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Cancer vaccines represent among the most promising strategies in the battle against
cancers. However, the clinical efﬁcacy of current cancer vaccines is largely limited by the
lack of optimized delivery systems to generate strong and persistent antitumor immune
responses. Moreover, most cancer vaccines require multiple injections to boost the
immune responses, leading to poor patient compliance. Controlled-release drug
delivery systems are able to address these issues by presenting drugs in a controlled
spatiotemporal manner, which allows co-delivery of multiple drugs, reduction of dosing
frequency and avoidance of signiﬁcant systemic toxicities. In this review, we outline the
recent progress in cancer vaccines including subunit vaccines, genetic vaccines, dendritic
cell-based vaccines, tumor cell-based vaccines and in situ vaccines. Furthermore, we
highlight the efforts and challenges of controlled or sustained release drug delivery systems
(e.g., microparticles, scaffolds, injectable gels, and microneedles) in ameliorating the
safety, effectiveness and operability of cancer vaccines. Finally, we brieﬂy discuss the
correlations of vaccine release kinetics and the immune responses to enlighten the rational
design of the next-generation platforms for cancer therapy.
Keywords: cancer vaccine, in situ vaccination, drug delivery system, controlled release, sustained release, hydrogel,
microneedle

INTRODUCTION
Immunotherapy was ﬁrst introduced by Dr. William Coley to treat malignant tumors using
intratumoral injections of live bacteria and bacterial toxins in the 1890s (Coley, 1991).
Nowadays, immunotherapy has been fully embraced by the oncologists for the treatment of
various tumors. Chimeric antigen receptor (CAR) T cell-based therapies as well as immune
checkpoint inhibitors (ICIs), including antibodies targeting programmed cell death protein-1
(PD-1), programmed death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated antigen-4
(CTLA-4), have revolutionized the cancer treatments and have been approved by the U.S. Food and
Drug Administration (FDA) for tackling many tumors (Allison, 2015; Sharma and Allison, 2015;
Labanieh et al., 2018). However, the response rate to ICIs varies dramatically among cancers.
Growing evidence supports the idea that patients lacking pre-existing tumor-inﬁltrating CD8+ T cells
have a low response rate to ICIs, suggesting the hypothesis that ICIs need to be combined with other
therapies that can stimulate potent tumor-speciﬁc T cell responses to improve the clinic outcomes
(Hu et al., 2018; van der Burg, 2018; Shae et al., 2019).
One attractive strategy to mount effective antitumor responses is vaccination. Cancer vaccines can
provoke antigen-speciﬁc immunity or reactivate pre-existing but quiescent tumor-reactive T cells by
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delivering the antigens and immunoadjuvants with the aim to
prevent cancers or ﬁght against established tumor burdens
(Lybaert et al., 2018). Two prophylactic vaccines, namely the
human papilloma virus (HPV) vaccine and the hepatitis B virus
(HBV) vaccine, have been successfully approved for preventing
cervical cancer and liver cancer, respectively (Stanley, 2017).
Whereas, only one antigen-loaded therapeutic cancer vaccine,
termed Sipuleucel-T (Provenge), has received FDA approval for
the treatment of advanced prostate cancer so far (Shae et al., 2019).
Although cancer vaccines have generated acceptable therapeutic
effects in some clinic trials, their overall clinical efﬁcacy is not
encouraging especially in solid tumors (Jacobs et al., 2014; Bouzid
et al., 2020). The main reasons for these disappointing outcomes
include: 1) the use of suboptimal vaccine delivery systems which
compromise the vaccine immunogenicity and efﬁcacy; 2) the rapid
clearance of antigens at the injection site and the inadequate
delivery to lymph nodes; 3) the choice of weakly immunogenic
antigens that lack variety and speciﬁcity (e.g., overexpressed selfantigens); 4) the inefﬁcient controlling of the immunosuppressive
tumor microenvironment (van der Burg, 2018; Shae et al., 2019;
Bouzid et al., 2020). On the other hand, cancer vaccines usually
require multiple injections to elicit effective immune responses,
resulting in poor patient compliance. To surmount these issues,
numerous controlled drug release technologies, which are effective
in a single shot, have been developed to improve the delivery
efﬁciency and potency of cancer vaccines. Controlled-release
platforms can prolong the spatiotemporal presentation of
antigens and immunomodulators to immune cells or mimic the
prime-boost effect of the traditional multi-bolus vaccination
schedules, thereby stimulating stronger antitumor immune
responses (Ali et al., 2009b; Korupalli et al., 2019; Irvine et al.,
2020). Moreover, the controlled-release systems can also improve
patient compliance by eliminating the booster shots, minimize the
toxic side effects by reducing drug dose and avoiding rapid drug
clearance, as well as improve outcomes by integrating the
synergistic effect of multiple therapeutics within one platform
(Huang et al., 2019; Riley et al., 2019). Especially for in situ
cancer vaccines that require intratumoral injections, this singledose vaccine technology can improve the antitumor immunity and
increase the operational feasibility by a local and sustained release
of immunomodulators in vivo.
Below, we will present recent advances in the engineering of
controlled-release delivery platforms for improving the safety and
efﬁcacy of cancer vaccines. Firstly, we introduce the advantages and
challenges of various types of cancer vaccines. Secondly, an
overview of the controlled-release drug delivery systems is
provided and the limitations that should be addressed to
improve the safety, effectiveness and operability of cancer
vaccines are enlightened. Finally, we brieﬂy discuss the possible
relevancy between the release kinetics of controlled-release
vaccines and the type and magnitude of the immune responses.

implementing the vaccine effectiveness and speciﬁcity. Tumor
antigens can be broadly divided into two categories: tumorassociated antigens (TAAs) and neoantigens. TAAs are
overexpressed self-antigens that are shared among many
tumors and can also be found in some normal cells. TAAs
have been widely used in cancer vaccines for decades but they
are not tumor-speciﬁc antigens and can only trigger weak
immune responses owing to thymic tolerance (Hu et al.,
2018). In contrast, neoantigens are highly tumor-speciﬁc
immunogens derived from somatic mutations and they are
more immunogenic due to the lack of central tolerance (Chu
et al., 2018). With the rapid development of next-generation
sequencing and peptide immunogenicity prediction technologies,
neoantigens represent the most promising candidates for the
preparation of personalized cancer vaccines and the diagnosis of
ICI therapy response (Desrichard et al., 2016). Tumor antigens
can be presented in various forms ranging from deﬁned proteins,
peptides, protein-encoding DNA or RNA, recombinant viral or
bacterial vectors, tumor cell-based preparations, to antigenpulsed dendritic cells (DCs).
The other crucial component of a vaccine is the adjuvant that
can strengthen the magnitude of the immune responses or skew
the immune responses toward Th1 or Th2 immunity. There are
several types of vaccine adjuvants, including toll-like receptor
(TLR) agonists, e.g. unmethylated cytosine-phosphate-guanine
(CpG), imiquimod and polyinosinic:polycytidylic acid (poly(I:
C)); cytokines, e.g. interferon (IFN)-α and interleukin (IL)-12;
bacterial derivatives, e.g. monophosphoryl lipid A (MPLA) and
Bacille Calmette-Guerin (BCG); depot-like adjuvants, e.g.
aluminum salts, incomplete Freund’s adjuvant (IFA) and
Montanide; particle adjuvants, e.g., liposomes, virus-like
particles and polymeric particles (Sivakumar et al., 2011; Pilla
et al., 2018). However, only aluminum salts, three emulsions
(MF59, AS03, AF03), virosomes and MPLA are approved for
human vaccines (Lybaert et al., 2018). Therefore, exploring
potent and safe adjuvants and identifying the optimal
adjuvants for vaccines are also appealing areas of research.

Subunit Vaccines
Subunit vaccines are deﬁned by the use of puriﬁed proteins,
peptides or polysaccharides as the antigens to stimulate the
immune responses. Subunit vaccines usually contain one or
several well-structured antigenic components, making them
easier to manufacture and much safer than live pathogen
vaccines, as well as avoiding the side effects from antigeninduced unrelated immune responses (Table 1) (Riley et al.,
2019). However, these vaccines can hardly conquer the tumor
heterogeneity between and within tumors as a consequence of
lacking antigen variety. One strategy is mixing multiple antigens
in one formulation to beneﬁt the antitumor immune responses
(Fennemann et al., 2019; Noguchi et al., 2020). In comparison of
whole protein-based vaccines, peptide vaccines only contain one
or several epitopes, which can be easily processed by DCs (Rosalia
et al., 2013). Peptide vaccines are composed of TAA peptides or
neoantigen peptides which are presented in the form of short
peptides (<15 amino acids) or long peptides (15–40 amino acids),
and the difference between the short peptides and the long

CONVENTIONAL CANCER VACCINES
Conventional vaccines are composed of antigens and adjuvants.
The selection of an immunogenic antigen plays a critical role in
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TABLE 1 | Characteristics of conventional cancer vaccines and in situ cancer vaccines.
Therapy

Classiﬁcation

Advantages

Disadvantages

Subunit vaccines

Protein vaccines
Peptide vaccines

Easy for mass production
Cheap
Safe to use
Long peptides: not HLA-restricted
Neoantigen peptides can be personalized

Weak immunogenicity
Lacking antigen variety
Short peptides: HLA-restricted

Genetic vaccines

DNA vaccines
RNA vaccines

Easy for mass production
Cheap
Can encode multiple antigens
Not HLA-restricted

Weak immunogenicity
Rapid degradation
Limited cellular transfection
DNA vaccines have the risk of integration into the
host genome

Tumor cell-based
vaccines

Autologous tumor cell
vaccines

Contain the whole tumor antigens

Complex preparation process

Allogeneic tumor cell
vaccines

Autologous vaccines: not HLA-restricted
Allogeneic vaccines have a broader target population

Weak immunogenicity
May have immunosuppressive effects
May induce autoimmunity
Autologous vaccines need tumor biopsies or
operation

Exogenous DC vaccines

Exogenous DCs: safe; measurable maturation

Endogenous DC-targeting
vaccines
Artiﬁcial DC vaccines

Endogenous DC vaccines: easy to fabricate; can program a
large scale of DC subsets
Artiﬁcial DCs: long shelf-life; not vulnerable to the tumor
immunosuppressive conditions

Exogenous DCs: costly; complex preparation
process; short shelf-life
Not fully activated DCs may induce immune
tolerance

—

Simple, personalized and off-the-shelf
No need for identiﬁcation and isolation of tumor antigens
Contain the whole tumor antigens

DC vaccines

In situ cancer
vaccines

facilitate endosomal antigen escape by the “proton sponge”
effect (Shae et al., 2019).

peptides has been elucidated in detail elsewhere (Lybaert et al.,
2018; Bouzid et al., 2020).
Despite these excellent features, the major challenge that
hinders the broad application of subunit vaccines is the low
immune efﬁcacy, which is partially due to the poor uptake of
antigens and adjuvants in lymph nodes (Pilla et al., 2018; Riley
et al., 2019). To overcome this issue, vaccines need to be exquisitely
engineered using the following strategies. 1) Increasing the
accumulation of antigens and adjuvants in lymph nodes. This
can be achieved by a direct intra-lymph node injection (Ribas et al.,
2011), especially when immunogenic cargos are loaded in
sustained-release platforms that allow extended retention in
lymph nodes (Shae et al., 2019). Another approach is the use of
albumin-hitchhiking vaccines which can be constructed through
conjugating an antigen (or an adjuvant) to a lipophilic albuminbinding tail (Liu et al., 2014) or to a derivative of Evans Blue (Zhu
et al., 2017). Besides, nanoparticles with optimized size, surface
charge and composition are more likely to be drained into lymph
nodes (Jiang et al., 2017). 2) Promoting antigen uptake by DCs,
such as using anchoring endocytosis molecules (e.g., mannose,
fucose and N-acteylglucosamine)-decorated nanoparticles
(Koerner et al., 2019) or antibody-antigen conjugates (Keler
et al., 2007). 3) Improving the adjuvant effect of vaccines. This
can be implemented by adding more powerful adjuvant reagents or
using delivery vehicles with adjuvant activity, such as liposomes or
nanoparticles (Vartak and Sucheck, 2016). 4) Promoting crosspresentation of the antigens to potentiate the Th1 immune
responses. For example, pH-responsive cationic polymers can
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Need intratumoral injections
Weak immunogenicity (need combination therapies)

Genetic Vaccines
Genetic vaccines have emerged as promising alternatives to
subunit vaccines by exploiting tumor antigen-encoding DNA
or RNA sequences that require intracellular delivery into DCs to
express targeted antigens (Pardi et al., 2018). Genetic vaccines
have many merits (Table 1), such as cost-effectiveness, easy for
mass production, allowing the delivery of multiple antigens in
one platform, and avoiding human leukocyte antigen (HLA)
restriction (Lybaert et al., 2018). In spite of these promising
features, the clinical results of plasmid DNA vaccines for
treating solid tumors have been disappointing mainly due to
the barriers for nuclear delivery, low immunogenicity and the
immunosuppressive factors within the tumor (Lopes et al., 2019;
Riley et al., 2019). Alternatively, mRNA-based vaccines only
require to cross the cell membranes to be translated in the
cytoplasm, which avoids the risk of integration into the host
genome (McNamara et al., 2015). Moreover, the in vivo half-life
and immunogenicity of mRNA can be regulated by modiﬁcation
and delivery strategies (Pardi et al., 2018). However, the rapid
degradation of mRNA by nucleases and the limited translocation
into the cytoplasm still challenge the development of RNA-based
vaccines (Lybaert et al., 2018; Lin et al., 2020).
Based on the characteristics of genetic vaccines, delivery
systems with the ability to increase the drug delivery into
lymph nodes, promote intracellular uptake of nucleic acids,
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facilitate protein translation and reduce nucleic acid degradation
will greatly prompt the clinical application of genetic vaccines.
These vaccines can be delivered in diverse ways, for instance, by
gene gun, electroporation, ultrasound, laser, viral or bacterial
vectors, liposomes, nanoparticles, autologous DCs or other
carrier modalities (Guo et al., 2013). The safety and efﬁcacy of
various viral vectors, such as pox and adenovirus, have been
tested in clinical trials, but the high immunogenicity of viral
vectors can, on the contrary, lead to the secretion of neutralizing
antibodies (Pilla et al., 2018). A heterologous prime-boost
regimen can handle this dilemma. For example, PROSTVAC
was a promising viral cancer vaccine, composed of a vaccinia
priming vector and a fowlpox boosting vector carrying transgenes
for human prostate-speciﬁc antigen (PSA) along with three
costimulatory molecules (CD80, CD58, and CD54), but it
failed to beneﬁt the patients in a phase III study (Gulley et al.,
2019; Zhao et al., 2019). Cationic materials are commonly used to
condense nucleic acids. For example, a lipid nanoparticle with
ionizable lipids was allowed to form complexation with negatively
charged mRNA encoding two TAAs (gp100 and TRP2) at low
pH, and this formulation could induce a strong CD8+ T cell
response and remarkable tumor shrinkage (Oberli et al., 2017).
Moreover, a local gene depot made of mRNA polyplex-loaded
implantable porous scaffolds showed superior sustained delivery
and higher local transgene expression than a bolus injection
(Chen et al., 2018). This indicates that sustained delivery of
mRNA may potentiate the antitumor immunity. Furthermore,
the combination of immunoadjuvants or other cancer therapies
may further boost the therapeutic effects of genetic vaccines.

but it did not meet the expectation in phase III trials (Ozao-Choy
et al., 2014). This probably resulted from the use of suboptimal
dosage, schedule and adjuvant. Tumor stroma-associated
antigens are another kind of attractive targets for cancer
vaccines as they are genetically more stable and less subjected
to tumor immune evasion mechanisms in contrast to tumor cells
(Chiang et al., 2015).
Although tumor cell-based vaccines have attracted enormous
attention in recent years, two of the most important challenges for
whole tumor cell vaccines remain the low accumulation in lymph
nodes and low immunogenicity. Numerous strategies have been
developed to handle these issues, such as cloaking nanoparticles
with tumor cell membranes or fused cytomembranes derived
from tumor cells and DCs (Liu et al., 2019b; Gan et al., 2020), or
loading the immunogenically dying tumor cells with adjuvants
(e.g., BCG) or adjuvant-loaded nanoparticles (Fan et al., 2017).
For example, the sustained release of adjuvants and tumor cell
membrane-coated nanoparticles from thermosensitive hydrogels
could recruit DCs and induce a strong CD8+ T cell response, and
the combination with antibodies targeting PD-1 could further
prolong the survival time of tumor-bearing mice (Ye et al., 2019).
It is worth noting that the immune properties of tumor-derived
exosomes can be immune-activating or immunosuppressive
depending on the physiological state of donor cells and
exogenous factors (Théry et al., 2009; Greening et al., 2015).
Fortunately, the immunosuppressive role of tumor-derived
exosomes can be switched to promote the antitumor immune
responses by using heat treatment, adding strong adjuvant
components or using transgenic tumor cells expressing IL-2 or
IL-18 (Cho et al., 2009; Théry et al., 2009). Besides, the whole
tumor cell-based vaccines also contain abundant normal selfproteins which may induce autoimmunity as well as diminish the
vaccine effectiveness by the dilution of the most immunogenic
tumor antigens (Obeid et al., 2015; Hu et al., 2018). Using
autologous induced pluripotent stem cells as the antigen
resource may provide new insights to tackle these obstacles
(Ouyang et al., 2019).

Tumor Cell-Based Vaccines
In addition to neoantigens, another class of patientindividualized antigens is whole tumor cell derivatives
including the live attenuated tumor cells, killed tumor cells,
tumor lysates, tumor-derived exosomes, tumor-derived whole
RNAs, tumor cell membrane-based particles, and fusions of
tumor cells and DCs (Browning, 2013; Fang et al., 2014;
Chiang et al., 2015). Autologous tumor cell vaccines based on
patient individual-derived cancer tissues, contain the complete
antigen repertoire of the tumor, thereby avoiding the costly and
complex identiﬁcation procedure needed for neoantigens
(Table 1). Even more importantly, they are not restricted to
HLA type. However, the preparation of whole tumor cell vaccines
requires multiple steps: 1) obtaining the patient’s tumor cells by
surgery or biopsy, 2) processing them in vitro to acquire tumor
cell derivatives, 3) then loading the tumor antigens into delivery
systems. These complex procedures may hinder the clinical
practicality of tumor cell-based vaccines. Moreover, this
autologous vaccine technology is only feasible for the patients
with selected tumor types and stages that are capable of tumor
biopsies or operation (Schlom et al., 2014). Alternatively,
allogeneic tumor cell vaccines can beneﬁt more patients with
homologous tumors because they are prepared from two or three
speciﬁc tumor cell lines which have been established and
characterized (Schlom et al., 2014). In one example of this,
Canvaxin containing three irradiated melanoma cell lines
showed excellent therapeutic results in phase II clinical trials,
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DC Vaccines
DCs, as the most potent professional antigen-presenting cells
(APCs), play a pivotal role in initiating and bridging the innate
and adaptive immune responses. The ultimate goal of many
delivery strategies of cancer vaccines is to target DCs and fully
activate them. One approach for this is exogenous DC vaccines
which usually rely on the isolation and differentiation of
peripheral blood autologous DC precursor cells into immature
DCs, followed by loading these immature DCs with a proper form
of antigens (such as peptides, proteins, nucleic acids or tumor cell
derivatives), then maturating these DCs with different stimuli,
and ﬁnally reinfusing the manipulated DCs to the patient to
implement the cancer immunotherapy (Bol et al., 2016; Sabado
et al., 2017). Sipuleucel-T, prepared from autologous DCs loaded
with a fusion protein (PA2024) of prostatic acid phosphatase
(PAP) and granulocyte-macrophage colony-stimulating factor
(GM-CSF), was approved in 2010 to treat metastatic prostate
cancer on the basis of a survival beneﬁt (Gardner et al., 2012).
Although substantial clinical studies have demonstrated the
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FIGURE 1 | Schematic illustration of the mechanism of controlled-release cancer vaccines for cancer therapy. The blue arrows indicate the antitumor process of
conventional cancer vaccines, while the black arrows indicate the mechanism of in situ cancer vaccines.

safety and immunogenicity of exogenous DC vaccines, the
clinical outcomes are not encouraging (Perez and De Palma,
2019). Many factors affect the efﬁcacy of exogenous DC vaccines,
including a suboptimal choice of DC subsets, limited migration to
the lymph nodes and negative immune regulation within
tumors. Hence, DC vaccines can be further improved by
optimizing, for instance, the choice of DC type and antigen
type, activation method, the design of drug delivery system,
the number of DCs for injection, the vaccination schedule and
the administration route (Sabado et al., 2017). Another
approach to exploit natural DCs in cancer vaccines is
targeting
and
modulating
the
endogenous
DC
subpopulations in vivo. This targeting goal can be
implemented by various strategies involving GM-CSFsecreting irradiated tumor cells, conjugation of antigens or
antigen-loaded nanoparticles to ligands directing against DC
surface receptors (e.g., CD40, DEC205, Langerin or Clec9A),
or using injectable controlled-release platforms that are
engineered to release chemokines, tumor antigens and
adjuvants (Sabado et al., 2017; Calmeiro et al., 2019). These
in vivo targeting technologies allow to program a large scale of
DC subsets without the need for a costly and labor-intensive
extracorporeal training of exogenous DCs (Table 1; Sabado
et al., 2017). However, the endogenous DC-targeting vaccines
cannot control the extent of antigen loading and DC
activation as the exogenous DC vaccines do, and DCs that
are not fully activated may induce immune tolerance (Bouzid
et al., 2020). Recently, artiﬁcial DCs, such as nanoparticles
coated with tumor lysate-primed DC membranes or scaffolds
carrying T cell activation cues and peptide antigens, can
directly stimulate the activation and expansion of antigenspeciﬁc T cells (Cheung et al., 2018; Cheng et al., 2020). These
artiﬁcial DCs can circumvent the short shelf-life concerns of
exogenous DC vaccines and they are not vulnerable to the
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tumor immunosuppressive conditions (Cheng et al., 2020).
Furthermore, DC vaccine-based combination therapies may
provide better control over cancers (Bol et al., 2016; Tanyi
et al., 2018), thus many clinical trials are exploring the
synergistic effect of DC vaccines and ICI therapies
(Sprooten et al., 2019).

IN SITU CANCER VACCINES
Despite the fact that the substantial improvement achieved by
conventional cancer vaccines, the risk of undetected
contaminations during the elaborate preparation process and
the high costs associated with preparation and storage remain
bottlenecks limiting their broad clinical implementation (Duong
et al., 2020a). In situ vaccination (ISV), without the need for
previous identiﬁcation and isolation of tumor antigens, is raising
great attention in cancer immunotherapy. ISV is a simple,
personalized and off-the-shelf cancer vaccine by in vivo
transforming tumors into “antigen factories” (Table 1). As
depicted in Figure 1, ISV can activate systemic antitumor
immune responses by simply delivering immunomodulators
(Hammerich et al., 2015; Sheen and Fiering, 2019). Taking
advantage of the complete antigenic repertoire of a tumor,
including all mutated antigens and unmutated antigens, ISV
potentiates the immune system to recognize the evolving
tumor antigen arrays, thereby overcoming the weak
immunogenicity of single-antigen vaccines and minimizing
immune escape.
Broadly speaking, any approach that employs TAAs available
at the tumor site to elicit antitumor immune responses can be
termed as ISV (Hammerich et al., 2015). ISV usually refers to the
approaches
using
intratumoral
administration
of
immunomodulators to activate immune cells or reverse the
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tumor vasculature would help to augment the antitumor
immunity of ISV by facilitating immune inﬁltration (Galluzzi
et al., 2018). Furthermore, identifying the optimal
immunoadjuvants and applying the most suitable delivery
system may maximize the safety and effectiveness of ISV.
Although intratumoral injection technology is widely used in
accessible superﬁcial tumors, such as skin, head and neck, and
breast tumors, it remains a challenge for those deep tumors, such
as brain, liver and pancreas tumors (Sheen and Fiering, 2019).
Fortunately, with the help of modern imaging technologies such
as ultrasound, computed tomography guidance and laparoscopy,
safe and accurate injections can be performed for tumors in
various locations (Sheen and Fiering, 2019). Moreover, one
should take full account of the effects of injection pressure,
volume, viscosity, frequency, etc. on tumor bulk, therapeutic
effect and patient tolerance. Collectively, combinatorial ISV
therapies have great potential to provide a comprehensive
approach to treat heterogeneous cancers.

immunosuppressive microenvironment within the tumor. The
most extensively studied immunomodulators include bacteria
and its derivatives (Janku et al., 2021), oncolytic viruses (Oh
et al., 2017; Russell and Barber, 2018), TLR agonists (Wei et al.,
2019), monoclonal antibodies (e.g., anti-PD-1, anti-CTLA-4 and
anti-CD40) (Rahimian et al., 2015; Wang et al., 2016; Knorr et al.,
2018), immunomodulatory cytokines (e.g., IL-2 and IL-12)
(Jackaman and Nelson, 2012; Hwang et al., 2020), and
immune cells (e.g., DCs) (Subbiah et al., 2018). In an example
of successful ISVs, Talimogene laherparepvec (T-VEC), a
genetically modiﬁed herpes simplex virus that can replicate
selectively within tumors and express GM-CSF, is the ﬁrst
intratumoral oncolytic viral therapy approved by the FDA in
2015 for local treatment of unresectable advanced melanoma
(Rehman et al., 2016).
However, a single regimen of immunomodulators is generally
difﬁcult to surmount the complexity and compensatory evolution
of tumors, especially since many types of tumor cell death are
nonimmunogenic, thus leading to suboptimal clinic outcomes
(Sheen and Fiering, 2019). Local treatment with radiotherapy,
phototherapy, oncolytic viruses, cryoablation, sonodynamic
therapy, or some chemotherapeutic drugs (e.g., anthracyclines,
taxane, cyclophosphamide, gemcitabine and oxaliplatin) can
induce signiﬁcant immunogenic cell death (ICD) of tumor
cells when administrated at appropriate doses and schemes
(Pol et al., 2015; Galluzzi et al., 2017; Min et al., 2017;
Twumasi-Boateng et al., 2018; Yakkala et al., 2019; Zhao et al.,
2020; Zhu et al., 2020). ICD can expose calreticulin on the surface
of dying tumor cells to provide an “eat-me” signal for APCs, and
release a large number of damage-associated molecular patterns
(DAMPs) to provide adjuvant stimuli to activate APCs (Galluzzi
et al., 2017). Therefore, the combination of ICD-inducing
therapies
with
immunomodulators,
such
as
chemoimmunotherapy,
radioimmunotherapy
and
photoimmunotherapy, can not only directly kill tumor cells,
but also turn ‘cold’ tumors into ‘hot’ tumors to elicit potent
immune responses against a broad spectrum of cancers. In an
elegant example of this, Patel et al. combined bacterial
membrane-coated nanoparticles (BNP) with radiotherapy to
treat syngeneic melanoma or neuroblastoma in mice (Patel
et al., 2019). This multifunctional BNP consisted of an
immunostimulatory PC7A/CpG polyplex nanocore coated with
bacterial membrane and imide groups. After radiotherapy, BNP
could capture TAAs released by ICD, followed by promoting the
antigen uptake and cross presentation. Subsequently, a strong
antitumor T-cell response was induced, leading to remarkable
tumor regression alongside immunological memory.
Although ISV and its combinatorial therapies are gaining
rising attention among researchers, the magnitude and
durability of antitumor immune responses induced by ISV
could be unfortunately impeded by the immunosuppressive
tumor microenvironment (van der Burg et al., 2016). One
appealing strategy is to introduce CAR-T, ICIs or other
immunosuppressive signal inhibitors in the combinatorial
therapies to improve the outcomes (Wang et al., 2018; Chen
et al., 2019a; Song et al., 2019; Chen et al., 2020a). Moreover,
approaches that loosen the desmoplastic stroma or target the
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CONTROLLED-RELEASE DRUG DELIVERY
SYSTEMS
Early depot-like adjuvants, such as aluminum salts and IFA, are
effective in promoting protective humoral immunity against
pathogens, but they are not excellent candidates for cancer
vaccines that rely on cellular immunity (Brito and O’Hagan,
2014; Shae et al., 2019). Therefore, the next generation of
controlled-release cancer vaccines should be able to elicit
efﬁcient and durable antitumor cellular immune responses. To
date, numerous controlled-release delivery platforms, such as
polymeric microspheres, scaffolds, hydrogels and microneedles
(MNs) have been designed for local and controlled release of
multiple immunotherapeutic agents to improve antitumor
efﬁcacy and reduce off-target toxicities (Figure 1; Table 2).

Microparticles
Peris and Langer proposed in 1979 for the ﬁrst time that the
release of antigens could be controlled using polymeric materials
to stimulate immune responses (Peris and Langer, 1979).
Numerous natural and synthetic biodegradable polymeric
materials including chitosan, alginate, gelatin, poly(lactic-coglycolic acid) (PLGA), Poly(lactic acid) (PLA), poly(εcaprolactone) (PCL), poly(β-amino esters) (PBAE) and
poly(methyl methacrylate) (PMMA), etc., as well as some
inorganic materials (such as silica) have been widely used in
the ﬁeld of controlled release of antigens and immunomodulatory
agents (Lin et al., 2015; Zhu et al., 2018; Huang et al., 2019;
Koerner et al., 2019; Hou et al., 2021). Polymeric microparticles
(MPs) or microspheres can induce potent antigen-speciﬁc
immunity by controlling the release of antigens or mimicking
the size of pathogens, but they are much safer than live pathogens
(Huang et al., 2019). Different forms of antigens as mentioned
above (e.g., puriﬁed proteins, peptides, nucleic acids, and cell
lysates) have been successfully formulated in MPs (Joshi et al.,
2014; Pradhan et al., 2014; Guarecuco et al., 2018; Zhu et al., 2018)
(Table 2). As compared to bolus injections, MPs can protect the
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TABLE 2 | Representative examples of cancer vaccines delivered by controlled-release platforms (from 2017 to 2021).
Delivery
system

Composition

1. Subunit vaccines
MPs
Mesoporous silicon
vector
Injectable
PEI-coated
Scaffolds
Mesoporous silica
rods
Injectable
Comp.1 peptides
hydrogels
MNs
Pluronic F127
2. Genetic vaccines
Scaffolds
Mesoporous silica
microrods
Injectable
HA-PCLA
hydrogels
MNs
PVA
3. Tumor cell-based vaccines
MPs
Yeast derived
β-glucan
Scaffolds
Collagen and HA

Antigens

Adjuvants and
combination therapies

Tumor model

Reference

TRP2 peptide

CpG and MPLA

C57BL/6 mice with B16 tumor

Zhu et al. (2018)

OVA or neoantigen peptides

GM-CSF, CpG and anti-CTLA4

C57BL/6 mice with E7-TC-1,
B16F10, or CT26 tumor

Li et al. (2018)

OVA

—

OVA

Resiquimod

C57BL/6 mice with EG7-OVA
or B16-OVA tumor
C57BL/6 mice with EG7-OVA
tumor

Wang et al.
(2020b)
Kim et al. (2018)

DNA polyplexes encoding OVA

GM-CSF, PEI, CpG and anti-PD-1

DNA polyplexes encoding OVA

GM-CSF and PEI

RALA/pDNA nanoparticles
encoding PSCA

—

C57BL/6 mice with B16-OVA
tumor
C57BL/6 mice with B16-OVA
tumor
C57BL/6 mice with TRAMP-C1
tumor

Nguyen et al.
(2020)
Duong et al.
(2020a)
Cole et al. (2019)

Tumor cell lysate

CpG

Hou et al. (2021)

Tumor cell lysate

C57BL/6 mice with MC38
tumor
BALB/c mice with 4T1 tumor

Injectable
hydrogels
Injectable
hydrogels

Tumor-penetrable
peptides
HA and Pluronic
F-127

Dead tumor cells

Nanogel-based poly (I:C) and
gemcitabine
ICG and JQ1

Tumor cell membrane-coated
BPQD nanovesicles

GM-CSF, LPS, anti-PD-1 and NIR
irradiation

MNs

HA

Tumor cell lysate

GM-CSF, melanin and NIR
irradiation

OVA-pulsed DCs + free OVA or
tumor cell lysate-pulsed DCs +
tumor cell lysate
APC-mimetic scaffold presenting
tumor peptides, CD28 and IL-2

anti-PD-1

C57BL/6 mice with EG7-OVA
tumor

Yang et al. (2018)

19BBz CAR-T cells

NSG mice with Raji xenograft
tumor

Cheung et al.
(2018)

—

IL-12 and stereotactic body
radiation
GM-CSF, CpG and doxorubiciniRGD conjugate
Exogenous DCs and oncolytic
adenovirus co-expressing IL-12
and GM-CSF
1-methyl-tryptophan, chitosan
nanoparticles containing ICG and
NIR irradiation

C57BL/6J and KPC mice with
KOKC or Pan02 tumor
BALB/c mice with 4T1 tumor

Mills et al. (2019)

4. DC-based vaccines
Injectable
RADA16 peptide
hydrogel
Scaffold

Mesoporous silica
micro-rods
5. In situ cancer vaccines
MPs
Polylactic acid
Injectable
hydrogels
Injectable
hydrogels
MNs

Alginate

—

Gelatinhydroxyphenyl
propionic acid
PVA and PVP

—

—

BALB/c mice with 4T1 tumor or
EMT6 tumor
BALB/c mice with 4T1 tumor
and C57BL/6 mice with
B16F10 tumor
C57BL/6J mice with B16F10 or
BPD6 tumor; BALB/cJ mice
with 4T1 tumor

C57BL/6 mice with LLC tumor

C57BL/6 mice with B16 tumor

Phuengkham
et al. (2018)
Wang et al. (2018)
Ye et al. (2019)

Ye et al. (2017)

Wang et al.
(2020a)
Oh et al. (2017)

Chen et al.
(2020a)

—, not performed; MPs, microparticles; TRP2, tyrosinase related protein 2; CpG, unmethylated cytosine-phosphate-guanine; MPLA, monophosphoryl lipid A; OVA, ovalbumin; GM-CSF,
granulocyte-macrophage colony-stimulating factor; PEI, polyethyleneimine; anti-CTLA-4, cytotoxic T-lymphocyte-associated antigen-4 antibody; MNs, microneedles; PLGA, poly(lactideco-glycolide); IL, interleukin; DNA, deoxyribonucleic acid; anti-PD-1, programmed cell death protein-1 antibody; HA-PCLA, levodopa- and poly(ε-caprolactone-co-lactide)esterfunctionalized hyaluronic acid; poly(I:C), polyinosinic:polycytidylic acid; PVA, poly(vinyl pyrrolidone); pDNA, plasmid DNA; RALA, cationic peptide consists of arginine/alanine/leucine/
alanine repeats; HA, hyaluronic acid; APC, antigen-presenting cell; PSCA, prostate stem cell antigen; TRAMP-C1, transgenic adenocarcinoma mouse prostate cell line 1; LPS,
lipopolysaccharides; anti-PD-L1, programmed death-ligand 1 antibody; BPQD, black phosphorus quantum dot; NIR, near-infrared; DC, dendritic cell; CAR-T cells, chimeric antigen
receptor T cells; iRGD, an internalizing cyclic peptide containing an Arg-Gly-Asp (RGD) motif; PVP, poly(vinyl alcohol); ICG, indocyanine green.

antigens and adjuvants from degradation with slow release at the
injection site to prolong antigen presentation and allow
simultaneous delivery of antigens and adjuvants to the same
APC (Lin et al., 2015; Huang et al., 2019) (Figure 2). By
modulating the polymer molecular weight, composition,
preparation method, particle size and additives, etc., MPs can
provide sustained or pulsatile release of entrapped antigens over
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periods lasting weeks to months (Sivakumar et al., 2011).
Furthermore, the modiﬁcation of surface physicochemical
properties or decoration with ligands or antibodies can lead to
different functionalized MPs (Figure 2), such as APCs-targeting
MPs, immune cell-engaging particles (artiﬁcial DCs) or MPs for
intranasal vaccination (Mata et al., 2011; Li et al., 2016b; Jung
et al., 2019; Koerner et al., 2019; Huang et al., 2020).
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macromolecular proteins, have high risks of aggregation or
degradation in the presence of organic solvents and high shear
stresses during the preparation process, leading to impaired
antigenicity and immunogenicity. Many strategies have been
developed to maintain the integrity of proteins. Bailey et al.
developed a “self-healing encapsulating” method to load
protein antigens into pre-made porous PLGA microspheres
with minimal impact on the antigens (Bailey et al., 2017).
Besides, before encapsulated into the PLGA MPs, protein
antigens can be previously loaded into polysaccharide
(dextran) glassy particles through freezing-induced phase
separation to protect antigen’s integrity (Geng et al., 2008). In
another example, antigens and other immunomodulators can be
efﬁciently and intactly loaded on the surface of PLGA MPs by
conjugating short synthetic DNA scaffolds to the surface (Huang
et al., 2020). More importantly, many advanced manufacturing
processes, such as spray drying technology and supercritical
carbon dioxide, are able to greatly improve the drug loading,
protein stability, reproducibility and scaling-up production of
PLGA MPs (Han et al., 2016a; Koerner et al., 2019). Another
challenge limiting the broad application of PLGA MPs as vaccine
carriers is high initial burst release that often consumes about
25% of the total drug in the ﬁrst day (Park et al., 2019). This initial
burst release, mainly resulted from the quick dissolution of
adsorbed or weakly bound drugs on the surface of PLGA
MPs, may lead to unintentional toxicity (Koerner et al., 2019).
The release kinetics of PLGA MPs can be modulated by many
approaches
including
multi-layered
microparticles,
nanoparticles-in-microparticles, hydrogel templates, coaxial
electrospray and microﬂuidic fabrication, etc. (Han et al.,
2016a) Interestingly, the initial burst can be advantageous to
produce pulsatile-release MPs that mimic the prime-boost effect
of conventional vaccines, showing the potential to make singleinjection vaccines (Guarecuco et al., 2018). After administration,
the bulk degrading PLGA MPs can generate acidic degradation
products which may affect both antigen stability and release
kinetics (McHugh et al., 2015). These pH issues may be
alleviated by preparation of small PLGA particles which
facilitate the diffusion of acidic degradation products and by
addition of insoluble buffers to maintain a stable interior pH
(McHugh et al., 2015).

FIGURE 2 | Schematic presentation of strategies of different MP-based
cancer vaccines. (A) Antigens and adjuvants are released in a controlled
manner from the MPs and then taken up by the immature DCs. (B) DCtargeting MPs can release antigens and adjuvants within the DCs after
being taken up by the immature DCs. (C) MP-based artiﬁcial DCs or mini DCs
can present T-cell activation signals to activate T cells or directly expand
primary T cells.

Among the most extensively exploited synthetic polymers in
many areas, PLGA has been approved by the FDA for human use
in drug delivery and biomedical devices due to its
biodegradability and biocompatibility (Koerner et al., 2019).
PLGA micro- or nanoparticles are promising carriers with
remarkable application prospects for cancer vaccines. For
example, tumor lysates alongside with TLR agonists (CpGODN) were co-encapsulated into PLGA microspheres to
induce cytotoxic T cell responses and mediate tumor
shrinkage in a transgenic mouse model of prostate cancer, and
these particles could be sterilized by c-irradiation without
impairing their antitumor efﬁcacy (Mueller et al., 2012).
Recently, PLGA microspheres loaded with antigens and
photosensitizers facilitated an active transport of microspherecontaining APCs to draining lymph nodes after illumination,
resulting in strong CD8+ T cell responses (Schineis et al., 2021).
Moreover, combination therapies that attack tumors from all
sides can further augment the antitumor effects of MPs-based
vaccines. PLGA nanoparticles that co-deliver doxorubicin, two
immune adjuvants (poly(I:C) and R848), and one chemokine
(CCL20) generated superior antitumor effects than separate
compounds, as demonstrated on two treatment-resistant lung
and colon cancer models (Silva et al., 2019). However, the
prolonged survival time requires four repeated intratumoral
injections of the PLGA nanoparticles, indicating that MPs may
be a preferable platform for the sustained delivery of
multiple drugs.
In spite of these promising features of PLGA MPs, the
encapsulation efﬁciency and loading efﬁciency of hydrophilic
drugs in PLGA MPs are usually low, and antigens, especially the
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Scaffolds
The scaffold system is commonly used in tissue engineering as the
artiﬁcial extracellular matrix for the proliferation and
differentiation of seeded cells or as the sustained delivery
vehicles for therapeutic substances (Bessa et al., 2008; Shaﬁee
and Atala, 2017). Nowadays, scaffolds or implants are also
implemented in the ﬁeld of cancer therapy (Table 2),
providing new insights into the design of cancer vaccines. In
order to modulate the antitumor immunity, scaffolds can be
surgically implanted or low-invasively injected into the body to
form localized immune niches or reservoirs for the controlled
delivery of engineered immunocytes or cancer vaccines (Figures
3A–C). Various organic or inorganic materials can be used to
fabricate scaffolds, such as alginate, collagen, hyaluronic acid,
PLGA, and silica rods (Ali et al., 2009b; Kim et al., 2015; Stephan
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FIGURE 3 | Schematic illustration of strategies of scaffold- or hydrogel-based cancer vaccines. (A) Scaffold- or hydrogel-based cancer vaccines can recruit
immature DCs into the injection site and subsequently activate them into mature DCs. (B) Nanocomposite hydrogel/scaffold systems can co-deliver antigens and
adjuvants into the same DCs. (C) Scaffold- or hydrogel-based adoptive cell transfer can release mature DCs or CAR-T cells in a sustained manner and maintain the
viability of cells. (D) Functionalized scaffolds can mimic APCs to directly expand primary T cells.

et al., 2015; Phuengkham et al., 2018). Early implants require
surgical procedures to place the pre-formed scaffolds into the
body to concentrate drug release for a long period of time at the
target site. These pre-formed implantable scaffolds have a deﬁned
size and shape and can be fabricated in various sophisticated and
functionalized structures to meet the needs of different medical
applications. In addition, they usually exhibit an interconnected
porous architecture, facilitating the diffusion of encapsulated
immunomodulatory cues and providing space for the
expansion and interaction of encapsulated immune cells or the
incoming immune cells (Weiden et al., 2018) (Figure 3).
Moreover, the release proﬁles of the biomolecules or
immunocytes in the scaffolds can be ﬁne-tuned to modulate
the immune cell function (Ali et al., 2011b; Weiden et al., 2018).
The pioneering work of scaffold vaccine was done by the Mooney
group, who designed macroporous PLGA scaffolds. These
scaffolds released GM-CSF in a sustained manner to recruit
host DCs and subsequently presented tumor cell lysates and
CpG to activate the incoming DCs (Ali et al., 2009a; Ali et al.,
2009b). Implantation of this scaffold vaccine generated strong
tumor-speciﬁc T cell responses, resulting in signiﬁcant tumor
regression and survival improvement in both melanoma and
glioma mouse models (Ali et al., 2009a; Ali et al., 2009b; Ali et al.,
2011a). Various chemokines, immunoadjuvants and cytokines
can be also incorporated into this ﬂexible scaffold to direct the
recruitment of DC subset and augment the therapeutic activity in
combination with checkpoint antibodies (Ali et al., 2013; Ali et al.,
2014; Ali et al., 2016). Encouragingly, a human version of the
PLGA scaffold vaccine (designated as WDVAX) is currently
being evaluated in a phase I clinical trial for metastatic
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melanoma (US National Library of Medicine, 2021). Although
the implantable scaffolds have the ability to control their structure
shape and rigidity as well as prevent the diffusion of scaffold
materials, the invasive surgical implantation is quite
cumbersome, causing patient discomfort and increasing the
infection risk (Li and Mooney, 2016; Weiden et al., 2018).
These implanted scaffolds cannot be placed in areas that are
surgically inaccessible or volume-sensitive due to their stiffness
(Leach et al., 2019). In addition, the function of normal organs
may be affected if the scaffolds are placed into the tumor resection
bed or near the tumor (Leach et al., 2019).
Moving forward, the injectable scaffolds that gel or selfassemble in the body have presented highly deformable and
self-organizing abilities, thus avoiding the risks associated with
implant surgery. Mooney et al. designed a fascinating injectable
and self-assembling scaffold vaccine which was based on
mesoporous silica rods (MSRs) with high-aspect-ratio to
reprogram the immune cells and enhance the vaccine efﬁcacy
(Kim et al., 2015; Li et al., 2018). Upon subcutaneous injection in
mice, these MSRs spontaneously assembled themselves into
three-dimensional (3D) macroporous structures for the inﬂux
and efﬂux of immune cells. Analogous to previous studies, this
injectable inorganic scaffold extended the release of the
embedded GM-CSF, CpG and model antigens to recruit and
educate host immune cells, leading to signiﬁcant production of
systemic antibodies and cytotoxic T cells that effectively delayed
the tumor growth (Kim et al., 2015). The adsorption of cationic
polymer polyethyleneimine (PEI) in the previous MSR vaccine
could greatly enhance the immunogenicity of neoantigens and
eradicate three different established tumors (Li et al., 2018).
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Besides, surface modiﬁcations with poly(ethylene glycol) (PEG)
or integrin-binding ligand RGD on MSR scaffolds could also
regulate immune cell inﬁltration and activation (Li W. A. et al.,
2016). Notably, these MSR scaffolds were demonstrated to be a
promising platform for the delivery of DNA-based cancer
vaccines (Nguyen et al., 2020). Different to those macroscopic
scaffolds aiming to reprogram the incoming DCs, scaffolds that
were composed of lipid bilayer-coated micro-MSRs and
functionalized with T cell activation cues (anti-CD3, antiCD28 and IL-2) could mimic APCs to directly expand
primary T cells (Cheung et al., 2018) (Figure 3D). These
inorganic scaffolds showed great potential in the delivery of
personalized cancer vaccines, however, the biocompatibility,
biodegradability and safety of injected materials need to be
further evaluated before their clinical use. Other
administration methods apart from surgical implantation and
syringe injection are waited to be explored to broaden the
application of controlled-release vaccines. In an example of
this, an in situ formed ﬁbrin gel was sprayed into the postsurgery tumor site to control the release of therapeutic antibodies
(Chen et al., 2019b). In addition to these PLGA and MSR
scaffolds, injectable biomaterials including hydrogels, cryogels,
and other in situ forming platforms can also form the porous
matrix in vivo to modulate the immune system. The opportunities
and challenges of these injectable biomaterials are
described below.

protected in the hydrogels from degradation by the in vivo
enzymes during the extended periods of antigen presentation.
Hydrogels can be made from a variety of materials including
peptides (Wang et al., 2018; Wang Z. et al., 2020), proteins (e.g.,
silk ﬁbroin and gelatin) (Wu et al., 2016; Oh et al., 2017),
polysaccharides (e.g., alginate, hyaluronic acid and chitosan)
(Hori et al., 2009; Kordalivand et al., 2019; Ye et al., 2019),
nucleic acids (e.g., DNA) (Li et al., 2020) and synthetic polymers
(e.g., poloxamers and polyesters) (Cirillo et al., 2019; Leach et al.,
2019). To form hydrogels, these materials can be crosslinked
through different mechanisms, mainly by physical noncovalent
interactions (such as hydrogen bonding, host-guest interactions,
hydrophobic interactions, electrostatic interactions, etc.) and by
chemical covalent bonds (such as click chemistry, Diels-Alder
reactions, Michael addition, enzymatic reactions, etc.) (Yu and
Ding, 2008; Li and Mooney, 2016; Lei and Tang, 2019).
Many macroscopic hydrogels seek to recruit and activate the
endogenous DCs by prolonging the presentation of the antigens
and immunomodulators (Figure 3A) (Bencherif et al., 2015; Ye
et al., 2019; Duong et al., 2020a). In one representative study,
irradiated tumor cells, GM-CSF and CpG were co-encapsulated
in sponge-like macroporous cryogels which were fabricated by
alginate with RGD peptide modiﬁcation (Bencherif et al., 2015).
After subcutaneously injected into the mice bearing melanoma,
these cyrogels released the immunomodulators in a sustained and
localized manner to facilitate the inﬂux of DCs and subsequently
induce robust and durable tumor-speciﬁc T cell responses. In
addition, hydrogels are excellent delivery vehicles for adoptive cell
therapies (such as DC vaccines and CAR-T cells, Figure 3C) due
to the concentration of the engineered immunocytes at the
desired site as well as the maintenance of cell viability for a
long time (Hori et al., 2009; Yang et al., 2018). Furthermore,
hydrogels can easily co-deliver diverse drugs using one platform
for a combination of cancer treatments (Wang et al., 2018; Song
et al., 2019; Wang et al., 2020b). For example, Wang et al.
developed a personalized cancer vaccine (termed PVAX) by
integrating JQ1 (an inhibitor of PD-L1 expression) and
indocyanine green (ICG, a photosensitizer) co-loaded
autologous tumor cells into a hydrogel matrix composed of
tumor-penetrable peptides (Wang et al., 2018). After
intratumoral administration, the PVAX was triggered by nearinfrared (NIR) irradiation to release tumor antigens and JQ1,
causing the full activation of the postoperative antitumor
immunity that efﬁciently prevented tumor recurrence and
metastasis.
Numerous studies are striving to develop methods for ondemand control over the release kinetics of injectable gels to
improve the spatiotemporal delivery of cancer vaccines. Various
intelligent hydrogels have been designed to respond to intrinsic or
extrinsic stimuli such as low pH, temperature, enzymes, redox,
photoirradiation, magnetic ﬁelds and ultrasound (Lu et al., 2017;
Kanwar and Sinha, 2019). Duong et al. developed an injectable
thermosensitive smart hydrogel by conjugating thermoresponsive poly(ε-caprolactone-co-lactide) ester and levodopa
to hyaluronic acid (Duong et al., 2020a). This hydrogel
exhibited sol-to-gel transition in response to the body
temperature, and the levodopa moieties were introduced to

Injectable Gels
Injectable gels are widely applied in many areas including wound
healing, bone regeneration, diabetes treatment and cosmetic
surgery (Li et al., 2021). Recently, macroscopic injectable gels,
especially intelligent hydrogels with the size ranging from
millimetres to centimetres, have attracted enormous attention
as biocompatible carriers for the spatiotemporal control over
cancer vaccines involving antigens, immunomodulators and
engineered immunocytes (Table 2). Injectable gels are ﬂowable
ﬂuid before or at the time of injection. Once injected into the
body, they immediately undergo “sol-to-gel” phase transition by
means of chemical or physical crosslink (Li and Mooney, 2016),
loss of shear force (Shear-thinning hydrogels) (Yan et al., 2010),
mechanical collapse and recover (such as cryogels) (Bencherif
et al., 2015), or solvent exchange (such as phospholipid-based
gels) (Han et al., 2016b) to form gels. Consequently, injectable
gels can be localized almost anywhere in the body by a syringe
without the complicated surgical procedures of implantable
scaffolds. More importantly, injectable gels have a highly
deformable ability to ﬁt the spatial structure of the injection
site before they form into a persisting implant (Leach et al., 2019).
Hydrogels are crosslinked 3D polymeric networks containing
a large amount of water (typically 70–99%) which enables them to
mimic the extracellular matrix (Li and Mooney, 2016). Due to the
excellent biocompatibility and tunable release kinetics, hydrogels
are the most extensively explored gel carriers in the delivery of
cancer vaccines. In addition, hydrogels have high loading capacity
for hydrophilic drugs, and they are harmless to the integrity of
antigens because the encapsulation process is usually carried out
under mild aqueous conditions. Moreover, antigens can be
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strengthen the stability of the hydrogel during implantation. The
sustained degradation of this smart hydrogel led to a controlled
release of GM-CSF and nano-sized polyplexes expressing model
protein antigen ovalbumin (OVA), and then effective inhibition
of B16/OVA melanoma tumors by a single injection was
observed. Furthermore, many dual-sensitive hydrogels have
gained enormous attention in more precisely controlling the
release proﬁles of drugs, such as thermo-pH dual-sensitive
hydrogels (Liu et al., 2019a), thermo-reactive oxygen species
(ROS) dual-sensitive hydrogels (Yu et al., 2018) and electric
ﬁeld-pH double-sensitive hydrogels (Qu et al., 2018).
Interestingly, Brudno et al. developed a replenishable and
injectable hydrogel depot system which could capture
systemically administrated prodrug reﬁlls and then release
them locally in a sustained manner (Brudno et al., 2018). This
repeatedly reﬁllable hydrogel can be used to prepare precisely
controlled-release or pulsatile-release cancer vaccines.
The lag time during the sol to gel transformation may induce a
severe initial burst release effect which is responsible for the toxic
side effects of immunomodulators and even immune tolerance
(Wang and Mooney, 2018; Kanwar and Sinha, 2019). Many
strategies are conceived to settle this issue, for example, burst
release can be alleviated by optimizing the molecular weight and
the concentration of polymers, by using appropriate solvents, and
by adding plasticizers or surfactants (Kanwar and Sinha, 2019). The
prompt interactions of antigens (and adjuvants) with polymers can
also regulate the release proﬁles, such as by electrostatic interaction
or covalent binding (Umeki et al., 2015; Yu et al., 2018; Kordalivand
et al., 2019). In one representative study, cationic OVA or cationic
OVA peptide were bound to anionic CpG DNA hydrogel by
electrostatic interaction, resulting in signiﬁcantly slower drug
release and better tumor inhibition in the group of cationic OVA
hydrogel than the group of unmodiﬁed OVA hydrogel (Umeki et al.,
2015). Another strategy to mitigate the burst effect is to use
nanocomposite hydrogel systems (Figure 3B). For example, the
incorporation of OVA and two adjuvants (MPLA and Quil A)loaded PLGA nanoparticles into thermoresponsive pentablock
copolymer (PEG-PCL-PLA-PCL-PEG) hydrogels could greatly
reduce the burst release of antigens and adjuvants (Bobbala et al.,
2016). In another study, OVA was encapsulated into cationic
chitosan nanoparticles and then incorporated in hyaluronic acidbased hydrogels in order to achieve a prime-boost regimen
(Korupalli et al., 2019). This nanocomposite hydrogel system
could rapidly release the nanoparticles that had no speciﬁc
interactions with the hydrogels for a priming dose, and retain the
nanoparticles that were bonded to the hydrogels by covalent or
electrostatic interactions for a booster dose. With the minimal burst
effect, these chitosan nanoparticles could promote antigen uptake
and DC activation, thus inducing higher antibody responses than
soluble antigens. Moreover, an onion-structure multilayer hydrogel
capsules may be another promising approach to effectively inhibit
the burst release of therapeutic cargos (Zhang et al., 2019).
Despite these encouraging progresses, there still exist many
hurdles lying on the road to the broad clinical application of
hydrogels, including safety concerns about the elaborate materials
and solvents, the difﬁculty in the highly precise control of the
release kinetics, the inconsistent drug release resulted from the
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inconsistent shape of the gels formed, the challenge of in situ
injectability to deep tumors, the complexity of scaling-up
manufacturing, and the difﬁculty in storage and terminal
sterilization (Kanwar and Sinha, 2019). Consequently, the
inﬂuence of the polymer composition, gel stiffness, network
density, porosity and drug-polymer interactions on the release
kinetics, as well as the inﬂuence of combination therapies, drug
doses, administration routes and times on the immune system,
should be better understood and these factors should be
optimized to exert the maximum efﬁcacy of hydrogel-based
cancer vaccines.

Microneedles
Most vaccines are administrated via intramuscular (IM),
subcutaneous (SC) and intradermal (ID) inoculation using
conventional hypodermic needles. Although the relative
immunogenicity of vaccines by these three routes (IM, SC and
ID) varies among individual vaccines, ID immunization usually
induces more robust immune responses than IM or SC
immunizations in clinical studies. This is partly because the
different skin layers host a tight semi-contiguous network of
immune cells that can interact with the antigens administered to
direct drastically different immune responses compared to
subcutaneous fat and muscle tissue (Al-Zahrani et al., 2012). The
development of MNs is a great achievement to take advantage of skin
immunization and to address the issues associated with vaccination
by conventional needles (e.g., pain, needle-stick injuries or needle reuse) (Leone et al., 2017). MNs, arrays of sharp tiny needles at lengths
varying from 100 to 2,000 μm, are designed to pierce the stratum
corneum of the skin to deliver both small molecular and
macromolecular drugs or even nanoparticles (NPs) to the
epidermal and the dermal or even deeper layers in a safe and
controlled manner (Alimardani et al., 2021). As a painless
transcutaneous administration platform, MNs have been
extensively
explored
for
cancer
vaccines,
antiviral
immunotherapies, and diabetes (Jin et al., 2018b; Chen et al.,
2020b; Uppu et al., 2020). MNs can promote the deposition of
the vaccines by creating micropores in the skin, facilitating vaccine
transport, and hence reducing the necessary dose of antigens/
vaccines for the immunological responses. A signiﬁcant number
of MNs mediated vaccine candidates have shown encouraging
results in preclinical and clinical trials (Hossain et al., 2020).
The minimally invasive and cost-effective features of MNs
have aroused their rapid development and extensive exploration
in cancer vaccine delivery recently (Table 2). Various types of
MNs have been investigated for cancer vaccine delivery, as
depicted in Figure 4, including solid MNs (Bhowmik et al.,
2011; Chablani et al., 2019), dissolving MNs (Zaric et al.,
2013; Gala et al., 2018; Kim et al., 2018; Cole et al., 2019; Kim
et al., 2019), coated MNs (Zeng et al., 2017; Duong et al., 2018)
and hollow MNs (van der Maaden et al., 2018; Niu et al., 2019).
Novel design to utilize parallel circular blades with MN on edge as
electrodes was also studied for their ability to deliver siRNA
targeting PD-L1 alone, or combined with anti-PD-1 antibody and
immunoadjuvant CpG 2395 (Yang et al., 2021). This
immunotherapy treatment has been tested in two tumor
xenograft murine models and produced robust T cell immune
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FIGURE 4 | Schematic diagram of strategies of different MN-based cancer vaccines. Various types of MNs have been investigated for the delivery of cancer
vaccines, including solid MNs (A), dissolving MNs (B), coated MNs (C) and hollow MNs (D).

responses and signiﬁcant tumor growth inhibition as well as
excellent safety proﬁles. Various vaccine formulations, including
microparticles (Bhowmik et al., 2011), nanoparticles (Zaric et al.,
2013), nanopolyplex (Duong et al., 2020b), liposomes (van der
Maaden et al., 2018), and in situ generating nanomicelles (Kim
et al., 2018) to ensure efﬁcient co-encapsulation of antigens and
adjuvants within the nanovaccine platforms have been delivered
using MNs to improve cancer vaccine therapy. Du et al. used
hollow MNs to administer a range of nanoparticle vaccine
formulations loaded with OVA and poly(I:C) (Du et al., 2017).
PLGA nanoparticles, liposomes, mesoporous silica nanoparticles,
and gelatin nanoparticles were compared. The co-encapsulation
of OVA and poly(I:C) using those formulations yielded a similar
IgG1 response, but a surprisingly higher IgG2a response than
OVA/poly(I:C) solution in a murine model. Particularly, PLGA
nanoparticles and especially cationic liposomes, which presented
sustained release proﬁles of both OVA and poly(I:C), elicited better
immune responses (Du et al., 2017). The antigens and adjuvants
were co-encapsulated in some vaccine formulations through
electrostatic interaction, hydrophobic interaction as well as
covalent linking interaction (Chen et al., 2021). However, when
these formulations are loaded into the MNs, especially adding some
excipients to form the MNs, the electrostatic interaction between the
antigen and adjuvant is hampered. As a good example to address this
issue, an in situ generating nanomicelle including hydrophilic tumor
model antigen (OVA), hydrophobic adjuvant TLR 7/8 agonist
(R848) and amphiphilic triblock copolymer has been delivered
using dissolving MNs platform to form nanomicelles in situ with
a size of 30–40 nm after cutaneous application (Kim et al., 2018).
Antigen-speciﬁc humoral and cellular immunity protection were
found to be elicited after administration, leading to a signiﬁcant

Frontiers in Pharmacology | www.frontiersin.org

antitumor activity in the EG7-OVA tumor-xenograft mice. Since
MNs are usually applied topically on the surface of the skin, they are
very suitable to be combined with phototherapy (Ye et al., 2017;
Chen et al., 2020a). One example of such combination therapies was
based on the tumor lysates, melanin and GM-CSF were loaded into
hyaluronic acid-based MNs that allowed sustained release of the
lysates (Ye et al., 2017). After administration, the melanin converted
the NIR irradiation into heat, which facilitated tumor-antigen uptake
by DCs and boosted the antitumor immune responses in both
B16F10 and 4T1 tumor models.
Collectively, MNs have offered a unique set of properties for
cancer vaccine delivery with improved vaccination efﬁcacy,
compliance, and coverage. The use of MNs instead of a needle
injection can not only avoid pain for the patients but also provide the
promise of self-vaccination as well as release the assistance from
professional healthcare, which is especially suitable for mass
vaccination in the case of a pandemic (Zaric et al., 2013).
Although the use of MNs could be more effective than a singleneedle injection as the antigens might be more evenly distributed
after injection and have a more targeted delivery to APCs in the
dermis and epidermis layers under the skin, MNs-based delivery
may cause more frequent local reactions due to the shallow
penetration (Zhang et al., 2015). MNs can be fabricated in
different shapes using various materials, including stainless steel,
titanium, silicon, ceramic and polymers (Alimardani et al., 2021).
However, there is a possibility of needle breakage within the skin
after the application of metal, silicon or glass MNs, triggering
unintentional safety concerns (Jin et al., 2018a). In addition,
some materials such as nickel may cause allergic reactions.
Biodegradable polymeric MNs can minimize the risk of
inﬂammation induced by undissolving materials, because they
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can degrade to metabolizable objects in the body (Jin et al., 2018a).
On the other hand, MNs should have enough mechanical strength
and sharpness to pierce the skin for transdermal applications.
However, the incorporation of drugs and nanoparticles may
compromise the mechanical strength of MNs (Kim et al., 2018).
Therefore, the design of MNs-based cancer vaccines should be
optimized with the full consideration of balancing the pain,
mechanical strength, drug doses and drug release proﬁles for
therapeutic efﬁcacy. For a cancer vaccine, the efﬁcacy is closely
associated with the distance from the injection site to the cancer site.
Most of the studies for MN-based cancer vaccines were conducted in
malignant melanoma. Although they can provide invaluable
information about other cancers as well, more cancer models will
need testing for evaluating the systemic immune protections of MNs
(Zhang et al., 2015).

of release kinetics on immune responses is complex and unclear.
It is worth noting that antigen stimulation can be either
immunologically activating or immunologically tolerant. For
example, intravenous injection of low-dose antigens could
induce immune activation, whereas intravenous injection of
high-dose antigens might cause T cell exhaustion (Zinkernagel
et al., 1997). Although the slow and sustained release of vaccines
is demonstrated to favor the antitumor immunity, the extremely
long periods of antigen presentation may, in turn, hamper the
antitumor immunity by exhausting and deleting tumor-speciﬁc
T cells or directing T cells to the antigen depot rather than to the
target tumor (Iezzi et al., 1998; Hailemichael et al., 2013; Shae
et al., 2019). On the other hand, a particularly fast release of
antigens may result in rapid clearance of antigens from the lymph
nodes (Shae et al., 2019; Irvine et al., 2020), necessitating repeated
injections to boost the immune responses. Moreover, the release
rate of adjuvants seems necessary to be coincident with that of
antigens, because a fast release of adjuvants leads to early
exhaustion of adjuvants, while an extremely slow release of
adjuvants cannot provide sufﬁcient activation cues to the
immature DCs, thereby promoting T cell anergy and immune
tolerance (Audiger et al., 2017; Wang and Mooney, 2018; Leach
et al., 2019). Therefore, the release kinetics of antigens and
adjuvants from the controlled-release platforms has a
signiﬁcant inﬂuence on the type and magnitude of immune
responses. An interesting study showed that a “dose
escalation” regimen with an exponentially increasing antigen
dose elicited a superior CD8+ T cell response than a single
bolus injection or constantly repeated dose regimen (Johansen
et al., 2008). Another opinion suggested that an appropriate burst
release followed by a sustained vaccine release was optimal to
induce fast and powerful immune responses (Zhang et al., 2014).
Consequently, a highly precisely controlled vaccine delivery
system with on-demand drug release is believed to maximize
the immune efﬁcacy. Nevertheless, the optimal vaccine release
kinetics for inducing the most potent and durable immunity is
still not clear. It may vary among different types of controlledrelease vaccines which have distinct adjuvant properties, antigen
types, disease types and administration routes (Brito and
O’Hagan, 2014; McHugh et al., 2015). Moreover, antigens and
adjuvants can hardly share consistent release proﬁles due to their
different physicochemical properties. Therefore, The release
kinetics of antigens and adjuvants should be screened and
optimized to augment the antitumor immunity. Fortunately,
the release kinetics can be modulated by numerous factors,
including material properties (such as chemical composition,
molecular weight, hydrophobicity, crystallinity, glass transition
temperature and degradation products), depot geometry (such as
size, shape, porosity and network density), antigenic factors (such
as antigen size, position and loading amount), and others (such as
antigen-polymer interactions, additives and administration
route) (McHugh et al., 2015; Li and Mooney, 2016).
Furthermore, strategies that guarantee the simultaneous
presentation of antigens and adjuvants to the same APCs
during the long period of release may exert stronger antigenspeciﬁc CD8+ T cell responses. For example, antigens and
adjuvants can be linked together by covalent or ionic bonds

CORRELATIONS OF THE IMMUNE
RESPONSES AND THE RELEASE KINETICS
OF CANCER VACCINES
It has been widely reported that controlled or sustained release
of antigens and adjuvants is beneﬁcial to generate antigenspeciﬁc antibodies, T cell responses and immunological
memory responses (Kanchan et al., 2009; Ali et al., 2011b;
Demento et al., 2012; Hanet al., 2016b; Irvine et al., 2020).
The mechanisms underlying these beneﬁts of controlled-release
vaccines may be complex and multifactorial. Herein, we
describe four major mechanisms as follows. Firstly,
controlled-release platforms usually form an in situ drug
depot in which antigens can maintain their intact
conformation for a considerable period of time. Antigens and
adjuvants can be released in a continuous or pulsatile manner to
extend the antigen exposure or to mimic the traditional primeboost regimen of vaccination (Sivakumar et al., 2011; Brito and
O’Hagan, 2014). Secondly, owing to the heterogeneity and
immunostimulatory activity of materials or the effect of
encapsulated chemokines, most depot-like controlled-release
systems can stimulate the accumulation of inﬂammatory cells
or recruit APCs to the injection sites (Ali et al., 2009b; Brito and
O’Hagan, 2014; Han et al., 2016b). Subsequently, cytokines
secreted by inﬂammatory cells can stimulate the activation,
proliferation and differentiation of immune cells. On the
other hand, the antigen depot is surrounded or inﬁltrated by
the recruited APCs, thus increasing the chance of antigen
uptake. Thirdly, controlled-release systems, especially when
loaded with immunoadjuvants, can further motivate the
maturation of APCs and then direct the Th1 or Th2 immune
responses (Li et al., 2018; Song et al., 2018). Last, but not least,
some polymeric micro- or nanoparticles mimicking the size and
surface characteristics of pathogens or functionalized with
targeting ligands can accumulate in lymph nodes or target
the speciﬁc immunocytes (Mata et al., 2011; Silva et al.,
2016), thereby reducing the antigen dose and improving the
magnitude of immune responses.
Although controlled-release systems have the potential to
augment the vaccine efﬁcacy with minimal toxicity, the effect
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before loaded into controlled-release platforms, or antigens and
adjuvants can be pre-encapsulated into nano- or microparticles
followed by incorporating these particles into a macroscopic
matrix.
Depiction of the drug release proﬁles is the inevitable step to
study the controlled-release vaccines. However, most studies
contain only the in vitro release data, which may not be
coincident with the in vivo release due to the different release
environment inside and outside the body. Unfortunately, the
accurate quantitative data of in vivo release kinetics are difﬁcult to
acquire owing to the low antigen loading amount and long
duration of release (McHugh et al., 2015). In vivo imaging is
now commonly used to semi-quantitate the in vivo vaccine
kinetics by measuring the remaining ﬂuorescence intensity of
ﬂuorescently labeled antigens in the vaccine depot over time.
However, it is unable to determine the actual amount and stability
of the antigens because ﬂuorescence quenches easily. Therefore,
both the exploration of more accurate in vivo measuring
technologies and the in-depth understanding of in vitro-in
vivo correlations are needed to spur the development of
controlled-release vaccines. By far, many controlled-release
vaccine delivery systems have been using model antigens (such
as OVA) and model tumors (such as immortalized tumor cell
lines) to study the release kinetics and antitumor immune
responses (Kim et al., 2015; Umeki et al., 2015; Han et al.,
2016b; Niu et al., 2019). However, these model antigens and
the model tumors cannot recapitulate the complex challenges
facing the real therapeutic antigens and patient individualized
tumors (Day et al., 2015; McHugh et al., 2015). For example, the
model antigen ovalbumin for mouse studies is exceptionally
immunogenic and may lead to overestimating vaccine efﬁcacy.
Moreover, subcutaneous injection of B16F10 cell lines into the
mice is widely used to establish melanoma, but these in vitro
cultured murine cancer cells cannot simulate the cancer
heterogeneity and are not physiologically relevant to human
cancers. Moreover, the immune system of a healthy mouse
differs signiﬁcantly from that of a human in both innate and
adaptive immunity (Mestas and Hughes, 2004). Therefore, more
data on the immune efﬁcacy of controlled-release vaccines that
are tested using clinically relevant antigens and using suitable
tumor and animal models should be assessed in the future.

MNs, have attracted enormous attention in the spatiotemporal
delivery of cancer vaccines. However, there are still many
obstacles limiting the broad application of controlled-release
cancer vaccines, including the instability of antigens and
adjuvants during the preparation and release period, the
challenge of precisely controlling over release kinetics, safety
concerns, and the difﬁculties in scaling-up manufacturing,
storage and terminal sterilization. The mechanisms and
patterns of the action of controlled-release vaccines need to be
studied in-depth to develop potent, persistent, non-toxic and
easily available single-shot cancer vaccines.
Despite the fact that immunotherapy have been widely
studied and applied on hematological tumors and
melanoma, the effect of current immunotherapies on solid
tumors remains faint because of the immunosuppressive
tumor microenvironments, low tumor immunogenicity and
low inﬁltration of immune cells into tumors (Kuol et al.,
2017; Galluzzi et al., 2018). Based on the unique advantages
of these controlled-release systems as mentioned above, the
combination of multiple cancer therapies with controlledrelease cancer vaccines may be the most promising approach
to treat solid tumors as well as to prevent tumor metastasis and
recurrence. For example, many clinical available strategies,
such as chemotherapy, radiotherapy, phototherapy, oncolytic
viruses and immune checkpoint antibodies, show great
therapeutic potential in combination with cancer vaccines.
Moreover, targeting the microbiome in the intestine or the
tumor may have a synergistic antitumor effect with cancer
vaccines (Matson et al., 2018; Nejman et al., 2020). More work
should be done to explore the synergistic therapeutic effects of
controlled-release vaccines and other therapies. In conclusion,
the next generation of cancer vaccines should focus on the
following aspects: 1) the choice of antigens with high
immunogenicity; 2) co-delivering antigens and appropriate
adjuvants to the same APCs; 3) modulating the optimal
release kinetics of the antigens and adjuvants from delivery
systems to augment subsequent immune responses; 4)
reshaping the immunosuppressive environment to maximize
the speciﬁc cytotoxic function of T cells; 5) adopting optimal
combinatorial therapeutic regimens to improve the outcomes
and avoid tumor evade.
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