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Prostate cancer (PCa) is one of the most common malignant neoplasms affecting the male population.
The onset of the disease is insidious and often associated with severe consequences, such as bone
metastases at the time of initial diagnosis. Once it advances to metastatic castration-resistant PCa
(mCRPC), conventional treatment methods become ineffective. As research on the mechanism of tumor
therapy advances, immunotherapy has been evolving rapidly. However, PCa is a solid tumor type that
primarily faces the challenges of poor immunogenicity and inhibitory tumor microenvironment (TME).
Fortunately, the extensive use of biomaterials has led to continuous advancement in PCa
immunotherapy. These innovative materials aim to address intractable issues, such as immune escape

Received 26th December 2023, and immune desert, to inhibit tumor progression and metastasis. This detailed review focuses on the

Accepted 6th August 2024 regulation of different aspects of tumor immunity by immunologically effective biomaterials, including
modulating adaptive immunity, innate immunity, and the immune microenvironment, to enhance the

efficacy of PCa immunotherapy. In addition, this review provides a perspective on the future prospects
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1. Introduction

Prostate cancer (PCa) is a prevalent form of malignant neo-
plasm. As societal living standards improve, the incidence and
mortality of PCa are increasing." The high mortality rate of PCa
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of immunotherapeutic nanoplatforms based on biomaterials in the treatment of PCa.

is mainly attributed to diagnostic delay, because patients
with early PCa often lack typical symptoms and are often only
diagnosed via serum prostate-specific antigen (PSA) screening.”
However, the present level of public awareness regarding PCa
screening is insufficient, and it is difficult to mitigate the
incidence of PCa through early diagnosis.?

The conventional treatment methods for PCa include surgi-
cal intervention, radiotherapy, endocrine therapy, and che-
motherapy. Radical prostatectomy is the preferred treatment
for early PCa. However, some patients have bone metastasis at
the time of initial diagnosis and miss the opportunity for
surgery.*® Endocrine therapy is a common strategy for patients
with postoperative biochemical recurrence and metastatic
PCa.” Unfortunately, tumor-generated androgen demonstrates
resistance to endocrine therapy in the case of disease progres-
sion to mCRPC.

With the advent of the autologous dendritic cell (DC) vaccine
sipuleucel-T, immunotherapy opens a new chapter in the
treatment of PCa.® Immune checkpoint inhibitors have shown
considerable efficacy in different cancer types, while the effect
on PCa remains questionable.” The challenge with immu-
notherapy for PCa lies in the poor tumor immunogenicity,
the immune desert within the TME, and the off-target phenom-
enon of drugs.’® The ideal drug would have the ability to
address this dilemma. Biomaterials are ideal carriers for
drug delivery due to their remarkable biocompatibility,
stable physical and chemical properties, and appropriate sur-
face modification ability."* Moreover, certain materials exhibit
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Fig. 1 Schematic illustration of immune regulation for PCa therapy.

immune-activating properties that make them highly promising
in the field of tumor immunotherapy.'> Nanotechnology has
emerged as a tool for drug delivery systems. Traditional PCa
drugs such as bicalutamide, docetaxel or other drugs loaded in
liposomes, and magnetic and hybrid nanoparticles reduce sys-
temic cytotoxicity and delay or overcome the development of
drug resistance. Some researchers have used poly(amino acid)
nanoparticles as drug delivery systems to treat PCa, and have
achieved clear therapeutic effects, such as prolonging the blood
circulation time of drugs, the ability of drugs to passively target
tumors, and good blood compatibility."* Therefore, the applica-
tion prospect of nanoparticles in the immunotherapy of PCa is
considerable.

In this review, we discuss the impact of biomaterials on PCa
immunotherapy through different immune mechanisms
(Fig. 1). In particular, we focus on the precise regulation of
immune cycle steps to promote adaptive immunity development,
enhance immunity efficacy and duration, and modulate a sup-
pressive TME (Table 1). In addition, we discuss the opportunities
and challenges for immunotherapeutic nanoplatforms based on
biomaterials to improve the efficacy of immunotherapy.

2. Regulation of adaptive immunity

As the concept of the cancer-immunity cycle was introduced,*®
it became increasingly evident that T cell-mediated cancer cell
destruction represents merely one aspect of this comprehensive
process. In the process of adaptive immunity exerting its
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anticancer effect, the simultaneous regulation of one or more
links in the cycle can enhance tumoricidal efficacy by promoting
a greater adaptive immune response. The process of the adaptive
immune response mediated by a tumor is extremely complex.
Succinctly summarized, tumor cells release antigen signals pre-
sented to T cells by antigen-presenting cells (APCs), leading to T
cell initiation. Subsequently, activated T cells are recruited to the
tumor site via chemokine-mediated circulation.®® These cells
extravasate through the blood vessels and infiltrate the tumor
bed. Upon recognition of the tumor signal, they initiate apopto-
sis in the tumor cells, releasing new tumor antigen molecules
and initiating a fresh immune cycle.’® The application of bio-
materials enhances the precision and efficacy of immune reg-
ulation in the aforementioned interconnections.

2.1. Enhancement of tumor immunogenicity

The challenging issue of enhancing the immunogenicity of PCa
serves as a pivotal starting point for modulating the cancer-
immunity cycle and is manifested in various strategies
employed in immunotherapy. The stimulation of immunogenic
cell death (ICD) in tumor cells is a current research focus
among scholars because of its dual tumor-killing effects: direct
cytotoxic effects on the tumor and consequential antitumor
immune responses. Damage-associated molecular patterns
(DAMPs), which are danger signals released in ICD-induced
tumor cell death, manifest as the increased expression of three
signals: calreticulin (CRT) on the membrane of dying tumor
cells, the release of adenosine triphosphate (ATP), and

This journal is © The Royal Society of Chemistry 2024
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Table 1 Therapeutic strategy of biomaterials in modulating immunotherapy for PCa
Regulatory
site Mechanism Function Agent Ref.
Adaptive  Enhance tumor antigen Magnetic thermal therapy-induced ICD Magnetic iron oxide NPs 14
immunity release Chemotherapy-induced ICD Target delivery of DOX and I3A by PLA-PEG-ACUPA/ 15
TPP NPs
Codelivery of shikonin and anthracyclines by 16
liposomes
Delivery of chemotherapeutic drugs by liposome- 17
microvesicle complexes
Photodynamic therapy-induced ICD YP mesoporous silica-coated NPs 18
Radiotherapy and IBM co-induce ICD Delivery of anti-CD40 agonist by polylactic- 19
coglycolic acid and alginate complexes
Enhance tumor antigen Direct activation of DCs with TLR agonists ~ Codelivery of ovalbumin-coded mRNA and TLR7/8 20
presentation agonist R848 derivative by lipid-PEG NPs
Codelivery of ICG and R848 by PLGA NPs 21
CpG as a TLR agonist to activate DCs Delivery of CpG and antigenic peptides by 22
liposomes
Delivery of CpG by sodium alginate hydrogel 23
Delivery of CpG by multi-walled CNT to prolong the 24
drug residence time
Delivery of CpG by hybrid silk MS2KN spheres 25
Activation of DCs with an antigenic peptide STEAP1 peptides encapsulated with PLGA 26
vaccine microspheres
PLGA NPs coated with cancer cell membranes as a 27
source of multiple antigens
Preparation of specific antibodies using DCs LHRH peptides and vaccine adjuvants encapsu- 28
lated with liposomes
Regulation of T cell priming Utilizing cytokines as stimulators of T cell ~ Delivery of IL15 by PEG-hydrogel microspheres 29
activation
Regulation of T cells infil- Inhibit the expression of VEGF CRGDyK-polyamidoamine dendrimer-rapamycin 30
trating into tumor sites conjugate
Reprograming of circulating Tackling tumor escape caused by MHC mole- mRNA encapsulated by poly(B-aminoester) polymer 31
T cells cules using adoptive T cell technology NPs with a polyglutamic acid shell
Regulation of T cell-killing  Prolonging the action time of «PD-1/PD-L1  Delivery of Ferumoxytol (Fer) capped PD-1 by silica 32
tumor cells inhibits the immune escape MS
Co-encapsulating oPD-1 peptide and hollow gold 33
nanoshells by PLGA NPs
Innate Enhance the immune activity Utilizing cytokines as stimulators of NK cell Delivery of IL2 by isoDGR-tagged gold NPs 34
immunity of innate immune cells activation

Inhibitory Regulation of TAM pheno-

TME typic transformation phenotypes

Modulating the NF-kB pathway
Modulating the ROS in the TME

Suppression of Tregs Modulating the PTEN pathway

excretion of high mobility group box 1 protein (HMGB1).*' DCs,
upon encountering these DAMPs, undergo maturation and
mediate cellular immune responses by presenting antigens
for recognition by cytotoxic T lymphocytes.** Therefore, enhan-
cing tumor immunogenicity by modulating ICD may be a
promising strategy in the treatment of PCa.

Magnetic hyperthermia (MHT) achieves rapid tumor abla-
tion by exposing magnetic nanoparticles (NPs) to an alternating
magnetic field. It has the advantages of strong tissue penetra-
tion, excellent therapeutic effect and non-invasive, and is the
focus of scholars. The application of MHT may activate anti-
tumor immunity through ICD-mediated enhancement of anti-
gen release and enhance the therapeutic effect on tumors.'
Activation of antitumor immunity by MHT has been validated
in other tumor types. Some scholars have also evaluated the
efficacy of this approach in clinical trials for PCa. The trial
utilized laser-excited gold-silica nanoshells in combination
with magnetic resonance ultrasound fusion imaging for the

This journal is © The Royal Society of Chemistry 2024

Delivering drugs capable of modulating TAM Co-encapsulating TGF-f kinase inhibitor SD-208 35

and R848 by serum-derived exosomes

Mangiferin-functionalized gold NPs 36
Manganese-doped eumelanin NPs 37
Delivery of PTEN mRNA by lipid-polymer hybrid 38
NPs

local ablation of PCa.*> MHT based on inorganic NPs may be an
effective method for the treatment of PCa. It can not only kill
prostate tumor cells efficiently but also cause ICD of tumor
cells, triggering adaptive immunity, and amplify antitumor
efficacy. In addition to magnetothermal therapy, chemoimmu-
notherapy is a more commonly employed treatment. Despite
doxorubicin (DOX) is a widely used chemotherapeutic drug in
clinics and has been proved to cause ICD, therefore, its limited
efficacy hinders its effectiveness in chemoimmunotherapy.
Ingenol-3-angelate (I3A) is an emerging antitumor agent with
dual chemotherapeutic and immune response-inducing effects,
which synergistically enhances the efficacy of DOX when used
in combination. Wang’s team developed a dual-targeting delivery
system, polylactide-poly(ethylene)glycol-2-(3-((S)-5-amino-1-carbo-
xymethyl)-ureido)pentanedioate/triphenylphosphonium (PLA-PEG-
ACUPA/TPP), which targeted prostate-specific membrane antigen
(PSMA) and mitochondria. The administration of these co-loading
nanomedicines resulted in favorable antitumor immune responses,
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providing a valuable strategy for the application of biomaterials in
chemoimmunotherapy.”® It is worth mentioning that refractory
PCa is prone to chemotherapy resistance in the face of immuno-
genic chemotherapy, which is related to B cells. It has been
confirmed that the chemokine CXCL13 recruits B cells in PCa
tumors to produce lymphotoxin, activates the IkB kinase a (IKKa)-
BMI1 module in PCa stem cells, and promotes the progression of
castration-resistant PCa. The role of B cells in the resistance toward
immunogenic chemotherapy in PCa has been investigated, and the
results show that three different mouse PCa models do not respond
to oxaliplatin unless B cells are genetically or pharmacologically
depleted.** Immunosuppressive B cells express Iga, interleukin-10,
and programmed death ligand 1 (PD-L1). By removing these cells,
the tumor can be killed using oxaliplatin mediated immunogenic
chemotherapy.

Effective ICD requires high ICD inducer stimulant doses.
However, these stimulant doses may produce undesirable
systemic toxicity. To tackle this issue, Li et al. developed a co-
delivered liposome that combined shikonin with anthracy-
clines to induce a synergistic effect of ICD and cytotoxicity
against tumor cells. In contrast with liposomes loaded with a
single therapeutic agent, dual-loaded liposomes exhibited the
capacity to enhance antitumor efficacy by inducing a strong
immune response by lower drug doses, thereby enhancing
safety profiles. Liposomes loaded with ICD inducers demon-
strate release profiles sensitive to pondus hydrogenii (pH) and
glutathione (GSH) or exhibit dual-response release profiles
(Fig. 2). The immunogenic effect of copper ion-mediated
shikonin (LipSHK) loaded liposomes in vivo was evaluated.
Compared with the normal saline group, CRT and HMGB1
in the high-concentration drug-loaded NP group increased 3.0
and 3.2 times, respectively. Although LipSHK can effectively
induce ICD, the high dose results in liver toxicity. The efficacy
of the dual-loaded liposomal treatment was then evaluated in a
PCa model. Compared with single-loaded liposomes, dual-
loaded liposomes have a better antitumor effect. The results
showed that dual-loaded liposomes had a better therapeutic
effect than single-loaded liposomes."®

Photodynamic therapy, another advanced technology, is a
photochemical-based approach that utilizes a nontoxic photo-
sensitizer accumulated in tissues. Upon exposure to light of a
specific wavelength, the photosensitizer produces cytotoxicity by
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Fig. 2 Enhancing the immunogenicity in cold tumor cells. Illustration of
liposome NP-mediated enhancement of immunotherapy via ICD. Repro-
duced with permission from ref. 15, © Elsevier 2021.
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generating reactive molecules. The emergence of nanomedicine
has further augmented the potential of photodynamic therapy by
integrating targeted delivery of photosensitizers to tumor sites
and inducing ICD to trigger immune responses.*> Sengar et al.
developed mesoporous silica-coated yttrium-aluminum garnet
NPs doped with praseodymium and modified with porphyrin
and folic acid. This strategy employs photodynamic therapy to
induce tumor cell death, with folic acid serving as a targeting
molecule by increasing the affinity to the folate receptor Folr1 in
cancer cells, thereby increasing the tissue penetration depth and
improving the efficiency of photodynamic therapy.® To induce
ICD through physical methods, some researchers employed
ultrasound technology to control the release of ICD inducers
in liposome-microbubble complexes.’” Using the principle that
hyperthermia can induce tumor cells to release antigens, some
scholars have linked the potential mechanism of photothermal
therapy and immune activation, and developed a platform of
black phosphate nanobinding photothermal therapy (PTT) con-
taining DOX. The results confirmed that this drug combination
stimulated the ICD process and DC maturation in PC-3 cells. In
addition, the modification of zinc ions improved the Kkilling
ability of the nanosystem on PCa cells.*®

Radiotherapy stands as the primary treatment for PCa, and
compelling evidence has emerged demonstrating that radio-
therapy induces ICD in tumor cells.”” Yasmin-Karim’s team
developed a novel approach integrating radiotherapy with
immunogenic biomaterials (IBMs), such as poly(lactide-co-
glycolide) (PLGA) and alginate. The combination strategy effec-
tively overcame the immunosuppressive TME, resulting in a more
pronounced infiltration of various immune cell populations.*®

Collectively, these results demonstrate the potential of bio-
materials in modulating the release of tumor antigens. Cur-
rently, ICD-induced biomaterials are receiving increasing
attention due to their biosafety and multifunctional modifica-
tions. ICD induced by some biomaterials that do not contain
anticancer drugs has gradually attracted scholars’ interest.*!

2.2. Activation of APCs

Following the release of tumor-associated antigens (TAAs),
APCs process TAA-derived polypeptides through the major
histocompatibility complex (MHC) and present immune sig-
nals recognizable by tumor-specific T lymphocytes. This is the
second step in the cancer-immunity cycle and serves as a
crucial link between tumor cells and T lymphocytes.'® DCs
are the most important and extensively investigated APCs. Due
to their distinctive properties, DCs have been harnessed to
develop cell-based antitumor vaccines.*® Furthermore, the
incorporation of T cell-activating ligands on biocompatible
materials has been employed to construct artificial APCs, which
exhibit significant potential in tumor immunotherapy.*’
Messenger RNA (mRNA) tumor vaccines are nucleic acid
vaccines designed to target TAAs for effective cancer immu-
notherapy. The principle of mRNA vaccines is that after one or
more target proteins have been identified, the corresponding
transcript carrying the antigenic information of the tumor is
transfected into the cytoplasm of the host cell, usually the APC.

This journal is © The Royal Society of Chemistry 2024
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The encoded protein activates the immune system by binding
to MHC molecules and being displayed on the surface of the
APC. However, the inefficiency of in vivo mRNA delivery and the
requirement for immune co-stimulation are major obstacles to
achieving antitumor efficacy. NP-based vaccines are gaining
increasing attention for their ability to elicit an effective anti-
cancer immune response. Islam et al. demonstrated an
adjuvant-pulsed mRNA vaccine NP composed of ovalbumin-
encoded mRNA and palmitic acid-modified TLR7/8 agonist
R848 derivative, coated in a lipid-PEG shell. Immature APCs
phagocytose NPs, migrate through the lymphatic system, and
reach the nearest lymph node for maturation. Upon full matura-
tion, APCs present antigens on their membranes, activate CD4"
and CD8" T cells, and generate specific immunity. The NP-based
mRNA vaccine significantly increases the transfection efficiency
of mRNA and subsequently augments the presentation of MHC-I
antigens derived from mRNA in APCs.”®

In addition, using adjuvants to improve the efficiency of APC
presentation is also an effective strategy to improve immu-
notherapy. DCs express Toll-like receptors (TLR), which enables
them to recognize biomolecules of pathogen-associated mole-
cular patterns or DAMPs. Therefore, enhancing tumor antigen
presentation by modulating DCs is a crucial strategy.

TLR agonists such as Requimod (R848) are commonly used
as immune adjuvants to enhance tumor antigen presentation
by promoting the maturation of DCs. However, it is important
to note that inflammatory cytokines produced by free R848
induction result in potential adverse events and safety risks.
Thus, Huang et al. designed PLGA NPs co-loaded with indocya-
nine green (ICG) and R848 (PLGA-ICG-R848) to synergistically
treat PCa with PTT and immunotherapy (Fig. 3A).>" PLGA-ICG-
R848 showed no significant difference in cell viability under
different concentrations of ICG. However, after combined
photothermal treatment, cell survival decreased significantly
in a concentration-dependent manner (Fig. 3B). In the experi-
ment to test drug promotion of DC maturation, the results
showed that the R848 group was significantly higher than other
groups, and the effects of the NP group and free drug group
were comparable (Fig. 3C). To evaluate the in vivo photothermal
intensity of PLGA-ICG-R848 NPs, a RM9-Luc subcutaneous
tumor xenograft model was established. During laser irradia-
tion, the subcutaneous temperature of the NPs' laser group was
consistently higher than that of the PBS+ laser group (Fig. 3D).
On the basis of photothermal treatment, bifunctional PLGA-
ICG-R848 NPs showed immune activity both in vitro and in vivo.
These findings may therefore have important implications for
developing therapeutic strategies against PCa by combining
PTT with immunotherapy. Unmethylated cytosine-phosphate-
guanine (CpG) oligonucleotides, renowned for their immunos-
timulatory functions, are commonly utilized as Toll-like recep-
tor 9 (TLRY) agonists.>> As an immune adjuvant, CpG increases
the expression of co-stimulatory molecules on DCs, facilitating
antigen presentation and augmenting the efficacy of immuno-
therapy.>® To prolong the retention time of CpG within tumor
sites, Chao et al. developed a multifunctional sodium alginate
(ALG)-catalase (Cat)-oligonucleotide (CpG) fluid hydrogel

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Photothermal therapy combined with immunotherapy for PCa.
(A) Illustration of photothermal therapy combined with immunotherapy
for PCa. (B) A comparison of the tumor cell inhibitory effect of photo-
thermal therapy combined with immunotherapy and single therapy. (C)
Flow cytometry detected NPs promoting BMDCs maturation. (D) The
photothermal intensity of the NP group was measured using an FLIR
thermal imager. Reproduced with permission from ref. 20, © International
J. Nanomed., 2021, 16, 2775-2787 originally published by and used with
permission from Dove Medical Press Ltd.

(**'1-Cat/CpG/ALG).>* The in situ injection of the hydrogel
effectively directs the drug toward the tumor lesion and con-
currently prolongs the residence time of the immune adjuvant
in the tumor site. The low dose of *'I labeled Cat alleviates the
hypoxic environment and improves radiotherapy efficiency in
tumor lesions by decomposing hydrogen peroxide to produce
oxygen. Notably, **'I-Cat/CpG/ALG triggered stronger systemic
antitumor immune responses, regulated DC activation results
in immune system stimulation, substantial amplification of
tumor-specific killer T lymphocytes, and elevated levels of
antitumor cytokines. The significant antitumor effects of this
strategy in a PCa model were verified.

Inorganic materials, such as carbon nanotubes (CNTs), have
been reported to promote the aggregation of major MHC-I and
the co-stimulatory ligand anti-CD28 (CD28). Xia et al. developed
multi-walled CNT-coupled cell-penetrating peptide nanocar-
riers for CpG delivery.>* The application of nanomaterials and
TLR agonists improves drug stability and enhances the cellular
uptake of CpG. The application of nanocomposites showed a
strong immune-stimulating ability. Kozlowska et al. employed
functionalized bioengineered spider silk balls to deliver oligo-
nucleotides containing unmethylated CpG motifs to prevent
degradation of the oligonucleotides in serum, improved nucle-
ase resistance, and promoted DCs maturation.>

In addition to the above-mentioned mRNA vaccines that
solve the problem of antigen-specific presentation and the
application of TLR agonists to enhance the function of APCs,
tumor heterogeneity and alterations in the antigenicity of TAAs
are other problems that tumor vaccines need to address. PCa
exhibits favorable characteristics for vaccine-based immu-
notherapy, partly due to the presence of TAAs. These TAAs are
typically expressed in normal prostate tissue and overexpressed
in PCa. PSA is predominantly expressed in prostate epithelial
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https://doi.org/10.1039/d3tb03044j

Published on 14 elokuuta 2024. Downloaded on 11.5.2026 19.16.12.

Review

cells and is substantially elevated in cancer tissue. It is an
important serological indicator for the current clinical diagno-
sis of PCa. Another marker of normal prostate tissue is PSMA,
which plays an important role in the clinical imaging diagnosis
of prostate bone metastases. Prostatic acid phosphatase is
a glycoprotein mainly secreted by prostate epithelial cells and
plays an important role in the production of sipuleucel-T
vaccines. In addition, prostate stem cell antigen (PSCA),
TRPMS, and prostate epithelial antigen 1 (STEAP1), etc., are
all highly desired antigens in immunotherapy.>’ Herrmann
et al. encapsulated STEAP1 as an antigenic peptide into PLGA
microspheres and elicited a strong immune response in mice.
In this study, the researchers evaluated different antigenic
peptides encapsulated in NPs and found only PLGA micro-
spheres containing STEAP1 peptides demonstrated effective
induction of cytotoxic T lymphocyte (CTL) in vivo. It is also
proved that vaccination with PLGA microspheres is more
effective than incomplete Freund’s adjuvant.>® However, mono-
valent antigen vaccines usually fail to elicit robust antitumor
responses. Chen and his co-workers loaded imiquimod R837 as
a vaccine adjuvant with PLGA NPs to address this limitation.
Furthermore, they incorporated multiple antigens by coating
the particles with cancer cell membranes, serving as a source of
diverse antigens.?” This strategy applies the cell membrane to
trigger a strong multi-antigenic immune response, concur-
rently evading immune rejection while enhancing targeting.
In addition to regulating the use of specifically toxic T lympho-
cytes to kill tumor cells using DCs, some scholars also use
vaccine technology for endocrine therapy. Androgen-specific
antibodies were produced by encapsulating luteinizing
hormone-releasing hormone (LHRH) peptides and TLR adju-
vants using nanoliposomes, which possess the ability to selec-
tively target FcRs (receptors for IgG Fc fragments) expressed on
DCs.?® The novelty of this study lies in the use of nanotechnol-
ogy to successfully induce endocrine therapy using immu-
notherapy, thereby presenting novel avenues for combined
therapy in different fields.

DCs play a pivotal role in tumor antigen presentation. The use
of biomaterials enables tumor vaccines to have more modalities
to modulate DCs.**** The co-delivery of adjuvants also increases
the strength of vaccine-elicited tumor-specific immunity.

2.3. Regulation of T cell-mediated cellular immunity

2.3.1. Activation and proliferation of T cells. After DCs
present antigens via the binding of MHC molecules to T cells,
a series of signaling events is triggered, leading to the initiation
and activation of T cells. This is the third step in the cancer-
immunity cycle. This modulating T cell activation represents a
viable strategy for therapeutic intervention. Immune check-
point inhibitors such as the CTLA-4 antibody ipilimumab have
emerged as prominent representatives of this strategy. In a
clinical trial conducted on treatment-refractory PCa patients,
the administration of ipilimumab alone exhibited antitumor
activity.>* However, systemic application of the drug has pro-
duced a variety of adverse reactions, such as fatigue, diarrhea,
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weight loss, fever, decreased appetite, insomnia, etc. Therefore,
patients’ quality of life is seriously impacted.’

Interleukin-15 (IL-15) is an important cytokine indispensa-
ble in the proliferation and maintenance of CD8" T cells
(Fig. 4A). However, due to its short half-life, a single injection
makes it hard to provide the sustained exposure necessary for
optimal stimulation of the target immune cells. Excitingly, bio-
materials provide a secure platform for its continuous stimulation
of immune cells. Hangasky and colleagues prepared covalently
linked IL-15 PEG-hydrogel microspheres (MS-IL-15) for long-
acting IL-15, which significantly increases CD8" T cells and
exhibited a remarkable tumor inhibitory effect in a mouse model
of PCa.*® MS-IL-15 significantly extended the elimination time of
IL-15, which was t;/, of 168 hours within 120 hours, and the drug
release time was more durable and stable (Fig. 4B). The immu-
notherapeutic effect of MS-IL-15 in a mouse model of PCa was
evaluated. When combined with anti-CD40, it can stimulate the
proliferation and activation of T cells (Fig. 4C). The combination
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administration shows strong anti-tumor activity, significantly pro-
longs survival, and the advantage of long-acting drug agonists
compared with multiple single drug injections (Fig. 4D). These data
suggest that hydrogels are promising cytokine carriers and can
potentially be loaded with various agents for antitumor therapy.>

2.3.2. Trafficking of T cells. T cells activated in lymph
nodes are transported through the blood circulation to the
tumor site to perform their functions, which is the fourth step
in the cancer-immune cycle.'® However, the lack of antitumor T
cells in tumor tissue is a common phenomenon. Even in the
presence of T cell infiltration, it is predominantly T helper 2
(Th2) cells or regulatory T cells (Tregs) that promote tumor
progression.”® Dangaj et al. discovered that the chemokines
CCL5 and CXCL9 are associated with CD8" T cell infiltration in
solid tumors. CCL5 recruits T cells to tumor sites, triggering the
activation of cancer antigens and the release of interferon vy
(IFN vy). This leads to the aggregation of macrophages and DCs
at the tumor site, resulting in CXCL9 secretion. CXCL9 further
promotes tumor infiltration by facilitating the recruitment of
circulating T cells.®” Xuan et al isolated extracellular vesicle
(EV)-like ginseng-derived NPs (GDNPs) from ginseng, which
demonstrated the ability to reprogram tumor-associated macro-
phages (TAMs). This reprogramming enhanced the production
of CCL5 and CXCL9, leading to the recruitment of CD8" T cells
to tumor sites.® The use of biomaterials to deliver drugs
to the tumor site and the recruitment of antitumor T cells
through chemokines have improved the efficiency of antitumor
immunity.

2.3.3. Infiltration of T cells into tumors. As T cells migrate
to the tumor site, they first accumulate in the tumor stroma.
The vascular endothelial system of tumors has already established
a formidable physical barrier within the stroma using endothelial
cells, fibroblasts, stromal cells, and other components.”® To
recognize and eliminate tumors, effector T cells must penetrate
this barrier. Under normal circumstances, T cells can interact with
intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule (VCAM-1) on the surface of endothelial cells
via the related antigens LFA-1 and VLA-1 (Fig. 5A).°° Then, T cells
extravasate to the lesion site through endothelial cells. However,
within the TME, the presence of tumor-derived angiogenic growth
factors, for example, vascular endothelial growth factor (VEGF),
exerts inhibitory effects on the expression of adhesion molecules,
ultimately impeding the infiltration of T cells into the tumor bed
(Fig. 5B).°" Furthermore, VEGF possesses the potential to directly
augment tumor angiogenesis and has long been a therapeutic
target for various cancers. The use of dendritic macromolecules in
conjunction with targeted peptides was investigated as a delivery
platform for rapamycin, an mTOR inhibitor. The results showed
that the drug conjugate not only inhibited the expression of VEGF
but also enhanced the antitumor activity of T cells.*® In this study,
the researchers report polyamidoamine dendrimer conjugating
with RGD and rapamycin (G5-FI-RGD-Rapamycin/G5-R) to expli-
citly inhibit the mTOR pathway in PCa cells and fibroblasts
(Fig. 5C). In vitro analysis showed that this drug conjugate binds
to PCa cells and fibroblasts inhibiting VEGF expression (Fig. 5D).
In tumor suppression experiments, the drug conjugate

This journal is © The Royal Society of Chemistry 2024

View Article Online

A B
Tumor
il Q e 9 microsironment
LFA-1 VA1 A Extravasation o Mo - Leadt VLAt
cant | veam g 11
<< —a . <
Endalholum
™
Rapa GS-Rapa Rapa GS-Rapa
0 20200 20 200 0 20200 20200 nM D
P S —
pc3 PC3
o SO - —— ——— G5-Rapa i
§ VEGF fa
s 12 = Con
2 ,! . Reps ror-2 [
£ o8 = G5-Rapa B -
Z 06 PC3
% g ; I I GAPDH e
%l nlna las
8
E F

8

g

8

Tumor volume(mm3)

o PCIAMF/GS-F

H

14 