotherapy,
to be boosted by KRAS neoantigen-delivering polymer nanoparticles. (A). Schematic to illustrate
combination drug loading into liposomes and silicasomes, including remote loading of chemother-
apeutic agents that induce immunogenic cell death (ICD), such as irinotecan, doxorubicin, and
mitoxantrone. The schematic also explains the use of protonating agents (e.g., ammonium sulfate,
citric acid, and sucrose octa sulfate) for remote import across the lipid bilayer, also serving as a carrier
component for incorporating hydrophobic drugs (e.g., paclitaxel and 3M-052) or lipid-conjugated
prodrugs, capable of synergizing with the chemotherapeutic agents. The bottom diagram illus-
trates the ICD response pathway, which depends on dying cancer cells displaying calreticulin (CRT)
expression, acting as an “eat me” signal for antigen-presenting cells, which also receive adjuvant
stimuli (high mobility group box 1 or HMGB 1, and ATP) to promote the maturation of T-cell ac-
tivating dendritic cells. All considered, the ICD response acts as a response pathway releasing
endogenous tumor antigens participating in the cancer immunity cycle. Reprinted from Biomaterials,
Volume 269, Allen et al., “Immune checkpoint inhibition in syngeneic mouse cancer models by a
silicasome nanocarrier delivering a GSK3 inhibitor”, © 2021 with permission from Elsevier [14].
(B) Illustrative example of a liposome co-delivering irinotecan with a hydrophobic TLR7 agonist,
3M-052. The induction of ICD by irinotecan is augmented by incorporating the lipid tail of the TLR7
agonist into the lipid bilayer. The release of this agonist enhances the recruitment and activation of
dendritic cells participating in the ICD response. (C) Schematic illustrating the cancer immunity cy-
cle [15] explaining the hypothesis of using exogenous vaccination with KRAS peptides to strengthen
the endogenous vaccination response by increasing the frequency of antigen-specific cytotoxic T-cells
(CTLs) to be recruited from regional lymph nodes, spleen, and tertiary lymphoid structures for
tumor cell killing at the primary cancer site. The illustration of the immunity cycle was adapted
from Immunity, Volume 39 (1), Daniel S. Chen and Ira Mellman, Oncology Meets Immunology: The
Cancer-Immunity Cycle, Pages 1-10, © 2013 with permission from Elsevier.
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In addition to improving irinotecan delivery via the silicasome and an orthotopic
PDAC tumor model, we demonstrated that this topoisomerase inhibitor initiates an im-
munogenic cell death (ICD) response (Figure 1A) [13]. ICD leads to the release of endoge-
nous tumor antigens from dying cancer cells, which express calreticulin on the cell surface
to provide an “eat-me” signal to antigen-presenting cells (APC). Moreover, ICD is accompa-
nied by the release of adjuvant stimuli (ATP and HMGB1) that promote the activation and
maturation of dendritic cells in the TME. This amounts to the equivalent of an endogenous
vaccination response. Complementing the ICD effect, irinotecan also produces a cell stress
response, resulting in PD-L1 expression; this allowed us to demonstrate synergistic boosting
of the irinotecan-induced ICD response by anti-PD1 monoclonal antibodies in an ortho-
topic KRAS tumor model [13,16]. A similar outcome could also be achieved by silicasome
carriers and liposomes delivering other ICD-inducing chemotherapeutic agents, e.g., an
oxaliplatin derivative (DCH-Pt), also boosted by anti-PD1 [17]. These results illustrate the
promise of immune checkpoint inhibitors (ICI) to boost the ICD impact in PDAC, a disease
often accompanied by low neoantigen burden, limiting the frequency of T-cell infiltrates to
20-30% nontreated human tumors [18-20]. It is also worth commenting that even with the
achievement of synergy between irinotecan chemo-immunotherapy and anti-PD1 adminis-
tration, orthotopic KRAS tumors often present with heterogeneous immune landscapes,
requiring additional therapeutic intervention, including dealing with a dysplastic stroma
and an immune-suppressed tumor immune microenvironment (TIME) [4].

Given the requirement of additional therapeutic combinations for effective chemo-
immunotherapy, we further adapted silicasome and liposome design to allow the lipid
bilayer to be used for combination therapy, premised on drug loading into the aqueous in-
terior, as well as in the lipid bilayer (Figure 1A) [4]. This design strategy is premised
on remote loading of ICD-inducing chemotherapeutics (e.g., irinotecan, doxorubicin,
and mitoxantrone), using the lipid bilayer for the encapsulation of protonating agents
(e.g., ammonium sulfate, citric acid, and sucrose octa sulfate), allowing the chemo drugs
to cross the bilayer. The lipid bilayer also allows the incorporation of hydrophobic drugs
(e.g., paclitaxel and 3M-052) or lipid-conjugated drugs (e.g., prodrugs attached to choles-
terol or phospholipids), in addition to the remote-loaded chemo agents [4,12]. As an
example, we synthesized liposomes and silicasomes that can co-deliver irinotecan with a
TLR7 agonist, 3M-052, anchored into the lipid bilayer via a lipid tail (Figure 1B) [12]. This
design allowed the boosting of the irinotecan-induced ICD response in an orthotopic PDAC
model via the ability of TLR7 to enhance dendritic cell activation and T-cell recruitment to
the PDAC site. By so doing, 3M-052 could overcome the paucity of poorly activated APC
at the cancer site, strengthening the cancer immunity cycle (Figure 1C) [12]. This combina-
tion strategy is currently being extended by including additional immunomodulators and
checkpoint blocking antibodies for synergistic immunotherapy [4].

Another variation of the theme shown in Figure 1A was to combine the ICD-inducing
chemo agent, mitoxantrone, with a cholesterol-conjugated inhibitor of the indoleamine-
pyrrole 2,3-dioxygenase (IDO-1) pathway, indoximod, in bilayer carriers for the treatment of
triple-negative breast cancer, colon, and lung cancer [21]. In addition to the demonstration
of drug synergy, the ICD response to mitoxantrone included the interesting observation that
this particular drug also boosted tumor immune surveillance by NK cells [21]. The idea of
drug conjugation to bilayer components was further developed by making use of medicinal
chemistry criteria to introduce additional prodrug design strategies for small molecule
inhibitors of PD-1, glycogen, synthase kinase-3 (GSK3), adenosine A2 receptor (A2AR),
and chemokine C-X-C receptor 4 (CXCR4) [4]. These strategies can also be combined with
additional remote loading strategies for silicasomes and liposomes to deliver GSK3 and
CXCR4 inhibitors, with additional impacts on the diversity of immune landscapes that
appear in PDAC, triple-negative breast cancer, colon, and lung cancer. GSK3 impacts the
PD1/PD-L1 axis by transcriptional suppression of PD1 expression, leading to the interfer-
ence of immune escape with similar efficacy as anti-PD1 antibodies, while the inhibition of
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CXCR4 was effective in restoring T-cell exclusion from the tumor core heterogeneous triple
negative breast cancer in PDAC landscapes [4,14].

A further important area to consider for PDAC immunotherapy is the development of
nanocarriers to target the desmoplastic stroma, other than using the paclitaxel /gemcitabine
silicasome discussed earlier [4,7]. Important non-transformed cellular targets in the stroma
include cancer-associated fibroblasts (CAFs), tumor-associated macrophages, lymphocytes,
myeloid-derived suppressor cells (MDSCs), and granulocytes. Table 1 lists a number of
current therapeutic options for stromal targeting, including cytokine and chemokine path-
ways that facilitate tumor invasion and spread [22,23]. We are particularly interested in
the role CAFs play in programming the TME by a range of soluble mediators, including
transforming growth factor-beta (TGF-f3), interleukin 6 (IL-6), matrix metalloproteinases
(MMPs), vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), stro-
mal cell-derived factor 1 (SDF-1), hypoxia-inducible factor-1 (HIF-1), and tissue inhibitors
of metalloproteinases (TIMPs) [24]. CAFs are also involved in cancer drug resistance via
the modulation of WNT signaling. TGF-f3 activation is particularly significant in paracrine
signaling by CAFs and mediating TME responses such as extracellular matrix (ECM) depo-
sition, epithelial-mesenchymal transition (EMT), angiogenesis, and tumor metastasis [25].
The CAF secretome further plays a role in the recruitment of tumor-associated macrophages
(TAMs), which contributes to the development of an immunosuppressive TME [26-28].
Table 1 illustrates some of the drug options for targeting CAFs in pre-clinical studies.
These conform to three categories: (i) the depletion of ECM proteins, (ii) inhibiting ECM
protein synthesis, and (iii) the blockade of signaling pathways leading to CAF activation
and stromal deposition. Among these, our immediate interest is in lipoxins that provide
anti-inflammatory “stop signals” engaged in leukocyte trafficking and infiltration of the
TME [29]. As such, lipoxins can reduce chemo-induced inflammation in the TME by stimu-
lating the removal of tumor debris by macrophages and lowering drug requirements [29,30].
From a nanotherapeutic perspective, pro-resolving lipid mediators exhibit short circulatory
half-lives and short residence time at sites of tissue inflammation, making them ideal
candidates for encapsulation in our lipid-based carriers for stromal therapy, as will be
discussed in the following subsection.

Table 1. Drug targeting of CAFs and their mechanism of action in PDAC.

Target Active Agent Pre-Clinical Model Mechanism References
ECM PEGPH20 Pancreatic tumor Depletion of hyaluronic acid [31,32]
. Reduction in Connective Tissue Growth
ECM Pamrevlumab (FG-3019) Pancreatic tumor Factor (CTGF) expression [33,34]
ECM Simtuzumab (GS-6624) Pancreatic tumor Lysyl oxidase inhibitor [35]
ECM Losartan Pancreatic tumor Angiotensin inhibition reduces strqmal 136]
collagen and hyaluronan production
. Stromal remodeling by reducing the
CAF-cancer cell crosstalk Resveratrol Pancreatic tumor number of CAFs and leukocytes [37]
ECM Captopril Pancreatic tumor TGF-f pathway inhibition [38]
ECM Lipoxin A4 Pancreatic tumor TGEF-f3 pathway inhibition [39]
CAF-cancer cell crosstalk Fraxinellone Pancreatic tumor TGF-p pathway inhibition [40]
CAF-cancer cell crosstalk Triptolide Pancreatic tumor TGEF-f pathway inhibition [41]
ECM Cyclopamine Pancreatic tumor Hedgehog pathway inhibition [42-44]
CAF activation Vismodegib (GDC-0449) Pancreatic tumor Hedgehog pathway inhibition [45]
CAF-cancer cell crosstalk Curcumin Pancreatic tumor EMT inhibition [46]
ECM Pirfenidone Pancreatic tumor MMP-2 reduction [47]

Abbreviations: CAF = cancer-associated fibroblasts;

mesenchymal transition.

ECM = extracellular matrix;

EMT = endothelial-

The second innovation we will address pertains to our goal of strengthening the

endogenous vaccination response to chemo-immunotherapy by combining that approach
with an exogenous vaccination strategy that intersects in the cancer immunity cycle
(Figure 1C) [29,30]. We already commented on the low neoantigen burden in PDAC as a
key contributor resulting in poorly immunogenic immune landscapes, in contradiction to
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melanoma or non-small cell lung cancer. While triggering of an immune “hot-start” by
ICD-inducing chemotherapeutics improves the immunogenicity of the landscape, the sup-
ply of endogenous tumor-associated antigens (TAAs) (e.g., carcinoembryonic antigen and
mesothelin) or neoantigens (e.g., KRAS and p53) may not suffice to educate high-affinity
cytotoxic T lymphocytes (CTL) recruited to the primary cancer site from regional lymphoid
structures. This concept is embedded in the cancer immunity cycle (Figure 1C) [15]. Our
hypothesis is that exogenous vaccination with frequently expressed TAA or neoantigens
may boost the availability of high-affinity CTL clones to participate in the ICD-triggered
immune cycle (Figure 1C). Accordingly, the final section of this communication will discuss
the use of encapsulated mutant KRAS peptides to strengthen PDAC immunity.

2.1. Development of a Dual-Delivery Irinotecan/Lipoxin A4 Liposome to Target the Stroma and
Improve PDAC Immunotherapy

The desmoplastic PDAC stroma creates a barrier that limits drug delivery to the TME,
thereby hampering the effectiveness of conventional therapies. In addition, the stroma
creates an immunosuppressive environment, making it difficult for the immune system to
effectively target and eliminate cancer cells [23]. Finding ways to reduce desmoplasia is
considered a promising approach to improving PDAC therapy. Arachidonic acid-derived
eicosanoids produced via the CYP450, cyclo-oxygenase (COX), or lipoxygenase (LOX)
enzymatic pathways are key factors in carcinogenesis [48]. This family of bioactive lipids in-
cludes leukotrienes, hydroxy-eicosatetraenoic acids, lipoxins, and resolvins, which regulate
several pathophysiological processes in the body, including inflammation, cellular prolifera-
tion, angiogenesis, vascular flow, extracellular matrix deposition, and immune function [49].
Of particular significance to the stroma and TME in PDAC is the role of leukotrienes and
lipoxin/resolvins in the initiation and resolution of inflammatory processes. While acute
inflammation is generally protective against injurious stimuli, uncontrolled chronic in-
flammation encourages carcinogenesis by DNA injury, epigenetic dysregulation, genomic
instability, and /or changes in intracellular signaling [48]. Several experimental studies
have shown the benefits of LOX-derived lipoxins and resolvins in suppressing tumorigen-
esis and adverse effects on immunity in the setting of chronic inflammation [50,51]. Our
continuing efforts are focusing on the role of lipoxin A4, based on the demonstration that a
lipoxin score shows a good correlation to human PDAC metastatic potential [52]. Moreover,
cellular and animal studies using the enzymatically stable LXA4 analog BML-111 were
shown to interfere with the invasive capacity of pancreatic cancer cells [30], as well as
the differentiation of human pancreatic stellate cells into a CAF-like phenotype [39]. This
is of particular importance to our PDAC treatment objectives, where chemotherapy can
induce refractory inflammation that impacts the dysplastic stroma and the recruitment of
immunosuppressive cells.

Despite these promising leads, the full clinical potential of pro-resolving lipid media-
tors is still to be realized because of rapid degradation in the circulation and at sites of local
tissue inflammation. LXA4, for instance, is rapidly metabolized by human monocytes via
dehydrogenation and a reduction to 13,14-dihydro LXA4 [53]. To overcome this challenge,
more biodurable analogs have been developed to prevent metabolic degradation and to
prolong therapeutic effects, e.g., BML-111, discussed earlier [53]. Based on its enzymatic in-
stability, we propose developing a liposome to improve LXA4 delivery in combination with
irinotecan (Figure 2A,B). This was accomplished using ammonium sulfate as a protonating
agent for irinotecan remote loading while incorporating lipophilic LXA4 into the lipid bi-
layer (Figures 2A and S1C). Liposome synthesis was accomplished by a thin film hydration
technique during which LXA4 was dissolved in the organic phase, with ammonium sulfate
added to the hydration phase. Subsequent remote loading was accomplished by incubating
the vesicles in a buffer containing dissolved irinotecan, allowing drug import by the genera-
tion of a proton gradient across the lipid bilayer (Figure 2A). Dynamic light scattering was
used to assess the size (80-90 nm) and zeta potential (—3 mV) of the liposomes (Table 2).
CryoEM confirmed the presence of the irinotecan drug precipitate within the aqueous core
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of the liposomes (Figure 2C). The functionality of the liposomes was confirmed in vitro,
using human pancreatic stellate cells to show interference in IL-6 production in the presence
of TGF-f (data not shown). This reflects the anti-inflammatory effect of lipoxin on the
TGEF-f signaling pathway by binding to the high-affinity G protein-coupled lipoxin A4
(LXA4) receptor and formyl peptide receptor 2 (FPR2)/ALX at nanomolar quantities [29,30].
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Figure 2. Synthesis of LXA4 embedded irinotecan liposomes: (A) Schematic showing the synthetic
steps to construct a dual delivery liposome by a thin film hydration method, which includes the use
of ammonium sulfate for subsequent irinotecan remote loading. (B) An illustration of the structure
of the LXA4-irinotecan liposomes, the bilayer composition of which is described in detail in Figure
S1C. (C) Images of the resulting liposomes were obtained with a cryo-electron microscope (TF20 FEI
TecnaiG2) that demonstrated uniform liposomes with a clear unilamellar, bilayer structure and large
aqueous core. After remote loading, the presence of drug precipitates was visible by a darker contrast
of the liposomal interior. Scale = 100 nm.

Table 2. Characterization of LXA4 liposomes.

Liposomes (0.2 mol% LXA4) Size (PDI) Zeta Potential Loading Capacity Loading Efficiency
(Units) (nm) (mV) (%) (%)
Pre-loading 88.2 (0.15) —3.06 +£2.1 - -
Post loading 76.2 (0.09) —2.53 +£3.87 28.95 82.09

An animal study was performed in B6/129] mice to determine the impact of the
liposomes on the subcutaneous growth of a KRAS transformed murine pancreatic adeno-
carcinoma (KPC) cell line harvested from a spontaneously developing tumor in a transgenic
KrasLSL G12D/+; Trp53LSL R172H/+; Pdx-1-Cre mouse [54]. The mice were intravenously
injected with the LXA4-irinotecan liposomes, delivering 90 ug/kg LXA4 plus 40 mg/kg
irinotecan twice a week for 2 weeks (Figure S1A). Assessment of the tumor volumes demon-
strated that animals treated with the LXA4-irinotecan liposomes had the slowest growth
rate compared to irinotecan monotherapy or saline control (Figure S1B). Following animal
sacrifice and tumor harvesting, Masson’s trichrome staining was performed to determine
the impact on TME collagen density (Figure 3A). This demonstrated that in animals treated
with the dual-drug (LXA4/irinotecan) liposome, there was a significant reduction in col-
lagen staining intensity compared to other groups, including for the liposome delivering
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irinotecan only (Figure 3A). The staining intensity was quantitatively confirmed by Im-
ageScope software analysis (Figure 3B). Harvested tumor tissues were subsequently used
for multicolor immunohistochemistry (IHC) to assess the relative abundance of CD8" CTLs
vs. FoxP3* regulatory T-cells (Tregs) in the TME. This demonstrated while encapsulated
irinotecan as well, the dual delivery (LXA4/irinotecan) liposome delivery led to a reduction
in Treg expression (Figure S2A,B), the most significant increase in CD8" /FoxP3* ratio was
achieved by the dual delivery liposome (Figure 3C). Additional IHC staining for perforin
expression confirmed increased cytolytic activity during treatment with the dual-delivery
liposome compared to other treatment groups (Figures 3D and S2D). Noteworthy, the
immunostimulatory effects of the LXA4-irinotecan combination could proceed without
evidence of animal toxicity (e.g., weight, hematology, liver, and kidney function).
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Figure 3. In vivo therapeutic efficacy of liposomal LXA4-irinotecan in a subcutaneous KPC pan-
creatic cancer model. Mice with palpable tumors were injected with either free or liposomal irinote-
can (40 mg/kg) or LXA4 irinotecan (90 ug/kg LXA4; 40 mg/kg irinotecan) twice a week (for a total of
4 injections) starting at day 6 post-implantation. After 21 days of tumor implantation, animals were
sacrificed under anesthesia; tumors were harvested and fixed in 4% formalin, followed by paraffin
embedding and sectioning into 5 um sections. (A,B) Tumor sections were analyzed and quantified for
collagen content by Masson’s trichrome staining with ImageScope software. (C) Tumor-infiltrating
T-lymphocytes were analyzed and quantified as the ratio of cytotoxic (CD8*) to (FoxP3*) regulatory
T lymphocytes by inForm software, used, to analyze multicolor IHC slides as described in Figure S2.
(D) Cytotoxic T-cell activity was analyzed by perforin IHC and quantified with ImageScope software
(Figure S2D,E). Data represent mean + SEM. The images were analyzed for statistical significance
by one-way ANOVA. Differences were considered significant for a p-value of * p < 0.05, ** p < 0.01,
***p <0.001, **** p < 0.0001, respectively. Scale bar = 100 um.
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In summary, the combination of LXA4 with irinotecan in a liposomal carrier was
effective for synergistic interference in collagen deposition and immune cell infiltration in a
subcutaneous KPC model. Similar experiments are planned for a silicasome carrier in an
orthotopic KPC model to determine the effect on a robust dysplastic stroma that resembles
human PDAC. These studies will include a detailed investigation into the reprogramming
of immune suppressive cellular infiltrates in the TME in PDAC, e.g., switching M2 TAMs
to an M1 phenotype [55]. We will also consider incorporating additional drugs undergoing
clinical trials (Table 1) to study their comparative efficacy and will also combine LXA4 in
liposome and silicasome carriers that co-deliver immunomodulators that target the CXCR4,
IDO-1, and TLR? pathways.

2.2. Combined Use of Mutant KRAS Vaccination Approach to Boost the Endogenous Vaccination
Response to ICD in PDAC

The aim of this section is to delineate the use of polymeric nanoparticles for generating
a vaccine response to the mutant KRASg,p epitope to boost chemo-immunotherapy.
The potential advantage of such an approach would be to enhance the recruitment of
high affinity, antigen-specific CTL clones from lymphoid organs (e.g., lymph nodes and
spleen) or tertiary lymphoid structures that may participate in the cancer immunity cycle
(Figure 1C). The hypothesis is that low levels of endogenous TAA and neoantigens that
are being released from dying cancer cells during ICD may not be effective for stimulating
T-cell antigen receptors, leading to the recruitment of CTLs that exhibit low cytotoxic
potential for cancer cells. Thus, exogenous vaccination with PDAC antigens, known to lead
to effective MHC-I presentation, could populate the regional lymphoid structures with
higher affinity CTL populations for recruitment to the primary cancer site. In addition
to the spleen and regional lymph nodes, there is now growing awareness of the role
of tertiary lymphoid structures (TLS), assembling at primary cancer sites for boosting
antitumor immunity [56-58]. TLS are organized structures similar to lymphoid follicles that
harbor T-cells, B-cells, and dendritic cells, with the ability to improve immune recruitment,
activation, proliferation, and cytotoxic killing. Accordingly, the appearance of TLS in
various cancers is regarded as predictive of improved of antitumor immune responses
and patient outcomes, including for pancreatic cancer [59]. Thus, we hypothesize that
exogenous vaccination will improve the impact of endogenous vaccination in PDAC
by ICD.

KRAS frequently presents driver mutations in PDAC, colorectal, and lung cancers,
with mutation frequencies of 97.7, 44.7, and 30.9%, respectively [60]. Four mutations
(G12, G13, Q61, G12D) cover more than 99% of the PDAC mutations, with KRAS G12D
contributing up to 45% (Figure 4) [61-63]. Not only do these PDAC mutations drive the
development of pancreatic intraepithelial neoplasia but prediction making for selecting
immunogenic KRAS peptides to perform vaccination has also greatly improved. This
includes evidence that KRAS G12D can be expressed on type I murine MHC and human
HLA (e.g., HLA-A*11:01 or HLA-C*8:02) antigen-presenting complexes, with the ability
to induce PDAC targeting by CTL [64,65]. This has resulted in demonstrating therapeutic
responses to mutated KRAS peptides in human PDAC trials [66,67]. Thus, while some
phase I and II clinical trials have shown longer survival in vaccine responders compared to
non-responders [68], no therapeutic benefit was obtained in advanced-stage pancreatic can-
cer patients. We further propose that vaccine efficacy can be improved in combination with
ICD therapy, thereby allowing higher affinity CTL to participate in the cancer immunity
cycle (Figure 1C). From a vaccination perspective, it is also relevant that the administration
of an irradiated allogeneic PDAC vaccine (GVAX) could boost the generation of tertiary
lymphoid structures in a human PDAC trial [69,70].
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Common KRAS oncogenic point mutations seen in PDAC

patients
KRAS mutant peptides Peptide sequence
KRAS WT MTEYKLVVVGAGGVGKSALTIQLIQ
KRAS G12C (G12C) MTEYKLVVVGACGVGKSALTIQLIQ
KRAS-G12D (G12D) MTEYKLVVVGADGVGKSALTIQLIQ
KRAS G12V (G12V) MTEYKLVVVGAVGVGKSALTIQLIQ
KRAS G13D (G13D) MTEYKLVVVGAGDVGKSALTIQLIQ K795 S e

N —PLGA

Modified and unmodified KRAS mutant peptides for vaccination
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Figure 4. KRAS mutations involved in PDAC generation and peptide selection for constructing
vaccinating nanoparticles. The upper table outlines common KRAS point mutations found in PDAC
patients, from which we selected the G12D mutation for constructing mutant peptides for nanoparticle
synthesis. Owing to the hydrophobicity of the native mutant 23 mer KRAS peptide, termed M23,
we modification of its terminal amino acids on either end with aspartate residues to enhance its
solubility, creating a hydrophilic 23 mer termed D23. The illustration further shows how the mutant
KRAS peptides (M23 or D23) are incorporated into the polymeric shell and aqueous core, respectively,
along with the TLR7/8 agonist, R848. This was accomplished by a modified double emulsion solvent
evaporation method. Briefly, a mixture of KRAS G12D mutated peptides (23 mer) and R848 were
added to PLGA, dissolved in dichloromethane (DCM), and sonicated to create a water-in-oil emulsion
(w1/0). This emulsion is added to a 1% solution of sodium cholate and sonicated again to form a
water in oil in water double emulsion (w1/0/w2). Vaccine particles were harvested after evaporating
solvent overnight under continuous stirring at room temperature in 0.1% sodium cholate solution by
ultracentrifugation. Red indicates the point mutation and blue the addition of amino acids to changes
solubility index.

Since the immunogenicity of peptide vaccines is enhanced by lymph node (LN) de-
livery, we surmised that the same approach could be applicable to the generation of TLS
in our murine model [71-73]. Typically, the uptake of vaccinating nanoparticles in LNs
is facilitated by a particle size of 25 to 200 nm. It was also demonstrated that the im-
munogenicity of peptide vaccines can be enhanced by conjugating the peptides to TLR
agonists [74] or a carrier protein such as albumin [75-77]. The strategy that we adopted
was to use passive KRAS peptide encapsulation into poly(lactic-co-glycolic acid) (PLGA)
nanoparticles that also include a TLR7/8 agonist, resiquimod (R848) (Figures 4 and 5).
PLGA nanoparticles are avidly taken up by LNs, allowing efficient encapsulation and
cargo release for antigen presentation in LNs. Carrier synthesis was achieved by using
a double-emulsion solvent evaporation technique to construct two distinct nanoparticle
versions (Figure 5A). In the first embodiment, the unmodified M23 peptide, sparingly
soluble in water, was added to the oil phase containing PLGA in dichloromethane, with
R848 being added in the entrapped aqueous phase. This yielded particles that encapsulate
the M23 peptide in the shell, with R848 in the aqueous core. In the second embodiment,
the KRAS G12D peptide was modified on both ends with aspartate residues to enhance
water solubility (Figure 4). This peptide was added to the inner aqueous phase, combined
with R848, while the oil phase was comprised of PLGA solubilized in DCM (Figure 5).
Using the double emulsion approach, another nanoparticle was constructed where both the
hydrophilic D23 peptide and R848 were encapsulated in the aqueous core (Figure 5). We
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also synthesized an M23/DiR nanoparticle with an empty core and a scrambled peptide
(polyD) nanoparticle encapsulating the peptide with R848 in the aqueous core (Figure 5C).
This yielded nanoparticles in the 150-200 nm size range with a zeta potential of —70 mV,
conducive to lymphatic spread. The SEM images further confirmed the size and polydis-
persity distribution (Figure 5B). Both D23 and M23 containing nanoparticles showed a 23%
loading efficiency of R848.
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Characterization of PLGA peptide nanoparticles
PLGA Size (PDI) Zeta Peptide Peptide R848
nanoparticles (nm) potential loading encapsulation encapsulation
(mV) (ng/mg PLGA) efficiency (%) efficiency (%)
M23/ DiR 156.75 (0.12) -65.8 66.5 36.6% --
PolyD+R848 193.7 (0.1) -69.3 11.2 10% 48.8%
M23+R848 198.7 (0.17) -63.5 62.4 34.33% 36.5%
D23+R848 196.1 (0.15) -72.76 22 35% 23%

Figure 5. Synthesis of polymeric nanoparticle vaccines with hydrophobic mutated KRAS pep-
tides: (A) Schematic showing the modified double emulsion solvent evaporation method to generate
hollow nanoparticles with M23 peptide (G12D point mutation highlighted in red) embedded in the
polymeric shell and passive encapsulation of R848 in the aqueous core. The particles are harvested
in 0.1% sodium cholate solution by ultracentrifugation before analyzing for size and zeta potential
with dynamic light scattering (DLS). (B) Images of the vaccine nanoparticles were obtained with SEM
that demonstrated largely monodisperse nanoparticles with a smooth surface. Scale bar = 200 nm.
(C) Table describing the DLS characterization of the various vaccine nanoparticles and control peptide
nanoparticles that were synthesized for the animal studies.

To demonstrate the agonist activity of the encapsulated R848, the nanoparticles were
co-incubated with murine HEK-Blue cells to demonstrate a dose-dependent increase in
TLR7-mediated reporter gene activity (data not shown). We also employed the DiR-labelled
nanoparticle to demonstrate its lymphatic spread to regional lymph nodes when injected
subcutaneously in B6/129] mice (not shown). Compared to the free DiR, the particle-
encapsulated dye was retained for a prolonged period during live in vivo imaging (IVIS).

To determine vaccination impact on anti-tumor immunity, B6/129] mice were subcu-
taneously injected with (M23 + R848) prca and (D23 + R848)pr ca nanoparticles 13 days
prior to subcutaneous challenge with KRAS pancreatic cancer cells (KPC). As a control for
the impact of the nanoparticles, we also used subcutaneous injection of KPC cells treated
with an ICD-inducing dose (300 mM) of irinotecan to demonstrate interference in live KPC
growth. In one flank of the animal, 5 x 10* KPC cells undergoing ICD were administered
to induce a protective immune response, demonstrated by the growth failure of live KPC
cells injected in the contralateral flank a few days later [13].
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The possible protective effect of the nanoparticles was tested by injecting the animals
in one flank on three occasions, seven days apart, with particles delivering peptide doses of
10 pg M23 or D23 plus 2 ug R848. Additional controls included animal groups vaccinated
with an admix of free peptide plus adjuvant (i.e., M23 + R848 admix and D23 + R848 admix).
A day prior to the final boost, the mice were challenged with 1.5 x 10° live KPC cells sub-
cutaneously on the contralateral flank and observed for tumor growth, as described in
Figure 6A. The animals were monitored for 45 days, during which tumor volumes and
animal weights were recorded (Figure 6B,C). This demonstrated that 50% of mice vacci-
nated with (M23 + R848)p; g4 remained tumor-free for up to 45 days after the challenge
(Figure 6B). Furthermore, in tumor-developing animals, there was significantly slower
growth in the nanoparticle-treated animals compared to unvaccinated or animals receiving
the free (M23 + R848) admix. All the animals vaccinated with irinotecan-treated KPC cells
remained tumor-free, indicating the efficacy of the ICD effect. In contrast to the results
obtained with the encapsulated (M23 + R848)p; ga combination, animals vaccinated with
(D23 + R848)prca had higher instances of tumor formation, where 5 out of 7 vaccinated
mice (70%) developed tumors. However, like (M23 + R848)p;ga Vaccination, the animals re-
ceiving D23 vaccine nanoparticles showed considerable slowing of tumor growth compared
to admix vaccinated mice (Figure 6C).

KRAS Vaccination: Subcutaneous KPC model

A o,
Mice B6/129) > S
LY el i 5 o
7 w, female fA Vaccination KPC ( 1.5%10° cells) E"”?l
Rk ¥ v Yw g i
+ + +—+ + += Tumor progression
B Day -14 -7 -10 7
0.4
1200 D e
— -+~ NO TREATMENT (n=5) @ ns
E 1000{-8 (MI3:R345)PLGA (n=8) § [ |
E = (MZ3:R348) ADMIX (n=8) L o o3
o #9007 KPCWHOLEVACCINE (n=8) | /7 777"7"7" : ‘E
E / ) =
3 600 ] ; % 0.2 #
S s00] : E L]
— / = 0.18 ! Y Hgh
E 0] A l - : é 011 %: L7
lE -~ _.,_a-—"’"-: _i.i k| * i (5] Oy
0O 10 20 30 40 50 60 0.0 NT  Admix PLGA
c Days after inoculation N;:;T
E 0.4
o TREATMENT (n=5) i ns
°?E‘ 1000{-* (D23:RB48) PLGA (N=T) T 04l
E (D23+RB48) ADMIX (N=5) J_S
= B00.. WPCWHOLE VACCINE (n=8) ° M
E i : 0.2 A
E | in 1
© i T ® _}
> i © v
S i S 01 =gp® ! v’
E | Q oge®
o 0.0 . : ,
) ] NT Admix PLGA
Days after inoculation D23+R848

Figure 6. Cont.




Bioengineering 2023, 10, 1205

13 of 21

Tertiary lymphoid structures in subcutaneous tumors after vaccination with M23+R848;, o5

CD21
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INTRA-TUMORAL TERTIARY LYMPHOID STRUCTURES IN SUBCUTANEOUS KPC TUMORS

NT D23+R848 (D23+R848)p g M23+R848 (M23+R848)p, ga
Treatment Groups admix admix
Fraction of mice with tumors 5/5 3/5 57 5/8 4/8
Fraction of tumors with lymphoid 0/5 0/3 1/5 0/5 4/4
aggregates

Figure 6. In vivo prophylactic efficacy of the KRAS vaccine nanoparticles in a subcutaneous KPC
pancreatic cancer model. All animal experimental protocols were approved by the UCLA Animal
Research Committee. (A) For the subcutaneous KRAS vaccine model, female B6129SF1/] mice
(7 weeks old) were vaccinated subcutaneously on the right hind flank and boosted twice every 7 days
with 10 pg peptide in nanoparticulate or free form as described in the schematic. Control groups
included mice vaccinated with irinotecan-treated KPC cells for mice not receiving vaccination. The
animals were challenged subcutaneously on the left hind flank with 0.1 x 10° viable KPC cells
(in a 1:1 mixture of PBS and Matrigel) a day before the final boost. (B,C) Mean tumor volumes
of the challenged mice across the treatment groups were recorded for the duration of the studies.
Following 45 days of tumor challenge, animals were sacrificed under anesthesia; tumors were
harvested and fixed in 4% formalin followed by paraffin embedding and sectioning into 5 pm sections.
(D,E) The tumor sections were analyzed for tumor-infiltrating T lymphocytes by IHC and quantified
for CD8* staining intensity by ImageScope software. (F) H&E and IHC images showing intratumoral
lymphoid aggregates. The table describes the frequency of tumors in the different treatment groups
in the fraction of tumors developing lymphoid aggregates. Data represent mean £ SEM. Statistical
analysis was performed by one-way ANOVA. Differences were considered significant for a p-value of
*p <0.05,** p <0.01, *** p < 0.001 respectively and not significant (ns) for p > 0.05. Scale bar = 200 pm.

The remaining alive mice were sacrificed 45 days after the challenge for tumor har-
vesting and IHC analysis. IHC staining to demonstrate the presence of CD8" tumor-
infiltrating lymphocytes confirmed a significant increase in CTLs in tumors from mice
vaccinated with both (M23 + R848)p; ga and (D23 + R848)p; g4 nanoparticles compared to
the free admix or unvaccinated mice (Figure 6D,E). Representative IHC panels are shown
in Supplementary Figure S3A-D. We also observed the emergence of tertiary lymphoid
structures (TLS), a feature of tumor immunity that has been more frequently recognized
recently [78,79]. Noteworthy, examination of the tumors in (M23 + R848)p; g vaccinated
mice demonstrated the appearance of intra-tumoral lymphoid aggregates in 50% of tumors,
with an illustrative example shown in (Figure 6F). This is illustrated by the H&E staining,
as well as the THC analysis of CD8* CTLs and CD21* follicular dendritic cells in these
structures (Figure 6F). In contrast to the results with the M23 encapsulated peptide, only
20% of tumors in the (D23 + R848)prga vaccine group developed lymphoid aggregates. In
summary, the (M23 + R848)p;ga vaccine elicited a stronger and more persistent immune
activation compared to (D23 + R848)p.ga, evidenced by fewer instances of tumors, smaller
tumor sizes, and the consistent formation of lymphoid aggregates.

To further assess the efficacy of the KRAS vaccine in an orthotopic KPC-luciferase
model, we selected the more robust (M23 + R848)p; g4 nanoparticle for prophylactic admin-
istration and histological analysis. Using the same vaccination timeline and dosimetry as in
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B6/129J
7 w, female

Figure 6A, tumor-bearing mice were vaccinated with the encapsulated (M23 + R848)prca
combination (Figure 7A) prior to the implantation of 0.5 x 10° KPC-luciferase cells in the
pancreas, a day prior to the final boost. The control groups included animals that were
not vaccinated or vaccinated with either M23 nanoparticles (without R848) or nanoparti-
cles delivering a scrambled peptide (polyD) plus R848. The mice were monitored every
4 to 5 days for tumor progression using IVIS imaging (Figure 7B,C). Mice were sacrificed
16 days post-challenge, followed by harvesting of tumors and other key organs for ex vivo
imaging. This demonstrated the presence of smaller tumors with reduced luminescence
intensity in mice immunized with (M23 + R848)p; ga, compared to unvaccinated or animals
receiving the (polyD + R848)p;ga or M23prga (no adjuvant) vaccines (Figure 7D). The sub-
sequent performance of ex vivo IVIS analysis also demonstrated larger tumor masses with
metastatic spread to surrounding organs in non-treated animals, while animals receiving
(M23 + R848)prca showed significantly smaller tumors, judged by tumor luminescence
and weight (Figure 7E,F). This response was also significantly improved over animals
vaccinated with (polyD + R848)p;ga or M23p;ga. The observations suggest that control
mice receiving injections with peptide or adjuvant showed an inferior response compared
to animals receiving nanoparticles encapsulating both M23 and R848.

KRAS Vaccination: Orthotopic KPC model
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Figure 7. In vivo prophylactic efficacy of the KRAS vaccine nanoparticles in an orthotopic KPC-
luciferase pancreatic cancer model. (A) For the orthotopic KRAS vaccine model, female B6129SF1/]
mice were vaccinated subcutaneously on the right hind flank and boosted twice, seven days
apart, with 10 ug peptide (M23 + R848)p s compared to unvaccinated or animals receiving the
(polyD + R848)prga or M23p; A (no adjuvant) vaccines. Thirteen days following the commencement
of the vaccination as described in the schematic, 0.5 x 10° viable KPC luciferase cells (<12 passages)
suspended in a 1:1 PBS to Matrigel solution were directly injected into the pancreas for orthotopic
tumor growth. During the study, the mice were monitored for tumor growth by (B) recording total
flux of in vivo luciferin signal from each mouse and (C) quantifying prior to sacrifice. (D) Mice were
terminated on day 16 post-tumor implantation and analyzed for metastatic spread with ex vivo
imaging of the luciferin signal from (E) tumors and internal organs in the peritoneal cavity. (F) The
weights of the harvested tumors were also recorded. Data represent mean + SEM, n = 8. Statistical
analysis was performed by one-way ANOVA. Differences were considered significant for a p-value
of * p <0.05, ** p < 0.01 respectively and not significant (ns) for p > 0.05.

Further demonstration of the immunogenicity of the (M23 + R848)p A vaccine was
obtained by performing ELISpot assays on splenocytes retrieved from vaccinated and
unvaccinated mice, followed by ex vivo stimulation with the corresponding KRAS pep-
tide. This demonstrated an increased number of IFNy" and TNFa™ producing cellular
spots in mice vaccinated with (M23 + R848)p ca nanoparticles (Figure 8A,B). In compar-
ison, unvaccinated animals or animals treated with M23p; g4 showed fewer ELISpots.
Interestingly, there was an increase in the number of IFNy™* colonies in the spleens of
mice receiving (polyD + R848)prca, which is of uncertain significance considering that
the same does not happen for TNFa. Tumor sections were also analyzed for T-cell in-
filtration, demonstrating an increased number of CD8" and CD4" T lymphocytes in the
(M23 + R848)pLga vaccination group (Figure 8C,D). The corresponding IHC panels appear
in Supplementary Figure S4A,C. Moreover, like the results in the subcutaneous experiment,
all the (M23 + R848)p; ga vaccinated mice showed the development of lymphoid aggre-
gates (Figure 8E). These immune clusters included positive staining for CD4, CD8, and
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CD21 cellular markers, which is a characteristic of TLS. Despite their potential prognostic
relevance, the actual mechanism involved in TLS generation at primary cancer sites and
the precise contribution to antitumor immunity is incompletely understood [80]. One possi-
bility is that these structures provide an intra-tumoral reservoir of immune cells, available
for antigen sampling and potential CTL recruitment to the tumor cores. This hypothesis
is now being tested in the orthotopic model, where KRAS vaccination is combined with
chemo-immunotherapy, as well as other immunomodulators.
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Figure 8. Assessment of the immune landscape in orthotopic KPC mice, following vaccination
with peptide nanoparticles. Animals used for the experimentation in Figure 7 were sacrificed on
day 16 after initial tumor implantation. Splenocytes from vaccinated mice were harvested for ex
vivo stimulation and conducted ELISpot assays that assess (A) INFy and (B) TNF« release. Primary
tumors were harvested, fixed, embedded, and sectioned into 5 um sections. These sections were
analyzed by IHC and quantified for (C) CD8* and (D) CD4" tumor-infiltrating T lymphocytes using
ImageScope software. (E) IHC staining for CD8, CD4, and CD21 to characterize the appearance
of intra-tumoral TLS in (M23 + R848)p;ga vaccinated mice. The table describes the fractions of
tumors in each treatment developing TLS. Data represent mean & SEM, n = 8. Statistical analysis was
performed by one-way ANOVA. Differences were considered significant for a p-value of ** p < 0.01,
*** p <0.001, **** p < 0.0001, respectively. Scale bar = 500 pum.
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3. Conclusions and Future Prospects

Cancer’s intricate relationship with peripheral tolerance and imperfect adaptive re-
sponse is well established. The efficacy of treatment varies according to the tumor muta-
tional burden, which is often low enough that even with the addition of checkpoint blocking
antibodies, only 20-30% of tumors respond [18-20]. Notably, pancreatic tumors exhibit
heightened ICI resistance due to the development of an immune-suppressive TME. Within
this context, our communication introduces two innovative approaches: stroma-ablative
chemo-immunotherapy and the application of exogenous KRAS vaccine nanoparticles.
These strategies offer distinct mechanisms that hold promising translational prospects.
They have the potential to transform aggressive, stroma-rich, and immune-evading tumors
into entities that can be recognized by the immune system.

A major future prospect will be to combine nano-enabled chemo-immunotherapy
with exogenous vaccination provided by nanocarriers that deliver PDAC-specific neo-
antigens and tumor-associated antigens (TAAs). We hypothesize that this will lead to
the strengthening of the cancer immunity cycle, as depicted in Figure 1C. The exogenous
vaccination strategy could benefit from a variety of additional smart design features,
including a selection of multiple mutant KRAS epitopes that can be assembled into a
single vaccine to cover the heterogeneous tumor landscape that may include more than
one KRAS mutant. This vaccine will also be valuable for the treatment of cancers other
than PDAC. Moreover, neoantigen epitopes can be combined with TAAs (e.g., mucin 1
and mesothelin) that, although less immunogenic, are more stably expressed. A multi-
epitope strategy will increase the number of antigen-specific T-cell clones that can be
recruited from adjacent lymphoid structures (including TLS) [69,79] to participate in the
polyclonal immune response triggered by ICD-inducing chemotherapeutic agents. One
of the approaches for facilitating multi-epitope delivery includes the use of nucleic acid
analogs that can be linked in a single mRNA strand that can be delivered by cationic lipid
nanoparticles. These epitope-delivering nanocarriers can also be endowed with surface
ligands that target lymphoid structures, such as the mannose receptor, widely expressed
in antigen-presenting cells in lymph nodes and the spleen. In addition, the particles
could be endowed with a TLR7 agonist that also serves to strengthen antigen presentation
and immune recruitment in lymphoid tissue, which could possibly be extended to TLS
developing at the primary cancer site. Thus, an array of vaccination carriers can be
developed for use in combination with the liposomes and silicasomes that deliver chemo-
immunotherapy agents, plus a number of co-packaged immunomodulators, as described
by us [4].

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/bioengineering10101205/s1. Figure S1. Invivo thera-
peutic efficacy of liposomal LXA4 irinotecan in subcutaneous KPC tumor model, Figure S2. Analysis
of immune infiltration in tumors following liposomal LXA4 irinotecan treatment in a subcutaneous
KPC pancreatic cancer model, Figure S3. Analysis of immune infiltration in subcutaneous pancreatic
tumors from vaccinated mice. Figure S4. Analysis of immune infiltration in orthotopic KPC-luc
tumors from vaccinated mice.

Author Contributions: A.E.N., Research Direction and Manuscript Conceptualization, Funding
Acquisition, Project Design, Resources, Research Supervision, Validation, Manuscript Writing, and
Handling of the Review. S.C., Planning of the Research Project, Data Acquisition and Curation, Formal
Analysis, Investigation, Methodology, Manuscript Writing. Y.-P.L., Animal Research, Manuscript
Writing, and Data Acquisition. X.W., Methodology, Resources. All authors have read and agreed to
the published version of the manuscript.

Funding: The U.S. Public Health Service Grant supported this study, R0O1CA247666-03. The studies assessing
vaccination with mutant KRAS peptides were supported by the Marlin Miller Jr. Family Foundation.

Institutional Review Board Statement: All animal experiments were performed using protocols
approved by the UCLA Animal Research Committee.


https://www.mdpi.com/article/10.3390/bioengineering10101205/s1

Bioengineering 2023, 10, 1205 18 of 21

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors thank the Preclinical Imaging Technology Center, the Electron
Imaging Center for Nanomachines (EICN), the Translational Pathology Core Laboratory (TPCL),
the Molecular Instrumentation Center, and the CNSI Advanced Light Microscopy/Spectroscopy
(ALMS) Shared Facility at UCLA. We also want to acknowledge Samanvaya Srivastav, Chemical and
Biomolecular Engineering (UCLA), and Chimezie Maduno, B.S. (UCLA), for their contribution to
KRAS peptide nanoparticle conceptualization and synthesis, respectively.

Conflicts of Interest: The authors declare the following competing financial interests: Andre E. Nel
is a co-founder and equity holder in Westwood Biosciences Inc. and Nammi Therapeutics. Nel
also serves on the Board of Westwood Biosciences Inc. The remaining authors declare no conflicts

of interest.

References

1.  Observatory, T.G.C. Pancreas (Source: Globocan 2020). 2020. Available online: https://gco.iarc.fr (accessed on 1 October 2023).

2. Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17-48. [CrossRef]

3. Li, Y;; Xiang, S.; Pan, W.; Wang, J.; Zhan, H.; Liu, S. Targeting tumor immunosuppressive microenvironment for pancreatic cancer
immunotherapy: Current research and future perspective. Front. Oncol. 2023, 13, 1166860. [CrossRef] [PubMed]

4. Nel, AE.; Mei, K.-C.; Liao, Y.-P;; Liu, X. Multifunctional Lipid Bilayer Nanocarriers for Cancer Inmunotherapy in Heterogeneous
Tumor Microenvironments, Combining Immunogenic Cell Death Stimuli with Immune Modulatory Drugs. ACS Nano 2022,
16, 5184-5232. [CrossRef] [PubMed]

5. Noubissi Nzeteu, G.A.; Gibbs, B.F; Kotnik, N.; Troja, A.; Bockhorn, M.; Meyer, N.H. Nanoparticle-based immunotherapy of
pancreatic cancer. Front. Mol. Biosci. 2022, 9, 948898. [CrossRef] [PubMed]

6. Green, M.R.; Manikhas, G.M.; Orlov, S.; Afanasyev, B.; Makhson, A.M.; Bhar, P.; Hawkins, M.]. Abraxane®, a novel Cremophor®—
free, albumin-bound particle form of paclitaxel for the treatment of advanced non-small-cell lung cancer. Ann. Oncol. 2006,
17,1263-1268. [CrossRef] [PubMed]

7. Meng, H.; Wang, M; Liu, H,; Liu, X,; Situ, A.; Wu, B.; Ji, Z.; Chang, C.H.; Nel, A.E. Use of a lipid-coated mesoporous silica
nanoparticle platform for synergistic gemcitabine and paclitaxel delivery to human pancreatic cancer in mice. ACS Nano 2015,
9, 3540-3557. [CrossRef]

8.  Zhang, H. Onivyde for the therapy of multiple solid tumors. Onco Targets Ther. 2016, 9, 3001-3007. [CrossRef] [PubMed]

9.  Conroy, T,; Desseigne, F.; Ychou, M.; Bouché, O.; Guimbaud, R.; Bécouarn, Y.; Adenis, A.; Raoul, J.-L.; Gourgou-Bourgade,
S.; de la Fouchardiere, C.; et al. FOLFIRINOX versus Gemcitabine for Metastatic Pancreatic Cancer. N. Engl. |. Med. 2011,
364, 1817-1825. [CrossRef]

10. Passero, EC,, Jr.; Grapsa, D.; Syrigos, K.N.; Saif, M.W. The safety and efficacy of Onivyde (irinotecan liposome injection) for the
treatment of metastatic pancreatic cancer following gemcitabine-based therapy. Expert. Rev. Anticancer Ther. 2016, 16, 697-703.
[CrossRef]

11. Wang-Gillam, A.; Hubner, R.A ; Siveke, ].T.; Von Hoff, D.D.; Belanger, B.; de Jong, F.A.; Mirakhur, B.; Chen, L.-T. NAPOLI-1 phase
3 study of liposomal irinotecan in metastatic pancreatic cancer: Final overall survival analysis and characteristics of long-term
survivors. Eur. |. Cancer 2019, 108, 78-87. [CrossRef] [PubMed]

12. Luo, L.; Wang, X,; Liao, Y.P; Chang, C.H.; Nel, A.E. Nanocarrier Co-formulation for Delivery of a TLR7 Agonist plus an
Immunogenic Cell Death Stimulus Triggers Effective Pancreatic Cancer Chemo-immunotherapy. ACS Nano 2022, 16, 13168-13182.
[CrossRef]

13. Liu, X,; Situ, A.; Kang, Y.; Villabroza, K.R.; Liao, Y.; Chang, C.H.; Donahue, T.; Nel, A.E.; Meng, H. Irinotecan Delivery by
Lipid-Coated Mesoporous Silica Nanoparticles Shows Improved Efficacy and Safety over Liposomes for Pancreatic Cancer. ACS
Nano 2016, 10, 2702-2715. [CrossRef]

14. Allen, S.D,; Liu, X; Jiang, J.; Liao, Y.P; Chang, C.H.; Nel, A.E.; Meng, H. Immune checkpoint inhibition in syngeneic mouse
cancer models by a silicasome nanocarrier delivering a GSK3 inhibitor. Biomaterials 2021, 269, 120635. [CrossRef]

15.  Chen, D.S.; Mellman, I. Oncology meets immunology: The cancer-immunity cycle. Immunity 2013, 39, 1-10. [CrossRef]

16. Liu, X,; Jiang, J.; Liao, Y.-P; Tang, I.; Zheng, E.; Qiu, W.; Lin, M.; Wang, X.; Ji, Y.; Mei, K.-C.; et al. Combination Chemo-
Immunotherapy for Pancreatic Cancer Using the Immunogenic Effects of an Irinotecan Silicasome Nanocarrier Plus Anti-PD-1.
Adv. Sci. 2021, 8,2002147. [CrossRef]

17.  Liu, X,; Jiang, ].; Chang, C.H.; Liao, Y.-P; Lodico, ].].; Tang, I.; Zheng, E.; Qiu, W,; Lin, M.; Wang, X_; et al. Development of Facile

and Versatile Platinum Drug Delivering Silicasome Nanocarriers for Efficient Pancreatic Cancer Chemo-Immunotherapy. Small
2021, 17,2005993. [CrossRef] [PubMed]


https://gco.iarc.fr
https://doi.org/10.3322/caac.21763
https://doi.org/10.3389/fonc.2023.1166860
https://www.ncbi.nlm.nih.gov/pubmed/37064113
https://doi.org/10.1021/acsnano.2c01252
https://www.ncbi.nlm.nih.gov/pubmed/35348320
https://doi.org/10.3389/fmolb.2022.948898
https://www.ncbi.nlm.nih.gov/pubmed/36106025
https://doi.org/10.1093/annonc/mdl104
https://www.ncbi.nlm.nih.gov/pubmed/16740598
https://doi.org/10.1021/acsnano.5b00510
https://doi.org/10.2147/OTT.S105587
https://www.ncbi.nlm.nih.gov/pubmed/27284250
https://doi.org/10.1056/NEJMoa1011923
https://doi.org/10.1080/14737140.2016.1192471
https://doi.org/10.1016/j.ejca.2018.12.007
https://www.ncbi.nlm.nih.gov/pubmed/30654298
https://doi.org/10.1021/acsnano.2c06300
https://doi.org/10.1021/acsnano.5b07781
https://doi.org/10.1016/j.biomaterials.2020.120635
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1002/advs.202002147
https://doi.org/10.1002/smll.202005993
https://www.ncbi.nlm.nih.gov/pubmed/33682329

Bioengineering 2023, 10, 1205 19 of 21

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Balachandran, V.P,; Luksza, M.; Zhao, J.N.; Makarov, V.; Moral, J.A.; Remark, R.; Herbst, B.; Askan, G.; Bhanot, U.;
Senbabaoglu, Y.; et al. Identification of unique neoantigen qualities in long-term survivors of pancreatic cancer. Nature 2017,
551,512-516. [CrossRef] [PubMed]

Balli, D.; Rech, A J.; Stanger, B.Z.; Vonderheide, R. H. Immune Cytolytic Activity Stratifies Molecular Subsets of Human Pancreatic
Cancer. Clin. Cancer Res. 2017, 23, 3129-3138. [CrossRef] [PubMed]

Stromnes, I.M.; Hulbert, A.; Pierce, R.H.; Greenberg, P.D.; Hingorani, S.R. T-cell Localization, Activation, and Clonal Expansion in
Human Pancreatic Ductal Adenocarcinoma. Cancer Immunol. Res. 2017, 5,978-991. [CrossRef]

Michael, A.].; Derek, S.C.; Albrecht, N.; Tashinga, E.B.; Natalie, C.; Kristopher, K.F,; Christine, F.; Tomoaki, N.; Meredith, E.C.;
Heather, I.Z.; et al. Hyaluronan impairs vascular function and drug delivery in a mouse model of pancreatic cancer. Gut 2013,
62,112. [CrossRef]

Hingorani, S.R.; Zheng, L.; Bullock, A.].; Seery, T.E.; Harris, W.P; Sigal, D.S.; Braiteh, F,; Ritch, P.S.; Zalupski, M.M.; Bahary, N.; et al.
HALO 202: Randomized Phase II Study of PEGPH20 Plus Nab-Paclitaxel/Gemcitabine Versus Nab-Paclitaxel /Gemcitabine in
Patients With Untreated, Metastatic Pancreatic Ductal Adenocarcinoma. J. Clin. Oncol. 2017, 36, 359-366. [CrossRef] [PubMed]
Tjichi, H.; Chytil, A.; Gorska, A.E.; Aakre, M.E.; Bierie, B.; Tada, M.; Mohri, D.; Miyabayashi, K.; Asaoka, Y.; Maeda, S.; et al. In-
hibiting Cxcr2 disrupts tumor-stromal interactions and improves survival in a mouse model of pancreatic ductal adenocarcinoma.
J. Clin. Investig. 2011, 121, 4106—4117. [CrossRef] [PubMed]

Neesse, A.; Frese, KK.; Bapiro, T.E.; Nakagawa, T.; Sternlicht, M.D.; Seeley, T.W.; Pilarsky, C.; Jodrell, D.I; Spong, S.M.;
Tuveson, D.A. CTGF antagonism with mAb FG-3019 enhances chemotherapy response without increasing drug delivery in
murine ductal pancreas cancer. Proc. Natl. Acad. Sci. USA 2013, 110, 12325-12330. [CrossRef] [PubMed]

Miller, B.W.; Morton, ].P; Pinese, M.; Saturno, G.; Jamieson, N.B.; McGhee, E.; Timpson, P.; Leach, J.; McGarry, L.; Shanks, E.; et al.
Targeting the LOX/hypoxia axis reverses many of the features that make pancreatic cancer deadly: Inhibition of LOX abrogates
metastasis and enhances drug efficacy. EMBO Mol. Med. 2015, 7, 1063-1076. [CrossRef]

Chauhan, V.P; Martin, ].D.; Liu, H.; Lacorre, D.A.; Jain, SR.; Kozin, S.V,; Stylianopoulos, T.; Mousa, A.S.; Han, X,
Adstamongkonkul, P; et al. Angiotensin inhibition enhances drug delivery and potentiates chemotherapy by decompressing
tumour blood vessels. Nat. Commun. 2013, 4, 2516. [CrossRef]

Xiao, Y.; Qin, T.; Sun, L.; Qian, W,; Li, J.; Duan, W,; Lei, ].; Wang, Z.; Ma, J.; Li, X.; et al. Resveratrol Ameliorates the Malignant
Progression of Pancreatic Cancer by Inhibiting Hypoxia-induced Pancreatic Stellate Cell Activation. Cell Transplant. 2020,
29, 963689720929987. [CrossRef] [PubMed]

Chen, X;; Jia, F.; Huang, Y.; Jin, Q.; Ji, J. Cancer-Associated Fibroblast-Targeted Delivery of Captopril to Overcome Penetration
Obstacles for Enhanced Pancreatic Cancer Therapy. ACS Appl. Bio Mater. 2022, 5, 3544-3553. [CrossRef]

Schnittert, J.; Heinrich, M.A.; Kuninty, PR.; Storm, G.; Prakash, J. Reprogramming tumor stroma using an endogenous lipid
lipoxin A4 to treat pancreatic cancer. Cancer Lett. 2018, 420, 247-258. [CrossRef]

Pei, Y.; Chen, L.; Huang, Y.; Wang, J.; Feng, J.; Xu, M.; Chen, Y,; Song, Q.; Jiang, G.; Gu, X,; et al. Sequential Targeting TGF-3
Signaling and KRAS Mutation Increases Therapeutic Efficacy in Pancreatic Cancer. Small 2019, 15, e1900631. [CrossRef]

Noel, P.; Von Hoff, D.D.; Saluja, A.K.; Velagapudi, M.; Borazanci, E.; Han, H. Triptolide and Its Derivatives as Cancer Therapies.
Trends Pharmacol. Sci. 2019, 40, 327-341. [CrossRef]

Zhang, B.; Jiang, T.; Shen, S.; She, X.; Tuo, Y.; Hu, Y.; Pang, Z.; Jiang, X. Cyclopamine disrupts tumor extracellular matrix
and improves the distribution and efficacy of nanotherapeutics in pancreatic cancer. Biomaterials 2016, 103, 12-21. [CrossRef]
[PubMed]

Zhao, J.; Wang, H.; Hsiao, C.-H.; Chow, D.S.L.; Koay, E.J.; Kang, Y.; Wen, X.; Huang, Q.; Ma, Y.; Bankson, J.A; et al. Simultaneous
inhibition of hedgehog signaling and tumor proliferation remodels stroma and enhances pancreatic cancer therapy. Biomaterials
2018, 159, 215-228. [CrossRef] [PubMed]

Zhao, J.; Wu, C.; Abbruzzese, J.; Hwang, R.F,; Li, C. Cyclopamine-Loaded Core-Cross-Linked Polymeric Micelles Enhance
Radiation Response in Pancreatic Cancer and Pancreatic Stellate Cells. Mol. Pharm. 2015, 12, 2093-2100. [CrossRef] [PubMed]
Olive, K.P; Jacobetz, M.A.; Davidson, C.J.; Gopinathan, A.; McIntyre, D.; Honess, D.; Madhu, B.; Goldgraben, M.A;
Caldwell, M.E.; Allard, D.; et al. Inhibition of Hedgehog Signaling Enhances Delivery of Chemotherapy in a Mouse Model of
Pancreatic Cancer. Science 2009, 324, 1457-1461. [CrossRef] [PubMed]

Wang, Q.; Qu, C,; Xie, F; Chen, L.; Liu, L.; Liang, X.; Wu, X.; Wang, P.; Meng, Z. Curcumin suppresses epithelial-to-mesenchymal
transition and metastasis of pancreatic cancer cells by inhibiting cancer-associated fibroblasts. Am. J. Cancer Res. 2017, 7, 125-133.
[CrossRef]

Ji, T; Lang, J.; Wang, J.; Cai, R.; Zhang, Y.; Qi, F; Zhang, L.; Zhao, X.; Wu, W.; Hao, J.; et al. Designing Liposomes To Suppress
Extracellular Matrix Expression To Enhance Drug Penetration and Pancreatic Tumor Therapy. ACS Nano 2017, 11, 8668-8678.
[CrossRef]

Mei, K.-C,; Liao, Y.-P; Jiang, J.; Chiang, M.; Khazaieli, M.; Liu, X.; Wang, X,; Liu, Q.; Chang, C.H.; Zhang, X; et al. Liposomal
Delivery of Mitoxantrone and a Cholesteryl Indoximod Prodrug Provides Effective Chemo-immunotherapy in Multiple Solid
Tumors. ACS Nano 2020, 14, 13343-13366. [CrossRef]

Vennin, C.; Murphy, K.J.; Morton, J.P; Cox, T.R.; Pajic, M.; Timpson, P. Reshaping the Tumor Stroma for Treatment of Pancreatic
Cancer. Gastroenterology 2018, 154, 820-838. [CrossRef]


https://doi.org/10.1038/nature24462
https://www.ncbi.nlm.nih.gov/pubmed/29132146
https://doi.org/10.1158/1078-0432.CCR-16-2128
https://www.ncbi.nlm.nih.gov/pubmed/28007776
https://doi.org/10.1158/2326-6066.CIR-16-0322
https://doi.org/10.1136/gutjnl-2012-302529
https://doi.org/10.1200/JCO.2017.74.9564
https://www.ncbi.nlm.nih.gov/pubmed/29232172
https://doi.org/10.1172/JCI42754
https://www.ncbi.nlm.nih.gov/pubmed/21926469
https://doi.org/10.1073/pnas.1300415110
https://www.ncbi.nlm.nih.gov/pubmed/23836645
https://doi.org/10.15252/emmm.201404827
https://doi.org/10.1038/ncomms3516
https://doi.org/10.1177/0963689720929987
https://www.ncbi.nlm.nih.gov/pubmed/32463297
https://doi.org/10.1021/acsabm.2c00486
https://doi.org/10.1016/j.canlet.2018.01.072
https://doi.org/10.1002/smll.201900631
https://doi.org/10.1016/j.tips.2019.03.002
https://doi.org/10.1016/j.biomaterials.2016.06.048
https://www.ncbi.nlm.nih.gov/pubmed/27376555
https://doi.org/10.1016/j.biomaterials.2018.01.014
https://www.ncbi.nlm.nih.gov/pubmed/29331808
https://doi.org/10.1021/mp500875f
https://www.ncbi.nlm.nih.gov/pubmed/25936695
https://doi.org/10.1126/science.1171362
https://www.ncbi.nlm.nih.gov/pubmed/19460966
https://doi.org/10.1158/1538-7445.AM2017-LB-125
https://doi.org/10.1021/acsnano.7b01026
https://doi.org/10.1021/acsnano.0c05194
https://doi.org/10.1053/j.gastro.2017.11.280

Bioengineering 2023, 10, 1205 20 of 21

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Ho, W], Jaffee, EIM.; Zheng, L. The tumour microenvironment in pancreatic cancer—Clinical challenges and opportunities. Nat.
Rev. Clin. Oncol. 2020, 17, 527-540. [CrossRef]

Ligorio, M; Sil, S.; Malagon-Lopez, J.; Nieman, L.T.; Misale, S.; Di Pilato, M.; Ebright, R.Y.; Karabacak, M.N.; Kulkarni, A.S,;
Liu, A,; et al. Stromal Microenvironment Shapes the Intratumoral Architecture of Pancreatic Cancer. Cell 2019, 178, 160-175.€27.
[CrossRef]

Calon, A.; Tauriello, D.V.; Batlle, E. TGF-beta in CAF-mediated tumor growth and metastasis. Semin. Cancer Biol. 2014, 25, 15-22.
[CrossRef] [PubMed]

Al-toub, M.; Almusa, A.; Almajed, M.; Al-Nbaheen, M.; Kassem, M.; Aldahmash, A.; Alajez, N.M. Pleiotropic effects of cancer
cells” secreted factors on human stromal (mesenchymal) stem cells. Stemn Cell Res. Ther. 2013, 4, 114. [CrossRef] [PubMed]

De Boeck, A.; Hendrix, A.; Maynard, D.; Van Bockstal, M.; Daniéls, A.; Pauwels, P.; Gespach, C.; Bracke, M.; De Wever, O. Differ-
ential secretome analysis of cancer-associated fibroblasts and bone marrow-derived precursors to identify microenvironmental
regulators of colon cancer progression. Proteomics 2013, 13, 379-388. [CrossRef] [PubMed]

Zhang, A; Qian, Y.; Ye, Z.; Chen, H.; Xie, H.; Zhou, L.; Shen, Y.; Zheng, S. Cancer-associated fibroblasts promote M2 polarization
of macrophages in pancreatic ductal adenocarcinoma. Cancer Med. 2017, 6, 463—470. [CrossRef] [PubMed]

Serhan, C.N. Pro-resolving lipid mediators are leads for resolution physiology. Nature 2014, 510, 92-101. [CrossRef]

Zong, L.; Li, J.; Chen, X.; Chen, K; Li, W.; Li, X.; Zhang, L.; Duan, W.; Lei, J.; Xu, Q.; et al. Lipoxin A4 Attenuates Cell Invasion by
Inhibiting ROS/ERK/MMP Pathway in Pancreatic Cancer. Oxidative Med. Cell. Longev. 2016, 2016, 6815727. [CrossRef]
Blogowski, W.; Dolegowska, K.; Deskur, A.; Dolegowska, B.; Starzynska, T. Lipoxins and Resolvins in Patients With Pancreatic
Cancer: A Preliminary Report. Front. Oncol. 2022, 11, 757073. [CrossRef]

Serhan, C.N.; Chiang, N.; Van Dyke, T.E. Resolving inflammation: Dual anti-inflammatory and pro-resolution lipid mediators.
Nat. Rev. Immunol. 2008, 8, 349-361. [CrossRef]

Roach, K.M.; Feghali-Bostwick, C.A.; Amrani, Y.; Bradding, P. Lipoxin A4 Attenuates Constitutive and TGF-1-Dependent
Profibrotic Activity in Human Lung Myofibroblasts. J. Immunol. 2015, 195, 2852-2860. [CrossRef]

Brennan, E.P; Nolan, K.A.; Borgeson, E.; Gough, O.S.; McEvoy, C.M.; Docherty, N.G.; Higgins, D.F.; Murphy, M.; Sadlier, D.M.;
Ali-Shah, S.T.; et al. Lipoxins attenuate renal fibrosis by inducing let-7c and suppressing TGFBR1. J. Am. Soc. Nephrol. 2013,
24, 627-637. [CrossRef]

Zong, L.; Chen, K ; Jiang, Z.; Chen, X.; Sun, L.; Ma, J.; Zhou, C; Xu, Q.; Duan, W.; Han, L.; et al. Lipoxin A4 reverses mesenchymal
phenotypes to attenuate invasion and metastasis via the inhibition of autocrine TGF-f1 signaling in pancreatic cancer. J. Exp.
Clin. Cancer Res. 2017, 36, 181. [CrossRef] [PubMed]

Maddox, J.E; Hachicha, M.; Takano, T.; Petasis, N.A.; Fokin, V.V.; Serhan, C.N. Lipoxin A4 Stable Analogs Are Potent Mimetics That
Stimulate Human Monocytes and THP-1 Cells via a G-protein-linked Lipoxin A4 Receptor®. . Biol. Chem. 1997, 272, 6972-6978.
[CrossRef] [PubMed]

Yang, J.; Hu, S.; Shangguan, J.; Eresen, A.; Li, Y.; Ma, Q.; Yaghmai, V.; Benson lii, A.B.; Zhang, Z. Dinaciclib prolongs survival in
the LSL-Kras(G12D/+); LSL-Trp53(R172H/ +); Pdx-1-Cre (KPC) transgenic murine models of pancreatic ductal adenocarcinoma.
Am. ]. Transl. Res. 2020, 12, 1031-1043. [PubMed]

Simoes, R.L.; De-Brito, N.M.; Cunha-Costa, H.; Morandi, V.; Fierro, .M.; Roitt, . M.; Barja-Fidalgo, C. Lipoxin A(4) selectively
programs the profile of M2 tumor-associated macrophages which favour control of tumor progression. Int. |. Cancer 2017,
140, 346-357. [CrossRef]

Coppola, D.; Nebozhyn, M.; Khalil, F,; Dai, H.; Yeatman, T.; Loboda, A.; Mulé, ].]. Unique ectopic lymph node-like structures
present in human primary colorectal carcinoma are identified by immune gene array profiling. Am. |. Pathol. 2011, 179, 37-45.
[CrossRef]

Dieu-Nosjean, M.C.; Antoine, M.; Danel, C.; Heudes, D.; Wislez, M.; Poulot, V.; Rabbe, N.; Laurans, L.; Tartour, E.; de Chaisemartin,
L.; et al. Long-term survival for patients with non-small-cell lung cancer with intratumoral lymphoid structures. J. Clin. Oncol.
2008, 26, 4410-4417. [CrossRef] [PubMed]

Messina, J.L.; Fenstermacher, D.A.; Eschrich, S.; Qu, X.; Berglund, A.E.; Lloyd, M.C.; Schell, M.].; Sondak, V.K.; Weber, |.S.;
Mulé, J.J. 12-Chemokine gene signature identifies lymph node-like structures in melanoma: Potential for patient selection for
immunotherapy? Sci. Rep. 2012, 2, 765. [CrossRef] [PubMed]

Pitzalis, C.; Jones, G.W.; Bombardieri, M.; Jones, S.A. Ectopic lymphoid-like structures in infection, cancer and autoimmunity. Nat.
Rev. Immunol. 2014, 14, 447-462. [CrossRef]

Cox, A.D.; Fesik, S.W.; Kimmelman, A.C.; Luo, |.; Der, C.J. Drugging the undruggable RAS: Mission possible? Nat. Rev. Drug
Discov. 2014, 13, 828-851. [CrossRef]

Chan-Seng-Yue, M.; Kim, J.C.; Wilson, G.W.; Ng, K.; Figueroa, E.F.; O’Kane, G.M.; Connor, A.A.; Denroche, R.E.; Grant, R.C,;
McLeod, J.; et al. Transcription phenotypes of pancreatic cancer are driven by genomic events during tumor evolution. Nat. Genet.
2020, 52, 231-240. [CrossRef]

Mullard, A. Cracking KRAS. Nat. Rev. Drug Discov. 2019, 18, 887-891. [CrossRef] [PubMed]

Oldfield, L.E.; Connor, A.A.; Gallinger, S. Molecular Events in the Natural History of Pancreatic Cancer. Trends Cancer 2017,
3, 336-346. [CrossRef] [PubMed]

Wang, Q.].; Yu, Z; Griffith, K.; Hanada, K.; Restifo, N.P;; Yang, J.C. Identification of T-cell Receptors Targeting KRAS-Mutated
Human Tumors. Cancer Immunol. Res. 2016, 4, 204-214. [CrossRef] [PubMed]


https://doi.org/10.1038/s41571-020-0363-5
https://doi.org/10.1016/j.cell.2019.05.012
https://doi.org/10.1016/j.semcancer.2013.12.008
https://www.ncbi.nlm.nih.gov/pubmed/24412104
https://doi.org/10.1186/scrt325
https://www.ncbi.nlm.nih.gov/pubmed/24405819
https://doi.org/10.1002/pmic.201200179
https://www.ncbi.nlm.nih.gov/pubmed/23175172
https://doi.org/10.1002/cam4.993
https://www.ncbi.nlm.nih.gov/pubmed/28097809
https://doi.org/10.1038/nature13479
https://doi.org/10.1155/2016/6815727
https://doi.org/10.3389/fonc.2021.757073
https://doi.org/10.1038/nri2294
https://doi.org/10.4049/jimmunol.1500936
https://doi.org/10.1681/ASN.2012060550
https://doi.org/10.1186/s13046-017-0655-5
https://www.ncbi.nlm.nih.gov/pubmed/29228980
https://doi.org/10.1074/jbc.272.11.6972
https://www.ncbi.nlm.nih.gov/pubmed/9054386
https://www.ncbi.nlm.nih.gov/pubmed/32269732
https://doi.org/10.1002/ijc.30424
https://doi.org/10.1016/j.ajpath.2011.03.007
https://doi.org/10.1200/JCO.2007.15.0284
https://www.ncbi.nlm.nih.gov/pubmed/18802153
https://doi.org/10.1038/srep00765
https://www.ncbi.nlm.nih.gov/pubmed/23097687
https://doi.org/10.1038/nri3700
https://doi.org/10.1038/nrd4389
https://doi.org/10.1038/s41588-019-0566-9
https://doi.org/10.1038/d41573-019-00195-5
https://www.ncbi.nlm.nih.gov/pubmed/31780856
https://doi.org/10.1016/j.trecan.2017.04.005
https://www.ncbi.nlm.nih.gov/pubmed/28718411
https://doi.org/10.1158/2326-6066.CIR-15-0188
https://www.ncbi.nlm.nih.gov/pubmed/26701267

Bioengineering 2023, 10, 1205 21 of 21

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Dillard, P; Casey, N.; Pollmann, S.; Vernhoff, P.; Gaudernack, G.; Kvalheim, G.; Wilchli, S.; Inderberg, E.M. Targeting KRAS
mutations with HLA class II-restricted TCRs for the treatment of solid tumors. Oncoimmunology 2021, 10, 1936757. [CrossRef]
[PubMed]

Carbone, D.P; Ciernik, LE; Kelley, M.]J.; Smith, M.C.; Nadaf, S.; Kavanaugh, D.; Maher, V.E.; Stipanov, M.; Contois, D.;
Johnson, B.E.; et al. Immunization With Mutant p53- and K-ras—Derived Peptides in Cancer Patients: Immune Response and
Clinical Outcome. J. Clin. Oncol. 2005, 23, 5099-5107. [CrossRef]

Gjertsen, M.K.; Buanes, T.; Rosseland, A.R.; Bakka, A.; Gladhaug, I.; Sereide, O.; Eriksen, J.A.; Moller, M.; Baksaas, I;
Lothe, R.A ; et al. Intradermal ras peptide vaccination with granulocyte-macrophage colony-stimulating factor as adjuvant:
Clinical and immunological responses in patients with pancreatic adenocarcinoma. Int. J. Cancer 2001, 92, 441-450. [CrossRef]
[PubMed]

Domblides, C.; Rochefort, J.; Riffard, C.; Panouillot, M.; Lescaille, G.; Teillaud, J.-L.; Mateo, V.; Dieu-Nosjean, M.-C. Tumor-
Associated Tertiary Lymphoid Structures: From Basic and Clinical Knowledge to Therapeutic Manipulation. Front. Immunol.
2021, 12, 698604. [CrossRef]

Lutz, E.R.; Wu, A.A,; Bigelow, E.; Sharma, R.; Mo, G.; Soares, K.; Solt, S.; Dorman, A.; Wamwea, A.; Yager, A.; et al. Inmunotherapy
converts nonimmunogenic pancreatic tumors into immunogenic foci of immune regulation. Cancer Immunol. Res. 2014, 2, 616-631.
[CrossRef]

Zheng, L.; Ding, D.; Edil, B.H.; Judkins, C.; Durham, ]J.N.; Thomas, D.L., 2nd; Bever, KM.; Mo, G.; Solt, S.E.; Hoare, ].A.; et al.
Vaccine-Induced Intratumoral Lymphoid Aggregates Correlate with Survival Following Treatment with a Neoadjuvant and
Adjuvant Vaccine in Patients with Resectable Pancreatic Adenocarcinoma. Clin. Cancer Res. 2021, 27, 1278-1286. [CrossRef]
Moynihan, K.D.; Holden, R.L.; Mehta, N.K.; Wang, C.; Karver, M.R.; Dinter, ].; Liang, S.; Abraham, W.; Melo, M.B,;
Zhang, A.Q.; et al. Enhancement of Peptide Vaccine Inmunogenicity by Increasing Lymphatic Drainage and Boosting Serum
Stability. Cancer Immunol. Res. 2018, 6, 1025-1038. [CrossRef]

Irvine, D.J.; Aung, A.; Silva, M. Controlling timing and location in vaccines. Adv. Drug Deliv. Rev. 2020, 158, 91-115. [CrossRef]
[PubMed]

Moon, J.J.; Suh, H.; Bershteyn, A.; Stephan, M.T.; Liu, H.; Huang, B.; Sohail, M.; Luo, S.; Um, S.H.; Khant, H.; et al. Interbilayer-
crosslinked multilamellar vesicles as synthetic vaccines for potent humoral and cellular immune responses. Nat. Mater. 2011,
10, 243-251. [CrossRef] [PubMed]

Cho, H.I; Barrios, K.; Lee, Y.R.; Linowski, A.K.; Celis, E. BiVax: A peptide/poly-IC subunit vaccine that mimics an acute infection
elicits vast and effective anti-tumor CD8 T-cell responses. Cancer Immunol. Immunother. 2013, 62, 787-799. [CrossRef] [PubMed]
Reddy, S.T.; van der Vlies, A.].; Simeoni, E.; Angeli, V.; Randolph, G.J.; O'Neil, C.P;; Lee, L.K.; Swartz, M.A.; Hubbell, J.A.
Exploiting lymphatic transport and complement activation in nanoparticle vaccines. Nat. Biotechnol. 2007, 25, 1159-1164.
[CrossRef]

Bershteyn, A.; Hanson, M.C.; Crespo, M.P.; Moon, ].J.; Li, A.V,; Suh, H.; Irvine, D.]J. Robust IgG responses to nanograms of antigen
using a biomimetic lipid-coated particle vaccine. J. Control. Release 2012, 157, 354-365. [CrossRef]

Mehta, N.K,; Pradhan, R.V.; Soleimany, A.P.; Moynihan, K.D.; Rothschilds, A.M.; Momin, N.; Rakhra, K.; Mata-Fink, J;
Bhatia, S.N.; Wittrup, K.D.; et al. Pharmacokinetic tuning of protein-antigen fusions enhances the immunogenicity of T-cell
vaccines. Nat. Biomed. Eng. 2020, 4, 636—648. [CrossRef]

Zhang, Q.; Wu, S. Tertiary lymphoid structures are critical for cancer prognosis and therapeutic response. Front. Immunol. 2022,
13,1063711. [CrossRef]

Delvecchio, ER.; Fincham, R.E.A.; Spear, S.; Clear, A.; Roy-Luzarraga, M.; Balkwill, ER.; Gribben, J.G.; Bombardieri, M.;
Hodivala-Dilke, K.; Capasso, M.; et al. Pancreatic Cancer Chemotherapy Is Potentiated by Induction of Tertiary Lymphoid
Structures in Mice. Cell Mol. Gastroenterol. Hepatol. 2021, 12, 1543-1565. [CrossRef]

Schumacher, T.N.; Thommen, D.S. Tertiary lymphoid structures in cancer. Science 2022, 375, eabf9419. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/2162402X.2021.1936757
https://www.ncbi.nlm.nih.gov/pubmed/34235003
https://doi.org/10.1200/JCO.2005.03.158
https://doi.org/10.1002/ijc.1205
https://www.ncbi.nlm.nih.gov/pubmed/11291084
https://doi.org/10.3389/fimmu.2021.698604
https://doi.org/10.1158/2326-6066.CIR-14-0027
https://doi.org/10.1158/1078-0432.CCR-20-2974
https://doi.org/10.1158/2326-6066.CIR-17-0607
https://doi.org/10.1016/j.addr.2020.06.019
https://www.ncbi.nlm.nih.gov/pubmed/32598970
https://doi.org/10.1038/nmat2960
https://www.ncbi.nlm.nih.gov/pubmed/21336265
https://doi.org/10.1007/s00262-012-1382-6
https://www.ncbi.nlm.nih.gov/pubmed/23266830
https://doi.org/10.1038/nbt1332
https://doi.org/10.1016/j.jconrel.2011.07.029
https://doi.org/10.1038/s41551-020-0563-4
https://doi.org/10.3389/fimmu.2022.1063711
https://doi.org/10.1016/j.jcmgh.2021.06.023
https://doi.org/10.1126/science.abf9419

	Introductory Statement 
	Nano-Enabled Chemo-Immunotherapy in PDAC 
	Development of a Dual-Delivery Irinotecan/Lipoxin A4 Liposome to Target the Stroma and Improve PDAC Immunotherapy 
	Combined Use of Mutant KRAS Vaccination Approach to Boost the Endogenous Vaccination Response to ICD in PDAC 

	Conclusions and Future Prospects 
	References



