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Abstract: The high malignant degree and poor prognosis of pancreatic cancer (PC) pose severe challenges to the basic research and
clinical translation of next-generation therapies. The rise of immunotherapy has improved the treatment of a variety of solid tumors,
while the application in PC is highly restricted by the challenge of immunosuppressive tumor microenvironment. The latest progress of
nanotechnology as drug delivery platform and immune adjuvant has improved drug delivery in a variety of disease backgrounds and
enhanced tumor therapy based on immunotherapy. Based on the immune loop of PC and the status quo of clinical immunotherapy of
tumors, this article discussed and critically analyzed the key transformation difficulties of immunotherapy adaptation to the treatment
of PC, and then proposed the rational design strategies of new nanocarriers for drug delivery and immune regulation, especially the
design of combined immunotherapy. This review also put forward prospective views on future research directions, so as to provide
information for the new means of clinical treatment of PC combined with the next generation of nanotechnology and immunotherapy.
Keywords: pancreatic cancer, immunotherapy, nanomedicine, immunosuppressive tumor microenvironment regulation, combined
drug delivery strategy

Introduction

Pancreatic cancer (PC) is a highly lethal malignant tumor with the characteristics of insidious onset, rapid progression, and
poor prognosis. According to the World Health Organization (WHO) classification, PC has been divided into epithelial and
non-epithelial origins based on tissue origin, with ductal adenocarcinoma originating from adenocarcinoma accounting for
80-90% of all PC types. Statistics show that PC mortality still ranks fourth among tumor-related causes of death, while the
overall five-year survival rate is only about 7% and the mortality-to-incidence ratio (M/I) is approximately 0.94, ranking first
among all common tumors.' The extremely malignant nature and poor prognosis reflected thus pose a more severe challenge
to the basic transformation and clinical research of PC. Surgery is the only potential cure for PC but over 80% of patients are
already in locally advanced or metastatic PC at the time of diagnosis, missing the opportunity for surgical resection and cure.
Therefore, the treatment of advanced PC mainly relies on drug therapy. For a long time, the drug options for first-line treatment
of PC have been very limited, with gemcitabine-based treatment regimens and the FOLFIRINOX (a four-drug combination
chemotherapy regimen of fluorouracil, calcium folinate, irinotecan and oxaliplatin) regimen and its modified regimens
remaining the main treatment options.”* However, with the advancement of treatment, increasing drug resistance and

cumulative toxicity, patients will soon face a dilemma where there are no drugs available.’
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The development of immunotherapies to activate the immune system to effectively eradicate tumor cells has already
changed the outlook for patients with advanced solid tumors. Mainstream of tumor immunotherapy includes immune
checkpoint blockade (ICB) represented by PD-1/PD-L1 inhibitors, tumor vaccines that induce immune responses by
presenting specific antigens, and CAR-T therapy that modifies T cells for specific recognition and killing.*® However, only
1% of PC patients with microsatellite instability may benefit from a single dose of immunotherapy because of the unique
resistance of PC to immunotherapy. The failure is mainly blamed on the immunosuppressed tumor microenvironment (TME)
of PC, which characterized by significant infiltration of tumor-promoting immune cells (such as myeloid-derived suppressor
cells (MDSCs), which mainly composed of immature neutrophils and monocytes) and often lacks cytotoxic CD8" T cells.”
Furthermore, another significant challenge faced by current immunotherapies is their limited ability to specifically target
tumors. Therapeutic drugs often have difficulty accumulating effectively within tumor tissues, resulting in suboptimal
treatment outcomes. Therefore, there is a constant need to explore innovative treatment methods.

In recent years, the development of nanotechnology has played an important role in improving the efficacy of precise
cancer treatment based on immunotherapy.'® Due to the unique size effect, nanomedicine delivery platforms enable target and
release drugs to enrich TME cells and reprogram the elusive immunosuppressive TME. At the same time, the controllable
pharmacokinetics behavior and modifiable functional domains of the nanomedicine delivery platform can enhance the release
and presentation of tumor antigens to antigen-presenting cells (APCs) and enhance their uptake by dendritic cells (DCs),
strengthening the treatment of low immunogenic cancers.'""'? Finally, the development of nanocarriers provides a possibility
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for the efficient and simultaneous delivery of various immunotherapeutic drugs, with the potential to enhance immune
activation through synergistic effects, which may overcome the obstacles of effective immune therapy for PC. Currently, new
immunotherapy delivery platforms are being researched and developed, such as liposomes, polymer micelle, scaffolds, and
nanogels, to protect therapeutic agents, target delivery, and intelligently control release, promoting safer and more effective
cancer immunotherapy.'*'*

As the advanced comprehension of the intrinsic characteristics of PC and its microenvironment, researchers have
engineered a variety of PC-targeting nanomedicine employing diverse targeting strategies. Despite these innovations, the
dense tumor stroma present within PC tissues continues to impede the effective penetration, thereby limiting their anticancer
efficacy in scenarios characterized by significant tissue fibrosis.'” Harnessing strategies that target both the PC stroma and
cancer-associated cells present an opportunity to modulate the TME, thereby potentially augmenting the therapeutic efficacy of
chemotherapeutic agents against PC.'® Concurrently, the complexity of the immunological microenvironment poses
a challenge to monotherapy approaches, which often fall short in their ability to effect a comprehensive reversal of
immunosuppressive conditions. Given the unique features of the TME, a synergistic combination of multiple immunother-
apeutic strategies may be essential to counteract the suppressive effects inherent in the pancreatic cancer immunological
landscape.'” These judicious methodologies in nanomedicine design and therapeutic combination necessitate an in-depth
comprehension of the intricate cross-talk within the PC immune microenvironment, coupled with an appraisal of the
developmental effectiveness of these approaches from the vantage point of clinical immunotherapy. Therefore, this article
will focus on their characteristics and their impact on cancer immunotherapy, and based on the current status of PC
immunotherapy methods, discuss how to better utilize nanotechnology for targeted delivery (Figure 1).

Current Status of Clinical Immunotherapy for Pancreatic Cancer
Immunosuppressive Properties of Pancreatic Cancer

Intrinsic Immune Escape Properties

Pancreatic ductal adenocarcinoma (PDAC), which accounts for 95% of PC, is characterized by distinctive genomic mutations,
with a staggering 92% of cases manifesting mutations in the KRAS gene.'® This genetic alteration endows PDAC cells with the
capability to elude immune surveillance through the activation of diverse signaling pathways (Figure 2A). Specifically, the
KRAS mutation (mKRAS) disrupts tumor-specific antigens presentation pathways while concurrently suppressing T cell
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Figure | Schematic illustration of immunosuppressive TME impeding immunotherapy in PC, and the therapeutic implications of combined nanotechnology. Due to the “cold
tumor” characteristics of PC and the limitation of dense matrix, the application of immunotherapy is limited in PC treatment. Nanomedicine promotes the potential of
immunotherapy in PC with its unique size penetration advantage, focally targeted drug release pharmacokinetics, and multi-drug loading efficacy.
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Figure 2 (A) The PDAC-intrinsic immunosuppressive properties and immunosuppressive tumor microenvironment. (B) Clinical immunotherapy strategies for PDAC.

infiltration and activity, posing a formidable challenge for the immune system to discern and kill PDAC cells.'” In PDAC cells,
the mKRAS mutation causes major histocompatibility complex class I (MHC-I) to be selectively targeted for lysosomal
degradation through an autophagy-dependent mechanism. This leads to the downregulation of MHC-I expression on the surface
of tumor cells, impairing the antigen recognition process, and ultimately contributing to immune evasion.?>*! Ongoing clinical
endeavors suggest that pharmacological inhibition of autophagy, exemplified by hydroxychloroquine administration, may
amplify the anti-tumor immune response.”> Moreover, the overexpression of CD47 by PDAC cells further impedes the
phagocytic and antigen-presenting functions of macrophages and DCs, achieved through binding with signal regulatory protein
alpha (SIRPa).>* Furthermore, these malignant cells contribute to immune evasion by secreting Indoleamine 2.3-dioxygenase
(IDO), which catalyzes the degradation of tryptophan, a pivotal component for the survival of cytotoxic lymphocytes (CTLs),
consequently inducing T cell inactivation.”* And approximately 12.5% of patients with PDAC showcase heightened expression
of programmed death-ligand 1 (PD-L1) on tumor cells.*® This elevated PD-L1 interacts with the abundant programmed cell
death protein 1 (PD-1) on the surface of T cells, effectively inhibiting their cytotoxic capabilities. Furthermore, PDAC cells,
activated through the WNT/B-catenin pathway, directly secrete immunoregulatory cytokines such as interleukin-10 (IL-10) and
transforming growth factor-beta (TGF-p).2° These cytokines impede the maturation and differentiation of DCs, and promote the
accumulation of regulatory T cells (Tregs).”” The heightened expression of CCL5 plays a pivotal role in attracting Tregs to the
tumor microenvironment.”® Additionally, PC orchestrates the recruitment of tumor-associated macrophages and MDSCs through
the hyperactivation of the CCL/CCR2 axis.”> A comprehensive understanding of these aberrant physiological mechanisms not
only elucidates the intricacies of immune evasion in PC but also provides indispensable insights for the development of
efficacious treatment modalities. Isolated strategies to overcome specific immune targets have also had limited success, possibly

due to the presence of multiple immunomodulatory pathways in the pancreatic ductal adenocarcinoma microenvironment.

Immunosuppressive Tumor Microenvironment

PDAC cells, beyond manifesting intrinsic immune evasion characteristics, intricately engage with the fibroinflammatory
microenvironment. Pancreatic stellate cells (PSCs) recognized as the predominant precursors of cancer-associated fibroblasts
(CAFs), which exert pivotal roles in developmental processes, tissue homeostasis, and the progression of tumors.’® CAFs
exhibit prolific secretion of proteins, including collagen isoforms (eg, type I and type III collagen), fibronectin, and hyaluronic
acid, thereby augmenting the density of the extracellular matrix (ECM).>'*? This augmentation not only impedes the
penetration of therapeutic agents and the infiltration of immune cells but also induces heightened interstitial fluid pressure
and fosters a hypoxic microenvironment.*>>* The dense ECM further contributes to a malnourished milieu for PDAC,
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inherently restraining tumor cell proliferation. More importantly, CAFs release various metabolites that serve as an energy
source for cancer cells, fostering their proliferation within a nutritionally deprived environment.

CAFs also participate in orchestrating immune responses in PDAC. They attenuate the activity of T cells and natural
killer cells through the secretion of immunosuppressive factors, such as IL-6, IL-10, VEGF and TGF-, thereby
facilitating immune evasion of the tumor.>> And CAFs curtail the infiltration of CTLs into the tumor by hyperactivating
Focal Adhesion Kinase (FAK) and generating excessive levels of CXCL12.>® Importantly, the proximity of CAFs to
PDAC cells delineates their diverse functionalities, underscoring spatial heterogeneity.®’ For instance, CAFs positioned
in close proximity to cancer cells adopt a classical activated myofibroblast-like phenotype, while those distributed in the
surrounding stromal tissue exhibit a partially inflammatory phenotype characterized by cytokine expression.*® This
intricate interplay among tumor cells, CAFs, T cells, and myeloid cells underscores the interwoven mechanisms
propelling tumor growth within the TME. In conclusion, an exhaustive comprehension of the intricacies of immune
suppression in PDAC, coupled with concerted strategies targeting both the stromal components and the immune system,
holds promise for delineating more efficacious targets and strategies in the treatment paradigm for PDAC.

Clinical Immunotherapy Strategies
Dendritic Cells Activation

To reverse the immunosuppressive TME, various immunotherapy strategies have been clinically tested (Figure 2B). In
the case of PDAC, some vaccine trials aim to stimulate the immune system to generate a strong immune response against
tumor antigens (Table 1).*° Multiple trials in PDAC patients have investigated different types of vaccines, such as whole-

Table | Select Inmunotherapy-Based Clinical Trials

Therapeutic Therapeutic Agents Candidate Drug | Patient Population ClinicalTrials. | Recruitment
Strategy and gov Ildentifier | Status
Combination
Regimen
Dendritic cell Algenpantucel-L FOLFIRINOX, Borderline resectable NCTO01836432, | Terminated
activation nabpaclitaxel/ or locally advanced Phase Il
gemcitabine, PDAC
capecitabine
GVAX Ipilimumab, Previously treated NCTO00836407, | Terminated
Cyclophosphamide | metastatic PDAC Phase Ib
GVAX 6 CRS-207 Cyclophosphamide | Previously treated NCTO01417000, | Terminated
metastatic PDAC Phase Il
Poly-ICLC (KRAS peptide) Cyclophosphamide | Resected PDAC NCT03592888, | Recruiting
Phase |
Poly-ICLC (KRAS peptide) Ipilimumab plus Resected PDAC, MSS NCTO04117087, | Recruiting
nivolumab CRC Phase |
mRNA-5671/V94| Pembrolizumab Resected PDAC NCT03948763, | Active, not
Phase | recruiting
APXO005M (CD40) Nivolumab, Nab- Untreated metastatic PRINCE Active, not
paclitaxel/ PDAC NCT03214250, | recruiting
gemcitabine Phase I/11
CDX-1140 (CD40) and CDX-301 Nab-paclitaxel/ Previously treated NCT03329950, | Recruiting
(rhFLT3L) gemcitabine advanced or metastatic | Phase |
tumors including
PDAC
(Continued)
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Table | (Continued).

Therapeutic

Therapeutic Agents

Candidate Drug

Patient Population

ClinicalTrials.

Recruitment

Strategy and gov ldentifier | Status
Combination
Regimen
T cell activation BPX-601 (PSCA CAR-T cell) Rimiducid Previously treated NCT02744287, | Recruiting
advanced or metastatic | Phase I/Il
solid tumors including
PDAC
MUC-1 CART cells NA Resected PDAC NCT02587689, | Unknown
Phase I/ll
CART-HER-2 NA Previously treated NCT01935843, | Unknown
advanced or metastatic | Phase I/ll
HER2- positive solid
tumors including
PDAC
Mesothelin CAR T cells NA Untreated advanced or | NCT03054298, | Recruiting
metastatic tumors Phase |
including PDAC
Mesothelin CAR T cells NA Previously treated NCTO02706782, | Unknown
advanced and Phase |
metastatic PDAC
Mesothelin CAR T cells NA Previously treated NCTO02159716, | Completed
metastatic tumors Phase | enrollment—
including PDAC awaiting results
CEA CART cells NA Previously treated NCTO02349724, | Unknown
advanced or metastatic | Phase |
solid tumors including
PDAC
Hydroxychloroquine (tumor cell Nivolumab, Untreated metastatic REVOLUTION Recruiting
autophagy) ipilimumab, Nab- PDAC NCTO04787991,
paclitaxel/ Phase |
gemcitabine
Myeloid cells GBI1275 (CDI Ib modulator) Pembrolizumab, Untreated advanced or | NCT04060342, | Active, not
regulation Nab-paclitaxel/ metastatic tumors Phase I/l recruiting
gemcitabine including PDAC
BMS-813160 (CCR2/CCR5) Nivolumab, Nab- Untreated advanced or | NCT03184870, | Completed
paclitaxel and metastatic tumors Phase Ib/2 enrollment—
gemcitabine/ including PDAC awaiting results
FOLFIRI
Cabiralizumab (CSFI-R) Nivolumab Previously treated NCTO02526017, | Completed
advanced or metastatic | Phase | enrollment—
tumors including awaiting results
PDAC
(Continued)
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Table | (Continued).

Therapeutic Therapeutic Agents Candidate Drug | Patient Population ClinicalTrials. | Recruitment
Strategy and gov Ildentifier | Status
Combination
Regimen
Pexidartinib (CSFI-R) Durvalumab Previously treated NCT02777710, | Completed
advanced or metastatic | Phase | enrollment—
tumors including awaiting results
PDAC
LY3022855 (CSFI-R) GVAX, Borderline resectable NCTO03153410, | Active, not
pembrolizumab, or locally advanced Phase | recruiting
Cyclophosphamide | PDAC
SX-682 (CXCRI1/2i) Nivolumab Previously treated NCT04477343, | Recruiting
advanced and Phase |
metastatic PDAC
Targeting stromal | PEGPH20O (HA) Pembrolizumab Previously treated, NCT03634332, | Recruiting
elements HA-high, metastatic Phase I
PDAC
Cobimetinib (MEK)/PEGPH20 (HA)/ Atezolizumab, Untreated and MORPHEUS Recruiting
BL-8040 (CXCR4)/selicrelumab Nab-paclitaxel and | previously treated NCT03193190,
(CD40)/AB928 (adenosine receptor)/ gemcitabine/ metastatic PDAC Phase Ib/Il
tocilizumab (IL-6)/tiragolumab (TIZIT) FOLFIRINOX
Galunisertib (TGFRI kinase inhibitor) | Galunisertibin Metastatic PDAC NCT02734160, | Completed
combination with Phase |
durvalumab (anti-
PDLI mAb)
Ceritinib (TGF-f receptor ALK Ceritinib in Metastatic PDAC NCT02227940, | Active, not
inhibitor) combination with Phase | recruiting
gemcitabine-based
chemotherapy
Tocilizumab (anti-ILRé) Nab-paclitaxel and | Unresectable PDAC NCT02767557, | Recruiting
gemcitabine with Phase Il
or without
tocilizumab
Anakinra (IL-IR antagonist) Anakinra in Pancreas Cancer NCT02021422, | Anakinra (IL-
combination with Phase | IR antagonist)
standard
chemotherapy
regimens
MSC-I (anti-LIF antibody) MSC-I Advanced PDAC NCT03490669, | Terminated
monotherapy Phase |
(Continued)
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Table | (Continued).

Therapeutic Therapeutic Agents Candidate Drug | Patient Population ClinicalTrials. | Recruitment
Strategy and gov Ildentifier | Status
Combination
Regimen
Tumor-targeted Olaparib (PARP inhibitor) Pembrolizumab Previously treated NCT04548752, | Recruiting
immunotherapies BRCA PDAC patients | Phase Il
with SD
AB680 (CD73 inhibitor) Zimberelimab Previously untreated NCTO04104672, | Recruiting
(anti—PD-1), Nab- | advanced or metastatic | Phase |
paclitaxel/ PDAC
gemcitabine

cell vaccines (eg, GVAX), MUCI peptide vaccines, Wilm’s tumor 1 (WT-1) vaccines, algenpantucel-L, mutant KRAS
peptide vaccines, and Listeria monocytogenes-expressing mesothelin (CRS-207) vaccines.*® Clinical trial reports asses-
sing autologous whole-cell GVAX and CRS-207 vaccines in combination with ICB have shown promising results,
highlighting improvements in anti-tumor immune infiltration and suggesting this therapeutic approach for maintenance
treatment in metastatic PDAC patients.*' While still in the early stages of research, cancer vaccines offer a promising
avenue for eliciting a stronger immune response against PC.

Additionally, DCs express co-stimulatory receptors that, when activated, enhance the antigen presentation process in an
immunosuppressive environment, thereby stimulating T cells. Among these receptors, CD40 agonists show great potential in
the treatment of PDAC.*? The anti-tumor effect of CD40 is achieved by binding to T cell surfaces, promoting the production of
cytokines and chemokines, inducing the expression of co-stimulatory molecules, and enhancing antigen presentation. In
a Phase I clinical trial involving a potent monoclonal antibody targeting CD40, the immunoactivation effects, including CD8+
T cell enrichment, increased mature DCs, and decreased tumor-associated macrophages (TAMs) were confirmed.* Moreover,
an enhanced DCs response to CD40 agonists was found to be correlated with increased PD-L1 expression in the PDAC
TME.*' This suggests that combining ICBs with CD40 agonists could be a valuable treatment strategy.

T Cell Activation

In addition to targeting DCs, common therapeutic strategies in clinical practice include enhancing the tumoricidal activity of
the adaptive immune system. Treatment modalities encompass CAR-T therapy and immune checkpoint inhibitors. The
currently intensively studied CAR-T cell therapy has been attempted in PDAC patients but has not yielded satisfactory results.
CAR-T therapy involves genetically engineering the patient’s own T cells to express a CAR capable of recognizing and
attacking tumor cells.**

In clinical research, T lymphocytes activated with MUC-1 peptide have been used for unresectable or recurrent
PDAC patients, achieving complete remission in patients with multiple lung metastases and 25% exhibiting stable
disease (SD).*> However, subsequent studies have not demonstrated significant efficacy, possibly due to the high
heterogeneity and variability of tumor cells, rendering T cells activated against limited tumor-associated antigens
ineffective in producing a sustained and potent cytotoxic effect. Additionally, the upregulation of various inhibitory
receptors, such as the common PD-1, on the surface of CAR-T cells over time may contribute to this limitation.*®
Therefore, combining adoptive cell therapy with immune checkpoint blockade may play a role in the future.

Myeloid Cells Regulation

The immune cell population in pancreatic tumors is primarily composed of medullary cells, sparking interest in studying the
role of various medullary populations in PDAC biology. PDAC cells activate GM-CSF production through oncogenic KRAS
signaling, leading to the recruitment of MDSCs. Novel agonists targeting CD11b/CD18 receptors in a specific myeloid
subpopulation within PDAC tumors have shown promising preclinical results and are currently being evaluated in clinical
trials.*’ The CCL2-CCR2 chemokine pathway plays a crucial role in attracting TAM to the TME, garnering attention from
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researchers. In a Phase I trial involving advanced PDAC, the oral CCR2 inhibitor PF-04136309 combined with FOLFIRINOX
achieved a 49% ORR and 97% DCR. CSFI-R inhibition, like CCR2 inhibition, disrupts TAMs recruitment and enhances
T cell activation.**** However, the combination of cabiralizumab (anti-CSF-1R) with anti-PD-1 therapy did not meet the
primary endpoint of increasing PFS in advanced PDAC.*’ Ongoing research is investigating the use of other CSF1-R
inhibitors in combination with chemotherapy and immunotherapy to enhance treatment effectiveness. Targeting MDSCs is
a promising aspect of immunotherapy strategies aimed at overcoming the immunosuppressive TME.

Targeting Stromal Cells

Therapies targeting the stromal components of PDAC aim to weaken their protective role against tumors, enhance drug
penetration, and improve immune cell infiltration. Various research studies have been conducted clinically to explore this
treatment strategy, yielding diverse outcomes. One of the primary targets within the PDAC stroma is HA, a key
component of the ECM.>® Reports indicate that an enzyme degrading HA, PEGPH20, can enhance the efficacy of
chemotherapy drugs in KPC mice.**' In a Phase II clinical study, its combination with albumin-bound paclitaxel/
gemcitabine extended the progression-free survival (PFS) of PDAC patients with high HA levels.”> However, the
disappointment arose when the Phase III clinical trial did not demonstrate any improvement in overall survival (OS),
ultimately leading to its termination.’® This failure prompted researchers to redirect their focus towards rational
combinations of hyaluronic acid (HA) with other immunotherapies, including the combination of PEGPH20 with
immune checkpoint blockade (ICB). Furthermore, deactivating pancreatic stellate cells (PSCs), a primary source of
CAFs, is crucial in disrupting the tumor stroma. The TGF-f signaling pathway is crucial in activating PSCs, and efforts
to block this pathway’s transmission have progressed to clinical trial phases, with drugs like Galunisertib (a TGFBRI
kinase inhibitor) and Ceritinib (a TGF-p receptor ALK inhibitor) under investigation.’® On the other hand, CAFs promote
the proliferation and survival of other immunosuppressive cells by secreting various chemokines and cytokines. By
disrupting the interaction pathways between CAFs and other cells, their connections can be severed. Several therapeutic
molecules aimed at this approach have advanced to different clinical stages, including tocilizumab (an anti-IL6R
antibody), anakinra (an IL-1R antagonist), and MSC-1 (an anti-LIF antibody).

In general, PC displays robust immune evasion capabilities, which pose challenges for current immunotherapy treatments.
However, numerous clinical trials are underway to investigate combined immunotherapies and to gain insight into immune
evasion mechanisms in hopes of identifying more effective treatment approaches in future studies. The use of nanotechnology
in the treatment of PC is gaining momentum, with research focusing on enhancing drug permeability and targeting, boosting
immune cell activity, and improving the tumor microenvironment to enhance the impact of immunotherapy on PC.

Nanomedicines in Immunotherapy Agent Delivery
Immunotherapy has been developed against highly aggressive malignant PC.>* However, its efficacy in clinical PC patients is not
satisfying, which is due to various reasons. Firstly, the unique composition of pancreatic tumor contributed to an immune-
excluded TME.”>> And the fibrotic stroma composed of cancer-associated fibroblasts (CAFs) encapsulates tumor cells and
prevents it from being infiltrated by systemic drugs and immune cells, which will even accelerate tumor progression, metastasis,
and trigger the apoptosis of T cells. In addition to the low infiltration performance of anti-tumor agents, the inefficiency of
immunotherapy drugs and even uncontrollable adverse reactions have also hindered the progress of immunotherapy drugs in
clinical PC.>® The only FDA-approved immune checkpoint inhibitor Pembrolizumab against PC has been exactly plagued by
repair-deficient mismatch with great individual different frequencies and consequent drug resistance.’’® Therefore, new
strategies are yelled to be developed to enhance the tumor specificity and immunogenicity of immunotherapy drugs.
Nanomaterials have participated in the forefront in drug delivery area to address some tricky but critical obstacle in
immunotherapy.>® Not only small-molecule drugs but also complex macromolecules such as protein drugs and nucleic acid
drugs can be successfully delivered via nano-carrier.°*®! For example, nab-paclitaxel, a nanomedicine approved by the FDA
for PC treatment, showing significant advantages over conventional paclitaxel formulation, including longer circulation times,
better systemic distribution, and lower toxicity.> Liposomal irinotecan, in combination with 5-fluorouracil (5-FU) and
leucovorin, has been approved by the FDA as a therapeutic option for PDAC patients bearing resistance to gemcitabine.®’
In contrast to free irinotecan, liposomal nanomedicine demonstrate both lower toxicity and higher efficacy. All of these clinical
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cases demonstrate the benefits of nanomedicine strategies, such as enhanced drug penetration into tumors, remodeling of the
immunosuppressive TME, and a stronger safety profile.'® Herein, different nanotechnologies would be introduced according

to their therapeutic mechanism.

Nanomedicines to Enhance Immunogenic Cell Death
When tumor cells are attacked by external stimuli, they would release damage-associated molecular patterns (DAMPs)
and activate sequent tumor-specific immune responses. This process is known as immunogenic cell death (ICD).**
Continued ICD contributes to the recruitment and activation of cytotoxic T cell lymphocytes. Interestingly, some
chemotherapy drugs and photodynamic therapy can evoke the occurrence of ICD.®® Therefore, researchers designed
nanomedicines in the hope of enhancing ICD-induced immunity.

The most common used ICD-inducible chemotherapeutic agent is oxaliplatin. In order to reduce its intrinsic dose-
limiting toxicity, Liu et al loaded it into mesoporous silica nanoparticles (MSNP).% This system realized a high drug
loading efficiency and in vivo stability of oxaliplatin (Figure 3A). After intravenous injection, orthotopic Kras PDAC
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Figure 3 Nanomedicines in immunotherapy agent delivery. (A) Design, synthesis, and characterization of MSNPs that contain the activated Pt drug. And approximately 5.6 fold
improvement in drug loading was also achieved for DAPt. Reprinted from Liu X, Jiang J, Chang CH, et al. Development of facile and versatile platinum drug delivering silicasome
nanocarriers for efficient pancreatic cancer chemo-immunotherapy. Small. 202 I;17:¢2005993. © 202 | Wiley-VCH GmbH.%® (B) Schematic illustration of FAP-o:and ROS dual-activatable
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Commons.®’ (F) Schematic of antitumor immune response induced by pyroptosis pathway activation and COX-2 inhibition. (G) Pt-In NP sensitize platinum drugs by inhibiting COX-2 to
enhance cellular pyroptosis and produce anticancer activity in vitro. Reprinted from Yu B, Wang Y, Bing T, et al. Platinum prodrug nanoparticles with COX-2 inhibition amplify pyroptosis
for enhanced chemotherapy and immune activation of pancreatic cancer. Adv Mater. 2023;36:¢2310456. © 2023 Wiley-VCH GmbH.” *p < 0.05, **p < 0.0 and **p < 0.001.
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model mice showed stronger tumor killing response induced by ICD, and longer survival with decreased bone marrow
toxicity. Nanocarriers are also capable of inducing ICD, thus overcoming the immunosuppressive microenvironment by
themselves. A sequential receptor—mediated mixed-charge targeted delivery system was designed to realize ICD
effects.®” In addition, this nano-carrier also owned lysosomal escape capacity and mitochondrial targeting ability.
After helping ingenol-3-mebutate (I3A), a tumor-suppressing botanical ingredient, transport into tumor, stronger efficacy
than first-line clinical drugs in Panc02 model mice was exhibited.

In summary, nanomaterials have achieved great improvements in both safety and immunotherapy efficiency with ICD
involvement.

Nanomedicines to Modulate Tumor Microenvironment

As previously mentioned, a “physical barrier” formed by dense stroma exists in pancreatic tumor environment. This
stoma is also capable of inducing immunosuppressive lymphocytes and secreting related cytokines, thus creating an
immunosuppressive TME.”' Consequently, PC patients derive limited benefits from current immunotherapies. To achieve
efficient therapy, modulating the TME, especially the dense stroma, is considered to be one of the most potential
strategies for PC treatment.”> Small-molecule drugs and proteins have been utilized in stroma regulation. For instance an
adaptive nanomodulator engineered a peptide-drug conjugate (PDC) as an anchor sequence has been created.®® This
nanoparticle is modified with a CAF homing peptide and PEG chain to prolong circulation time, loaded with the
photosensitizer pyropheophorbide and CAF inhibitor (Figure 3B). It enabled the retention of nanoparticles in tumor,
ultimately alleviating CAF-mediated immune resistance (Figure 3C). Moreover, indoleamine 2.3-dioxygenase 1 inhibitor
(IDO1i) was added to the nanoparticles to further address CD8" T cell exhaustion and adaptive immune evasion.

In addition, hyaluronic acid (HA) is also one of the important components of the dense stromal matrix protecting
cancer cells. It is responsible for increasing the pressure of interstitial fluid, which compresses the blood vessels.”
Recently, human hyaluronidase PH20 (PEGPH20) has been utilized in combination with gemcitabine in clinical trials to
degrade HA, resulting in prolonged survival for patients. However, side effects such as HA depletion in other organs
have been observed because of the systemic administration with non-targeting ability, leading to dosage limitations. To
address this issue, various attenuated ST strains with high tumor specificity have been developed and screened. Studies
have shown that bH-ST can target orthotopic PDAC tumors after systemic delivery and significantly degrade HA in
TME, thereby further enhancing the intratumoral spread of ST. However, HA depletion alone cannot achieve the desired
results, as studies have combined it with other treatments. Zhang et al developed a nanoparticle of human serum albumin
coloaded with autophagy inhibitor HCQ and ICD initiator DOX. Meanwhile, HAase and hypoxia-targeted probiotic EcN
were decorated on the surface obtain HD@HH/EcN.”* Once the HAase breaks the dense fence wall, nanoparticles could
effectively kill the tumor with the help of subsequent autophagy inhibition and immune cell attack. A growing number of
combination therapies based on matrix disruption are also being studied.

Nanomedicines in Combination with Chemotherapy

Though chemotherapy is the most common clinical treatment for PC, it shows dismal prognosis.’” It may be attributed to
the fact that the chemotherapy drugs themselves show side effects in both safety and efficiency. Even combinations with
other immunomodulators have emerged, the clinical result is still disappointing due to the intrinsic immunosuppressive
TME of PC and the dense matrix around tumor. Effort has been made to enhance the antitumor effects of chemoimmu-
notherapy. Nanoparticle-based chemoimmunotherapy is one of the most attractive methods to deliver the drug deeper in
tumor.

Currently, the FDA has approved the application of albumin nanocarriers to deliver gemcitabine and irinotecan,
resulting in improved pharmacokinetic performance of both drugs. For further improvement, Liu et al utilized mesopor-
ous silica nanoparticles (MSNP) as carriers for the first time, incorporating synergy therapy to enhance antitumor
immune response.®” MSNP co-delivered oxaliplatin and IDO inhibitors. IDO inhibitor could reverse immunosuppressive
TME through kynurenine pathway (Figure 3D and E). Following the induction of ICD by oxaliplatin, the synergistic
treatment composed of oxaliplatin and IDO inhibitor enhances anti-tumor immunotherapy in combination with IDO
inhibitors.
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In addition, self-assemble to form nanoparticles by altering the structure of the chemotherapy drugs themselves to
avoid the side effects from carrier materials is another way. Platinum chemotherapy drugs can induce pyroptosis, which
is a newfound programmed mechanism of cell death, accompanying by subsequent anti-tumor immune response and
undesirable cyclooxygenase-2 (COX-2) expression increase. To effectively inhibit COX-2 expression while promoting
pyroptosis, an amphiphilic polymer composing of indomethacin and platinum prodrug was designed.7° It allowed for
self-assembling into nanoparticles (Pt-In NP) and disintegrating in response to glutathione at the tumor site to release two
different drugs (Figure 3F and G). After administration, Pt-In-NP could induce pyroptosis in mice bearing PC, thereby
prolonging the duration of the immune response.

In summary, the nano-delivery platform provides greater efficiency in the delivery of chemotherapy drugs as well as
the potential of combination therapy with other treatment options. This brings more possibilities for the future preclinical
researches and clinical practice of chemoimmunotherapy.

Nanomedicines with Other Therapeutic Mechanism

Photodynamic therapy (PDT) is a non-invasive and highly effective treatment that can activate photosensitizers (PSs) via
light, thereby producing toxic reactive oxygen species (ROS) to kill tumor cells. Moreover, PDT can induce the
development of ICD effect against cancer.”® However, traditional PSs have the disadvantage of insufficient targeting.
And the dense extracellular matrix in the TME obstructs the permeability and retention of PSs, limiting the efficacy of
PDT. Considering challenge in PDT therapy, Qu et al designed a new light-activated nanoparticle decorated with a tumor-
targeting factor MDK.'? After reaching the tumor site, nanoparticles could generate a significant amount of ROS when
activated by light to induce cell death. At the same time, ICD was initiated to facilitate TME remodeling and promotion
of immune cell infiltration. Furthermore, upon the addition of PD-1 antibody, the anti-tumor efficacy of nanoparticles was
further enhanced. Similarly, photothermal therapy (PTT), which converts light energy into heat energy, can also trigger
ICD and boost immune responses.’” Researchers have also designed size-adjustable nanoparticles by combining immune
checkpoint blockers and PTT thermosensitizers.”® The nanoparticles are able to be widely distributed within tumors and
reverse TME.

In addition, Sonodynamic therapy (SDT) and chemodynamic therapy (CDT) which could transform ROS by the
Fenton reaction are also gradually being combined with nanotechnology.””*° Among them, nanocarrier help them
achieve deeper penetration, or co-load other drugs to promote the anti-tumor ability of therapeutics.

Clinical and preclinical evidence underscores the considerable potential of immunotherapy in the management of PC.
The advent of nanotechnology has introduced a paradigm of enhanced efficacy and safety in the delivery of immu-
notherapeutic agents. The nanoscale dimensions of these particles enable them to surmount the dense fibrotic stroma,
facilitating profound tumor penetration. The combination of chemical modifications and advanced technologies (such as
PTT, PDT) endow nanoparticles capabilities such as precise drug release, targeted delivery, and prolonged circulation,
thereby amplifying the therapeutic effect in pharmaceutical applications. Nonetheless, it is imperative to address the
inherent challenges accompanying nanomedicine, which encompass considerations of nanocarrier biocompatibility and
toxicity, individual patient differences, and the transition from preclinical research to clinical validation.

Nanomedicines for Pancreatic Cancer Immunotherapy
Introduction of Immunogenic Cell Death (ICD)

The low immunogenicity of PC underscores the importance of tumor-associated antigens (TAAs) to activate the immune
system. ICD is a specific type of cell death that involves releasing damage-associated molecular patterns (DAMPs),
triggering antigen-specific immune responses against tumors.®! Certain chemotherapy drugs (eg, DOX and oxaliplatin)
have shown the ability to continually generate TAAs and create in situ whole-cell vaccines with multiple specific
epitopes by inducing ICD. Therefore, delivering these ICD inducers is a promising strategy for immune activation in PC.
Importantly, the immune-boosting effects of ICD inducers depend on the function of DCs and CTLs, and anti-tumor
immunity might be compromised if these immune cells are inhibited. Therefore, it is essential to enhance the selectivity
of ICD inducers to prevent adverse effects on immune cells.
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In addition to chemotherapeutic agents, photothermal therapy (PTT), photodynamic therapy (PDT), and sonodynamic
therapy (SDT) can also stimulate an antitumor immune response by inducing ICD in tumor cells. Combining PTT/PDT/
SDT with immunotherapy holds great potential as a treatment for PC. However, challenges remain in this synergistic
immunotherapy approach. For example, PDT induces ICD but also leads to oxygen consumption and microvascular
damage, worsening hypoxia, increasing glycolysis, and intensifying immunosuppression in TME.**** To tackle this
issue, Sun et al developed a hyaluronic acid (HA)-based supramolecular prodrug nanoplatform for co-delivery of
a photosensitizer and a prodrug of bromodomain-containing protein 4 inhibitor (BRD4i).** In this nanoplatform, PDT
boosted immunogenicity and promoted CTL infiltration, while BRD4i counteracted PDT-induced immune evasion by
antagonizing the oncogene c-Myc and activating CTLs. Another study utilized tumor-derived re-assembled exosomes as
carriers for delivering the photosensitizer chlorin e6 to produce reactive oxygen species (ROS) and as antigens captured
by innate immune cells to enhance immune responses, offering a novel approach for immunotherapy combined with
PDT.* SDT utilizes low-intensity ultrasound to activate sonosensitizers, generating ROS to eliminate tumor cells and
induce ICD. It is particularly effective for deep tumors like PC due to its excellent penetration capability. However, the
short half-life and limited diffusion distance of ROS impede the ICD effect, particularly in pancreatic tumors with dense
stroma and poor blood perfusion. To address this, Chen et al developed cavitation-assisted endoplasmic reticulum (ER)
targeted sonodynamic droplets that achieved deep penetration and accumulated in the ER of the PC cells.*® Upon
ultrasound irradiation, the modified sonosensitizer generated a significant amount of ROS in the ER, amplifying ICD and
enhancing the effectiveness of anti-PD-L1 immunotherapy in both orthotopic and distant PDAC models. These studies
demonstrate that combined strategies offer promising benefits in PC immunotherapy and represent a crucial research
direction for PC.

Promotion of DCs to Antigen Presentation

The dendritic cells (DCs) serve as antigen-presenting cells (APCs) in both innate and adaptive immunity, playing a role in
initiating and regulating immune responses. And the effective operation of DC is tied to functional antitumor T cell
responses.”” However, in PC patients, the down-regulation of chemokine (C-X-C motif) ligand 17 (CXCL17) and intercellular
adhesion molecule 2 (ICAM?2) accelerate the process of change from immune surveillance to immune tolerance.®® These two
factors are responsible for promoting the infiltration and accumulation of immature myeloid DCs in tumor epithelium, which
is a prerequisite for the subsequent cellular immune response. In addition, the decreased number of DCs has been considered
as a character in this highly aggressive pancreatic cancer.”* Considering the functional plasticity of DC, regulating the state of
DCs is a potential strategy to break the cellular immune dilemma of PC.

Anti-tumor DC vaccines have been developed specifically to reactivate DCs to reverse immunosuppression, and
ultimately delaying the progression of PC. During the course of action, dendritic cells (DCs) are supposed to efficiently
phagocytose and present tumor antigens to naive T cells, which induces their differentiation into effector cells, thus
exerting tumor killing effect.*” However, clinical DC-based vaccines face low antigen internalization efficiency and
invalid tumor antigen. To conquer these limitations, nano-adjuvants owning advantages of promoting antigen stability
and absorption were designed and widely used. Polyethyleneimine (PEI) modified aluminum hydroxide nanoparticle
(LV@HPA/PEI) was designed by Heng Dong et al to serve as a novel adjuvant of DCs in immunotherapy.”® The core
LV@HPA showed many superiorities like high antigen loading efficiency and safety. The researchers combined
DRibbles, a kind of tumor-derived autophagosomes which contain a large number of tumor-associated antigens
(TAAs), with nanocore LV@HPA. Results demonstrated that the immune infiltration and anti-tumor potency of three
kinds of DCs (murine mutu DCs, murine bone marrow-derived DCs, and human DCs) were improved. Moreover, the
LV@HPA/PEI-DRibbles-DCs activated the tumor-specific T cell, thus inhibiting the pancreatic tumor growth and
increasing lifespan of tumor-bearing mice. A wide range of other antigens has been also utilized to obtain antigen-
specific immune responses.

Though immunotherapy has been commonly used in clinical practice, recent researches found its ineffectiveness in
most PC. Therefore, focus was shifted to the combination therapy of clinical surgery and immunotherapy. Irreversible
electroporation (IRE) nonthermal ablation with minimal invade is emerging as a strong candidate for clinical surgery for
unresectable PC. However, high tumor recurrence after surgery still bothers the survival of patients. An injectable

International Journal of Nanomedicine 2024:19 hetps: 6631
Dove:


https://www.dovepress.com
https://www.dovepress.com

Pan et al Dove

hydrogel microsphere vaccine loaded with FLT3L and CD40L was developed to mobilize tumor-residue DCs.”! In the
mouse model of orthotopic PC surgery, this “immune amplifier” following with IRE effectively activate DCs and
enhanced antigen cross-presentation and CDS8 T cell activation, transforming the immuno-cold tumor microenvironment
into a hot one and eliminating the possibility of postoperative tumor recurrence.

Activation of CTLs and NKs to Kill Tumor Cells

CTLS and NKs play crucial roles in eliminating cancer cells through mechanisms such as granule exocytosis and the death
ligand/death receptor system.’> However, PC cells evade immune detection via immune checkpoint pathways (eg, the PD-1/
PD-L1 axis), hindering the immune cells’ ability to eradicate cancer cells. Therefore, targeting immune checkpoints is
a promising strategy to enhance immune cells’ tumor-killing capacity. Using immune checkpoint inhibitors (eg, monoclonal
antibodies (mAbs) targeting PD-1 or PD-L1) has emerged as a leading approach for PC immunotherapy. In addition to
antibodies or small-molecule inhibitors, small interfering RNA (siRNA) can directly silence disease-causing genes (eg, PD-
L1), providing high specificity and requiring lower effective doses.”>*** Polymer-based nanomaterials are being designed to
enhance the stability and tumor-targeting capabilities of siRNA therapeutics for PC immunotherapy.” For example, poly
(lactic-co-glycolic acid)-based nanoparticles loaded with PD-L1 siRNA (siPD-L1) effectively suppressed PD-L1 expression
in tumor cells and improved the function of NK cells and CTLs in a humanized mouse model of PC, resulting in reduced
pancreatic tumor growth.”® Further, certain signaling pathways (eg, TGFp signaling) can dampen the tumor response to PD-L1
blockade by T cell exclusion.”” Therefore, the co-delivery of siPD-L1 and inhibitors blocking these signaling pathways is
actively explored and has shown anti-tumor efficacy in PC models.”®

Inhibition of Immunosuppressive Cells

In the microenvironment of pancreatic tumors, an abundance of immunosuppressive cells such as Tregs, TAMs, and
MDSC:s inhibit the activity of CTLs and NKs, resulting in a diminished immune response against PC. Current research
primarily targets reprogramming TAMs and decreasing Tregs and MDSCs to establish a more responsive immune

microenvironment.

Reprogramming of TAMs

In the pancreatic TME, TAMs play a crucial role in treatment resistance, metastasis, and poor survival outcomes. TAMs can
transition from an M1 (anti-tumor) to an M2 (pro-tumor) phenotype as the tumor progresses.”” M1-TAMs produce high levels
of IL-12 to hinder tumor growth, whereas M2-TAMs secrete immunosuppressive cytokines (eg, IL-10 and TGFp), along with
enzymes that degrade extracellular matrix to support immunosuppression and tumor spread.'® Therefore, reprogramming
M2-TAMs to M1-TAMs is a promising strategy to combat immunosuppression in PC and enhance the efficacy of immu-
notherapy. Since M2-TAM polarization is regulated by various signaling pathways (eg, PI3K-y and CSF-1/CSF-1RPI3Ky
pathways), Li et al devised a nanomicelle modified with an M2-TAM-targeted peptide for co-delivery of the PI3K-y inhibitor
BEZ 235 and a CSF-1R siRNA to shift TAMs towards an anti-tumor phenotype (Figure 4A).'%""'% With enhanced drug
accumulation in M2-TAMs, these nanomicelles significantly reduced M2-TAM numbers while increasing M1 TAMs in
PDAC (Figure 4B and C). This dual-pathway inhibition strategy focusing on repolarization of M2-TAMs presents a fresh
approach for immunotherapy in PC. Furthermore, disrupting tumor lipid metabolism by inhibiting monoacylglycerol lipase
(MGLL) activity has shown promise in eliminating tumor cells by disrupting nutrient supply.'®* However, inhibiting MGLL
has been found to upregulate endocannabinoid receptor-2 (CB-2) on TAMs, potentially shifting them towards a M2
phenotype.'® To address this, Cao et al developed a poly(disulfide amide)-based nanoplatform for co-delivery of MGLL
siRNA and CB-2 siRNA, resulting in synergistic antitumor effects through nutrient supply inhibition and repolarization of
TAMs to an M1 phenotype, along with increased secretion of tumoricidal cytokines (eg, TNF-o and IL-12).'% Additionally,
TAMs in the pancreatic TME are influenced by various physical and chemical factors (eg, prostaglandin E2 (PGE2) and tumor
necrosis factor (TNF)) in the pancreatic TME.'* Further exploration of the key pathways involved in TAM regulation will
facilitate the development of targeted drugs to manipulate TAMs and advance PC immunotherapy.

6632 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Pan et al

A

‘:\\;%::’\A I:> CSF-1R Downregulation £1201 : > 5 ) X
WAV, = T ] (@ ) &Y
PI3K-y Inhibition 8 g0 o) (o
3 \
o 1
M2 TAM M1 TAM 5 60 \ (% 1DO1 N
Tumor cell /\ mercell Q / é
. = 301
Re olarization/{ °) 4 \ o o \ ©
O |:> P\/\- . 0 .
\ E P RES t Tregs |
O regs
@ Tcell @ Activated T cell Q@ae\o\ono\eo\y;}Q&%\ CTLs 9

Immune Suppressive Immune Activated

" P {eeyQTY 2 Y O
Simultane S compnnc I g w7 5 3
==M2pep iRNA T g ing
“ =8 M2pep-MM/BEZ ~ Nscs - T e

CLAN,,,, OXA plus CLANSIDO1

Merge

M2pep-MM/DiD m

MM/DiD

= PBS [ LTNPs
12 B8 LMWH B8 PLTNPs

*kk

o

25

8

I‘

}

F480+/C 0226+

@
8

8 M2pep-MM/BEZ/siRNA _geat® . Recruitmeif
8 MM/BEZ/siRNA “‘*-'“E.‘j

8 Free combo Orthotopic ~
EmHEPES pancreatic tumor

3
3

3

F480+/CCR7+ O

CD11b*Gr-1"* cells (%) in tumors

°
o

Figure 4 Strategies for inhibiting immunosuppressive cells. (A) Schematic diagram of effects of a M2-TAM targeting nanomicelle for TIM reprogramming. (B) Co-localization
of M2-TAMs and nanomicelles. (C) Percentage of MI-TAMs (left) and M2-TAMs (right) in tumors after treatment. Reprinted from | Control Release, 321, Li M, Li M, Yang Y, et
al. Remodeling tumor immune microenvironment via targeted blockade of PI3K-y and CSF-1/CSF-IR pathways in tumor associated macrophages for pancreatic cancer
therapy. 23-35, copyright 2020, with permission from Elsevier.'® (D and E) The capability of CLAN;p0 to knockdown IDOI, leading to increased tumor-infiltrating CTLs
and decreased Tregs. (F) Treatment with CLANgpo, significantly decreased the sizes of visible tumor nodules. Reprinted from Huang H, Jiang CT, Shen S, et al.
Nanoenabled reversal of IDO|-mediated immunosuppression synergizes with immunogenic chemotherapy for improved cancer therapy. Nano Lett. 2019;19:5356-5365.
Copyright 2019, American Chemical Society.'”” (G and H) Treatment with PLT/PTX effectively reduced the recruitment of MDSCs by inhibiting adhesion of MDSCs on the
blood vessel endothelium. Reprinted from Eur | Pharm Biopharm, 165, Lu Z, Long Y, Wang Y, et al. Phenylboronic acid modified nanoparticles simultaneously target pancreatic
cancer and its metastasis and alleviate immunosuppression. |164—173, Copyright 2021, with permission from Elsevier. '°®p < 0.05 and **p < 0.01 and **p < 0.001.

Depletion of Tregs

The high frequency of Treg infiltration in pancreatic tumors is strongly linked to a poor prognosis due to the
immunosuppressive effects of Tregs. These effects include inhibiting DC antigen presentation, suppressing T cell
proliferation and NK cell cytotoxicity, and secreting inhibitory cytokines.'®'"® Indoleamine 2.3-dioxygenase-1
(IDO1), an enzyme overexpressed in PC, promotes Treg proliferation by limiting tryptophan and increasing kynurenine
catabolites.'!" Inhibiting IDO shows potential in reversing Treg-mediated immunosuppression to boost tumor immu-
notherapy. Cationic lipid-assisted nanoparticles (CLANgjpo;) were employed to deliver IDO1-targeting siRNA (siDO1)
into pancreatic tumors.'®” This treatment reduced IDO1 expression, decreased Treg infiltration, and increased antigen-
specific T cells, which promoted anti-tumor effects in mice with Panc02 orthotopic pancreatic tumors (Figure 4D-F).
Another study found that tumor cell CD73 boosts Treg recruitment by upregulating CCL5 transcription.''? Targeting the
CD73/CCLS5 axis may thus hold promise for removing tumor-infiltrating Tregs without triggering autoimmunity risk.

Inhibition of MDSCs

MDSCs exert immune-suppressive effects by impairing APC activity, inhibiting T cell activation, and inducing T cell
exhaustion.'"* Consequently, MDSCs have been recognized as a promising target for immunotherapy in PC. However,
therapeutic depletion of MDSCs often results in severe adverse effects and compensatory recruitment of alternative cell
populations, leading to treatment failure.''*''> Alternatively, inhibiting the proliferation and tumor trafficking of MDSCs
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could be an effective and safe approach to mitigate their immunosuppressive effects. A recent study found that low-
molecular-weight heparin (LMWH) competitively inhibited the binding between P-selectin and PSGL-1, thereby
preventing adhesion between vascular endothelial cells and MDSCs and inhibiting MDSC infiltration into pancreatic
tumor tissues.'® Building on this discovery, Lu et al developed PTX-loaded nanoparticles (PLT/PTX) using a self-
assembly method with LMWH-based conjugates. Treatment with PLT/PTX successfully reduced MDSC recruitment to
tumor tissues, relieved immunosuppression, and inhibited tumor metastasis (Figure 4G and H). Moreover, considering
the influence of various cytokines (eg, GM-CSF and CXCL12) on MDSC formation and movement, blocking cytokine—
receptor interactions could be a potential immunotherapeutic strategy for PC.''® The development of related nanome-
dicine in this direction remains to be explored in the future.

Modulation of Pancreatic Stroma Cells

The dense stroma in PC, composed of extracellular matrix and stromal cells (eg, pancreatic stellate cells (PSCs) and CAFs),
presents a major obstacle to successful immunotherapy. Stromal cells produce collagen and hyaluronic acid, leading to the
formation of dense stroma, which hinders the delivery of drugs and the infiltration of CTLs. Furthermore, drugs that reach the
pancreas are mainly absorbed by stromal cells, resulting in off-target effects and impacting the anti-tumor response. Therefore,
various strategies have been developed to enhance the effectiveness of PC immunotherapy by targeting the ECM and
overactive stromal cells. For example, Huang et al developed a nano-sapper loaded with phosphates-modified a-mangostin
(an antifibrotic agent) and plasmid encoding LIGHT (an immune-enhanced cytokine)."'” In PDAC model mice, the nano-
sapper reshaped the tumor microenvironment and improved the efficacy of checkpoint inhibitors by reducing collagen
deposition, normalizing intratumoral vasculature, and promoting the lymphocyte recruiting (Figure SA-D). Although matrix
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the disruptive (up) and apoptosis (down) area of pancreatic stroma, respectively. (F) T-RKP treatment increased the infiltration of CTLs. (G) T-RKP treatment reduced metastatic
foci in the livers. Reprinted from Chen X, Zhou W, Liang C, et al. Codelivery nanosystem targeting the deep microenvironment of pancreatic cancer. Nano Lett. 2019;19:3527—
3534. Copyright 2019, American Chemical Society.''”
modulation and treatment of metastatic pancreatic cancer with local intraperitoneal triple miRNA/siRNA nanotherapy. ACS Nano. 2020;14(1):255-27 1. Copyright 2020, American
Chemical Society.'?® *p < 0.01.

(H) Schematic diagram of triple combined matrix remodeling strategy. Reprinted from Xie Y, Hang Y, Wang Y, et al. Stromal
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depletion strategies have shown promise in preclinical studies, they have failed to display positive outcomes in clinical trials
and even led to an increased incidence of adverse events.’>''® This may be due to stromal depletion allowing for the
emergence of a more aggressive tumor phenotype and the infiltration of regulatory T cells. Therefore, the focus should shift
towards selectively modifying the matrix instead of broadly depleting it to enhance the effectiveness of immunotherapy for
PC. Chen et al designed a nanoparticle (T-RKP) carrying both PTX and phosphorylated gemcitabine.''® The T-RKP disrupted
the central stroma to enhance the anti-tumor effects of PTX and promote infiltration of CTLs (Figure 5E and F).
Simultaneously, they preserved the external stroma to maintain the neighboring suppression effect and prevent tumor
metastasis (Figure 5G). Recognizing the significant role of tumor—matrix interactions in PC progression, Xie et al further
proposed a triple combined matrix remodeling approach. They designed cholesterol-modified polymeric CXCR4 antagonist
nanoparticles to co-deliver anti-miR-210 and siKRAS“'?P, in which CXCR4 antagonist blocked cancer—stroma interactions,
anti-miR-210 deactivated PSCs, and siKRAS®'?® targeted and killed PC cells (Figure 5H)."? The triple-action nanoparticles,
administered via intraperitoneal (IP) delivery, exhibited enhanced therapeutic efficacy by reducing immunosuppression,
inhibiting metastasis, and prolonging survival. Importantly, due to differences in the surface mesothelium between pancreatic
tumor and normal organs, IP delivery serves as a feasible alternative to maximize local efficacy while minimizing systemic
side effects in PC treatment.'?!

In addition to producing matrix components, CAFs also secret immunosuppressive cytokines (eg, TGF-f and
CXCL12) to inhibit CTL infiltration and attract immunosuppressive cells (eg, Treg and MDSCs), creating an immuno-
suppressive environment in PC.'** However, excessive depletion of CAFs can lead to an increase in Tregs and contribute
to a more aggressive tumor phenotype, underscoring the importance of appropriately deactivating CAFs.'** Sonic
hedgehog (SHH) overexpression, which activates CAFs, has been identified as a crucial target for remodeling the
pancreatic stroma.'** To address this, Zhao et al constructed a polymeric micelle-based nanoformulation (M-CPA/PTX)
for co-delivering paclitaxel (PTX) and cyclopamine (CPA), an SHH inhibitor that can normalize intratumoral
vasculature.'” This strategy increased intratumoral vasculature density without depleting CAFs or collagen in the stroma.
As a result, it enhanced infiltration of cytotoxic lymphocytes and prolonged survival in various mouse models of PDAC
when combined with PD-1 checkpoint blockade. Additionally, a lipid-protamine-DNA nanoparticle loaded with trap
genes was developed to block the immunosuppressive effects of CAF-derived cytokines such as CXCL12.'** These trap
genes encoded proteins that bond specifically to and trap IL-10 and CXCL12 within tumors. In PC model mice, treatment
with CXCL12-trap showed improved efficacy in reducing tumor growth and prolonging host survival, highlighting the
promising potential of blocking or clearing CAF-derived immunosuppressive factors for PC treatment.

Conclusion

Pancreatic cancer (PC) is an almost universally fatal malignancy characterized by extensive infiltration of immunosup-
pressive myeloid cells, including tumor-associated macrophages and myeloid-derived suppressor cells. Immunotherapy
has been shown to be effective in a variety of solid tumors. However, for PC, known as the “king of cancers”,
immunotherapy regimen has been ineffective, in large part because of its strong immunosuppression of TME.
Therefore, the preclinical research of immunotherapy focuses on reversing the immunosuppressive mechanism and
promoting precise targeted drug delivery to cells in PC.

In recent years, with the discovery of more regulatory pathways in tumor immune circulation, the birth of
corresponding immunologically active carrier treatment strategies is particularly promising. At the same time, the higher
levels of genomic, transcriptomic, and new antigen analysis related to mutation load provide more convenience for
identifying meaningful new therapeutic targets and the nature of new antigens.'**!*> With the advancement of complex
nanomedicine system production, these methods are expected to completely change the success rates of PC clinical
presentation and the high-impact care of PC patients. Compared to single immunotherapy, the introduction of nanome-
dicine can effectively target drug delivery, response release functions, and even activate innate immune regulation in
tumors in situ through the rational design of functional carriers. This strategy is expected to provide disruptive
therapeutic benefits for the challenging immunotherapy of PC. However, so far, only a few anti-cancer nanomedicines,
including drug-antibody conjugates, have entered clinical trials, indicating that there are still some challenges for
nanotechnology to improve the effectiveness of immunotherapy for PC.
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In this review, we initially commence from the successes and shortcomings of clinical PC immunotherapies,
elucidating the efficacy of immunotherapy against PC. More importantly, based on clinical treatment experiences, we
propose the limitations imposed by the TME on PC immunotherapy and, drawing from clinical trials, we discuss the
regulatory strategies and outcomes related to TME, highlighting the necessity and rational approaches for a delivery
platform in PC immunotherapy. This concept, which is oriented by clinical experiences and needs in PC immunotherapy
design, supports the development of therapies with greater potential for clinical translation. Then, the limitations of
nanoparticles in cancer immunotherapy are largely attributed to the limited knowledge of the immune network during
tumorigenesis. The innate and adaptive immunity constitutes a complex network, where the inhibition of one or a few
components might be compensated by upregulating other pathways. Therefore, we emphasize the biochemical and
physical structural characteristics of the PC immune microenvironment, especially analyzing the design requirements for
combined therapies in PC immunotherapy from experiences in clinical PC therapies, and then systematically discuss the
design of combined therapy strategies for PC adaptability, providing directional guidance for the development of drug
combination for PC therapies. Concurrently, due to the heterogeneity of different tumor structures, the response to the
same immunotherapy varies significantly among different tumors, primarily due to the differences in the tumor
vasculature. Therefore, building upon various clinical immunotherapies applied to other solid tumors, we explore their
application value and therapeutic shortcomings in PC, and then, in light of the characteristics of the PC microenviron-
ment, discuss the design methods for a pancreatic adaptive drug delivery system.

In order to further advance its clinical translation, particular attention should be paid to the following points in future
research. Firstly, the safety and efficacy of immunologically active nanocarriers need further evaluation, especially
regarding whether the introduction of existing biological materials will affect the complex immune microenvironment
balance in the human body, even though preliminary assessments have been conducted at the animal level.'?
Nanomedicines have the intrinsic potential to act as antigens, and the elicitation of an immune response against the
nanomedicine can expedite their systemic clearance, ultimately compromising their therapeutic effectiveness. Recent
studies have indicated that the size and surface property of nanomedicine can significantly affect macrophage migration
and uptake, for instance, smaller nanovesicles can substantially decelerate the movement of macrophages but are more
readily ingested. Thus, balancing drug loading, cellular uptake, and migration through the optimization of nanomedicine
configuration represents a highly promising direction for future research.'?® Additionally, due to the “cold tumor”
characteristics of PC, the decisive factor for the effectiveness of immunotherapy is not the quantity of drug delivery,
but the quality. Therefore, the combined use of multiple approaches, such as radiotherapy, photodynamic therapy,
photothermal therapy, etc., to enhance the immunogenicity of “cold tumors” and integrate deeply with immunotherapy,
is expected to provide more possibilities for PC immunotherapy.'?’” Moreover, results from immunotherapeutic efficacy
and safety studies conducted in animal models may not necessarily reflect equivalent outcomes in humans, as the in vivo
fate of tested nanomedicine and its interactions with the immune microenvironment can be highly variable. This
encourages researchers to actively develop highly consistent platforms for evaluating efficacy, such as ex vivo immune
microenvironments simulant based on induced pluripotent stem cells (iPSCs)."*® Finally, it is noteworthy that the cells
targeted by existing immunotherapies are predominantly located in secondary lymphoid organs and regional lymph
nodes. Although tumor-draining lymph nodes are considered crucial sites for immune activation as they collect tumor
antigens and antigen-specific T cells, they also accumulate immunosuppressive cytokines, Tregs, and metastatic cancer
cells, which may promote an environment of immune tolerance rather than immune defense. Therefore, the delivery of
immune stimuli to local lymph nodes represents an important field in immunotherapy. For rational nanomedicines design,
it is important to consider that the physicochemical properties of nanomedicines that facilitate their accumulation at the
primary tumor site do not necessarily favor accumulation in lymph nodes. This implies that in the design of nanome-
dicines, particular attention must be given to characteristics that can promote the delivery of therapeutics to lymph nodes,
thereby achieving more effective immune stimulation and treatment.'*’

In general, in the future through more precise targeting, more effective drug delivery and more in-depth immunother-
apy combination, nanomedicine is expected to become an important exploration direction for PC treatment. At the same
time, further research and exploration are needed to continuously improve the design and application of nanomedicine to
better serve clinical treatment and achieve personalized and accurate immunotherapy strategies.
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