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Bioinspired and Biomimetic Delivery Platforms for Cancer

Vaccines
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Cancer vaccines aim at eliciting tumor-specific responses for the immune system
to identify and eradicate malignant tumor cells while sparing the normal tissues.
Furthermore, cancer vaccines can potentially induce long-term immunological
memory for antitumor responses, preventing metastasis and cancer recurrence,
thus presenting an attractive treatment option in cancer immunotherapy. How-
ever, clinical efficacy of cancer vaccines has remained low due to longstanding
challenges, such as poor immunogenicity, immunosuppressive tumor microen-
vironment, tumor heterogeneity, inappropriate immune tolerance, and systemic
toxicity. Recently, bioinspired materials and biomimetic technologies have
emerged to play a part in reshaping the field of cancer nanomedicine. By mim-
icking desirable chemical and biological properties in nature, bioinspired engi-
neering of cancer vaccine delivery platforms can effectively transport therapeutic
cargos to tumor sites, amplify antigen and adjuvant bioactivities, and enable
spatiotemporal control and on-demand immunoactivation. As such, integration
of biomimetic designs into delivery platforms for cancer vaccines can enhance
efficacy while retaining good safety profiles, which contributes to expediting the
clinical translation of cancer vaccines. Recent advances in bioinspired delivery
platforms for cancer vaccines, existing obstacles faced, as well as insights and

(CAR-T) cells and cancer vaccines can now
be found.®l However, despite the recent
success of ICB and CAR-T therapies in
cancer clinical trials, these approaches
still face limitations as only a small frac-
tion of patients derive clinical benefit.
ICB therapy cannot prime the immune
system to specifically recognize or target
tumor cells. This approach only works
on related inhibitory signaling pathways,
such as cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) and programmed cell
death protein 1 (PD-1), and exerts thera-
peutic efficacy when antigen-specific cyto-
toxic T lymphocytes (CTLs) are already
present.[sl Successful treatment outcomes
will therefore require the identification of
predictive biomarkers to ascertain if the
host tumor will respond to ICB therapeu-
tics administered.l! Although CAR-T has
seen remarkable success in hematological
malignancies, response rates of patients

future directions for the field are discussed here.

1. Introduction

Cancer immunotherapy harnesses the capability of the immune
system to combat cancer. In contrast with conventional treat-
ment options such as chemotherapy, radiotherapy, targeted
therapy and surgery that directly act on cancer cells, immuno-
therapeutic agents aim to improve antitumor responses with
fewer off-target toxic side effects.l!l The past decade has wit-
nessed breakthroughs in the field of cancer immunotherapy.!
In drug discovery pipelines, immune-checkpoint blockade
(ICB) inhibitors, chimeric antigen receptor-engineered T

with solid tumors remain low.”! Clinical

applications of CAR-T therapies are lim-

ited due to on-target/off-tumor toxicities
and the need for predefined tumor antigen (Ag).l Notwith-
standing, the marked progress of immunotherapy using ICB
and CAR-T has seen a surge of reinvigorated interest in cancer
vaccine development.l’]

Cancer vaccines involve the administration of tumor Ags
and/or adjuvants to train the immune system to recognize and
attack tumor cells.'! Although vaccines against infectious dis-
eases have been one of the greatest medical accomplishments
of modern medicine, the application of vaccines in cancer treat-
ment has seen far lesser success, and, till date only few cancer
vaccines have received approval for clinical use.'! Given their
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potential to induce and direct a potent and Ag-specific immune
response, cancer vaccines offer an attractive combinatorial
approach with ICB or other treatment modalities to maximize
therapeutic effectiveness.'” Till date, multiple cancer vac-
cine strategies have been proposed using Ags such as whole
tumor cells, DCs or Ags in the form of proteins, peptides,
DNA or mRNA.IP®l Different vaccine formulations, together
with a variety of immunoadjuvants, employing varied delivery
approaches have also been utilized." The development of safe
and effective cancer vaccines still faces a number of challenges.
Due to preexisting immune tolerance, low tumor Ag immuno-
genicity may be present in tumor environments.® During dis-
ease progression, potent immunosuppressive mechanisms may
be activated, enabling tumor cells to escape immune attack,
resulting in a highly immunosuppressive tumor microenvi-
ronment (TME).®! Furthermore, upon in vivo administration,
biological barriers that hinder vaccine components delivery to
desired therapeutic sites are also present.["

In view of the above challenges, novel strategies for deliv-
ering cancer immunotherapy in a safer and more efficient way
could expand the therapeutic potential of these immunological
cargos to a broader range of patients and at the same time,
minimize immunotoxicities.'®! Nature inspires researchers
to devise cutting-edge solutions by emulating and replicating
the processes in living systems.!”) Through rational design,
bioinspired delivery systems can mimic the natural, physical
and chemical properties of biological systems or recapitulate
biological processes.?) More recently, these strategies have
been increasingly utilized to enhance therapeutic efficacy,
showing great promise for generating highly potent antitumor
vaccines.l?!) Engineering cancer vaccines with bioinspired and
biomimetic delivery platforms enable amplified activities of
Ag and adjuvant, good spatiotemporal controllability and on-
demand immunoactivation, thereby offering great potential
to address key limitations and expediting the clinical transla-
tion of promising cancer vaccines from laboratory bench to
bedside.

In this review, we will discuss recent advances in bioinspired
and biomimetic delivery technologies toward rational vaccine
design as cancer therapeutics, with focus on synthetic, semi-
synthetic/nature-derived delivery systems, along with bioma-
terial scaffolds (Figure 1). Such bioinspired and biomimetic
cancer vaccines enable the potentiation of immunogenicity and
adjuvanticity, while minimizing undesired immune responses
by recapitulating or directly harnessing fascinating traits of
biological systems. We aim to discuss strategies and provide
insights for engineering delivery systems to boost the potency
and safety of cancer vaccines, thereby realizing the potential of
this class of therapeutics for benefiting cancer patients in the
future.

2. Bioinspired and Biomimetic Delivery Platforms
for Cancer Vaccines

In the development of drug delivery platforms, bioinspired and
biomimetic approaches incorporate features of living processes
or materials derived from nature into synthetic or semisyn-
thetic nanosystems (Figure 1la). In the bioinspired (bottom-
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up) approach, synthetic nanosystems are integrated with ideas
derived from nature, endowing these delivery platforms with
useful features that can address biological problems (Table 1).2%
As for the biomimetic (top-down) approach, existing or off-the-
shelf natural materials are modified and improvised into semi-
synthetic nanosystems closely mimicking nature’s materials
(Table 2).[23]

2.1. Bioinspired (Bottom-Up Approach)

Through the bioinspired approach, synthetic delivery systems
that employ synthetic inorganic, polymeric, and lipid-based
materials can be tailor-made to meet specific needs. Physico-
chemical properties from living systems can be adapted into
the design of synthetic delivery systems to simulate naturally
occurring traits and characteristics (Figure 1a).?* Synthetic sys-
tems can also be engineered to model after biological entities,
such as well-defined vesicles, artificial cells and extracellular
matrices.”>) Biochemical ligands or chemical functionalities
can be integrated into synthetic nanosystems to improve sensi-
tivity and selectivity during targeted delivery.?! By studying key
signal transduction pathways in living systems, stimuli-respon-
sive building blocks can also be incorporated into synthetic
delivery platforms to achieve on-demand release of cargoes in
the presence of endogenous triggers.!?’]

2.2. Biomimetic (Top-Down Approach)

Although Dbioinspired synthetic delivery systems are being
actively developed, they may still be insufficient to completely
recapitulate the complexities of living biological systems.
Natural particulates, ranging from pathogens to mammalian
cells, organelles to intracellular vesicles, possess their own dis-
tinctive properties, unique delivery mechanisms and specific
interactions with the body and cellular system.?®] Therefore,
the biomimetic top-down approach directly leverages naturally
occurring biological materials. They are usually nature-derived
or semisynthetic/semibiological delivery systems that comprise
one or more natural materials, functioning as biomimicry to
their counterparts. By augmenting natural materials, semisyn-
thetic nanosystems can be fabricated to closely mimic key inter-
actions, such as cell-to-cell signaling, cell-based information
exchange with extracellular matrices and systemic immune
responses (Figure 1a).>°!

3. Bioinspired Synthetic Nanosystems
for Vaccine Delivery

3.1. Endogenous Stimuli

Cancer cells are distinctly different from normal cells. They
are characterized by hallmarks essential for supporting the
acquisition and maintenance of malignant properties, e.g.,
reprogrammed energy metabolism, angiogenesis, activation of
invasion and metastasis, resisting cell death, sustaining prolif-
erative signaling and replicative immortality.’% Therefore, TME

© 2021 Wiley-VCH GmbH
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Figure 1. a) Schematic illustration of developing bioinspired and biomimetic delivery systems for cancer vaccines based on synthetic and nature-
derived/semisynthetic systems; NP, nanoparticle; HDL, high-density lipoprotein; aAPC, artificial antigen-presenting cell (APC); DC, dendritic cell.
b) The mechanisms of bioinspired cancer vaccines in eliciting tumor-specific immune response via I) regulating DC recruitment, 1) enhancing Ag
uptake and presentation, 111) amplifying the activity of Ag and adjuvant, and IV) priming naive CD8" T cells; TLR, Toll-like receptor; ICD, immunogenic
cell death; STING, stimulator of interferon gene; MHC I, major histocompatibility complex I.

is often characterized by overexpression of various enzymes, as
well as dysregulation of small molecules, such as pH, H,0,,
glutathione (GSH), reactive oxygen species (ROS), hypoxia and
high reduction-oxidation (redox) potential.*! Capitalizing on
these naturally occurring stimuli in diseased environments,
synthetic nanosystems can be engineered with stimuli-respon-
sive moieties to sense and respond to these endogenous
triggers, enabling on-demand release of cargo at precise des-
tination at tumor sites for enhanced therapeutic activity with
reduced side effects.? This section highlights recent research
employing the use of endogenous triggers for designing stim-
uli-responsive nanosystems to achieve activatable and precise
antitumor immune responses as novel vaccination and immu-
notherapy modalities.
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3.1.1. Small Molecules

Many small molecule-based stimuli exist intrinsically in TME
and intracellular spaces of cancer cells.33l In TME, the pH value
(6.5-6.8) is much lower than that in blood or normal tissues
(72-74).34 As for GSH, higher levels are found in the cytosol of
tumor cells compared to normal cells. Furthermore, intracellular
GSH level in cancer cells (2-10 x 10 M) is about 100 to 1000
times higher than that in extracellular space.?® In the lysosomes
of nearly all mammalian cells (except for mature erythrocytes),
the pH is ~4-6 while cytosolic pH is 7-75.5¢ Based on these gra-
dients, a series of stimuli-responsive systems have been designed
to regulate the spatiotemporal release of Ags or adjuvants at
desires sites for inducing specific antitumor immune responses.

© 2021 Wiley-VCH GmbH
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Table 1. Advances in bioinspired synthetic nanosystems for vaccine delivery.

Bioinspired approach Major materials Vaccine components Mechanisms Refs.
Endogenous stimuli- pH PEG-b-PDPA polymers Ovalbumin (OVA) epitope, pH-triggered Ag release [40]
triggered nanosystems DMXAA adjuvant
Polyamidoamine (PAMAM) CpG pH- and redox-triggered [41]
dendrimers adjuvant release
STING-activating polymers OVA epitope, cGAMP pH-triggered Ag release [42,43]
Redox Polycondensate neoepitopes OVA epitope, TLR1/2 agonist Redox-triggered release of [46]
(Pam3CSK4) Ag or adjuvant
Mesoporous silica NPs CpG, neoantigen peptides Redox-triggered Ag release [47)
(Adpgk, M27, and M30)
Hypoxia Mesoporous silica NPs CpG Hypoxia-triggered release of [50]
CpG/polymer complex
Enzyme Multilamellar lipid vesicles OVA protein, monophosphoryl lipid Enzyme-triggered release of [54]
A (MPLA) Ag and adjuvant
Poly(ethylene glycol) (PEG) pro- TLR7/8 agonist Enzyme-triggered release of adjuvant [55]
drug conjugates (imidazoquinoline, IMDQ)
Exogenous stimuli-triggered Light Upconversion NPs (UCNPs) CpG Ultraviolet (UV) light-activated [63]
nanosystems release of adjuvant
Organic semiconducting polymer NLG919, tumor-associated Near-infrared (NIR)-triggered [64]
NPs Ags (TAAs) release of adjuvant and TAAs
Temperature ~ Organic semiconducting polymer TLR7/8 agonist (R848), TAAs Photothermal heat activated [68,69]
NPs release of adjuvant and TAAs
Radiation Poly(lactic-co-glycolic) acid (PLGA) TLR7/8 agonist (R837), TAAs X-ray radiation induced [72]
NPs release of TAAs
Metal-organic frameworks (MOFs) TAAs X-ray radiation induced release of TAAs  [73]
Ultrasound Liposome-based R837, TAAs Ultrasound irradiation [76]
nanosonosensitizers induced release of TAAs
Antigen-capturing NPs Functionalized PLGA NPs TAAs Presentation of TAAs [78]
released after radiotherapy
Maleimide-functionalized UCNPs TAAs Capturing and retention of [79]

Nanoscale aAPCs
(nano-aAPCs)

Superparamagnetic iron
oxide NPs (SPIONs)

TAAs after phototherapy

Peptide loaded MHC
(PMHC), anti-CD28

Providing two stimulatory [81,82]

signals for T cell activation

pH: Acidic extracellular pH is a major feature in tumor tis-
sues due to excessive production of lactic acid from anaerobic
glycolysis.l’”! As such, the acidic extracellular environment of
tumor tissues, as well as acidic intracellular endolysosomal
environment in all cells, can been harnessed for pH-responsive
immunotherapy.*®! Inspired by the degradation of endocytosed
macromolecules in lysosomes, a series of pH-activated nanosys-
tems which responds to extracellular tumor acidity and intra-
cellular endolysosomal acidity, have been proposed for cancer
vaccine delivery. pH-responsive systems can be employed to
elicit specific immunoactivation of vaccine components at the
tumor site. In addition, Ags and adjuvants need to be liberated
in the cytosol to achieve cross-presentation and stimulating
innate immune responses.?” Therefore, pH-responsive nano-
vaccines can regulate the controllable release of Ags and adju-
vants at the desired locations to exert their therapeutic effects
efficaciously.

Li and co-workers developed an acid-responsive nanovaccine
formed by amphiphilic polymers conjugated with neoantigens
and STING agonist for enhanced vaccination immunotherapy
of cancer (Figure 2a,b).*! These nanovaccines collapsed in the

Adv. Mater. 2021, 2103790

2103790 (4 of 37)

weakly acidic condition of the early endosomes due to pH-respon-
sive protonation of tertiary amines, enabling cytosolic release of
neoantigens. The polymer NPs displayed superior pH-respon-
sive hemolytic property under acidic pH for endosomal escape
(Figure 2c). After targeted accumulation at lymph node (LN) and
cellular internalization by DCs, the nanovaccines induced effi-
cient Ag presentation due to the release of neoantigens in the
cytosol via intrinsic endosomal escape (Figure 2d,e). In the mean-
time, the released STING agonist stimulated the STING pathway
to elicit DC maturation and boosted T cell activation with the neo-
antigen (Figure 2f,g). Combined with programmed death-ligand
1 (PD-L1) blockade, this pH-responsive nanovaccine overcame
PD-L1 resistance and substantially enhanced antitumor efficacy.
Additionally, Wang’s group designed a dual-responsive nanoad-
juvant based on dendrimer cluster for the delivery of CpG adju-
vant. PAMAM dendrimers were attached to a self-assembly
nanocarrier through a tumor-pH labile amide bond to create a
pH-responsive PAMAM cluster. Following which, CpG was
conjugated onto the surface of PAMAM through a disulfide
exchange reaction. The weakly acidic pH environment in tumor
triggered the hydrolysis of amide bond and the rapid liberation

© 2021 Wiley-VCH GmbH
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Table 2. Advances in biomimetic/nature-derived semisynthetic systems for vaccine delivery.

Bioinspired approach Delivery systems Vaccine components Mechanisms Refs.
Biomacromolecules- Albumin Vaccine-Evans blue (EB) CpG, Ag peptides Binding endogenous albumin [86]
inspired nanosystems conjugates for LN targeting
Albumin fusion proteins TAAs Tumor-targeted drug delivery [87]
Lipoprotein Synthetic HDL (sHDL) CpG, Ag peptides, TAAs, Efficient LN- or tumor-targeted [90,91,93]
nanodiscs ALDH peptides vaccine delivery
Nucleic acid DNA origami Ag peptides, CpG motif, Ag/adjuvant incorporation [95]
dsRNA through DNA hybridization
Single-stranded (ss) RNA origami Itself as TLR3 agonist adjuvant TLR3 pathway activation [96]
Cell-inspired Cytomembrane Tumor cell membranes Tumor cell membrane-derived Homotypic targeting, insertion [102,103]
nanosystems Ags, MPLA capacity for lipid-like adjuvant
PLGA cores, Tumor cell Tumor cell membrane-derived Tumor targeting, incorporation [107,108]
membranes Ags, CpG of adjuvant in PLGA cores
Red blood cell (RBC) PLGA cores, RBC membranes Ag peptide hgp100, MPLA Prolonged drug circulation time, sur- [110]
membrane coating face modification via lipid anchoring
Hybrid cell DC-tumor fusion cell membranes, Tumor Ags, costimulatory mol- Functioning like APCs for T cell M,z
membrane coating NPs cores ecules, R848 activation
RBC-tumor cell fusion Tumor cell Splenic APC targeting capacity m3]
membranes membrane-derived Ags for T cell activation
Exosome Fusogenic exosomes Itself as TLR4 agonist adjuvant  Induced tumor cell xenogenization Mms]
as non-self
DC-derived exosomes o-fetoprotein Functioning as stronger APCs [116]

for T cell activation

Bacteria Attenuated Salmonella Intrinsic immunostimulatory Bacteria-triggered 18]
bacteria effect, TAAs tumor-specific thrombosis
for photothermal therapy (PTT)
Bacterial membrane, PC7A/CpG CpG, PC7A, TAAs pH-activated release of CpG and Ags mo]
polyplex cores
Virus Virus-like particles (VLPs) Inherent immunogenicity, OVA Self-assembly into nanocage, [121,122,123]
peptides, HER2 ease of genetic modification
Artificially cloaked viral Tumor cell membrane-derived  Bypassing specific receptor-mediated [124)
nanovaccines Ags, viral CpG uptake of oncolytic virus
Biomaterial Microsphere Polylactic acid (PLA) MPLA, Ag proteins Self-healing nature for Ag [127,128]
scaffolds microspheres or peptides microencapsulation
PLGA microparticles Two stimulatory molecules Function as aAPCs for T cell activation [129]
Implantable scaffold Hyaluronic acid/collagen Tumor lysates, poly(I:C), R848 Sustained release of the vaccine ,[132,133]
scaffolds components
PLGA scaffolds GM-CSF, CpG, CCL20, FIt3L, Cytokine presentation for [134,135]
tumor lysates DC recruitment and activation
Polysaccharide scaffolds CAR T cells, STING agonist, Converting the tumor bed into n3e6]
cdGAMP a self-vaccine site
Injectable hydrogel Peptide hydrogels Tumor cells, DCs, OVA proteins, Serving as extracellular matrix [142,141,143]
self-adjuvant
Synthetic polymer hydrogels OVA proteins, OVA mRNA, Hydrophobic/hydrophilic property for ~ [144,145]
Poly(I:C), R848 agonist adjuvant and Ag loading
Mesoporous silica  High aspect ratio MSRs/MSR-PEI GM-CSF, CpG, OVA protein, E7 Generating of interparticle macropores[147, [148,149]
microrod (MSR) peptide, DNA Ags for immune cell infiltration
Microneedle patch Light-activated microneedle Tumor lysates containing Melanin as photosensitizer [152]
patches melanin, GM-CSF mediated PTT
Dissolving microneedle patches OVA proteins, R848 Rapid generation of [153]

nanovaccine in situ

Coated microneedle patches OVA proteins, poly(I:C) pH-responsive generation [154]
of film for Ag transport

Adv. Mater. 2021, 2103790 2103790 (5 of 37) © 2021 Wiley-VCH GmbH
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Figure 2. a) The fabrication of acid-responsive nanovaccine (Man-PDPM@OVA). b) Mechanism of the nanovaccine stimulating the STING pathway and
boosting T cell priming for enhanced antitumor immune responses. c) Confocal microscopy imaging of OVA Ag presentation (green) and Lysotracker
staining (red) at 24 h of incubation, scale bar = 20 um. d) Flow cytometric analysis of Ag presentation on the surface of bone marrow DCs 24 h after
different treatment in vitro. Flow cytometric analysis of €) matured DC (CD11c*CD80*CD86%) in the tumor-draining LNs (TdLNs) and f) the SIINFEKL-
specific CD8* T cells in the spleen on day 7 after the first vaccination. Reproduced with permission.l%l Copyright 2020, American Chemical Society.

of CpG-conjugated PAMAM, enabling their deep tumor penetra- In addition to harnessing NPs as vehicles for delivering
tion and increased DC phagocytosis. Afterward, the redox con-  tumor Ag or adjuvant to APCs to provoke antitumor immu-
dition in endolysosomal compartment caused further release of  nity, some nanomaterials possess intrinsic immunostimulatory
free CpG, thus promoting DC activation and enhancing anti-  activities without the participation of conventional immune
tumor immunotherapies. adjuvants. For example, Gao and co-workers reported an

Adv. Mater. 2021, 2103790 2103790 (6 of 37) © 2021 Wiley-VCH GmbH
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ultrasensitive pH polymer PC7A, comprising tertiary amines
with cyclic side chains to deliver Ags to APCs.l*?l Upon the pro-
tonation of tertiary amine residues in PC7A by early endosomal
pH condition, this nanovaccine dissociated and enhanced cyto-
solic delivery of tumor Ags in APCs, resulting in increased
cross-presentation while simultaneously activating the STING
pathway to boost antitumor immunity. Following which, sim-
ilar STING-activating NP (STING-NP) was utilized for cytosolic
delivery of the endogenous STING ligand, 2’3 cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP).! This
STING-NP promoted the cytosolic delivery of cGAMP via an
endosomal escape mechanism, activating STING pathway in
APCs within the TME and sentinel LN, converting immuno-
suppressive tumors to immunogenic microenvironments for
enhanced antitumor immunity.

Redox: To prevent oxidative damage, cells maintain redox
homeostasis. In cancer cells, a state of redox imbalance exists
due to the accumulation of reducing molecules or reactive
oxygen species.! Compared to normal cells, higher levels of
GSH are usually found in the cytosol of tumors cells. Signifi-
cant differences in GSH concentrations also exist between the
extracellular (2-20 x 107° M) and intracellular (2-10 x 1073 m)
tumor environments.*! Similar to the pH gradient that exists
between endolysosomes and the cytosol, GSH has been exten-
sively utilized as an endogenous trigger to achieve the cytosolic
delivery and release of Ags or adjuvants in a controlled manner.
As such, disulfide moieties are commonly employed in the
design of GSH-responsive nanosystems.

Tang and co-workers designed a redox-sensitive polycon-
densate neoepitope (PNE) through copolymerization of pep-
tide neoantigens and adjuvants together via a responsive
linker-monomer containing disulfide bonds.l*! In intracellular
environments, higher GSH levels facilitated the release of
neoepitope from PNE. This GSH-responsive PNE with suitable
size could efficiently accumulate in draining LNs (dLNs), signif-
icantly promoting Ag capture. Upon internalization by APCs,
PNE degraded rapidly under the action of endogenous GSH,
improving endosomal escape and cytosolic delivery of neoan-
tigens, resulting in better cross-presentation. This intracellular
GSH-responsive PNE vaccine successfully induced potent Ag-
specific CTL responses for enhanced antitumor efficacy. In
another work, Moon’s group reported the use of biodegrad-
able mesoporous silica NP (bMSN) for incorporating neoan-
tigen peptide, CpG oligodeoxynucleotide (ODN) adjuvants and
photosensitizer chlorin e6 (Ce6) for combined cancer immu-
notherapy.”l Notably, neoantigen peptides were attached to
bMSNs via disulfide bonds, which could be cleaved in response
to higher GSH concentrations in tumor intracellular environ-
ment, facilitating cytosolic delivery of tumor Ags. bMSN vac-
cination combined with photodynamic therapy (PDT) induced
DC recruitment and elicited robust neoantigen-specific T cell
immunity for activatable cancer immunotherapy.

Hypoxia: Hypoxia, the reduced availability of oxygen com-
pared with its demand in tissues, is considered a common
feature in various solid tumors. It is largely associated with
abnormal vascularization, resulting in insufficient supply of
oxygen.*! Hypoxia can be identified as a tumor-specific stim-
ulus since normal tissues barely contain hypoxic regions. As
such, hypoxia-responsive materials have been widely utilized
for molecular imaging in cancer diagnosis and therapy.*
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Moreover, hypoxia-responsive nanosystems have also recently
been used in the targeted delivery of cancer vaccines to tumors.

Kim and co-workers developed a hypoxia-sensitive
mesoporous silica NP (CAGE) carrying a photosensitizer (Ce6)
for PDT, and an immune adjuvant (CpG) to enhance cancer
immunotherapy.’”) CAGE was constructed by decorating glycol
chitosan (GC) and PEG onto the surface of Ce6-ladened CAGE
using a hypoxia-sensitive azobenzene linker. Next, CpG was
loaded via electrostatic interactions with GC. Hypoxia-stimulated
release of CpG/GC facilitated the uptake by DCs, while photody-
namic effects of Ce6 led to the generation of TAAs, recruitment
of DCs and enhanced Ag presentation. This hypoxia-responsive
vaccination combined with PDT induced the activation and mat-
uration of DCs for enhanced cancer immunotherapy.

3.1.2. Enzymes

In tumor tissues, dysregulation of extracellular (e.g., matrix
metalloproteinase, proteinase, hyaluronidase) and intracellular
(cathepsin B) enzymatic activity frequently occurs.’!! Since
enzymes catalyze chemical reactions with high specificity and
efficiency under mild conditions, utilizing enzymatic activity
as a biological stimulus for controlled payload release can pro-
vide new strategies for the design of delivery systems.’? Sev-
eral digestive enzymes such as esterase, f-glucuronidase and
lipase are highly expressed in lysosomes of nearly all eukaryotic
cells.’3] These enzymes have also been adapted in the design
of enzyme-responsive biomaterials to achieve efficient cytosolic
delivery and release of vaccine components with good bioavail-
ability, thus boosting antitumor immune responses.

Irvine and co-workers designed interbilayer-crosslinked mul-
tilamellar vesicles (ICMVs) containing protein Ags encapsulated
in the core and lipid-based adjuvants entrapped in the vesicle
walls for lipase-sensitive payload activation and improved vac-
cination (Figure 3a).’ This NPs were formed by crosslinking
lipid headgroups across adjacent bilayers within the vesicle
walls, while the phospholipid base of the particles rendered
them inherently biodegradable by endolysosomal lipase. ICMVs
loaded and retained high contents of protein Ags within the
vesicles when exposed to serum (Figure 3b). In the presence of
lipases usually found at high levels within endolysosome, these
vesicles were quickly degraded (Figure 3c). After vaccination
with ICMVs carrying OVA and MPLA, endolysosomal lipases
induced the activation of OVA and MPLA for enhanced vaccine
responses, thus achieving strong humoral and Ag-specific CTL
responses following repeated immunization (Figure 3d,e). This
lipase-sensitive vesicle formed a safe and highly potent subunit
vaccine for boosting humoral and cell-mediated immunity. Fur-
thermore, Shi and co-workers reported an enzyme-responsive
amphiphilic polymer prodrug of TLR7/8 agonists for designing
activatable cancer vaccines.>> This amphiphile prodrug was
formed by conjugating TLR7/8 agonist IMDQ to PEG chain
via an enzyme-responsive linker, containing S-glucuronidase
(B-GUS) sensitive glucuronide and ester bond. They could self-
assemble into vesicular NPs and were trafficked to LNs after
intratumoral injection. Upon endocytosis by APCs, these vesic-
ular NPs collapsed in response to endosomal enzymes (esterase
and B-GUS), leading to the liberation of native IMDQ and pro-
voking robust immune activation in vivo.
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lipase A). d) Total OVA-specific serum 1gG measured by enzyme-linked

immunosorbent assay on day 21, 35, and 56 after subcutaneous vaccination of C57BL/6 mice. e) Quantitative analysis of Ag-specific T cells in
peripheral blood by tetramer staining among CD8" T cells after different immunizations versus time. Reproduced with permission.>¥l Copyright
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3.2. Exogenous Stimuli

In addition to utilizing naturally occurring endogenous
stimuli, considerable effort has been made to develop
approaches that employ exogenous stimuli (e.g., light, radia-
tion, ultrasound, electromagnetic radiation). Since endog-
enous stimuli may vary depending on tumor types, disease
progression and pathological characteristics, exogenous
stimuli present a more universal option for the manipulation
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of the local host environment, allowing triggered cargo release
in a remote and spatiotemporally controlled manner at the
desired sites.®

3.2.1 Light

Light, ranging from UV, visible to NIR irradiation, is one of
the more biocompatible exogenous stimuli because they are
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noninvasive, easy to control and possess high spatiotemporal
precision.””) Using light, a wide variety of photoresponsive sys-
tems have been engineered for spatiotemporal control of cell
function, gene regulation, as well as protein interaction.P®
Photoresponsive activation modalities can be utilized for acti-
vation of vaccine components, involving photoresponsive acti-
vation by direct or indirect action. Photoresponsive activation
by direct action is based on photocleavable/photolabile chem-
ical groups in response to UV/visible or NIR light, which can
be taken advantage for the construction of photoresponsive
systems for drug release and activation.’”) Photoresponsive
activation by indirect action is mediated by the production of
ROS after exposure to NIR light. ROS-responsive delivery sys-
tems can be incorporated into design strategies for activatable
cancer therapy.l®¥l Photochemical internalization is a highly
specific and efficient approach for cytosolic delivery based
on the co-delivery of photosensitizers and Ag into endolys-
osomes of APCs. Upon light exposure, the photosensitizer is
activated and ROS is generated, rupturing the endolysosomal
membrane, achieving cytosolic release of Ags and facilitating
MHC I Ag cross-presentation and induction of Ag-specific
CD8 T cell responses.®l Additionally, photodynamic systems
depend on the activation of photosensitizer to produce ROS for
drug release and ICD induction, thus stimulating antitumor
immune responses.[®%

Li and co-workers developed a NIR light-activated immu-
nodevice based on direct activation for selective spatial con-
trol over antitumor immunity (Figure 4a,b).l®* This photo-
activatable immunodevice was formed by integrating a UV
light-activatable CpG adjuvant (PCpG) with UCNPs. UCNPs
act as transducers for upconverting NIR light into UV light
locally, resulting in the cleavage of photocleavable (PC) bonds
and the following liberation of CpG oligonucleotides (ONDs)
from PCpG. The light-activatable property of PCpG could
be determined by Forster resonance energy transfer (FRET).
FRET pair-labeled PCpG was created by the hybridization of
Cy3-labeled CpG to Black Hole Quencher 2 (BHQ2)-labeled
PcDNA. The significant decrease in fluorescence inten-
sity of Cy3 verified the formation of the double-stranded
PCpG (Figure 4c). Upon irradiation of the formed structure
with UV light, the fluorescence intensity was substantially
enhanced, demonstrating the liberation of Cy3-CpG from
the hybrid because of the photolysis of PC group (Figure 4d).
In vivo antitumor results showed that NIR irradiation-acti-
vated PCpG resulted in a substantial increased proportion
of tumor-infiltrating T cells for improved antitumor efficacy
(Figure 4e,f). Pu’s group designed an organic semiconducting
pro-nanostimulant (OSPS) based on indirect activation for
NIR-photoactivatable cancer immunotherapy.* OSPS con-
sisted of a semiconducting polymer NP core and an immu-
nostimulator attached via a singlet oxygen (10,)-responsive
cleavable linker. Upon NIR laser irradiation, OSPS enabled
the generation of heat and '0,, resulting in tumor ablation
and subsequent release of TAAs. Additionally, NIR irradia-
tion triggered the controlled release and activation of immu-
nostimulants from OSPS to revert the immunosuppressive
TME. Following which, the released TAAs along with acti-
vated immunostimulants induced a combined antitumor
immunity.
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3.2.2. Temperature

Apart from the above exogenous stimuli, temperature alteration
is another important strategy for the activation of drug delivery
systems. Moderate hyperthermia can be achieved by microwave,
ultrasound, radiofrequency, infrared irradiation or magnetic
hyperthermia.l® Thermoresponsive drug delivery systems are
stable at body temperature (37 °C). Under the stimuli of mod-
erate hyperthermia, controlled release of therapeutic agents is
achieved, thereby improving antitumor efficacy and decreasing
side effects. A myriad of thermoresponsive system has been
developed for diagnostics and therapy applications.[®® Lipo-
some and lipid-based NP represent typical thermoresponsive
systems with a phase transition temperature (Tm) between 40
and 45 °C. They undergo lipid membrane rupture and subse-
quent release of entrapped cargos upon heating above Tm.[”]
In addition to achieving thermoresponsiveness by lipid-based
phase transition, thermolabile cleavable bonds have also been
incorporated in the design of nanocarriers to construct ther-
moresponsive drug delivery systems. Recently, temperature-
sensitive systems have also been employed as vaccine delivery
platforms for activatable cancer immunotherapy.

Pu’s group reported a photothermal activatable polymer nano-
agonist (APNA) using second near-infrared (NIR-II) light for
combined photothermal immunotherapy (Figure 5a,b).%8! This
APNA was comprised of a NIR-II semiconducting polymer as
photothermal transducer and immunoadjuvant R848 through a
thermoresposive linker (2,2"-azobis[2-(2-imidazolin-2-yl)propane]).
Photothermal heating of semiconducting backbone selectively
activated R848 release from APNA (Figure 5c). After NIR-II light
exposure, APNA took advantage of photothermal effects to direct
tumor ablation and ICD induction, while elevated temperatures
triggered the cleavage of thermoresposive linker to liberate the
immunoadjuvant R848 for DC activation. In vivo antitumor study
indicated that NIR-II irradiation activated APNA induced stronger
DC maturation in TdLNs and higher proportion of tumor-infil-
trating CD4* and CD8" T cells to reinforce antitumor efficacy
(Figure 5d,e). Moreover, they developed another semiconducting
polymer nanoagonist SPNyR with a photothermally triggered
TLR agonist release for NIR-II photothermal immunotherapy.*’!
SPN; R was comprised of a semiconducting polymer core as
NIR-II photothermal converter, TLR agonist R848, enveloped with
a thermoresponsive lipid shell. This temperature-sensitive delivery
system provided an alternative approach for bioinspired delivery of
vaccine components for amplified cancer immunotherapy.

3.2.3. Radiation

Radiotherapy involves using ionizing radiation including
X-rays, yrays, or electron beams to destroy tumor cells. It
is commonly used as a treatment option in over half of all
cancer patients.”?) Radiation is also considered a promising
modality for promoting immunotherapy through initiating in
situ vaccination by inducing ICD of tumor cells, facilitating
DC maturation and subsequent T cell priming.’Y Radiation-
triggered immunotherapy can further be synergized with
other complementary immunotherapies to improve anti-
tumor efficacy.
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Figure 4. a) The design of photoactivatable immunodevice (PCpG/UCs) based on UCNPs through the integration with a UV light-responsive CpG
(PCpG) containing photocleavable group. b) Schematic of the photoactivatable immunodevice for remotely control of antitumor immunity mediated
by NIR laser irradiation. c) Fluorescence spectroscopy of Cy3—CpG before and after double strand formation in PCpG. d) Fluorescence spectroscopy of
FRET pair-labeled PCpG (BHQ2-PcDNA hybridized to Cy3-CpG) with elevated irradiation dose of 365 nm laser. Flow cytometric analysis of e) CD4*T
and f) CD&*T cell subset in 4T1 tumor tissues from various treatment groups with or without NIR irradiation. Reproduced under terms of the CC-BY

license.%3 Copyright 2019, The Authors, published by Springer Nature.

Liu's group designed a multifunctional core—shell PLGA NP
for radiotherapy-triggered cancer immunotherapy (Figure 6a)."”
This NP was fabricated by encapsulating water-soluble catalase
(Cat) inside the core and loading imiquimod (R837) adjuvant
within the PLGA shell. PLGA-R837@Cat NPs under X-ray radia-
tion can significantly improve radiotherapy efficacy by relieving
Cat-triggered tumor hypoxia and reverting the immunosuppres-
sive TME. Radiotherapy with PLGA-R837@Cat triggered ICD,
induced high expression of surface calreticulin (CRT) on dying
tumor cells (Figure 6b). The generated TAAs, in addition to R837-
loading PLGA-R837@Cat NPs as immune adjuvants, signifi-
cantly promoted DC maturation (Figure 6¢). PLGA-R837@Cat-
based radiotherapy together with CTLA-4 checkpoint blockade
enhanced CD4* and CD8* T infiltration while reducing the pro-
portion of regulatory T cells (Tregs) at tumor tissues (Figure 6d,e).
Recently, Lin and co-workers presented a radiation-triggered
nanoscale MOF (nMOF) to mediate radiotherapy for combined
checkpoint blockade immunotherapy.’?l nMOF was constructed
from two Hf-based nMOFs as radioenhancers to produce ROS.
By combining the advantages of local radiotherapy induced in
situ vaccination and PD-L1 checkpoint blockade, these radiation-
activated nMOFs could achieve systemic antitumor immunity to
efficiently eradicate primary and distant tumors.

3.2.4. Ultrasound
As one of the most common nonionizing physical irradia-

tion sources, ultrasound has been widely used for diagnostics
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and therapeutic applications. Ultrasound-based therapeutic
modality for noninvasive cancer treatment has shown great
potential due to its deep-tissue penetration, noninvasiveness,
high controllability and low expense. In addition, ultrasound
can also be utilized for sonodynamic therapy (SDT) by acti-
vating sonosensitizers to generate ROS for inducing ICD, elic-
iting host antitumor immunological effects.”!

Chen and co-workers developed an ultrasound-activated
nanosonosensitizer (HMME/R837@Lip) for noninvasive con-
trol of cancer immunotherapy (Figure 7a).”®! This HMME/
R837@Lip nanosonosensitizer used liposomes for co-encap-
sulating sonosensitizers (hematoporphyrin monomethyl ether
(HMME)) and R837 adjuvant. Upon repeated noninvasive
ultrasound irradiations, HMME/R837@Lip effectively induced
ICD and released TAAs. 4T1 tumor-cell debris after HMME/
R837@Lip-agumented SDT greatly activated DC matura-
tion by upregulation of costimulatory molecules CD80/CD86
(Figure 7b). Accompanied by DC maturation, high levels of
proinflammatory cytokines IL-6 and TNF-o were increased
to elicit specific immune response (Figure 7c,d). After intra-
venous injection, HMME/R837@Lip nanosonosensitizers
acquired high accumulation and long-term retention in tumor
tissues. HMME/R837@Lip-augmented SDT together with
anti-PD-L1 checkpoint blockade have been demonstrated to
increase the antitumor immune responses, including the
upregulated levels of cytokines IFN-y and TNF-¢r in serum
(Figure 7e), along with an obvious transition of naive and
central memory T cells toward effector memory phenotype
(Figure 7f,g).
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thermal immunotherapy mediated by APNA nanoagonist for the potentiation of antitumor responses. c) Release ratio of R848 from APNA at different
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control NP without R848 agonist. Reproduced under terms of the CC-BY license.[?®l Copyright 2021, The Authors, published by Springer Nature.

3.3. Antigen-Capturing Nanoparticles

Conventional cancer vaccines employ ex situ Ag loading
during vaccine fabrication.””! Nanocarriers can be tailored for
in situ Ag capturing to improve their presentation without the

need for in vitro Ag loading. The aforementioned exogenous
stimuli-based approaches and specific chemotherapies can
induce tumor to undergo ICD through releasing TAAs and
damage-associated molecular pattern proteins (DAMPs). By
incorporating functional handles or specific microdomains on
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permission.”2 Copyright 2019, John Wiley and Sons.

professional APCs. Traditional strategies by delivering one or
several “chosen” Ags fail to account for tumor heterogeneity.
On the contrary, Ag capturing approach exposes the immune

the surface of nanocarriers, Ag-capturing nanovaccines can
preferentially acquire tumor Ags in a manner that mimics how
APCs capture Ags, thus facilitating further internalization by
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system to a wide range of TAAs in a patient-specific manner,
thus carrying significant implications for the improvement of
precision medicine through bioinspired design.

Wang and co-workers presented bioinspired antigen-cap-
turing NPs (AC-NPs) that can induce abscopal effect and
improve cancer immunotherapy (Figure 8a)."®! AC-NPs were
formed using PLGA polymer with different modified sur-
faces to enable capturing of tumor-derived protein antigens
(TDPAs) by chemical or physical interactions. AC-NP formu-
lations successfully captured the neoantigens and DAMPs
(Figure 8b). After radiotherapy, AC-NPs bound to TDPAs and
transported them to APCs in TdLNs, thereby improving Ag
uptake and presentation. In vivo results indicated that the addi-
tion of AC-NPs to PD-1 blockade greatly improved the ratio
of CD8* T/Treg (Figure 8c) and CD4" T/Treg (Figure 8d). Fur-
thermore, Chen and co-workers also designed a NIR-triggered
Ag-capturing nanoplatform for photoimmunotherapy.” This
nanoplatform was formed by self-assembly of DSPE-PEG-
maleimide and indocyanine green (ICG, a light absorber) on
oleate-capped UCNPs, followed by subsequent encapsulation
of rose bengal (RB, a photosensitizer). Upon NIR light activa-
tion, TDPAs generated by phototherapy could be captured and
retained in situ, hence increasing Ag uptake by APCs to elicit
Ag-specific immune responses. As such, these AC-NPs not
only eliminated primary tumors but also efficiently activated
systemic antitumor immune response to inhibit untreated dis-
tant tumors.

3.4. Nano-Artificial Antigen Presenting Cells

Most cancer vaccines involve the regulation of APCs, which
further stimulates tumor Ag-specific naive T cells.[%) Recently,
synthetic NPs have been engineered as alternative vaccine
platforms by recapitulating signals necessary for direct T cell
activation. Nano-APCs closely mimic natural APCs by co-
coupling two essential signals (peptide-MHC complex and
costimulatory molecules) onto their surface for T cell stimula-
tion. The size, shape, surface ligand distribution and mobility
of the nano-aAPCs are key parameters that can be modified
to mimic different aspects of natural APCs, crucial for effi-
cient signal presentation and efficacious T cell stimulation. For
instance, the shape of the NPs can be optimized to facilitate
increased interaction with T cells. Biodegradable particles can
also be used for in vivo T cell modulation. NPs with in-built
sustained release properties can be used to incorporate other
soluble factors such as cytokines. Tumor immunotherapy with
autologous APCs is an expensive and time-consuming process
that limits its translation in clinical trials. Artificial signal pres-
entation by nano-aAPCs offers well-defined systems with pre-
cise control over the signals presented. Thus, this approach has
attracted significant interest as a strategy for improving cancer
immunotherapy.

Schneck’s group reported a reductionist approach for
modulating T cell activation in T cell immunotherapy.B!! This
nanoplatform was composed of SPIONs conjugated with two
stimulatory signals for T cell activation (Figure 9a). The par-
ticle size, concentration, and stimulatory ligand density of
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nano-aAPCs can be engineered to mimic endogenous APCs
for improved T cell activation (Figure 9b). Quantitative anal-
ysis of CD8* T cell expansion suggested that nano-aAPCs with
size more than 300 nm activated T cells more effectively than
50 nm nano-aAPCs (Figure 9c). A significant T cell receptor
(TCR) downregulation was observed for cells stimulated
with aAPCs larger than 300 nm, but this was not observed
for 50 nm aAPCs when compared to noncognate aAPCs
involved in inefficient TCR engagement and T cell stimulation
(Figure 9d). In addition, they developed another reductionist
T cell activation platform to simplify and streamline the cus-
tomization of costimulatory conditions.®? This platform was
constructed by using paramagnetic NPs decorated with signal
1 Ag or signal 2 co-stimulus, instead of traditional methods
with two signals conjugated together. CD8* T cells were sig-
nificantly stimulated by NPs separately decorating signal 1 and
signal 2 when particles were clustered together on the cell sur-
face within a magnetic field, resulting in improved T cell acti-
vation for immunotherapy.

4. Biomimetic/Nature-Derived Semisynthetic
Nanosystems for Vaccine Delivery

4.1. Biomacromolecule-Inspired Nanosystems

Biomacromolecules, such as proteins, lipids and nucleic acids,
are essential for biological processes within living organisms.
Their chemical composition and highly organized architecture
provide clues and inspiration for designing functional bioma-
terials. Natural biomacromolecules have gained considerable
interest as drug delivery systems owing to desirable intrinsic
properties, including excellent biocompatibility, biodegrada-
bility, safety and long blood circulation time. As such, biomac-
romolecule-based carriers using albumin, lipoproteins, and
nucleic acids, have been widely employed to improve cancer
vaccine delivery.

4.1.1. Albumin

With the FDA approval of Abraxane in 2004, albumin has since
attracted significant attention for its potential use as drug car-
riers in cancer treatment.®’l Abraxane is an albumin-bound
formulation of the anticancer drug paclitaxel, approved as indi-
cations for metastatic breast cancer, nonsmall cell lung cancer
and pancreatic cancer patients. As a major component of
plasma protein, albumin shows no immunogenicity and can be
rescued from systemic degradation and clearance via inherent
physiological mechanisms.®4 Albumin protein comprises a
variety of reactive functional groups for chemical modifications.
In addition, its hydrophobic domain can be employed as a
binding pocket for the delivery of small drugs or photosensi-
tizers.®5] An alternative strategy for the development of cancer
vaccines is to leverage the natural LN trafficking properties of
serum albumin for effective delivery of vaccine contents to LN.
These intrinsic properties of albumin present albumin-based
biomaterials as promising platforms for cancer vaccine delivery.
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Figure 8. a) Mechanism of Ag-capturing NPs mediated the abscopal effect and efficient cancer immunotherapy. b) In silico analysis of the relative
abundance of proteins (neoantigens and DAMPs) captured by AC-NP after incubation of lethally irradiated B16F10 tumor cell lysates. Flow cytometric
analysis of c) CD8" T/Treg and d) CD4" T/Treg ratio in secondary tumors following different combined treatment. mPEG AC-NPs, DOTAP AC-NPs,
NH, AC-NPs, Mal AC-NPs refer to AC-NPs coated with PEG, cationic lipid DOTAP, amine PEG, maleimide PEG, respectively; PLGA AC-NPs refer to
unmodified PLGA NPs. Reproduced with permission.”8l Copyright 2017, Springer Nature.
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Signal 1: pMHG; Signal 2: co-stimulation via anti-CD28 and TCR. b) Schematic illustrating relative sizes, stimulatory ligand densities and concentration
of particle aAPCs for the modulation of T cell activation (scale bar = 500 nm). c) Fold proliferation of Ag-specific CD8" T cells cultured with aAPCs at
the dose of 2 x 1072 m conjugated pMHC after 7 days. d) Mean fluorescence intensity (MFI) for TCR-3 of CD8* T cells incubated with aAPCs for 5 h.

Reproduced with permission.l®!l Copyright 2017, American Chemical Society.

Chen and co-workers developed a bioinspired albumin/
vaccine nanocomplex as an efficient vaccine delivery system
for robust cancer immunotherapy (Figure 10a,b).1! By con-
jugating molecular vaccines with EB into albumin-binding
vaccines (AlbiVax), self-assembly of AlbiVax and endogenous
albumin occurred in vivo to form albumin/AlbiVax nano-
complexes. This nanocomplex was efficiently transported to
LNs via lymphatic drainage and extended retention in LNs.
Fluorescence imaging showed that considerable albumin/
AlbiCpG nanocomplexes were situated within or near the
subcapsular region and surrounding B cell follicles post
subcutaneous injection. Albumin/AlbiVax nanocomplexes
boosted both innate and adaptive immunity, resulting in an
obviously expansion of Ag-specific CD8* CTLs (Figure 10c,d)
and T cell memory (Figure 10e). Apart from in vivo assembly
with endogenous serum albumin, exogenous formulation
involved drug encapsulation into an exogenous albumin-
based nanosystem. Cai and co-workers presented a bioin-
spired hybrid protein oxygen carrier NP without incorpora-
tion of extra Ags or adjuvants for oxygen-augmented PDT.¥]
Human serum albumin was hybridized with oxygen-carrying
hemoglobin via intermolecular disulfide bonds to develop
a hybrid protein oxygen nanocarrier with Ce6 encapsulated
(C@HPOC). Upon laser exposure, C@HPOC increased
the production of ROS and induced effective ICD, with
the release of DAMPs to activate DCs, T cells and natural
killer cells in vivo. Thus, C@HPOC-boosted PDT improved
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therapeutic efficacy by evoking systemic antitumor immune
responses.

4.1.2. Lipoproteins

Lipoproteins are naturally occurring NPs composed of apoli-
poproteins and lipids, involved in the metabolic transport of
fats and biomolecules. Due to their unique targeting capabili-
ties, hydrophobic core and natural functions beyond choles-
terol transport, these endogenous lipoprotein-based systems,
especially HLDs, are become increasingly appreciated as ideal
nanoplatforms for the delivery of various imaging or thera-
peutic agents.® sHDL-mimicking nanodiscs for cancer immu-
notherapy have recently been reported as vaccine delivery
platforms.’®

Inspired by the function of HDL as an endogenous car-
rier for cholesterol transport, Moon’s group developed
a sHDL-mimicking nanodisc vaccine platform for neo-
antigen peptides and adjuvants delivery (Figure 11a).%%
sHDL nanodiscs encompassed phospholipids and apoli-
poprotein-1 mimetic peptides with Ag peptides and adju-
vants loaded. These nanodiscs greatly improved Ag/adju-
vant transport to LN (Figure 11b,c). C57BL/6 mice immu-
nized with sHDL-Adpgk (a neoantigen in MC-38 colorectal
tumor)/CpG induced 47-fold higher ratios of neoantigen-
specific CTLs than free vaccines and 31-fold higher than

© 2021 Wiley-VCH GmbH
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Figure 10. a) Schematic structure of albumin, MEB (maleimide derivative of EB dye) and albumin/MEB nanocomplexes. b) Working mechanism of
albumin/AlbiVax nanocomplexes as efficient vaccine platform for potent cancer immunotherapy; AlbiCpG and AlbiAg were engineered by conjugating
MEB with thiol-modified CpG and cysteine-modified Ags (e.g., Adpgk), respectively. c) Flow cytometric analysis of Adpgk-specific CD8" T cells in peripheral
blood from C57BL/6 mice vaccinated with AlbiVax (AlbiCpG + AlbiAdpgk) on day 0 and day 14; IFA refers to incomplete Freund’s adjuvant. d) Frequency
of Adpgk-specific CD8 T cells in (c). e) Flow cytometric analysis of effector memory (T.,,), central memory (T.,) and naive (T,z.e) T cells among CD8* T
population after vaccination on day 50. Reproduced under terms of the CC-BY license.®¥] Copyright 2017, The Authors, published by Springer Nature.

potentially the strongest adjuvant system CpG emulsified
in oil/surfactant-based adjuvant Montanide (Figure 11d,e).
Established MC-38 and B16F10 tumors were eradicated with
the combination treatment of anti-PD-1 and anti-CTLA-4
checkpoint blockade immunotherapy. In their subsequent
work, they further utilized sHDL nanodiscs to deliver
chemotherapeutic ICD inducers, doxorubicin (DOX), as
in situ vaccination to elicit effective antitumor immune
responses.(!
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In addition to delivering tumor-specific neoantigens for
personalized cancer immunotherapy, Moon’s group was the
first to present a novel nanodisc carrying cancer stem cells
(CSCs) neoantigens for eliminating CSCs.’d They identified
two aldehyde dehydrogenase (ALDH) epitopes from CSCs
and developed sHDL nanodiscs carrying these ALDH epitope
peptides and CpG adjuvant to elicit ALDH-specific T cell
responses. This nanodisc vaccination strategy improved Ag
trafficking to LNs after subcutaneous injection and decreased
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Figure 11. a) Scheme of HDL-mimicking nanodisc platform as vaccine delivery system for personalized cancer immunotherapy. sHDL nanodiscs
were co-loaded with cysteine-serine-serine (CSS) linker modified Ags (CSS-Ag) and cholesterol-modified CpG adjuvant (Cho-CpG) to form sHDL-Ag/
CpG vaccine. Ex vivo fluorescence imaging and quantitative analysis of b) FITC-tagged Ag and c) Cy5-labeled Cho-CpG in draining inguinal LNs from
C57BL/6 mice after 24 h vaccination. d) Flow cytometric analysis of Adpgk-specific CD8¢c" T cells in peripheral blood from C57BL/6 mice on day 35
after three doses of different vaccines. e) Quantitative analysis of the percentage of Adpgk-specific CD8" T cells in (d). Reproduced with permission.*

Copyright 2016, Springer Nature.

the proportion of ALDHMe!? CSCs in tumor tissues, thus
exerting robust antitumor efficacy against various tumors har-
boring CSCs.

4.1.3. Nucleic Acids

Nucleic acids are versatile materials useful for the fabrication
of nanostructures. With well-defined architectures and specific
functions, nucleic acids offer tremendous potential for use in
molecular imaging, biosensing and drug delivery.” Tapping
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on their intrinsic programmable self-assembly ability, multiple
strategies such as DNA origami, DNA tile, and ss DNA/RNA
origami have been adapted in the design and construction of
nanomaterials.® Given their facile structural programmability
and ideal biocompatibility, DNA/RNA nanostructures have also
been utilized as an alternative approach to deliver cancer vac-
cine components.

Ding and co-workers engineered a bioinspired DNA-based
nanodevice vaccine for enhanced cancer immunotherapy.*”
This DNA nanoplatform was generated by the precise assembly
of two TLR agonist adjuvants (double-stranded RNA and CpG
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Figure 12. a) Schematic of the preparation and characterization of DNA nanodevice-based vaccine. A rectangular DNA origami was constructed
from the assembly of an M13 bacteriophage DNA strand and staple strands, while the addition of locking strands enabled the loading of tumor Ag
peptide, dsRNA and CpG loop to form Ag/adjuvant-loaded DNA nanodevice vaccine. b) Mechanism of the utilization of DNA nanodevice-based vac-
cine platform for potent cancer immunotherapy. c) Fluorescence quantitative analysis of Cy5-labeled CpG loops or nanodevice in inguinal dLNs after
subcutaneous administration. Flow cytometric analysis of d) CD8" T cell and ) CD4*CD25" Tregs in tumors from B16-OVA tumor-bearing mice on day
14 following various treatments. Reproduced with permission.®>! Copyright 2020, Springer Nature.

DNA) and an Ag peptide within a rectangular DNA origami
(Figure 12a,b). The nanodevice offered the Ag/adjuvant payload
protection from extracellular ribonucleases and mediated their
efficient transport to dLNs (Figure 12¢). When localized inside
dLN APCs, the nanodevice displayed increased delivery to APCs,
and released its active payloads in response to the acidic endo-
somal condition, leading to DC activation and Ag presentation.
Upon in vivo administration, this DNA nanodevice vaccination
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increased the amount of CD8" tumor-infiltrating T lympho-
cytes (Figure 12d) while decreasing the amount of CD4*CD25*
Tregs (Figure 12e). Some nucleic acids serve as natural ligand
of specific pattern recognition receptor, which play an essential
role in initiating the innate immune response. Chang and co-
workers reported a replicable ss RNA origami (RNA-OG) nano-
structure as potent TLR3 agonists for safe and effective cancer
immunotherapy.®® This ssRNA origami was assembled by
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folding a long RNA molecule in a programmable manner and
successfully stimulated a potent innate response through TLR3
pathway. After intraperitoneal injection, the RNA-OG treatment
induced potent local antitumor activity without apparent sys-
temic toxicity.

4.2. Cell-Inspired Systems

In natural living systems, cells can communicate with each
other and respond to changes in the environment, rendering
it possible to orchestrate sophisticated cell behavior such as
self-recognition, migration, and recruitment of specific cells
in response to chemokines. Inspired by these biological
processes, considerable effort has been devoted to leverage
natural mammalian cells for use as delivery platforms.l”! Syn-
thetic delivery systems or artificial nanocarriers may cause
adverse effects arising from issues of biocompatibility.’® In
contrast, cell-derived systems originate from nature, and as
such display good biocompatibility and favorable safety pro-
files.’”) The emergence of biomimetic design has brought a
paradigm shift in the design strategies of cell-derived delivery
systems for cancer vaccines. Cell membrane vesicles, cell
membrane cloaking vesicles or extracellular vesicles have
been established as delivery platforms for cancer vaccine
components.

4.2.1. Cytomembrane Nanovesicles

Biological membranes consist of phospholipid bilayers which
provide cellular protection and regulate the transport of sub-
stances entering and exiting cells. They also comprise various
membrane biomolecules with functionalities such as molecular
recognition, cell targeting, cellular adhesion and production of
cytokines. Cell membrane-derived nanovesicles can be gen-
erated by breaking down living cells into membrane-enclosed
compartments. This approach has attracted much attention for
vaccine delivery owing to advantages such as intrinsic tropism,
presence of surface Ags and ease of genetic modification.

Kim et al. presented an immunostimulatory lipocomplex
coated with cancer cell membrane (CCM) to improve liposome-
based cancer therapy (Figure 13a).11 This lipocomplex (Lp-KR-
CCM-A) was formed by incorporating a photosensitizer (Kill-
erRed, KR)-embedded CCM and a lipid adjuvant MPLA. This
lipocomplex prevented undesired leakage of photosensitizer
and immune adjuvant. Due to the homotypic affinity of CCM
to their source cells, Lp-KR-CCM-A exhibited an outstanding
in vivo tumor-targeting efficiency in homotypic 4T1-firefly lucif-
erase (Fluc) tumor-bearing mice (Figure 13b). Upon laser irra-
diation, Lp-KR-CCM-A-based PDT generated cytotoxic ROS and
induced ICD. Furthermore, the release of MPLA adjuvant after
PDT activated DC maturation and promoted the production
of CTLs (Figure 13c—e), leading to effective tumor eradication
and metastasis prevention. Moreover, Moon’s group reported
PEGylated tumor cell membrane vesicles incorporated with
cholesterol linked CpG ODNs via lipid insertion, which effi-
ciently drained to local LNs and elicited strong CTL responses
with potent antitumor efficacy.l%]
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4.2.2. Cytomembrane-Cloaked Nanovesicles

Cell membrane-coating technology represents a biomimetic
approach that integrates the merits of natural and synthetic
system together.l'* These biohybrid platforms enable synthetic
systems to overcome the major obstacle of being eliminated
rapidly by the immune system. Cloaking NPs with cell mem-
branes enable the NPs to inherit intrinsic biological functions
of their source cells (e.g., RBCs, tumor cells and immune cells).
At the same time, the synthetic core can be loaded with thera-
peutic cargos. In view of these advantages, a multitude of strat-
egies based on cell membrane cloaking nanovesicles have been
adopted for cancer vaccine delivery.['%%]

Cancer Cell Membranes: Cancer cell membranes carry plenty
of tumor-specific Ags. As such, using cancer cell membrane for
NP preparation can be a unique biomimetic approach to fully
replicate surface antigenic materials of the source cancer cells.
Zhang’s group first proposed and confirmed that cancer cell
membrane coating on NPs can deliver both syngeneic tumor
Ags, together with a potent immune adjuvant, to stimulate the
immune system to recognize and eliminate cancer, providing a
promising way to deliver cancer vaccine.!%!

Liu's group developed a cancer cell membrane-coated nano-
vaccine with mannose modification for enhanced antitumor
vaccination (Figure 14a).'"” This biomimetic nanovaccine (NP-
R@M-M) was constructed by PLGA NP loaded with adjuvant
R837 and then coated with mannose-functionalized cancer cell
membrane. Both transmission electron microscopy (TEM) and
bicinchoninic acid (BCA) assay demonstrated the structural
characterization of PLGA cores coated with cell membrane layer
(Figure 14b,c). Due to the modification of mannose as an APC-
recognition moiety, NP-R@M-M nanovaccine showed increased
DC uptake and triggered stronger DC maturation (Figure 14d,e).
After intradermal injection and LN retention, NP-R@M-M
effectively increased the cytotoxic activity of CTL in the spleen
(Figure 14f) and IFN-y generation in the blood (Figure 14g).
Vaccination with NP-R@M-M combined with PD-L1 blockade
exhibited excellent therapeutic efficacy for the treatment of
established tumors. Moreover, Zhang’s group designed a NP-
based anticancer vaccine to deliver membrane-derived tumor Ag
materials in cooperation with CpG adjuvant for cancer immu-
notherapy.'%®l This biomimetic strategy based on cancer cell
membrane-coated NP generated strong antitumor responses for
enhanced personalized anticancer vaccines.

Red Blood Cell Membranes: RBCs have long circulation time,
representing a highly desirable property for use in in vivo
drug delivery nanosystems as stealth coating materials. RBC
membrane-coated NPs exhibited prolonged circulation time as
compared to PEGylated counterparts. As such, RBC membrane-
coated NPs have been used as novel biomimetic carriers to
extend drug circulation time in cancer theragnostic and antibac-
terial vaccines to deliver toxins to the immune system.l% Fur-
thermore, RBC membrane-coated NPs have also been proposed
for antitumor vaccination strategies. Zhang’s group developed
erythrocyte membrane-enveloped PLGA NPs for the entrap-
ment of antigenic peptide and immune adjuvant MPLA.M0 A
mannose-inserted membrane structure was fabricated for APC
targeting, and redox-sensitive peptide-conjugated PLGA NPs
were formed for intracellular stimuli-responsive release. After
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Figure 13. a) Scheme of immunomodulatory lipocomplexes with photosensitizer KR-embedded cancer cell membrane (KR-CCM) and MPLA adjuvant for
tumoreradicationandlungmetastasisinhibition.b) Invivoandexvivofluorescenceimaging andintensity qualification of CT26, HT29 Fluc, and 4T1-Fluctumor
(white dotted circles) 24 h after intravenous injection of lipocomplexes. c) Frequency of mature DC (CD80*CD86%) in the TALNs from 4T1-Fluc tumor-bearing
miceat72hfollowingdifferenttreatments. Flow cytometricanalysis of CD3*CD8" T cellsin d) the spleenand ) the lungs at72 h after PDT. 1, PBS +laser; 2, Lp-A
(lipocomplexwith adjuvant) + laser; 3, Lp-CCM-A (lipocomplex with CCM and adjuvant) + laser; 4, Lp-KR-CCM-A (lipocomplex with KR-CCM and adjuvant);
5, Lp-KR-CCM (lipocomplex with KR-CCM) + laser; 6, Lp-KR-CCM-A + laser. Reproduced with permission.[92 Copyright 2019, American Chemical Society.

intradermal injection, this nanovaccine enhanced the accumu-
lation in dLNs and induced DC activation, enabling effective
IFN-yand CD8* T cell responses for cancer immunotherapy.
Hybrid Cell Membranes: Different cell types possess their
own unique intrinsic characteristics. As such, they have been
exploited as sources of membrane-coating materials. Cell
membrane coating technology has been extended to develop
fused membrane materials from two types of cells, offering an
elaborate method for NP with enhanced functionalities. Zhang
and co-workers engineered a biologically derived nanovaccine
(NP@FM) by encapsulating the MOF NP with cytomembranes
of fused cells acquired from DCs and tumor cells.'! NP@FM
inherited the costimulatory molecules of APCs and Ag source of
cancer cells for direct T cell stimulation and indirect DC-medi-
ated T cell stimulation. By mimicking both APCs and cancer
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cells, this cytomembrane vaccine approach provided powerful
antitumor immune responses. Similarly, Xu et al. reported a
semiconducting polymer nanoengager comprising a second-
near-infrared-window absorbing polymer as the photothermal
core coated with DC-tumor fusion cell membrane for syner-
gistic photothermal immunotherapy. The co-delivery of R848
adjuvants further augmented their antitumor immunity."2

In addition to DC-tumor fusion cell membrane, RBCs
and tumor fusion cell membrane have been utilized for vac-
cine delivery. Inspired by the splenic APC targeting ability
of senescent RBCs, Wang and co-workers designed tumor
Ag-loaded nanoerythrosomes by fusing damaged RBC mem-
brane and tumor cell membrane to splenic APCs and acti-
vated T cell mediated immune responses for enhanced cancer
immunotherapy.l3l
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Figure 14. a) Schematic of the design of tumor cell membrane-coated adjuvant NPs NP-R@M-M and their functions as cancer nanovaccines to boost
antitumor immunity. b) TEM imaging of NP@M NPs. c) Protein contents measured by BCA assay for PLGA NPs, NP-R (PLGA NPs loaded with R837),
NP@M (PLGA NPs coated with tumor cell membrane), NP-R@M (NP-R coated with tumor cell membrane), and NP-R@M-M (NP-R@M modified with
mannose moiety). d) MFI of in vitro cell uptake of nanovaccine after incubated with BMDCs for 12 h measured by flow cytometry. €) Flow cytometric
analysis of in vitro DC maturation activated by different treatments. f) Flow cytometric analysis of CD107a* CTLs in spleens and g) IFN-ylevels in sera
from B16-OVA tumor-bearing mice after immunized with various treatments. Reproduced with permission.'”l Copyright 2018, American Chemical

Society.

4.2.3. Exosome-Inspired Nanosystems

Exosomes are naturally occurring extracellular vesicles secreted
by cells. These nanosized membrane vesicles enable cellular
communication by transferring a wide repertoire of bioactive
cargos derived from the original cells to the recipient cells.'*
Due to their naturally biocompatible characteristics, tumor cell-
and immune cell-derived exosomes have emerged as nanoscale
drug delivery systems of therapeutic agents or vaccine compo-
nents for cancer immunotherapy.
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Kim's group developed a virus-mimetic fusogenic exo-
some platform to increase tumor immunogenicity via
xenogenization of tumor cells for improved antitumor immu-
nity (Figure 15a).™ The engineered exosomes (mVSVG-
Exo) were spherical-shaped nanovesicles adorned with viral
fusion-mediated glycoproteins (VSV-G) on their membranes
(Figure 15b,c). After intratumoral injection, these fusogenic
exosomes loaded with VSV-G delivered viral pathogen-associ-
ated molecular patterns to tumor cell surface at tumor extra-
cellular pH, facilitating enhanced Ag presentation and DC
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Figure 15. a) Mechanism of fusogenic exosome expressing VSV-G on surface (mVSVG-Exo) to mediate the xenogenization of tumor cells for boosting
antitumor immunity. b) Western blot analysis of mVSVG-Exo and Con-Exo (exosomes without VSV-G expression) to determine VSV-G and exosomal

markers (Alix, CD63, and Tsg101).

c) Size distribution detected by dynamic light scattering and TEM imaging of mVSVG-Exo. d) Immunofluorescence

imaging of CD&"* T cell (green) in tumor tissues from EL4-OVA tumor-bearing mice at the end of treatments. e) The amount of CD8* T cells in the
image of (d) measured by Image]. Scale bar = 50 um. Reproduced with permission.["™ Copyright 2020, The Authors, some rightsreserved; exclusive
licensee AAAS. Distributed under a CC BY-NC 4.0 licensehttp://creativecommons.org/licenses/by-nc/4.0/.

maturation for CD8" T cell cross-priming. Immunofluores-
cence staining analysis of tumor tissues indicated substan-
tially increased tumor-infiltrating CD8" T cells after mVSVG-
Exo treatment (Figure 15d,e). This exosome-based tumor
xenogenization provided a novel approach for enhancing tumor
immunogenicity for cancer immunotherapy. Furthermore, Yin
and co-workers employed DC-derived exosomes as a cell-free
alternative strategy to DC vaccines for hepatocellular carci-
noma (HCC) immunotherapy.'®! Exosomes derived from HCC
Ag-expressing DCs reshaped the TME and induced a robust
Ag-specific immune response in ectopic and orthotopic HCC
tumor models.

4.2.4. Bacteria-Inspired Systems

Bacteria-based vectors have emerged as drug delivery systems or
are by themselves, therapeutic agents used for cancer therapy.
They preferentially colonize in necrotic/hypoxic tumor areas,
rendering them ideal candidates for targeted cancer therapy.'”]
Bacterial membranes possess repetitive surface structure and
PAMPs, which can stimulate innate immunity and improve
adaptive immunity without the need for adjuvants. To further
boost antitumor immunity, bacteria have been engineered
via genetic or chemical modifications to deliver tumor Ags or
immunomodulatory agents.

Liu’s group presented a bacteria-based approach to mediate
tumor-specific thrombosis for photoimmunotherapy of cancer
(Figure 16a)."8 They discovered that attenuated Salmonella
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typhimurium without modification or additional payload could
specifically colonize tumors with reduced toxicity. After sys-
temic administration, the tumor-homing bacteria triggered
tumor thrombosis and increased the NIR absorbance for PTT.
Under laser irradiation, these bacteria-triggered PTT induced
DC maturation in TdLNs (Figure 16b,c). In combination with
ICB, this bacteria-based therapeutic method demonstrated
increased CTL/Treg ratio in tumor tissues (Figure 16d,e) and
upregulation of serum TNF-or and IFN-y levels for enhanced
antitumor immunity (Figure 16f,g). Thus, such tumor-homing
bacteria could act as in situ cancer vaccines to boost systemic
antitumor immune responses for photoimmunotherapy. More-
over, Morris and co-workers engineered a multifunctional bac-
terial membrane-coated NP (BNP) combined with radiotherapy
for in situ cancer vaccines."” The BNP was comprised of an
immune activating PC7A/CpG polyplex core coated with bacte-
rial membranes and imide bonds for Ag capture. After intra-
tumoral injection, the BNP captured cancer neoantigens fol-
lowing radiotherapy, enhanced DC uptake and facilitated Ag
presentation to potentiate an antitumor T cell response.

4.2.5. Virus-Inspired Systems

Most viruses are naturally immunogenic and can be geneti-
cally engineered to express tumor Ags. Viral platforms have
gained significant interest in the development of cancer
vaccines for inducing Ag-specific immune responses. The
repetitive protein structure of viral capsids is capable of

© 2021 Wiley-VCH GmbH
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Figure 16. a) Scheme of bacteria-triggered tumor-specific thrombosis to mediate increased NIR absorbance for tumor ablation and photoimmuno-
therapy of cancer. b) Flow cytometry plots of mature DCs (CD80*CD86) and c) the frequency of mature DCs induced by bacteria-based PTT in the
TdLNs after various treatment. d) Percentages of tumor-infiltrating CD8" T cells. e) Percentages of CD4*FoxP3" Tregs in the distant CT26 tumors at
day 10. Serum levels of f) TNF-ar and g) IFN-yfrom CT26 tumor-bearing mice after various treatments at day 10. 1) Surgery. 2) Surgery + anti-CTLA-4.
3) PLGA-PEG-ICG + laser. 4) 3 + anti-CTLA-4. 5) Bacteria + surgery. 6) 5 + anti-CTLA-4. 7) Bacteria + laser, 8) 7 + anti-CTLA-4. Reproduced with permis-
sion."® Copyright 2020, The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecom-

mons.org/licenses/by-nc/4.0/.

self-assembly into VLPs, closely resembling the native virus.
However, they are replication- and infection-incompetent due
to the lack of genetic materials.'?l As a result of their enve-
lope, both viruses and VLPs have the advantage of naturally
inducing strong immune responses. In addition, oncolytic
viruses can selectively replicate in and destroy tumor cells,
thereby subsequently inducing systematic antitumor immune
responses.

Fu and co-workers designed a viral protein nanocage
to deliver Ags for combination cancer immunotherapy
(Figure 172).2l This VLP was self-assembled by a Hepatitis
B core protein nanocage (HBc NC) displaying OVA epitope
with high density on its surface by genetic modification
(Figure 17b,c). After subcutaneous injection, OVA-HBc NCs
efficiently deposited in the dLNs (Figure 17d), facilitating DC
maturation and Ag presentation for Ag-specific CTL responses.
When combined with chemotherapeutic drug paclitaxel, OVA-
HBc NC immunization beneficially modulated the TME by
reducing Tregs and increasing the CD8" T cells with a central
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memory phenotype (Figure 17e-h). In addition to Hepatitis B
virus, several plant viruses also have been designed as VLPs.
For example, Fiering and co-workers first reported self-assem-
bling VLP-based NPs from cowpea mosaic virus as an in situ
cancer vaccine that could specifically target and activate neutro-
phils in the TME to generate potent systemic antitumor immu-
nity against poorly immunogenic tumors.l'?2l Moreover, Stein-
metz and co-workers developed a heterologous prime-boost
strategy based on three different plant virus particles to deliver
the human epidermal growth factor receptor 2 (HER2) epitope
for improved systemic antitumor immunity against HER2-over-
expressing breast cancer.[12]

Aside from VLPs, the utilization of oncolytic virus as an
immune adjuvant is an alternative vaccine strategy. Cerullo and
co-workers designed an artificially cloaked viral nanovaccine
by wrapping the oncolytic virus with tumor cell membranes as
antigenic sources.'” Coating the oncolytic virus with tumor
cell membrane endowed it with the ability to overcome the cox-
sackie and adenovirus receptor-mediated uptake and afforded
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Figure 17. a) Schematic illustration of OVA-HBc nanocage-based vaccines to provoke efficient antitumor immunity. b) Schematic of the construction of

OVA-HBc chimeric protein. c) 3D reconstruction of dimer of OVA-HBc (left) and self-assembled OVA-HBc nanocage (right).

d) Near infrared imaging

of Cy5.5-labeled OVA;s;_564 peptide and OVA-HBc nanocage deposition in major LNs at 24 h following subcutaneous administration. e) Flow cytometric
analysis of the proportion of OVA-specific CD8" T cells in lung, f) Foxp3* Tregs and g) the CD&*/Treg ratio in spleen, h) effector memory (TEM) and
central memory (TCM) CD8" T cells in spleen at the end of antimetastasis study after various combined treatment. Reproduced with permission.?']

Copyright 2019, American Chemical Society.

protective effect from neutralizing antibodies against adeno-
virus. After intratumoral administration, this nanovaccine
provided tumor Ags and immunostimulatory signal to DCs
for highly efficient antitumor efficacy in preventive and thera-
peutic vaccination. This approach potentially offers an alterna-
tive application and administration route for oncolytic cancer
vaccines, since viral vectors-based gene therapy are plagued
by the problem of neutralizing antibodies after systemic
administration.['?%]
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4.3. Biomaterial Scaffolds for Localized Vaccine Delivery
4.3.1. Microspheres

Microscale carriers have dimensions mimicking that of patho-
gens, which the immune system has evolved to combat, and
as such can be efficiently incorporated by APCs. They are
generally made from biocompatible and biodegradable nat-
ural or synthetic polymers as drug delivery systems to achieve
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controlled release. Owing to the slow release of Ags from the
microparticles and superior uptake into APCs of the immune
system, a range of microparticulates has been explored to
develop ideal platforms for use in vaccine delivery.'?l Further-
more, microparticles can also be engineered with APC-like fea-
tures to promote T cell expansion for enhancing active cancer
immunotherapy.

Ma and co-workers engineered a self-healing microcap-
sule-based platform that can create favorable immunization
microenvironments in situ for high-performance potent cancer
vaccinations (Figure 18a).””] Ags can be efficiently incorporated
into PLA-based microcapsules in a post-diffusion manner. Fol-
lowing which, a mild self-healing process sealed the superficial
pores, yielding Ag-loaded microcapsules. Unlike traditional pre-
encapsulation methods, this approach featured only a simple
mixing process and did not require Ag exposure to organic
solvent, thus largely improving Ag stability and loading content.
After local injection, the microcapsules accumulated at the vac-
cinated site. Upon degradation, sustained Ag release from the
microcapsules promoted continuously increasing Ag internaliza-
tion (Figure 18b). Continuous APC recruitment (Figure 18c) also
occurred in a spatiotemporal synergetic manner, thereby maxi-
mizing Ag utilization. Meanwhile, lactic acid produced from
the degradation of PLA-based microcapsules created a favorable
acidic surrounding, promoting Ag uptake, cross-presentation,
APC recruitment, and activation. Synergistic to Ag cargo release,
the microcapsule ameliorated the immunosuppressive TME
with increased CD8" T cells and decreased Tregs in tumor tis-
sues (Figure 18d). Using this system, efficient Ag loading, sus-
tained cargo released and synergistic creating of TME resulted in
potent immune performance even with a single immunization
dose. In their subsequent work, the use of PLA microcapsules
was employed to co-encapsulate leukemia-associated epitope
peptide and PD-1 antibody for anti-leukemia therapy.'?8 After
single administration, sustained release of epitope peptide and
PD-1 antibody led to peptide uptake by the recruited APCs and
the transportation of anti-PD-1 to LNs for boosting T cell-medi-
ated antitumor immune responses to leukemia.

In another biomaterial-based immunotherapy approach,
Schneck’s group developed a synthetic aAPC platform to func-
tion as effective T cell stimulators.?”) The aAPC was made
from a PLGA core and further functionalized by the conjuga-
tion of the stimulatory signal proteins, including MHC I-IgG
fusion protein as signal 1 and anti-CD28 antibody as signal 2.
PLGA-based aAPC in combination with anti-PD-1 could acti-
vate Ag-specific CD8" T cells and enhance antitumor efficacy,
providing a potent combination for cancer immunotherapy. As
such, biomimetic materials that target the immune system and
induce an antitumor response hold great promise in boosting
cancer immunotherapy. Synthetic aAPC platforms have poten-
tial advantages over cell-based systems in respect of long-term
storage and the ability to modulate T cell activation and their
biocompatibility.

4.3.2. Implantable Macroporous Scaffolds
Implantable macroporous scaffolds are biomimetic matrices

that can function as localized drug delivery systems when
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embedded in living hosts, such as tumor resection bed or sub-
cutaneous tissues.3% Implantable biomaterial scaffolds can be
made from natural or synthetic materials. Their highly porous
3D matrix facilitates the attachment of biomolecules and cell
infiltration. Recently, implantable scaffold-assisted strategies
are emerging in the application of localized cancer immu-
notherapy. These scaffold implants can be designed to create
immune niches for the recruitment, homing and programming
of host cells in situ by providing sustained release and pres-
entation of Ags or immunomodulatory factors (e.g., immune
adjuvant, cytokines and chemokines).!'3) Immature DCs can
be recruited to the implants, become mature and migrate
out of the scaffold to the dLNs to initiate antitumor immune
responses.

Lim and co-workers designed an implantable synthetic
immune niche scaffold (iCD) containing cancer vaccines and
gemcitabine (GEM) for improving postoperative immuno-
therapy (Figure 19a).32l The porous 3D scaffolds were fabri-
cated by crosslinking collagen and hyaluronic acid, which co-
delivered GEM and cancer vaccines composed of whole tumor
lysates and nanogel loading TLR3 agonist adjuvant. GEM
served as a myeloid-derived suppressor cell (MDSC)-depleting
agent that could revert the tumor-induced immune suppres-
sion, while cancer vaccines could elicit tumor Ag-specific T cell
responses. Local and sustained release of GEM could therefore
facilitate the local modulation of TME with minimal systemic
toxicity. The implanted iCD provided sustained release of nano-
adjuvants and tumor cell lysates from scaffolds (Figure 19b),
enabling upregulation of costimulatory molecules on DCs
(Figure 19¢,d). The synergistic action between DC recruitment/
activation by cancer vaccines from iCD and inhibition of immu-
nosuppressive MDSCs by releasing GEM enhanced the propor-
tion of CD4* and CD8" T cells, decreasing MDSC population
for enhanced cancer immunotherapy (Figure 19e,f). Moreover,
the use of iCD designer scaffolds was extended to co-deliver
immune nanoconverters encapsulated with R848 adjuvant and
DOX for in situ vaccination.!33l The iCD designer scaffold con-
verted nonimmunogenic tumor into immunogenic phenotypes
that were less responsive to ICB therapies, thereby contributing
to the therapeutic efficacy of ICB treatment for the suppression
of postsurgical tumor recurrence and metastasis.

Inspired by bacteria infection, Mooney’s group reported
infection-mimicking biomaterial-based implantable scaffolds
to present inflammatory cytokines along with a danger signal
to recruit and program DCs in situ.'*¥ This implantable syn-
thetic matrix was based on macroporous PLGA scaffolds that
were loaded with exogenous cytokines (e.g., GM-CSF, danger
signals (e.g., CpG-ODN), and tumor Ags. The PLGA scaffolds
could release GM-CSF into the surrounding tissue to recruit
DC, and subsequently present tumor Ags and CpG ODNs to
program DC development and maturation, thus improving
cancer vaccination strategies. After that, they further applied
this PLGA matrix to present other inflammatory cytokines
including GM-CSF, FIt3L, and CCL20 as infection-mimicking
vaccine scaffold to achieve DC recruitment and activation for in
vivo immunotherapy.['*’]

Stephan and co-workers designed another implantable
porous polysaccharide scaffold that can turn the tumor bed into
a selfvaccine site.'3® This biopolymer scaffold could deliver
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Figure 18. a) Schematic of the preparation and characterization of self-healing microcapsules and their functions to modulate immunization microenvi-
ronments for potent cancer vaccination. b) Quantitative analysis of fluorescence intensity (left) and relative fluorescence imaging (right) of Cy5-labeled
OVA (blue)/Cy7-labeled microcapsules (red) over time. c) Hematoxylin and Eosin staining images of local tissues trapping microcapsules over 21 days.
Scale bars = 50 pm. d) Immunofluorescence imaging, corresponding portion and flow cytometric analysis of infiltrated CD8* T cells in 4T1 tumor fol-
lowing various treatments. G1, PBS; G2, Ag; AS04, Ag with AS04 adjuvant; G4, microcapsules encapsulated with Ag; G5, microcapsules encapsulated
with Ag and MPLA. Reproduced with permission.'?l Copyright 2020, The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a
CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/.

% of CD8* T cells in tumor

Adv. Mater. 2021, 2103790 2103790 (27 of 37) © 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a
immuneCare-DISC (iCD) Tumor resection bed Systemic antitumor immunity
: m Gemcitabine
4 %% > y
N o ® ~ A .
N -
~, <
~i”:& . wsndogenous
@ antigen CD8 T cell ~ ® /
- gi%;r : imDC %?-E
L / cba
; N i : T cell
%%
o - Artivated DO Tumor draining lymph node
b c d
:\;100 KKKk Jedkk
< 40 * 60 L2
% 80 £
3 T30 =45
@ 60 = S
-E E-F E-F A = 20 S 30
S 40 =z 2 EEE 8 8
® 10 © 15
3 20 e poly(l:C)/nanogel
€ =-=#==4T1 lysate 0 0
3 XA N
0 *+ T o o T . O & & P S & P
LS & S LH S
0 6 12 18 24 30 S & & & &
Time (days) Q\G\ Q\O\
- Day 7 Day 14 f
s Tumor
10 — ke 2.0 —_— e
g 8 Sedede § 1‘5 ek
6 N~
® 210
R 3
ad- - 05
0 0.0
S &S P S &N o0
@ 5% 8) & R
4 Q‘Q v\’b ) AT ao(ge o\o C‘)Q’ KU

Figure 19. a) Schematic depicting of the design of implantable syntheti
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14, and f) CD11b*Gr1* MDSCs in recurrent tumor at day 7. GEM, vac or
combination (combo). Reproduced with permission.3 Copyright 2018, |

CAR T cells directly to and support them at the tumor surface,
thus presenting them with high levels of immune cells for a
long period of time. CAR T cells migrated from the biopolymer
scaffold and eliminated tumor cells capable of serving as Ag
sources, thereby inducing tumor inhibition more effectively
than systemic administration of CAR T cells. This biopolymer
scaffold was also used to co-deliver synergistic combinations
of CAR T cells and STING agonists to stimulate immune
responses for eliminating tumor variants not recognized by the
CAR T cells. Since CAR T treatments do not work well in solid
tumors due to the emergence of escape variants that avoid CAR
T cell targeting, as well as an immunosuppressive TME that
impedes T cell, this approach can be adopted as a complement.

Adv. Mater. 2021, 2103790 2103790

analysis of the proportion of e) infiltrating CD8" and CD4* T cells at day 7,
iCD indicates scaffolds loaded with gemcitabine, poly(I:C)/nanogel or the
ohn Wiley and Sons.

4.3.3. Injectable Macroporous Scaffolds

In addition to implantable scaffolds, injectable scaffolds as
biomimetic matrices can be administered without the need
for invasive implantation. Due to their viscoelastic properties,
injectable biomaterials are able to flow to fill discrete spaces
and easily interface with living systems.!'¥”] Injectable scaffolds
including, MSRs, self-assembling hydrogels and cryogels, have
been explored for localized cancer immunotherapy.'*® Inject-
able scaffolds loaded with Ags, immunomodulatory agents,
or even cells, can serve as cancer vaccines to create immune
priming centers for cell infiltration and immune programming
in vivo.
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Injectable Hydrogels: Injectable hydrogel is a class of in situ
forming hydrogel with good fluidity compared to traditional
hydrogel. Various types of natural and synthetic materials
have been utilized to fabricate injectable hydrogels via physical
or chemical crosslinking.'*! Injectable hydrogel has shown
great potential for tissue engineering and drug delivery, owing
to their large water content, similarity to extracellular matrix,
porous framework for biological agents loading. In addition,
they have been employed as vaccine scaffolds for modulating
immune responses or delivering vaccine components for
enhanced cancer immunotherapy.[%

Inspired by naturally occurring assembly motifs in protein
(e.g., orhelix and S-sheet), self-assembling peptide hydrogels
with building blocks of amino acids have been developed as
promising vaccine scaffolds. For example, Li and co-workers
designed a tumor cell-derived cancer vaccine (PVAX) based
on self-assembling peptide hydrogel for personalized cancer
immunotherapy." The vaccine was constructed from JQ1 (a
bromodomain and extra-terminal protein inhibitor) for PD-L1
checkpoint blockade, and ICG co-loaded tumor cells within a
hydrogel matrix containing tumor-penetrable peptide Fmoc-
KCRGDK (FK) (Figure 20a,b). Upon NIR laser irradiation, the
vaccine released tumor-specific Ags and JQ1 in a controlled
manner (Figure 20c,d). NIR light-triggered activation of PVAX
elicited efficient antitumor immunity and PD-L1 blockade for
the prevention of tumor recurrence and metastasis, and estab-
lished long-lasting immune memory responses for 30 days
after vaccination (Figure 20e). Moreover, Wang and co-workers
reported a vaccine nodule by encapsulating DCs and tumor Ags
into a self-assembled peptide nanofibrous hydrogel to improve
DC adoptive transfer immunotherapy.!*? Yang and co-workers
engineered a supramolecular self-assembling hydrogel con-
taining p-tetra-peptide formed by phosphatase as a powerful
protein vaccine adjuvant to stimulate cellular and humoral
immune responses against tumors.[#

On the other hand, injectable hydrogels based on synthetic
polymer also have been utilized for local delivery of vaccine
contents to boost cancer immunotherapy. Appel and co-
workers designed a polymer—NP hydrogel as a vaccine platform
for sustained co-delivery of Ag and adjuvant to enhance the
humoral immune response. This supramolecular hydrogel
was formed by dodecyl-modified hydroxypropylmethylcellu-
lose combined with PEG-b-PLA NPs via physical crosslinking.
After subcutaneous injection of the hydrogel vaccine, a local
inflammatory niche was created within hydrogel to provide
sustained release of vaccine cargo for immune activation. More
recently, Wang and co-worker reported an injectable hydrogel
constructed from polyethylenimine and graphene oxide to
encapsulate mRNA and R848 adjuvant via electrostatic inter-
action and 77 stacking.'*] This vaccine hydrogel could pro-
tect mRNA from degradation and target the LN to stimulate
immune cells after injection. The sustained release of nanovac-
cine further elicits durable and efficient immune responses for
cancer immunotherapy.

Mesoporous Silica MicroRods: Mesoporous silica materials
hold great potential as vaccine delivery platform, due to their
adjustable porosity, surface functionality, and excellent biocom-
patibility.*] Mooney’s group reported injectable inorganic scaf-
folds based on MSRs used for modulating host immune cells in
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cancer vaccination.¥] Injected MSRs spontaneously assembled
in situ to form macroporous structures that provided a 3D cel-
lular microenvironment for housing large numbers of immune
cells in vivo. After the incorporation of GM-CSF, CpG ODNs,
and OVA proteins, the vaccine MSR scaffold could recruit sub-
stantial number of DCs to the structure. The recruitment of
DCs and their subsequent homing to LNs were modulated by
the sustained release of payload in MSRs. Injection of an MSR-
based vaccine formulation induced T helper 1-skewed immune
response with higher IgG,, serum antibody level, as well as
potent CD8" CTL immune responses for enhanced antitumor
efficacy. Following which, they further utilized cationic polymer
polyethyleneimine to present Ags in simple adsorption manner
in the MSR vaccine for enhanced Ag immunogenicity, which
enabled robust cancer vaccination.*¥! More recently, Kim and
co-workers engineered a MSR-assisted DNA vaccine loaded
with plasmid DNA-encoding tumor Ag and GM-CSF to recruit
and activate host DCs for effective cancer immunotherapy.'*’]

4.3.4. Microneedle Patches

Microneedle patches are minimally invasive devices that con-
tain an array of micrometer-sized needles, which enable effi-
cient transdermal delivery of therapeutic payload across the
stratum corneum barrier. They have been proposed for use
in transdermal immunotherapy as they can directly transport
cytokines, antibodies, or other immunomodulatory agents
into the immune cell-abundant niche of the dermis layer. This
strategy allows controlled release of payloads at the desired site,
thereby reducing the required dose and minimizing immune-
related adverse effects.’) Furthermore, microneedle patches
have recently been applied as promising vaccine platforms
to present Ags and immune adjuvants for APC targeting,
thus providing a safe and dose-sparing strategy for cancer
immunotherapy.>!

Gu group developed a light-activated transdermal
microneedle patch based on hyaluronic acid for enhanced anti-
tumor vaccination (Figure 21a,b).>2l B16F10 melanoma lysate
containing natural pigment melanin was encapsulated within
the vaccine patch (Figure 21c). Upon NIR laser irradiation,
melanin as a photosensitizer mediated mild hyperthermia
generation to facilitate immune activation and immune cell
recruitment (Figure 21d). When combined with GM-CSF
loaded in the microneedle vaccine patch, increased localiza-
tion of DCs were observed in the skin after microneedle vac-
cination (Figure 2le). In combined vaccination, microneedles
were loaded with tumor lysate and GM-CSF. NIR exposure
increased the activation of DC in the dLNs and tumor-infil-
trating T cells for enhanced antitumor immune responses
(Figure 21f,g), thus preventing the growth of primary and dis-
tant tumors significantly.

Furthermore, dissolvable and coated microneedle patches
have also been exploited for transdermal vaccine delivery.
Jeong and co-worker designed a dissolvable microneedle patch
based on amphiphilic triblock copolymer for the transdermal
delivery of hydrophilic Ag and hydrophobic adjuvants.>3] The
vaccine patch underwent rapid dissolution in interdermal fluid
and generated nanovaccines in situ with suitable size for APC
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Figure 20. a) Scheme of preparation process of PVAX. b) Working mechanism of PVAX as personalized cancer vaccine for postsurgical immunotherapy.
) JQ1 release profile from PVAX activated by NIR light irradiation at different photodensity. d) Gel electrophoresis of NIR light-activated tumor Ag
release from PVAX at different photodensity. e) Flow cytometric analysis of effector memory T cells in the spleen on the day for intravenous infusion
of 4T1 cells into BALB/c mice 30 days after vaccinations. 1Q-4T1 or IQ-EMT6: ICG and Q1 co-loaded 4T1 tumor cells or EMT6 cells; FK@1Q-4T1: 1Q-
4T1-loaded FK hydrogels; FK@IQ-EMT6: IQ-EMT6-loaded FK hydrogels. Reproduced under terms of the CC-BY license."!l Copyright 2018, The Authors,

published by Springer Nature.

targeting, contributing to increased humoral and cellular immu-
nity for efficient antitumor activity. Hammond and co-workers
reported a coated microneedle patch based on pH-responsive
charge-invertible synthetic polymer, enabling the formation of
cationic NPs at acidic pH and rapid detachment of layer-by-
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layer films at physiological pH after merely 1 min skin insertion
time.' The generated layer-by-layer film rapidly transferred
Ags from microneedle surface onto dermis and mediated a
sustained Ag release, thus eliciting robust immune activation
and humoral immunity.

© 2021 Wiley-VCH GmbH
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Figure 21. a) Schematic illustration of microneedle-based transdermal vaccination. b) Scanning electron microscopy picture of the microneedle
patch. Scale bar = 400 um. c) Images of microneedle patches with or without melanin, scale bar = 200 um. d) Quantitative analysis of surface
temperature of microneedle patch with constant NIR irradiation. e) Flow cytometric analysis of infiltrated DCs in the skin 3 days after various
vaccinations. Quantitative analysis of f) activated DCs in the dLNs and g) CD3* T cells in vaccinated tumor tissues measured by flow cytometry

15 days after tumor inoculation. Reproduced with permission.["3 Copyright 2017, The Authors, published by American Association for the Advance-
ment of Science.
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5. Summary and Outlook

This review highlighted the progress of utilizing bioinspired
and biomimetic strategies for designing delivery platforms in
cancer vaccine development. While major roadblocks such as
efficacy and safety have hindered the broad implementation of
cancer vaccines, bioinspired and biomimetic delivery systems
have shown to be useful in surmounting these challenges. With
rapid progress and advancement in nanotechnology, biological
sciences and immune engineering, a wide spectrum of bioin-
spired and biomimetic strategies has been adopted in the creative
design of cancer vaccines delivery platforms. By looking at and
learning from nature, bioinspired delivery systems can be engi-
neered to imitate biological functions and address specific needs.

1. Drawing inspiration from the ways cells communicate with
each other in the body, delivery systems responding to endog-
enous or exogenous stimuli have been explored for vaccine
design to achieve spatiotemporal controllability and on-de-
mand immunoactivation. Still, endogenous stimulus-sensi-
tive delivery systems primarily suffer from a lack of well-de-
fined and site-specific response due to tumor heterogeneity
and slight differences between target sites and normal or
surrounding tissues. On the other side, exogenous stimulus-
sensitive delivery systems afford an active spatiotemporal
control of payload release to realize more accurate and con-
trollable release of vaccine cargos through the application of
noninvasive stimuli. Of these exogenous-stimuli approaches,
thermoresponsive delivery system based on mild hyperther-
mia appears to be a promising bioinspired vaccine delivery
system, since this strategy has been investigated extensively
and has advanced the closest toward clinical translation (e.g.,
thermoresponsive liposomal DOX, ThermoDox). Future re-
search should integrate thermoresponsive system with mag-
netic resonance imaging to deliver cancer vaccine for precise
tissue targeting and temperature control. However, the great-
est drawback of all these stimuli-responsive systems is the
limited responsiveness, especially when compared to natural
processes of cell signal transduction.

2. Cell-derived systems, such as cancer cell membrane coated
NP, VLPs, and bacteria-based system possess inherent im-
munogenicity or adjuvanticity for efficient vaccine design.
Despite an increasing amount of clinical proof indicating the
feasibility and therapeutic efficacy of personalized neoantigen
vaccines, they still suffer from the limited prediction accuracy,
complexity and high cost. An off-the-shelf alternative is to ap-
ply autologous/allogeneic whole-tumor cells or tumor lysates
as antigenic materials, which possess multivalent protein Ag
arrays and tumor specificity. In this light, cancer cell mem-
brane coating nanotechnology present a novel and promising
method for personalized cancer vaccines, which can employ
the patient’s own cancer cell as membrane sources in future.
Furthermore, NP cores allow the incorporation of immune
adjuvants to cancer cell membrane-wrapped nanovesicles,
thereby surmounting the insufficient immunogenicity of tu-
mor cell-derived Ags. Various challenges need to be carefully
considered before moving toward clinical translation, such as
simplified preparation processes, reproducible manufactur-
ing, and the preservation of functional membrane Ags.
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3. On the macroscale, 3D biomaterial scaffolds closely mimic
the immune niches for DC recruitment, vaccine presenta-
tion, and TME modulation. Injectable hydrogels and mi-
croneedle patches show great potential for localized, con-
trolled delivery of vaccine cargos at lower dosage. Compared
to conventional delivery platforms, these strategies have been
successful in optimizing host immune cell modulation, am-
plifying vaccine potency while alleviating undesirable side
effects. Notably, injectable hydrogels can serve as extracellu-
lar matrix with high affinity for local tissues, cells, and body
fluids. They are ideal for entrapment of proteins or nucleic
acids via simple and gentle preparation processes without
affecting their biological functions. In addition, rational hy-
drogel design responds to endogenous or exogenous stimuli
and tumor-specific biomarkers to achieve more controlled re-
lease of vaccines for the management of cancer. On the other
hand, microneedles are substantially practical approach for
the presentation of vaccine contents as transdermal delivery
in comparison to subcutaneous or intramuscular vaccina-
tions, owing to the rich abundance of APCs inside the skin’s
epidermis and dermis. Up to now, a series of microneedle-
based delivery systems have been explored for cosmetics and
therapeutic applications in clinical settings. Microneedles of-
fer numerous advantages over conventional administration
routes, such as pain relief, reduced infection risks, possibility
of self-administration, and improvement of patient compli-
ance, thus presenting microneedles for use in cancer vaccine
delivery with great translational potential.

Despite remarkable progress made in this field, the use
of bioinspired and biomimetic platforms for cancer vaccine
delivery remains in its nascent stages for clinical applications.
Key challenges need to be overcome before translation from
bench to bedside is possible. First, the ability to scale-up and
manufacture at low cost is essential for clinical translation.
Unlike small molecule therapeutics, the bioinspired and bio-
mimetic strategies used for designing delivery systems tend to
be sophisticated and more complex due to the incorporation
of multiple functionalities. Thus, this presents a major hurdle
for large scale production and ensuring batch-to-batch consist-
ency. As such, researchers need to fine tune a balance between
intricate functionalities and architectural simplicity in vaccine
design and formulation. Second, despite Ag-specific immunity
responses induced by TAA-based cancer vaccines, issues of lim-
ited vaccination efficacy or undesired autoimmune reactivity
(against normal tissues that present the same Ag at low levels)
is still prevalent. Cancer vaccines developed against neoanti-
gens exclusively expressed by cancer cells are excellent candi-
dates with remarkable safety and potency, but are plagued by
the problem of low immunogenicity. Bioinspired delivery sys-
tems that respond to endogenous stimulus (e.g., pH, hypoxia,
redox, or enzymes) can thus enable enhanced Ag cross-presen-
tation by facilitating cytosolic delivery of neoantigens. Future
work could also leverage the inherent immunogenicity of bio-
materials for neoantigen-based cancer vaccination in personal-
ized immunotherapy.'* Clinical trials have demonstrated that
various cancer vaccines induce tumor-specific T cells, however,
these T cells may be insufficient to mediate substantial anti-
tumor activity due to immunosuppressive mechanisms within
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TME. Further work can thus be carried out to investigate syner-
gistic effects between cancer vaccines and other types of cancer
treatments, such as ICB or antiangiogenic therapies.[*®!

In this review, the current technology commonly used for
immune monitoring upon vaccine administration primarily
focuses on multiparameter flow cytometry-based assays to
measure DC activation and CLT infiltration, in order to predict
outcomes for cancer treatment. These methods are invasive
and static. With recent advancements made in in vivo imaging
technologies to study the immune system, treatment progress
and outcomes can be investigated using dynamic imaging
modalities for immune responsive biomarkers, e.g., Granzyme
B nanoreporters.'™ Such theranostic-based cancer immuno-
therapy allows for image-guided vaccine delivery and real-time
monitoring of patient responses, rendering precision therapy
and personalized medicine a possibility in the field of immuno-
oncology. The future of bioinspired and biomimetic delivery
platforms for cancer vaccines involves continuous learning and
understanding of natural biological systems so as to incorpo-
rate desirable architectures and functionalities to leverage their
use in addressing longstanding challenges. Given that the field
is still in its infancy, many challenges will no doubt be encoun-
tered along the way. Therefore, it is essential to further push
the boundaries of current research involving bioinspired and
biomimetic delivery platforms for cancer vaccines, to realize
their potential for clinical application as a class of cancer
immunotherapeutics.
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