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1 Introduction

ABSTRACT

Cancer vaccines aimed at expanding the pool or increasing the activity of
tumor-specific T cells against malignancies is an important immunotherapy
modality that has been extensively pursued in the past decades. However, the
clinical efficacy of cancer vaccines remains modest in comparison to other
immunotherapies, such as checkpoint blockade and adoptive T cell therapy.
This unsatisfactory performance is likely due to the suboptimal selection of
tumor antigens for vaccine and inefficient delivery platform. Recently, vaccines
designed to target cancer neoantigens have shown marked promise in both
preclinical and early clinical studies. However, enormous challenges need to be
overcome to develop a highly efficient and safe delivery strategy for targeting
cancer vaccines to professional antigen-presenting cells and eliciting optimized
immune response against cancers. To meet these challenges, biomaterials,
particularly biomaterials that are designed to respond to certain environmental
stimuli, termed as stimuli-responsive biomaterials, are being actively developed
to precisely manipulate the trafficking and release of cancer vaccines in vivo for
enhanced therapeutic efficacy and safety. In this mini review, we provide a brief
overview of the recent advances in applying stimuli-responsive biomaterials
in enhancing non-cellular cancer vaccines while focusing on the chemistry
and material design with varied responsiveness. We also discuss the present
challenges and opportunities in the field and provide a perspective for future
directions.

decades [1]. Despite successful examples of vaccines
against many infectious diseases, highly effective and

Cancer vaccine as an active immunotherapy that is
designed to elicit robust immune response against
cancer cells has been long pursued in the last few
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safe cancer vaccines have yet to be developed. To date,
only a couple of prophylactic cancer vaccines against
virus-related cancers, e.g., cervical cancer associated
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with human papillomavirus, are available in the
market. And only one therapeutic cancer vaccine, i.e.,
Provenge®, a dendritic cell (DC)-based vaccine, has
been approved by U.S. Food and Drug Administration
(FDA) for the treatment of prostate cancer [2]. Thus far,
only modest clinical efficacy has been achieved with
various therapeutic cancer vaccines. The unsatisfactory
performance of current cancer vaccines can be attributed
to two major obstacles: (1) the difficulty in selecting a
tumor-specific and immunogenic antigen as the ideal
target; (2) the ineffective and uncontrolled delivery
of vaccine components at tissue and cell levels. Recent
advances in neoantigen-based cancer vaccines will
likely provide a solution for antigen selection to design
more potent cancer vaccines [3]. However, it remains
challenging to develop an efficient and safe delivery
strategy to target cancer vaccines against neoantigens
to professional antigen-presenting cells (APCs) and
elicit optimized anticancer immune response [4].

In the past decades, extensive investigation on
biomaterials has achieved tremendous success in
constructing controlled drug delivery systems [5]. As a
highly interdisciplinary contribution across chemistry,
physics, biology, and medicine, biomaterials cover a
vast collection, comprising extremely diverse chemical
structures (e.g., synthetic polymers, biomacromolecules,
and inorganic crystals), various morphologies (e.g.,
soluble conjugates, nano-/micro-particles, and bulk
materials), and numerous biological functions (e.g.,
biocompatibility, biodegradability, cargo protection,
selective targeting, and controlled release) [6-8].
Benefiting from the drastically flexible design, a huge
library of biomaterials as drug carriers has been
established to meet the demands in complicated
and diverse physiological conditions. Owing to the
immense success in drug delivery, immunologists
and material scientists also attempted utilizing bio-
materials to overcome the hurdles in vaccine delivery.
To date, novel cancer vaccines based on advanced
biomaterials, particularly nanoparticles (NPs), have
already exhibited high promise in eliciting immune
response against cancers in preclinical and clinical
studies. Such efforts have been comprehensively
reviewed by a plenty of refined articles [9-11].

Among others, “smart” biomaterials with tailor-
designed stimuli-responsiveness have been considered
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as one of the most promising carrier for advanced
drug delivery design [12]. By advantageous usage of
diverse internal stimuli in the physiological microen-
vironment, e.g., pH, redox potential, temperature,
enzyme, mechanical force, and some easily-controlled
external triggers, e.g., light and ultrasound, stimuli-
responsive biomaterials have been developed to
achieve highly controlled delivery and release of
various drug cargos, including vaccine components
[13]. This particular category of biomaterials provides
the unique opportunity for precise spatiotemporal
control of the delivery process, which is of great sig-
nificance in improving the efficacy and minimizing
the “off-target” toxicity of drugs. Investigation on
stimuli-responsive drug delivery systems has also
been extensively reviewed by numerous outstanding
review articles [14, 15]. However, to the best of our
knowledge, a comprehensive review on applying
stimuli-responsive biomaterials for cancer vaccine
delivery is still lacking. In this mini review, we focus
on the responsive delivery of non-cellular subunit
cancer vaccines. We introduce several representative
design strategies of stimuli-responsive biomaterials
in response to different triggers for enhancing the
efficacy of subunit cancer vaccines by highlighting
the recent advances in the field, discuss the pros and
cons of each approach, and present our prospective
on the future challenges and opportunities.

2 Designing an effective cancer vaccine

Many excellent reviews have well-presented the design
criteria of a successful cancer vaccine [16, 17]. Here,
we briefly summarize the general considerations in
designing a non-cellular cancer vaccine and discuss
the challenges in vaccine delivery. A potent immune
response elicited by vaccines relies on the activation
of adaptive immune system, comprising B and T
lymphocytes. B cells are key factors in defending
ourselves against infectious invasions through the
humoral immune response, i.e., secreting antibodies
to neutralize exogenous pathogens. CD4" T cells
facilitate the activation of other immune cells by
producing cell-signaling cytokines, whereas CD8*
cytotoxic T lymphocytes (CTLs) play a significant
role in inducing apoptosis of malignant or infected
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cells, a process known as cellular immune response
[18]. It has been generally accepted that it is critical
to elicit potent CD8* T cell response by an anticancer
vaccine for direct cancer cell killing [17, 19]. Upon
vaccination, APCs acquire and internalize the antigens
through endocytosis, followed by two major pathways
for antigen processing and presentation [20]: (1) Antigens
trapped in endosomes are degraded by protease
and directly loaded on major histocompatibility
complex (MHC) Class II molecules for presentation
to CD4" helper T cells, and, generally, this pathway
through MHC Class II molecules is a default for
subunit vaccines; (2) antigens that have escaped from
endosomes/lysosomes and entered the cytosol are
processed by proteasomes to generate antigen-specific
epitopes that bind to MHC Class I receptors on the
endoplasmic reticulum (ER) and are subsequently
expressed on the cell surface for antigen presentation
to CD8" T cells. This process is known as cross-
presentation and is critical for eliciting CD8" T cell
immune response. Therefore, efficient cross-presentation
is the key to a potent cancer vaccine for robust T cell
immunity (Scheme 1).

Cancer vaccines typically contain two rudimentary
components, (1) subunit antigen, such as proteins,
peptides, or DNA/mRNA encoding the epitopes,
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which is derived from tumor or tumor-related tissues;
(2) adjuvant, a molecule or material that promotes
immune response against the co-administered antigen.
A subunit antigen is typically poorly immunogenic
and must be combined with adjuvants that activate
APCs in a cancer vaccine. Modern molecular adjuvants
include agonists for pattern-recognition receptors, e.g.,
toll-like receptors (TLRs) [21, 22]. Thus, delivery of both
the antigen and adjuvant to the lymphoid organs and
APCs is necessary for an effective cancer vaccine.

Together, to make a cancer vaccine effective, one
must address two major challenges in delivery simul-
taneous: (1) targeting vaccine components to the
immune system and APCs; (2) promoting antigen
cross-presentation. The former is a tissue-level delivery,
whereas the latter is an intracellular delivery. Cancer
vaccines administered primarily through parenteral
injections should be targeted to secondary lymphoid
organs, such as lymph nodes (LNs) or mucosa-
associated lymphoid tissues (MALTs), for the most
efficient antigen presentation as these lymphoid
organs contain a much higher concentration of DCs
than peripheral tissues and are the locations where
naive T cells are activated by APCs. However, soluble
antigens and molecular adjuvants typically tend to
disseminate into blood and are cleared rapidly because
of the small size, which results in extremely low
vaccine efficiency and high risk of systemic toxicities.
Additional challenges include poor vaccine capture by
APCs and nearly exclusive loading onto MHC Class II
molecules of subunit vaccines leading to insufficient
CD8" T cell response, which is critical for cancer cell
eradication. An effective and versatile delivery platform
is highly desired for cancer vaccines to overcome these
challenges for eliciting potent anticancer immune
response.

3 Controlling the delivery of cancer vaccine
with stimuli-responsive biomaterials

Stimuli-responsive biomaterials have exhibited great
promise in addressing delivery challenges of cancer
vaccines at both tissue and cell levels. Tailor-designed
biomaterials are optimized through flexible chemistry
design for high sensitivity to one or more specific
triggers, ensuring selective antigen processing by the
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immune system and controlled immune response.
Here, we highlight some recent advances in applying
responsive biomaterials to cancer vaccines for enhanced
efficiency and safety and discuss their pros and cons
in this section (Table 1). Depending on the functions,
we categorize these responsive biomaterials into those
used for enhancing LN and APC targeting and those
used for enhancing cross- presentation.

3.1 Responsive biomaterials for enhancing LN
and APC targeting

Most responsive biomaterials so far developed for
cancer vaccine delivery have been designed to target
the components of vaccines to LNs as an ideal
lymphoid organ to elicit anticancer CD8" T cell response.
It has been shown that NPs with a diameter in
the range of 9-100 nm preferentially traffic to LNs
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spontaneously [23, 24], whereas NPs larger than 100 nm
rely on the capture and subsequent transportation
by resident APCs. Therefore, the size of particulate
biomaterials has to be optimized to facilitate the most
effective delivery of vaccine components to LNs [22]. To
further increase internalization by professional APCs,
particularly DCs, the surface of NP-based delivery
systems are decorated with DC-targeting moieties,
such as anti-CD11c antibody and mannose [25, 26].
Together, nanomaterials with optimized size and
surface modification could be utilized to enhance
targeted delivery of both antigen and adjuvant to
LNs and APCs [9, 27]. Certain responsiveness of a
biomaterial, in addition to the properties of size or
surface modification, is also explored for enhanced
targeting to LNs and internalization by APCs. In an
elegant example, Lynn et al. developed an in situ self-

Table 1 Advances in engineering cancer vaccines with stimuli-responsive biomaterials

Stimuli Responsive chemical structure

Delivery system Representative Ref.

Responsive biomaterials for enhanced LN targeting

Temperature NIPAM® Vaccine-polymer conjugate [28]
Responsive biomaterials for enhanced cross-presentation
Acidic environment Acetal bond Crosslinked polymeric NP° [29]
(pH) Coordination bond MOF? [30]
Carboxyl group Antigen-polymer conjugate [31]
Micelle [32]
Liposome [33]
NH4HCO; PLGA® NP [34]
Tertiary amine Polymeric NP [35]
Fusogenic peptide Tumor cell-derived exosome [36]
Self-assembly micelle [46]
Reductive environment Disulfide bond Polymeric NP [37]
(redox) Vaccine conjugate [38,39]
MOF [40]
Antigen/adjuvant NP [41]
. gdight TPCS2a" Antigen-polymer conjugate [42]
(Vis or NIR?) Polymeric NP [43]
PheoA! Polymeric NP [44]
Gold NP Inorganic NP [45]
Ultrasound Bubble lipoplex Liposome [46, 47]

LN, lymph node; "NIPAM, N-isopropylacrylamide; °NP, nanoparticle; “MOF, metal-organic framework; “PLGA, poly(lactic-co-glycolic
acid); fVis, visible; eNIR, near infrared; "TPCS2a, tetraphenyl chlorine disulfonate; PheoA, pheophorbide A.
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assembling temperature-responsive vaccine—polymer
conjugate [28]. An N-isopropylacrylamide (NIPAM)-
based thermoresponsive copolymer p[(NIPAM)-co-
(Ma-Ahx-TT)] conjugated with TLR-7/8 agonists was
modified with a coil peptide, which facilitated the
formation of a heterodimer with a coil-peptide-antigen
fusion protein (Fig. 1(a)). The thermoresponsive
heterodimer remained soluble at room temperature
and self-assembled into immunogenic particles at
physiologic temperature upon injection (Fig. 1(b)).
This tailor-designed delivery system combined the
advantages of well-defined chemical structure and high
stability, which are typical only for soluble antigens
and adjuvants, and enhanced LN targeting and APC
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Figure 1 Thermoresponsive polymer-TLR-7/8 agonist (TRPP-
7/8a) conjugate linked with protein antigen self-assembled into
vaccine particles for enhanced lymph node retention and APC
internalization. (a) TRPP-7/8a modified with a coil peptide,
which forms heterodimers with a recombinant HIV Gag-coil
fusion protein, to form TRPP-7/8a—(CC)-Gag, self-assembled
into the vaccine particle in vivo at the physiological temperature.
(b) Temperature-dependent particle formation measured by dynamic
light scatting. (c) Antigen-specific IFN-y-producing CD8" T cells
in the mixed splenocyte cultures from immunized BALB/c mice.
Splenocytes were stimulated in vitro with an HIV Gag peptide
pool. Reproduced with permission from Ref. [28], © Nature
Publishing Group 2015.
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internalization capability, superiorities typical only for
particulate vaccines. Vaccinated BALB/c mice with this
thermoresponsive vaccine exhibited markedly enhanced
activation and proliferation of antigen-specific CD4*
and CD8* T cells and more potent antibody response
compared to that by the non-responsive counterpart
(Fig. 1(c)). Despite the wide applications of thermore-
sponsive biomaterials in other drug delivery systems,
such as anticancer drugs, similar attempts on cancer
vaccine delivery with thermoresponsive biomaterials
are relatively rare so far. This study provides a
promising example in utilizing heat-triggered self-
assembly to enhance LN targeting.

Several strategies have been developed to date to
target cancer vaccines to LNs, such as size control,
albumin hijacking, and direct intranodal injection
[48-50]. However, there are still rather limited efforts
thus far for designing responsive biomaterials to
facilitate LN targeting of cancer vaccines. Given the
highly controlled and flexible properties of responsive
biomaterials, similar delivery systems can be foreseen
to target cancer vaccines to LNs.

3.2 Responsive biomaterials for enhancing cross-
presentation

3.2.1 pH-responsive vaccine delivery system

Endocytic compartments of DCs exhibit mildly acidic
pH compared to that of the extracellular environment
and other intracellular compartments. Upon antigen
internalization, which is typically through the
endocytosis pathway, the vacuolar proton pump is
subsequently activated to induce acidification in
lysosome, which then fuses with endosomes and
facilitates the proteolysis of internalized antigens [51].
The pH level within endosomes/lysosomes can be as
low as 4.5 in late endosomes [52], providing an ideal
internal trigger to control antigen release in a pH-
responsive vaccine delivery system. In order to achieve
a pH-responsive system for intracellular delivery,
strategies dependent on diverse mechanisms, including
acid-catalyzed degradation, proton-mediate phase
transition, and “proton sponge” effect, have been
developed thus far. In fact, pH-responsive biomaterials
have been explored most extensively among others
for cancer vaccine delivery.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



5360

3.2.1.1 pH-responsive biomaterials containing acid-labile
structures

Encapsulating vaccine components within acid-labile
polymeric NPs is one of the most straightforward
strategies for designing pH-responsive cancer
vaccines. This type of vaccine carriers relies mostly on
acid-sensitive chemical linkers, which remain inert
extracellularly at neutral or slightly basic pH but
rapidly disintegrate in acidic cellular compartments.
Substantial and instant increase of the local concen-
tration of antigen molecules disrupts the balance of
osmotic pressure across the endosomal membrane and
facilitates the escape of antigens from the ruptured
endosomes. Fréchet group and others pioneered in
designing and synthesizing such polymeric NPs
for vaccine delivery [53, 54]. They established a pH-
responsive vaccine delivery platform by embedding
acid-labile ketal-derived moieties in the linkers that
crosslinked polymer chains to form a microgel.
This method is versatile and applicable in various
crosslinked biomaterials prepared with different
synthetic polymers, such as polyacrylamide deriva-
tives and biodegradable polyurethanes [29, 55]. Utilizing
the pH-responsive microgel as a delivery vehicle, the
prepared vaccine exhibited highly increased antigen
release from the endosome, leading to substantially
enhanced cross-priming of CD8" T cells and their
effector functions in the vaccinated mice compared
with that by a non-/less-responsive vaccine [56]. These
particulate vaccines can be further conjugated with
DC-targeting antibodies on the surface, e.g., anti-
DEC-205 antibody, for enhanced targeting efficiency
to DCs [29, 57].

Early attempts focused on the delivery of antigenic
proteins to DCs with less effort in the targeted delivery
of adjuvants. Recently, De Geest group realized the
enhanced intercellular release of adjuvant molecules
in DCs with an acid-labile delivery system [58]. In
their study, an imidazoquinoline derivative, a small-
molecule TLR7/8 agonist, was covalently ligated onto
the polymer chain that self-assembled into a polymeric
nanogel crosslinked with a ketal-containing linker.
The nanogel vaccine exhibited accelerated degrada-
tion under endosomal pH leading to substantially
enhanced activity and safety for adjuvant delivery.
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The same group next combined the thermo- and
pH-responsiveness in one nanogel; this nanogel
exhibited enhanced LN targeting and retention as
well as the endosomal release of the adjuvants for
increased activity [59]. Such dual-responsive system
affords the advantages in controlling both tissue-level
and intracellular delivery of a cancer vaccine for
optimized immune response.

It has been shown in previous studies that the
co-delivery of both the antigen and adjuvant is
essential for a potent cancer vaccine design as signal 1
and signal 2 are both necessary to activate T cells [60].
Responsive biomaterials have been employed for such
co-delivery. For example, Duan et al. demonstrated
an acid-degradable metal-organic framework (MOF)-
based NP through coordinating lanthanide ions and
guanine monophosphate (GMP) for the co-delivery
of both tumor-associated antigens and adjuvants via
encapsulation and surface bounding, respectively
(Fig. 2) [30]. Loading of ovalbumin (OVA), a model
antigen, to this MOF-based delivery system was
achieved via a facile one-pot reaction together with
NP preparation; the guanine nucleic acid on the
surface facilitated the incorporation of a cytosine-
phosphate-guanine oligodeoxynucleotide (CpG-ODN)
adjuvant, a TLR-9 agonist, through Watson—Crick
base pairing (Fig. 2(a)). The size of the MOF-NP was
optimized (with a diameter of 30 nm) for LN targeting
and DC internalization. Rapid particle degradation
and antigen release occurred at a pH of < 5.0, leading
to improved vaccination efficiency and efficacy against
OVA-expressing B16 melanoma (B16-OVA) mouse
model (Figs. 2(b)-2(d)).

Biomaterials based on acid-labile chemical structures
are a straightforward yet versatile approach to achieve
pH-responsiveness. Given the vast collection of
pH-labile chemical structures, such as the reversible
amide bond formed between maleic anhydride and
primary amine [61], there are still various ways for
enriching the library of responsive biomaterials
and, thus, further improving the efficiency of cross-
presentation. In addition to NPs that have been studied
most extensively, other morphologies of biomaterials,
e.g., hydrogel and microneedles, can also be imparted
acid-degradability and utilized in designing pH-
responsive cancer vaccines [62, 63].
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Figure 2 pH-sensitive cancer vaccine delivery system based on

MOF. (a) Schematic illustration of the preparation of the model
antigen, OVA-loaded MOF vaccines through the “one-step” process.
(b) Endosomal escape of OVA-loaded MOF nanoparticulate vaccines
labeled with fluorescein isothiocyanate (FITC) in RAW264.7
cells analyzed by confocal laser scanning microscopy. Scale bar =
10 pm. (c) Inhibition of B16-OVA tumor growth in mice vaccinated
with OVA- and CpG-loaded MOF nanovaccine (MOF-OVA@CpG).
(d) Survival curves of mice vaccinated with different formulations.
Reproduced with permission from Ref. [30], © Elseiver 2017.

3.2.1.2  pH-responsive biomaterials based on acid-triggered
phase transition

Non-degradable pH-responsive biomaterials, such as
polycarboxylic acids and charged peptides, are also
extensively exploited for vaccine delivery. These
pH-responsive biomaterials exhibit significant phase
transition in acidic environment due to the increase
in hydrophobicity upon protonation. The hydrophobic
interaction between the protonated polymer and
hydrophobic domain of phospholipids disrupts the
lipid membrane of the endosome and, thus, enhances
endosomal escape of the vaccine components [64].
For example, Stayton and colleagues investigated
a comprehensive collection of carboxyl-containing
polymers for vaccine delivery. A model antigen-
poly(propylacrylic acid) (PPAA) conjugate prepared
by this group exhibited 8-fold increase in antigen-
specific CD8" T cell proliferation and markedly
improved tumor-free survival of mice bearing EG.7-
OVA tumors compared to that by the non-responsive
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counterpart [31, 65]. Moreover, they developed several
similar delivery systems, including self-assembly
micelles composed of tailor-designed amphiphilic block
copolymers [32, 66]. A high number of biomaterials
with the property of acid-triggered phase transition
have been developed for pH-responsive vaccine
delivery owing to the facile chemical synthesis of this
kind of material. However, it is worth noting that
phase transition of vaccines carriers may only facili-
tate endosomal escape of cancer vaccines, but not
necessarily the release of encapsulated antigens and
adjuvants from the carriers. Therefore, responsive
degradability, such as a cleavable disulfide bond, is
often imparted to this kind of biomaterial to accelerate
the release of the vaccine components from the carriers
once they have reached the cytosol of APCs [32].

In addition to polycarboxylic acids and their
derivatives, fusogenic biomaterials exhibiting pH-
mediated phase transition have also been employed
to facilitate endosomal disruption and intracellular
delivery of cancer vaccines [67, 68]. Once internalized
into the acidic endosomes, such materials alter their
tertiary structure from a random coil to a-helix, leading
to pore formation in the endosome membrane through
a-helix-lipid association. For example, Yuba et al.
developed a series of liposome-based pH-responsive
vaccine delivery systems through the incorporation of
pH-responsive fusogenic polymers [69, 70]. Synthetic
fusogenic peptides with similar phase transition
property have been wildly engaged in constructing
pH-responsive liposomes for various drug carriers,
including those for cancer vaccines [71, 72]. Recently,
Morishita et al. reported the surface-conjugation of
exosomes derived from mouse B16F10 melanoma
with GALA, a synthetic peptide containing 30 amino
acids, to generate a pH-responsive cancer vaccine
named GALA-exo [54]. GALA-exo exhibited markedly
enhanced MHC Class I antigen presentation compared
with unmodified exosomes. Liposomes are typically
superior to polymeric NPs in achieving higher
loading capacity of hydrophilic antigens and faster
release of vaccine cargos in the cytosol triggered
by endogenous lipases. A potential limitation in
applying pH-responsive liposomes to cancer vaccine
delivery in wvivo is their relatively less stability in
circulation or tissue interstitials, primarily due to
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easy disruption of the lipid membrane. Crosslinking
of the lipid bilayer is a promising strategy to stabilize
liposome vaccines without disturbing their property
of antigen release [73].

Fusogenic peptides or polymers are also utilized
for the modification of various natural or synthetic
vaccine delivery systems for enhancing cytosol
delivery of antigens. For example, Qiu et al. attached
a pH-sensitive peptide, named pH (low) insertion
peptides (pHLIPs), onto the surface of a self-assembled
NP vaccine via click chemistry to facilitate endosomal
escape [74]. These pHLIP-containing NP vaccines
(NP-pHLIP) loaded with a tumor-associated antigen
NY-ESO-1 exhibited enhanced capability in inducing
the activation and proliferation of antigen-specific T
cells in vivo.

3.2.1.3 pH-responsive biomaterials for “proton sponge”

effect

Polycations, e.g., polyamidoamine and polyethy-
lenimine (PEI), possess substantial buffering capacity
in the low pH environment of the endosome because
of the high number of amine groups. This buffering
capacity that leads to osmotic pressure change and
endosome disruption, a phenomenon known as
“proton sponge effect”, has been extensively studied
and explored for the application in cytosol delivery
of nucleotide cargos [75]. Similarly, this effect could
be utilized for promoting endosomal escape of cancer
vaccines. In an elegant example, Gao and colleagues
developed a library of ultra-pH-sensitive (UPS) NPs
based on copolymers containing tertiary amines,
which exhibited sharp response within narrow pH
ranges (on/off within pH change of 0.25) [76]. Through
in vivo screening of the capability in eliciting CD8*
T cell response, PC7A NP, one of the UPS NPs, was
selected as the promising candidate as a cancer vaccine
carrier [35]. It is noticeable that PC7A NP potently
activated DCs through activating stimulator of inter-
feron genes (STING)-dependent pathways serving as
both an antigen carrier and an adjuvant in this vaccine
design. Such self-adjuvanted cancer vaccine delivered
by PC7A mediated substantially improved inhibition
of the growth of various tumors, including mouse
melanoma, colorectal tumor, and human papilloma
virus-E6/E7-infected tumor models in mice.

Nano Res. 2018, 11(10): 5355-5371

3.2.1.4  Other pH-responsive biomaterials

Another interesting design of pH-responsive cancer
vaccine is to insert a pH-responsive promoter that is
co-delivered with other components of the vaccine.
As an example, Liu et al. recently developed a novel
endosome-disruptive delivery vehicle for vaccines
by co-encapsulating a pH-responsive promoter, i.e.,
ammonium bicarbonate (NH,;HCQO;), and the vaccine
cargo into a poly(D,L-lactic-co-glycolic acid) (PLGA)
NP with a thin shell [34]. Upon internalization, the
protons in the endosome reacted with NHHCO;
to generate NH; and CO, gases, which facilitated
endosomal escape of antigens by bursting the shell of
NPs. This method using co-encapsulated pH-responsive
promoters provides a facile and versatile solution
for controlling intracellular distribution of antigens.
However, further studies are needed to elucidate the
mechanism by which the released gases disrupt the
endosomes and evaluate the potential cytotoxic effect
of intracellular NH; and CO,.

In summary, as illustrated by a number of examples
above, extensive efforts have been undertaken to
design and develop pH-responsive biomaterials with
diversified chemical structures for responsive cancer
vaccine delivery utilizing the marked pH drop across
the membrane of endosome. The key to success for
this particular category of responsive biomaterials is
the sensitivity to such pH change (from pH ~ 7 to ~ 5).
UPS NPs described above are a good example to
demonstrate that ultra-sensitivity to pH change leads
to substantially enhanced CD8* T cell response and the
resultant improved anticancer efficacy. Further efforts
are necessary to improve the sensitivity of current
pH-responsive biomaterials to achieve more precise
control of the antigen delivery for more effective
cancer vaccines. In addition, facile and scalable
chemical synthesis and preparation are always the key
factors for potential clinical translation of biomaterials.
Responsive biomaterials with scalability and well-
defined preparation procedure are most likely to be
tested in the clinical setting.

3.2.2  Redox-responsive vaccine delivery system

It has been long recognized that the eukaryotic
cytoplasm exhibits significant reducibility compared
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to that of the extracellular environment, which is due
to the extensive synthesis of glutathione (GSH), a
tripeptide containing free thiol with reducing capability.
This reductive small peptide is reproduced constantly
by glutathione reductase to maintain low level of
reactive oxygen species (ROS) in the cytoplasm, which
is critical for normal metabolism in eukaryotes [77].
Similar to the low pH inside the endosome, the reduci-
bility of cytoplasm has been widely utilized as an
internal trigger to control the intracellular delivery of
a variety of cargos, including antigens and adjuvants.

Designing redox-responsive vaccine delivery systems
has mostly relied on the cleavage of a disulfide bond
mediated by intracellular GSH. Typically, antigenic
compounds are chemically conjugated onto the surface
of a synthetic NP or the side-chains of a macromolecule
through a disulfide-containing linkage. Hubbell and
Swartz groups demonstrated the initial attempts to
prepare a redox-responsive delivery system for cancer
vaccines [37, 78]. They conjugated OVA onto the
surface of a polymeric NP with a reducible disulfide
linkage. The redox-responsive vaccine elicited highly
potent antigen-specific CD8" T cell response compared
with that by non-reducible vaccines or soluble antigens.
The result is likely due to the redox-triggered release
of antigen for endosomal escape and, thus, enhanced
MHC Class I loading for cross-presentation.

The library of redox-responsive cancer vaccine
delivery systems has been greatly enriched by engag-
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ing a variety of novel biomaterials with a reducible
disulfide linkage, such as erythrocyte membrane-
enveloped polymeric NPs [26], 3-glucan schizophyllan
(SPG) complex [38], MOF [40], and nanogels [79]. In a
recent example, Kramer et al. synthesized a reducible
antigen—adjuvant conjugate with different sensitivities
to precisely control the location of antigen release
by employing the dramatic difference in reduction
capability inside or outside DCs (Fig. 3) [39]. They
designed two redox-responsive linkers with different
redox sensitivities to prepare the conjugates by varying
the chemical substituents adjacent to the disulfide
bond (Fig. 3(a)). The more stable linker (HYN-SS) could
be cleaved only intracellularly in a highly reducible
environment, whereas the other linker (SS) could be
readily cleaved even extracellularly with low reduction
activity. Meanwhile, a non-reducible linker (HYN)
was used as the control. The conjugates prepared
with HYN-SS linker for intracellular antigen release
outperformed the other two (SS and HYN) in protecting
the immunized mice from tumor challenging (Figs. 3(b)
and 3(c)). This study clearly revealed the importance
of controlling the intracellular delivery and fate of
antigens for enhanced antigen-specific CD8" T cell
response against cancer. In another elegant example,
Wang et al. reported a “minimalist” nanovaccine
(mNV) by directly crosslinking the OVA proteins (with
reduced free thiols) through disulfide linkage [41].
A CpG bearing a free thiol group was added to be
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Figure 3 Comparison of different redox-cleavable linkers in cancer vaccines for eliciting cellular immune response against cancer.
(a) Chemical structure of the chemical linkers for conjugating modified OVA antigen and CpG adjuvant. (b) CDS" T cell proliferation
and IFN-y secretion in the co-culture of bone marrow-derived dendritic cells pulsed with different conjugates in vitro. UT, untreated as
the negative control; SIINFEKL, CDS8 epitope peptide of OVA. (c) Survival rate of mice vaccinated with different conjugates and
challenged with B16-OVA. Reproduced with permission from Ref. [39], © Elseiver 2017.
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co-crosslinked with OVA. This type of vaccine, without
involving any additional carrier materials, showed
almost 100% loading capacity of antigen and adjuvant
and elicited potent OVA-specific CD8" T cell proli-
feration in vivo. Immunization with mNV significantly
inhibited the growth of established B16-OVA melanoma
in C57BL/6 mice and showed significant prophylactic
efficacy on preventing the vaccinated mice against
the tumor challenge. The novel “carrier-free” design
of mNV maximized the loading capacity of antigen
and adjuvant molecules and minimized the risk of
toxicity and undesired immune response against
carriers.

Compared with the diversified chemical design
of pH-responsive biomaterials, the design of redox-
responsive cancer vaccines is much more monotonous,
primarily through the disulfide structure. It is noticeable
that the acidic environment in endosomes/lysosomes
may interfere with the cleavage reaction of the disulfide
bond [80]. Thus, more redox-responsive biomaterials
with innovative chemical design and increased sensiti-
vity even in acidic environment are to be developed
for cancer vaccine delivery. Combination of pH-
responsiveness for effective endosome escape and
redox-responsiveness for accelerated release of antigens
in cytosol could also be a promising direction.

3.2.3  Light-responsive vaccine delivery system

In addition to the internal triggers described above,
some external triggers, such as light and radiation,
have also been employed to construct stimuli-
responsive vaccine delivery systems to achieve
precise spatiotemporal control of antigen release. The
general idea of designing light-responsive vaccine
is to co-deliver a photosensitizer with the vaccine
components within the carrier. When exposed to light
of a certain wavelength, the photosensitizer is activated
to initiate a photochemical reaction for generating
considerable amount of ROS, which could disrupt
the endosome membrane and subsequently facilitate
the release and escape of antigens. This strategy is
known as photochemical internalization (PCI). As an
elegant example, Hakerud et al. engaged tetraphenyl
chlorine disulfonate (TPCS2a), as a photosensitizer,
to establish a series of light-responsive vaccine delivery
systems, including soluble antigen complex [42, 81]
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and antigen-loaded liposomes [43]. The vaccinated
mice that received irradiation with 435-nm visible light
exhibited remarkably enhanced CD8" T cell response
compared to that by the control groups without
irradiation. This study suggested the critical role of PCI
in controlling endosomal escape of antigen molecules
and subsequent cross-priming of CD8* T cells. In
another example, Zhang et al. recently developed a
well-defined light-responsive vaccine delivery system
using Pheophorbide A (PheoA), a hydrophobic
photosensitizer, grafted onto PEI [44]. In aqueous
solution, PheoA-PEI self-assembled and formed a
complex with the model antigen OVA through elec-
trostatic interaction to generate a PheoA-PEI/OVA
NP with the average diameter of 276 nm (Fig. 4(a)).
Upon irradiation with light at the wavelength of
670 nm, the NP could promote robust ROS generation
for endosome disruption in DC2.4 cells. Subsequent
release and intracellular delivery of the antigen
triggered by light stimulation was confirmed by
confocal laser scanning microscopy (CLSM) (Fig. 4(b)).
Mice implanted with E.G7-OVA tumors were
transdermally vaccinated around the tumor with
DC24 cells, pulsed with PheoA-PEI/OVA NP, and
irradiated with light of suitable wavelength before
injection. Significant tumor inhibition was observed
with the light-responsive NPs compared to that by
the non-responsive NPs or free OVA. The role of
photosensitizers in facilitating endosomal escape in
cancer vaccine delivery is rather similar to that of
pH-responsive promoters. Further studies are necessary
to exhibit more prominent advantage of using such
photosensitizer-based light-responsive vaccine carriers
in eliciting potent anticancer immune response.
Near-infrared (NIR) light penetrates the skin and
tissue much deeper than lights of lower wavelengths
due to the physiological transparent window [82].
Recently, Cao et al. developed a NIR-responsive
vaccine carrier through loading antigen molecules
and hyaluronic acid (HA) onto gold NPs (HA-OVA-
AuNPs) [45]. Surface bound HA facilitated CD44-
receptor-mediated cellular uptake of the nanovaccine
with APCs. AuNP was employed to translate NIR
radiation into thermal energy. After 3-min NIR laser
irradiation, HA-OVA-AuNP-treated bone marrow
DCs (BMDCs) exhibited substantially increased local

VEN$VIE1R\JSI($YI-|!¥ gAS @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2018, 11(10): 5355-5371

(@

O » =
g X in electrostatic
£ . + - interactions
27" 5 A
1*] - - =
PheoA-PEI OVA PheoA-PEI/OVA NPs
(b) Nuclei OVA Lysosome Merge

Without light

With light

Figure 4 Light-responsive vaccine delivery system based on
PheoA and PEI (a) Schematic illustration of the formation of
PheoA-PEI/OVA nanoparticles through self-assembly based on
electrostatic interaction. (b) Confocal microscope images of DC2.4
cells pulsed with PheoA-PEI/OVA nanoparticles with or without

light irradiation. Scale bar = 7.5 pm. Reproduced with permission
from Ref. [44], © American Chemical Society 2017.

temperature that was as high as 42.3 °C. Such high
local temperature facilitated the disruption of the
endosome membrane for cytosol delivery of loaded
antigen molecules and, thus, enhanced CD8' T cell
response. The improved CD8" T cell proliferation led
to markedly suppressed tumor growth in mice bearing
EG.7-OVA tumor.

Light-responsive vaccine delivery systems utilizing
well-controlled and defined external triggers provide
advantages over systems relying on internal trigger,
such as spatial control, by focusing on the activity
of the released vaccine components at the selected
area of tissues. An existing large library of available
candidates of effective photosensitizers provides the
necessary molecular basis for further development
of this category of responsive biomaterials for cancer
vaccine delivery [83]. Despite the achievements
described above, light-responsive cancer vaccines are
still in its early phase of development and more in
vitro and in vivo studies are necessary to demonstrate
its potential for clinical applications. In general,
NIR-light responsive biomaterials have higher poten-
tial compared with UV- or visible light-responsive
biomaterials for clinical applications due to deeper
penetration in tissues.
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3.2.4  Other responsive vaccine delivery systems

Some special responsiveness has been imparted to
cancer vaccine delivery systems for enhanced uptake
by APCs and cytosol delivery of vaccines beyond
what has been described above. For example, some
mechanical triggers can also be engaged to enhance
antigen cross-presentation by accelerating the fusion
of liposome vaccines with APC membrane. Un et al.
demonstrated that ultrasound could be employed to
enhance APC fusion with a DNA vaccine that was
encapsulated in a PEGylated bubble lipoplex with
mannose moieties conjugated on the surface [46, 47].
This strategy, known as “sonoporation method”,
has been extensively employed for enhancing the
efficiency of gene delivery. The mannose moieties
facilitated anchoring of the liposomal vaccine on
the surface of APCs through specific recognition by
abundant mannose receptors of APCs. Subsequent
ultrasound exposure led to the fusion of the bubble
lipoplex with the cell membrane; the antigen-encoding
plasmid DNA (pDNA) was, thus, directly delivered
to the cytosol of APCs bypassing the endocytosis
pathway. In a B16F10 melanoma mouse model, a
PDNA vaccine elicited remarkably enhanced CD8*
T cell activation and cytokine secretion with the
assistance of ultrasound, leading to significant tumor
size inhibition and improved survival. Thus far, very
few efforts have been made to control vaccine delivery
using mechanical triggers. This elegant example using
ultrasound provides a promising new direction for the
future development of responsive cancer vaccines.

4 Conclusion

As illustrated by various examples, responsive
biomaterials designed to respond to internal or external
stimuli have exhibited great promise in enhancing
cancer vaccines by eliciting robust and potent antigen-
specific cellular immune responses. Although most
efforts are focused on developing stimuli-responsive
biomaterials to overcome the obstacles in intracellular
delivery, very few examples of responsive biomaterials
thus far are designed to modulate the biodistribution
of cancer vaccines. Of all the responsive biomaterials
applied in cancer vaccine delivery, pH-responsive
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biomaterials are by far the most advanced, benefiting
from several known endosome-disrupting mechanisms
and the diverse design of the pH-sensitive chemical
moieties. As a comparison, redox- and photo-responsive
materials are much less exploited but represent great
promise in cancer vaccine delivery, given the highly
reducing cytosolic environment and facile spatial
control of light as an external trigger, respectively.

In the more general area of drug delivery using
responsive biomaterials, other triggers that have been
commonly employed, such as enzymes [84], electricity
[85], and mechanical force [86], have yet to be explored
in cancer vaccine delivery. For example, enzymes are
an ideal trigger for stimuli-responsive delivery owing
to their excellent efficiency and specificity, which has
already been demonstrated extensively in the delivery
of various drugs [84]. Applying enzyme-responsive
biomaterials in cancer vaccine delivery is a promising
new direction to pursue, considering the high levels
of lipase in the cytoplasm, which may play a significant
role in the degradation of some carriers, such as
liposomes and polyester NPs [73].

There are multiple areas for the future of cancer
vaccine development, wherein responsive biomaterials
may play a significant role. Conventionally, most non-
cellular cancer vaccines are designed to target drain-
ing LNs through injections, including subcutaneous,
intra-dermal, or intra-muscular. Although the spleen
is the largest secondary lymphatic organ with high
concentration of DCs, which are in close proximity
with a high number of T cells, targeted delivery of
cancer vaccine to spleen through intravenous (i.v.)
injections is still challenging as these injection routes
typically lead to relatively low immunogenicity and
sever systemic side effects compared to that by other
administration routes [87-89]. However, several recent
studies have shown evidence that spleen could be an
appealing target for self-adjuvanted cancer vaccines
(vaccines without additional adjuvant molecules that
are often toxic if administered systemically, e.g., mRNA
vaccines, known for activating DCs themselves) [90, 91].
For example, a lipid complex with in vitro transcribed
mRNA encoding neoantigens efficiently targeted
CD11c" conventional DCs in the marginal zone and
plasmacytoid DCs and macrophages in the spleen
upon i.v. injection [91]. Remarkably high level of
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antigen-specific CD8* T cell response (up to 30%—-60%
of the total CD8" T cell population) has been achieved
through fine-tuning the net charge of the RNA-lipid
complex. Biomaterials, particularly responsive bio-
materials, may play an important role in protecting
mRNA/DNA vaccines from extracellular ribonucleases
and promoting the uptake by APCs systemically.

Most cancer vaccines so for are designed to elicit T
cell response. However, growing evidence has shown
that B cells may also play an important role in poten-
tiating antitumor immune response [92, 93]. B cell
epitope-based cancer vaccines against a variety of
tumor antigens, such as human epidermal growth
factor receptor-2 (HER-2) [94], epidermal growth
factor receptor (EGFR) [95], carcinoembryonic antigen
(CEA) [96], and idiotype protein derived from B-cell
malignancies [97], have also shown efficacy in preclinical
and clinical studies. Responsive biomaterials are
also expected to enhance the vaccination efficiency of
this kind of vaccines for anticancer antibody response.
Thus, the development of responsive biomaterials
assisting B cell epitope-based cancer vaccines is a
promising area to be explored in future.

Rapid advances have been made in the field of
responsive biomaterials for cancer vaccines in the
last two decades benefiting from both the increasing
knowledge of cancer immunology and rapid progress
in novel biomaterial design. It can be foreseen that
more and more tailor-designed stimuli-responsive
biomaterials will be developed to continually promote
cancer vaccines. Although promising, there are several
key challenges to be addressed to advance biomaterial-
assisted cancer vaccines for future clinical applications:
(1) Biomaterials with sophisticated design have to
meet with the requirements of scalability, facile and
reproducible manufacturing, and high biocompatibility
for potential clinical test. (2) Highly efficient loading
of both the antigen and adjuvant represents another
major challenge for improving the co-delivery of
both vaccine components to the same APCs or even
the same cellular compartment within an APC for
optimized efficiency of antigen presentation [60].
(3) Sensitivity of the responsive biomaterials, in
general, needs to be further improved to quantitatively
control the location and dosage of the antigen and
adjuvant. Novel chemistry and material design are
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expected to continually provide solutions for these
challenges to facilitate the development of next-
generation cancer vaccines.
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