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Cancer immunotherapy has become an emerging strategy recently producing durable
immune responses in patients with varieties of malignant tumors. However, the main
limitation for the broad application of immunotherapies still to reduce side effects by
controlling and regulating the immune system. In order to improve both efficacy and
safety, biomaterials have been applied to immunotherapies for the specific modulation
of immune cells and the immunosuppressive tumor microenvironment. Recently,
researchers have constantly developed biomaterials with new structures, properties and
functions. This review provides the most recent advances in the delivery strategies
of immunotherapies based on localized biomaterials, focusing on the implantable
and injectable biomaterial scaffolds. Finally, the challenges and prospects of applying
implantable and injectable biomaterial scaffolds in the development of future cancer
immunotherapies are discussed.
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INTRODUCTION

Immunotherapy has revolutionized the paradigm of cancer treatment, aiming to stimulate inherent
immunological systems to indirectly attack tumor cells (Yang, 2015). Cancer immunotherapy has
fewer off-target effects compared with chemotherapy or other therapeutic methods that directly
eliminate tumor cells (Chen et al., 2020; Feng et al., 2019b; Riley et al., 2019).

Immunotherapy has five main classes: immune checkpoint blockade (ICB) therapy, lymphocyte-
promoting cytokine therapy, chimeric antigen receptor T-cell (CAR-T) therapy, agonistic
antibodies, and tumor vaccines (Zhao et al, 2019). Among these, ICB therapy is the most
comprehensively studied class of immunotherapy till now (Lopez-Soto et al., 2017). The blocking of
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed cell death protein 1 (PD-
1/ PD-L1) pathways have been the most commonly used checkpoint inhibition strategies (Chen
etal,, 2019). The clinical therapeutic effect and application of PD-1/PD-L1 and CTLA4 checkpoint
blockade methods have significantly increased in the last few years owing to the excellent clinical
efficacy (Postow et al., 2015). In the aspect of biology, CTLA-4 is only expressed on T cells to
modulate the amplitude of T cells activity at early stage. However, the exact cellular mechanism
of the function of CTLA-4 remains unclear. The current conclusion is that CTLA-4 and CD28
competitively bind to CD80 and CD86 ligand to dampen the activation of T cells, so as to promote
tumor progression. Though CTLA-4 is induced by activated CD8+ T cells, the main function of it
may realize by downmodulate the activity of helper T cell and enhance the regulatory of regulatory
T cells (Tregs). The major faction of PD-1 is to restrict the activity of T cells in tumor sites at
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the time of an immune response. The expression of PD-
1 is induced when T cells are activated, which enables T
cells to recognize abnormal cells. However, tumor cells can
adaptively express of programmed death ligand 1 (PD-L1),
a binder of PD-1 to inhibit T cells activity, to avoid being
recognized and killed by T cells. Similarly, PD-1 is also highly
expressed on Tregs to improve their proliferation, leading to
further immunosuppression in the tumor microenvironment.
Therefore, blocking the PD-1 pathway can also improve the
effect of immunotherapy by inhibiting the proliferation of Tregs
(Lohmueller and Finn, 2017). However, the side effects in
organs after the systemic administration of checkpoint inhibitors
remains the main limitation for clinical use. In addition,
the immunosuppressive tumor microenvironment can result
in no response of patients to the treatment (Wilky, 2019).
Cytokine therapy was the first clinically used immunotherapy
on account of the approval of recombinant IFNa therapies
in 1986 (Riley et al, 2019). Interferons can not only bind
to the receptors on the surface of innate immunity cells to
activate natural killer (NK) cells and macrophages, but up-
regulate the major histocompatibility complex (MHC) of T cells
to improve their antigen presentation ability and activate their
adaptive immunity. Interleukins can mediate the activation and
proliferation of CD4+ T cells, CD8+ T cells and NK cells.
Interferons, interleukins and granulocyte macrophage colony-
stimulating factor (GM-CSF) are three commonly used types of
cytokines (Koshy and Mooney, 2016). GM-CSF can promote the
ability of dendritic cells (DCs) to process and present tumor
antigens, so as to induce antitumor cytotoxic T lymphocytes
response. Besides, GM-CSF can also promote the homeostasis of
T cells to increase the survival of them. Though cytokine therapy
has made great progress in the treatment of multiple malignant
tumors, several limitations still hinder its development. The
transitory half-life of injected cytokines results in bolus injections
in clinical treatment, leading to vascular leakage and cytokine
release syndrome of patients (Rooney and Sauer, 2018). Adoptive
T cell therapy involves the modification of a variety of cells,
including DCs, NK cells and T cells. Among them, T cells
are the first choice for adoptive T cell therapy owing to their
endogenous ability of identifying and diminishing tumor cells
through releasing perforin, granzyme and various of cytokines.
T cells collected from patients are then engineered to express
chimeric antigen receptors that are antigen-specific to tumor cells
(Wei et al., 2019). Then, the engineered cells are injected back
into patients to target the antigen of tumor cells and kill them
(Wang et al, 2017). To overcome the downregulation of the
expression of MHC class I molecules in tumor cells and promote
the infiltration of programmed T cells to tumor sites, artificial
chimeric antigen receptors (CAR) have been developed to equip
T cells isolated from patients with the capacity of recognizing and
targeting tumor cell surface antigens. Nevertheless, the cytokine
release syndrome and low response to solid tumors are the two
key challenges of CAR-T therapy (Majzner and Mackall, 2018).
The temporary efficacy of the treatment towards solid tumors is
on account of the immunosuppressive tumor microenvironment
and the selective escape of tumor cells from immune detection
(Neelapu et al., 2018). The methods to promote the viability

and activity of exogenous T cells are described below. Agonistic
antibodies can connect to receptors on the surface of T cells, and
trigger intracellular signaling pathways, leading to the survival
and growth of T cells (Shi et al, 2018). T cell receptors that
are most commonly targeted receptors, which consist of co-
stimulatory receptors (CD28) and the tumor necrosis factor
receptor (TNFR) family (Walsh et al., 2015). At present, agonistic
antibodies are still in the initial stage of progression, and
many deficiencies remain to be solved. For example, agonistic
antibodies have dose-dependent toxicities, just as those for
cytokines, since these could mediate the activity in undesired
types of immune cells and attack on healthy cells (Zippelius
et al., 2015). Cancer vaccines consist of tumor cell lysate, nucleic
acids, DCs, or neo-antigens. DCs vaccines are the most widely
studied class among them (Lohmueller and Finn, 2017). DCs
extracted are engineered to produce tumor-associated antigens,
activating T cells to directly kill tumor cells (Sahin and Tiireci,
2018). However, the limited therapeutic effect, the uncertain
application dose, and the complicated manufacturing processes
of cancer vaccines lead to insufficient immune responses and
poor anti-tumor effect (Aurisicchio et al., 2018).

New approaches for cancer immunotherapy are needed
to promote the therapeutic potential of therapeutic payloads
through a safer and more controlled manner. A large and growing
body of studies have demonstrated the synergistic effects of
biomaterials combined with cancer immunotherapy direct the
path to address these limitations (Guo et al., 2020; Sang et al.,
2019; Zhang et al., 2020). Lately, a variety of biomaterials, such
as nanoparticles, implantable biomaterial scaffolds and injectable
biomaterial scaffolds, have been introduced to promote immune
response and improve the anti-tumor effect (Feng et al., 2020; Li
S et al,, 2018; Li et al.,, 2019; Wang et al., 2020; Xie et al., 2018).
Improved delivery technologies using these materials can induce
systemic immune therapeutic responses, while avoiding systemic
toxicity (Chen et al., 2019; Ding et al., 2019¢; Qiu et al., 2020).

In the present review, the investigators focused on the
advances in implantable and injectable scaffolds in achieving
spatial and temporal controlled delivery (Table 1). These
positionable scaffolds presented great potential in the delivery of
immune agents, and the induction of systemic immune response
(Figure 1). It is hoped that this review can assist medical
workers for comprehensively understanding the latest progress
and future prospects of the combination of immunotherapy
with biomaterials.

IMPLANTABLE BIOMATERIAL
SCAFFOLDS FOR IMMUNOTHERAPY

Implantable Biomaterial Scaffolds for

Adoptive Cellular Imnmunotherapy

Implantable biomaterial scaffolds preloaded with immune agents,
bioactive factors, or cells can be implanted into resected
tissue space or a subcutaneous via a small surgical procedure.
Immune cells can be recruited into scaffolds and activated
for further biological programming with the slow release of
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TABLE 1 | Implantable and injectable biomaterial scaffolds for cancer immunotherapy.

Material type

Payload

Results References

Implantable scaffolds

Injectable scaffolds

Alginate scaffold

Alginate scaffold

Hyaluronic acid scaffold

Collagen and HA
cross-linking scaffold

PLG scaffold
Alginate hydrogel
Alginate hydrogel

Alginate hydrogel

PEGylated
poly(L-valine) hydrogel

RADA16 peptide
hydrogel
ROS-degradable
hydrogel
D-tetra-peptide
hydrogel

CAR-T cells

CAR-T cells, STING
agonists
CAR-NK cells

GEM, poly(i:C)

GM-CSF, CpG-ODNs
GM-CSF
Microparticles, peptide
antigens

Celecoxib, PD-1
antibody

TCL, poly(:C)

PD-1 antibodies, DCs,
TCL

GEM, PD-L1 antibody

OVA, X-ray irradiated
E.G7 tumor cells

Phospholipid hydrogel OVA, CpG-ODN

HA-Tyr hydrogel IFN-a, sorafenib

Peptide hydrogel CDN

MSR OVA, GM-CSF,
CpG-ODN

PEI with MSR E7 peptide

PEG, RGD, or RDG None

modified MSR

Proliferate T cells and reduce the unresectable or
incompletely resected tumors.

Stephan et al., 2015

Stimulate systemic immune response to eliminate Smith et al., 2017
solid tumors.

Enhance the expansion, persistency and antitumor Ahn et al., 2020
efficiency of NK cells.

Reduce the tumor-infiltrating MDSCs and increase
the number of CD8+ T cells.

Recruit, activate and home to lymph nodes of DCs.
Recruit CD11b+ CD11c+ DCs into the hydrogels.

Recruit and activate immune cells

Phuengkham et al., 2018

Ali et al., 2009
Verbeke and Mooney, 2015
Verbeke et al., 2017

LiY. etal, 2016

Regulate the immunosuppressive tumor
microenvironment and improve antitumor activities.
Enhance the percentage of migratory DCs in
tumor-draining lymph nodes and induce cytotoxic
T-lymphocyte immune response.

Song et al., 2018

Increase the percentage of CD8+ IFN-y+ T cells. Yang et al., 2018

Achieve obvious tumor suppression effects and
induce a T cell immune response.

Wang C. et al., 2018
Induce powerful CD8+ IFN-y+ T cell immune Luo et al,, 2017
response.

Recruit and activate DCs, induce memory T cells Han et al., 2016

response.
Induce apoptosis of tumor cells and the suppress Ueda et al., 2016
the angiogenesis.

Achieve powerful immune memory effect to resist a
secondary injection of tumor cells.

Leach et al., 2018

Recruit DCs, increase the systemic TH1 and TH2 Kim et al., 2015

serum antibody and cytotoxic T cells.

Recruit and activate DCs and the immune response LiAW. etal., 2018

of T cells.

Increase BMDC activation marker expression and LiW.A. etal., 2016

the innate immune cells infiltration.

immunoregulatory agents (Chew and Danti, 2017; Ding et al.,
2019b; Feng et al., 2019a).

A representative research designed macroporous scaffolds
from polymerized alginate for stocking, proliferation and
dispersing engineered T cells. This approach aimed to manage
locally advanced, and unresectable or incompletely resected
tumors through situating implants near these. To make the
alginate scaffolds, the authors used calcium chloride for the cross-
linking agent and round Teflon-coated mold to form 2 mm-thick
scaffolds. These scaffolds were frozen and lyophilized to obtain
porous matrices. In the mice breast cancer resection model, the
proliferation of T cells from the scaffold at the implanted site
was 167 times of that injected through conventional delivery
modalities, resulting in the reduction rate of postoperative
metastasis and recurrence. In addition, in a multifocal ovarian
cancer model, the authors demonstrated that T cells from the
scaffold triggered the regression, while the injected tumor-
reactive lymphocytes had small curative effect (Stephan et al,
2015; Zheng P et al, 2019). In another research, the authors
also used alginate scaffolds to deliver chimeric antigen receptor

T-cell immunotherapy y (CAR-T) cells, and achieved a good
therapeutic effect. In addition, the authors demonstrated that the
combination of inducer of interferon genes (STING) agonists
with alginate scaffolds stimulated a strong immune response to
kill tumor cells unidentified by lymphocytes (Smith et al., 2017;
Ding et al., 2019a).

NK cells are able to separate malignant tumor cells from
normal cells in an antigen-independent method through
identifying the mismatch of inhibitory signaling pathways. This
leads to the preference to eliminate stem cell-like tumor cells
that have promoted tumorigenic effects, which are incentive to
traditional therapies (Guillerey et al., 2016; Tian, 2017; Sanchez-
Correa et al,, 2019). Due to the poor infiltration of NK cells in
the tumor microenvironment, the clinical effects towards solid
tumors remain unsatisfactory (Davis et al., 2017; Siegler et al.,
2018). In addition, with the deepening of studies on NK cells,
other deficiencies in cell enrichment technique, targeting effect,
dependency on stimulating cytokines, and tumor elimination
ability are emerging (Shimasaki et al, 2020). Therefore, a
representative study synthesized a 3D-engineered hyaluronic acid
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FIGURE 1 | Implantableand injectable biomaterial scaffolds for cancer immunotherapy.
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(HA)-based niche for the expansion of NK cells, which was
called 3D-ENHANCE. NK cells were loaded with deformed states
in this biodegradable and biocompatible polymeric scaffold due
to the excellent hydration ability of HA. HA can regulate the
proliferation and migration of NK cells as a key member of
the extracellular matrix (ECM). Compared with two-dimensional
(2D) (petri dish), 3D-ENHANCE promotes the intercellular
interaction and cell aggregation of NK cells, leading to the
increase in cell proliferation and high cell viability. To study
the specific mechanism of 3D-ENHANCE in promoting NK cell
interaction and cell aggregation, the authors extracted ribonucleic
acid for sequencing and analyzed the transcript information.
The results showed that 236 genes were up regulated with the
treatment of 3D-ENHANCE. The expressions of CDK6, CCNB1,
and CDC20 improved the cell division and proliferation, the
expressions of lymphotoxin-alpha, IL-6, and tumor necrosis
factor o improved the inflammatory response, while the
expressions of IFN-y and granzyme B enhanced the cytotoxicity
of NK cells. Next, the investigators tested the cytotoxicity induced
by cultures in 2D and 3D, and it was demonstrated that 3D
scaffolds had more powerful tumor killing activity towards
NK cells. After the injection of 3D-ENHANCE, which was
loaded with zEGFR (epidermal growth factor receptor)-CAR NK
cells, the postoperative metastasis and recurrence of MDA-MB-
231 model with incomplete resection significantly decreased by
implantation. In addition, the survival of mice was extended
in the K562 leukemia model after the intravenous injection of
engineered NK-92 cells expanded in 3D-ENHANCEs. With the
favorable mRNA expression, the increase in cytokine release and
tumor-lytic abilities, 3D-ENHANCE can significantly enhance
the cell expansion, persistency and antitumor efficiency. Overall,
3D-ENHANCE provides a promising strategy for ex vivo
expansion and postsurgical treatment to improve the poor
therapeutic effect of NK cells therapy (Ahn et al., 2020).

Implantable biomaterial scaffolds solve some of the limitations
of present adoptive cellular immunotherapies (Mouthuy et al.,
2016). First, the direct injection of a large number of tumor-
reactive lymphocytes for the treatment of solid tumors is
commonly non-effective due to the low accumulation and
expansion of the lymphocytes at the tumor sites (Rao et al.,
2016). The scaffolds can regulate the immunosuppressive tumor
microenvironment and continuously disperse the lymphocytes
(Bersani et al, 2014). Second, the procedure of adoptive
cellular immunotherapy is complex, which can result in the
functional exhaustion of cells before reintroduced (Leach et al.,
2019). In the biomaterial approach, proliferation and activation
factors are loaded into the scaffold. Engineered lymphocytes
can immediately eliminate adjacent tumor cells, leading to the
minimized side effects and facilitated recovery of patients (Seib
et al,, 2015). In addition, this platform can not only deliver
various kinds of lymphocytes, but also deliver cells that are
difficult to proliferate, or that needs a strict microenvironment,
such as type 1 T-helper cells or stem cell-like memory T cells
(Pelaez et al., 2018).

Implantable Biomaterial Scaffolds

Program Dendritic Cells in situ

Tumor vaccines provide an attractive choice to improve
the postoperative survival rate of patients (Butterfield, 2015;
Srinivasan et al, 2017). Introducing tumor antigens to DCs
has been demonstrated to be an effective kind of strategy
in vaccine and immunotherapy (Sabado and Bhardwaj, 2015;
Saxena and Bhardwaj, 2018; Wang P. et al., 2018). However,
the immunosuppressive tumor microenvironment is the main
obstacle for completely eliminating the tumor (Yang et al., 2019).
Gemcitabine (GEM) has been demonstrated to be immunological
in exhausting MDSCs, which is a critical player in the
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immunosuppression tumor microenvironment of mice models
and patients, resulting in the relief of the immunosuppressive
tumor microenvironment (Zhang et al., 2019). The mechanism
of by which this effect is achieved is unclear. One possible
reason is that GEM can cause a massive efflux MDSCs into
the blood and other organs, while another possible reason is
that GEM can selectively kill Gr-1+/CD11b+ MDSCs without
affecting other immune cells. Further studies are still needed
to discover the mechanism and biochemical effects of GEM
on MDSCs (Suzuki et al, 2005). A representative research
introduced a 3D scaffold by cross-linking collagen and HA to
deliver GEM and poly(I:C), which can trigger an intense immune
response through stimulating TLR3 in DCs and macrophages.
The combination of collagen and HA was demonstrated to
promote cell migration and division due to the preeminent
biocompatibility and biodegradability. The 3D scaffolds were
implanted into a 4T1 local recurrence mice model. The results
indicated a significant reduction in tumor-infiltrating MDSCs,
and an increased number of CD8+ T cells. In addition, the
infiltration of DCs and macrophages in the tumor site and spleen
were also markedly increased. The 3D scaffolds can be used as
an immune inducing center for the recruitment and education
of DCs, and can be expected to provide a choice to prevent
postoperative tumors from recurrence and metastasis (Figure 2;
Phuengkham et al., 2018).

Another study wused porous poly(lactide-co-glycolide)
(PLG) scaffold for the continuously delivery of granulocyte-
macrophage colony stimulating factor (GM-CSF) or CpG
oligodeoxynucleotides (CpG-ODNs) to recruit and induce the
proliferation of DCs. The investigators used two methods to
recruit and release DCs. The first method took advantage of
the release of GM-CSF alone to recruit DCs into the scaffolds.
The results revealed that the DCs were subsequently recruited
and trapped in the scaffolds. The DCs could be activated and
disperse only when the GM-CSF levels fall, indicating that the
specific concentration and duration of GM-CSF can profoundly
affect the effects of the treatment. This method created a physical
environment, and provided stimulatory signals to DCs for
over two weeks. Another method developed a continuous
process to shuttle DCs. The authors first used GM-CSF to
recruit DCs into the scaffolds, and then used the subsequent
release of CpG-ODN to activate the resident DCs. The results
demonstrated that the presentation of CpG-ODN significantly
enhanced the expansion of activated DCs, and the percentage of
programmed DCs that migrated to the lymph nodes, indicating
that the mimicking aspects of infection can effectively impact
the recruitment, activation and homing to the lymph nodes of
DCs. Optimistically, in the preclinical melanoma mice model,
tumors completely subsided in 47% of mice (Ali et al., 2009;
Sterner et al., 2019).

In order to realize to recruit, activate and disperse the DCs,
these studies were steered by the cumbersome steps and cost
of cell manipulation and transplantation ex vivo to program
DCs in situ. This implantable material approach could be used
as a substitution to present cancer vaccine strategies, or in
combination with other methods. Furthermore, this research
shows powerful new applications of polymeric biomaterials,

which could be applied in a various of diseases through in-
situ programming or reprogramming of host cells. Overall, the
thought of implantable biomaterials for DCs in situ program may
offer a new approach for polymer therapy, and a promising choice
to cell therapies that rely on ex vivo cell manipulation.

In conclusion, implantable biomaterial scaffolds can remain
at the site of implantation for a long time to maintain antigen
presentation, control cell transport, recruit immune cells, and
perform several other functions (Chung et al., 2017). However,
the drawbacks of implantable scaffolds are also obvious. Invasive
surgery needs to implant the scaffolds in or close to the tumor
site (Youssef et al., 2017). Moreover, the scaffolds cannot be
administered into inaccessible sites or volume-sensitive regions
during the surgery, and its persistence may impair normal organ
function (Papalamprou et al., 2016; Phuengkham et al., 2018;
Riley et al., 2019).

INJECTABLE BIOMATERIAL SCAFFOLDS
FOR IMMUNOTHERAPY

Injectable Hydrogels for Immunotherapy
Injectable biomaterial scaffolds are transformable gel-like
biomaterials that can be injected into the tumor location or
resection site to produce a strong local or systemic antitumor
immune response (Nguyen et al., 2020; Villard et al.,, 2019;
Wang et al., 2019a).

A representative research designed alginate hydrogels which
have the ability of in situ pores formation for the delivery of
cytokine GM-CSF (a trigger to recruit and proliferate DCs) in a
sustained manner (Hamilton, 2019). These macroporous alginate
hydrogels can serve as a supportive scaffold for the infiltration
of cells. In C57BL/6] female mice, the continuous release of
GM-CSF from hydrogels resulted in the recruitment of a large
number of cells into the scaffold. CD11b+ CD11c+ DCs occupied
more than 90% of the cells that infiltrated the material at day
five. This study may pave the way for the further promotion of
high effective, therapeutic antigen-specific tolerogenic vaccines
(Verbeke and Mooney, 2015). In the follow-up study, the authors
explored the potential of such hydrogels for the delivery of
microparticles or peptide antigens, resulting in the recruitment
and activation of engineered immune cells (Verbeke et al., 2017).

Another research developed an alginate hydrogel to deliver
two FDA-approved drugs, including celecoxib, a specific inhibitor
of cycloxygenase-2 (COX2), and programmed death 1 (PD-1)
monoclonal antibody. Compared with blank hydrogel treated
mice, the co-delivery of celecoxib and anti-PD-1 group achieved
a 90% suppression of tumors in the B16-F10 mice model,
indicating significantly improved antitumor activities. Notably,
56% of the treated mice achieved complete regression of tumors
after three months of follow-up. Then, the authors anglicized
the T cell infiltration of tumor tissues. The results indicated that
the co-delivery of dual agents increased the expression of IFN-y-
expressing CD4+ and CD8+ T cells by 5-6-fold, when compared
to the blank hydrogel group. These outcomes, along with the
decrease in Tregs and myeloid derived suppressor cells (MDSCs),
demonstrate the regulatory role of the immunosuppressive
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FIGURE 2 | The 3D scaffolds through the crosslinking HA and collagen to deliver GEM and poly(l:C) for postoperative immunotherapy. (A) The designed scaffolds
carrying GEM, vaccines and TLR3 agonists to promote cancer immunotherapy. (B) The weight of recurring tumors on day 14 after incomplete resection. (C) The
percentage of immune cells at day 7 and 14. The bule represents CD3+ CD8+ T cells and the red represents CD3+ CD4+ T cells. Reproduced with permission from

Phuengkham et al. (2018).

tumor microenvironment. Furthermore, the expression of anti-
angiogenic chemokines C-X-C motif ligand (CXCL) 9 and
CXCL10 increased, and the expression of interleukin (IL)-1,
IL-6 and cycloxygenase-2 (COX2) decreased, resulting in the
suppression of the pro-tumor angiogenic and inflammatory
microenvironment (Li Y. et al., 2016).

Song et al. designed PEGylated poly(L-valine) copolymers
for the delivery of tumor cell lysates (TCL) and TLR3 agonist
poly(I:C). This novel vaccine formulation aimed to recruit,
activate and mature DCs through the continuous release
of TCL and poly(I:C). The results demonstrated that this

polypeptide hydrogel could sustainably release antigens or
poly(I:C) for over seven days. In the melanoma mouse model,
hydrogel formulations injected subcutaneously increased the
percentage of migratory DCs in tumor-draining lymph nodes,
and evoked a powerful cytotoxic T-lymphocyte immune response
(Song et al., 2018).

In addition, a research developed a vaccine nodule that
consisted of RADA16 peptide nanofibrous hydrogel, anti-PD-
1 antibodies, DCs, and tumor cell lysates (TCL). After the
subcutaneous injection into lymphoma mice, Gel-DC-TCL,
with or without anti-PD-1 immunotherapy can improve the
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percentage of CD8+ IEN-y+ T cells by 5-6 times, indicating
the induction of powerful immune response of T cells
(Yang et al., 2018).

As previously confirmed, the tumor microenvironment
expressed abundant reactive oxygen species (ROS) to accelerate
tumor progression (Daum et al., 2017; Ruan et al, 2018).
Therefore, Wang et al. developed an in situ formed ROS-
degradable hydrogel scaffold, which can achieve sustained release
inside the microenvironment of tumors, for the localized delivery
of GEM and anti-PD-L1 blocking antibody (aPDL1). The ROS-
degradable hydrogel scaffold was synthesized by crosslinking poly
(vinyl alcohol) (PVA) with a ROS-labile linker. In the B16F10
and 4T1 mice model, mice administrated with aPDL1-GEM@Gel
demonstrated obvious tumor suppression effects. Furthermore,
50% of mice survived for more than 60 days after injected
the aPDL1-GEM@Gel. However, mice in all control groups
were sacrificed after two months. In order to further evaluate
the immune regulation, the authors used immunofluorescence
and flow cytometry to analyze the tumors on the 10th day
after injection. The results revealed that aPDL1-GEM@Gel can
trigger a powerful anti-tumor immune response induced by
T cells. Remarkably, the hydrogel scaffolds can not only be
used as a warehouse for the regulated disperse of therapeutic
drugs, but also as a ROS cleaner to enhance the immunogenic
phenotypes. This approach might provide a promising method
for the treatment of low-immunogenic tumors (Figure 3; Wang
C.etal, 2018).

Luo et al. developed a self-assembling hydrogel of a D-tetra-
peptide (D-gel) to promote the clinical efficacy of vaccine
adjuvant. In the B16-OVA mice model, D-gel loaded with OVA
achieved 50% elimination of the tumors on contrast to other
groups and had no weight loss of mice, demonstrating its
antitumor potential and biocompatibility. In order to analysis the
potential application of D-gel for complex antigens, the authors
used X-ray irradiated E.G7 tumor cells and 4T1 tumor cells
to serve as tumor antigens (Wang et al., 2019b). The results
indicated that D-gel was a promising vaccine adjuvant for various
kind of antigens. Furthermore, the authors test the immune
response of D-gel loaded with X-ray irradiated E.G7 tumor
cells. The results showed that CD8+ IFN-y+ T cells proliferated
obviously in the tumor microenvironment. Overall, this original
strategy of vaccine adjuvant can act as a promising alternative for
cancer immunotherapy (Luo et al., 2017).

Han et al. demonstrated a phospholipid-based phase
separation hydrogel (PPSG) to deliver the antigen OVA and
the adjuvant CpG-ODN. DCs were mass recruited to the
injection position at 7 days after administrated with PPSG
formulation, indicating the powerful and long-lasting immune
regulation ability of this hydrogel tumor vaccine. Besides, with
the degradation of hydrogel and the release of payloads, no
immune regulatory effects were found at day 28. Furthermore,
the authors tested the memory immune responses of PPSG
formulation and indicated memory antibody responses and
powerful memory T cell production (Han et al., 2016).

Hydrogel also showed obvious advantages in cytokine
delivery. A representative study developed a hyaluronic acid
tyramine (HA-Tyr) hydrogel for the delivery of IFN-a and

sorafenib to treat renal cell carcinoma (RCC). In human RCC
cells xenografted mice model, the combination of IFN-a and
sorafenib demonstrated the best anti-tumor effect compared
with other groups, indicating the synergistic effect of these
two payloads. However, no statistical difference was discovered
between the co-delivery group and the sorafenib group. In spite
of this, the prolonged half-life of IFN-a and the achieved tumor
suppression effect still cannot be ignored (Ueda et al., 2016).
Leach et al. described a peptide hydrogel based on positive
charge Multi-Domain Peptide (MDP) for the delivery and
controlled release of cyclic dinucleotides (CDNs). Notably,
significant tumor inhibition effect was found in mice oral tumor
model through a single injection of the hydrogel formulation at 3
days after the tumors were planted. The results showed that 60%
of the mice was achieved adaptive immunity. No tumor growth
was found with the treated of the hydrogel formulation after
secondary tumor implantation. Besides, the controlled release
time was demonstrated to be at least 7 days to maintain the CDN
concentration around the injected site (Leach et al., 2018).

Injectable Mesoporous Silica Rods for

in situ Tumor Vaccine

Kim et al. developed a promising approach for in situ tumor
vaccine based on self-assembled mesoporous silica rods (MSRs)
of a high aspect ratio. MSRs have been extensively applied
because of the sustained delivery of drugs due to its high
porosity, extended superficial area, and biocompatibility (Chang
et al., 2018; Wang Z et al.,, 2018). After administration in mice,
this system can nonspecifically assemble into pore structures,
allowing for the long and controlled release of payloads. The
authors compared spontaneously assembled MSR structures to
the randomly assembled matchsticks, resulting in the build of
3D porous structures to host immune cells, and the release
of embedded immune agents. The agents in MSRs can recruit
and programme host immune cells, and induce these cells
to interact with other kinds of immune cells. MSR-based
scaffolds, including OVA, GM-CSF and CpG-ODN, were further
researched for their role as vaccines. After analyzing the cell
recruitment of these scaffolds, the investigators found that the
number of cells that remained in the vaccine MSR scaffolds
was 6.5 folds higher than in blank MSR scaffolds at day seven.
Then, the investigators analyzed their cell types, and indicated
that CD11c+ DCs occupied 10% of the recruited cells. High
levels of GM-CSF were detected in tissues between 1 mm
and 3 mm from the injection site, demonstrating the release
of GM-CSF in vivo. In addition, systemic TH1 and TH2
serum antibody and cytotoxic T cells were also significantly
enhanced. These results show that injectable MSRs can be
used as a multifunctional vaccine platform to regulate the
function of immune cells, and trigger adaptive immune response
(Kim et al., 2015).

Another research reported a simple approach to promote
antigen immunogenicity through the combination of
polyethyleneimine (PEI) with a mesoporous silica micro-
rod (MSR) vaccine. The MSR-PEI vaccine was demonstrated
to enhance the concentration and activation of DCs, and the
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FIGURE 3 | The ROS-responsive scaffold loaded with GEM and checkpoint inhibitor for chemoimmunotherapy. (A) ROS-degradable hydrogel scaffolds can achieve
the co-delivery of GEM and aPDL1 into the tumor microenvironment for combination therapy. (B) The tumor growth curves of all groups. (C) The conditions of CD4+
and CD8+ T cell infiltration. Scale bar: 100 wm. (D) The numbers and ratios of immune cells in tumors under multiple treatments. Reproduced with permission from

Wang C. et al. (2018).

immune response of T cells effectively, resulting in more effective
humoral responses and tumor prevention effect compared to
traditional vaccine formulation. Surprisingly, approximately 80%
of mice with large established TC-1 tumors achieved completely
tumor elimination through single injection of the MSC-PEI
vaccine based on the E7 peptide. It is worth noting that the
MSR-PEI vaccine can eradicate the established lung metastases
when immunized with the B16F10 or CT26 neoantigen library.

Overall, this research demonstrated a potentially modular
strategy to promote the efficacy of immunotherapy. The vaccine
can rapidly assemble to drive immune responses against the
cancer-specific mutation pool, and be synergistic with other
immunotherapies, achieving the vaccination of personalized
vaccine (Li A.W. et al., 2018).

To explore the effects of surface modification of MSRs in
inducing and regulating the immune system, a further study
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modified the Poly (ethylene glycol) (PEG) and integrin-binding
ligand Arg-Gly-Asp (RGD) with MSR scaffolds. The results
revealed that PEG modification increased the expression of
the BMDC activation marker and IL-1fB. The infiltration of
innate immune cells was also increased. Meanwhile, the peptide-
modified MSRs presented a reduction in inflammation, when
compared with PEG MSRs. Besides, the authors investigated the
weight of fibrous capsules in the surrounding of the scaffold,
indicating PEG scaffold was the heaviest in all groups. These
results indicate that surface modulation of these scaffolds can
adjust the infiltration of immune cells, providing a promising
alternative for the progress of new material-based vaccines
(Figure 4; Li W.A. et al,, 2016).

As mentioned above, the implantable biomaterial scaffolds
can not only serve as durable warehouses for storing drugs or
immune cells, but also remain at the site of the implantation
for a long time to maintain the ability of antigen presentation,

regulate cell transport, and perform a variety of else functions
(Amir Afshar and Ghaee, 2016; Chen et al., 2015; Sinha et al,,
2019; Zhang et al., 2018). Furthermore, implantable scaffolds
need a small invasive surgical procedure to implant into the
resected or the subcutaneous tissue space. Thus, such scaffolds
are unable to be placed in volume-sensitive areas that cannot
be reached by surgery, and the continued presence may impair
normal organ function (Riley et al, 2019). Compared with
implantable biomaterial scaffolds, injectable scaffolds are simpler
to operate, and are less invasive, avoiding unwanted tissue injure
and complications correlated to inflammatory response to wound
(Norouzi et al., 2016; Shen et al., 2017). These scaffolds can reach
anywhere through the needle, thereby avoiding unnecessary
tissue damage (Zheng Y et al, 2019). Besides, due to the
viscoelastic properties of injectable biomaterial scaffolds, they
are able to flow to occupy discrete places (Hu et al., 2017;
Leach et al., 2019). However, injectable scaffolds need sufficient
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fluidity to pass through the needle, which limits the use of many
ideal materials (Lei and Tang, 2019; Qi et al., 2018). Besides,
the selected biomaterials must have the ability to form a liquid
or gel to pass through the needle, resulting in limitations of
the types of materials and ingredients that can be used. Many
suitable and excellent materials cannot meet the conditions
required for injection, which seriously affects the application
space of injectable materials and cannot realize complex three-
dimensional structures. In short, for injectable and implantable
scaffolds, as long as they are used flexibly according to the
application environment and conditions, they can all play their
respective advantages.

CONCLUSION AND PERSPECTIVES

The research on the combination of biomaterials and
immunotherapy are rapidly advancing to break the scientific
barriers, and overcoming present immunotherapy deficiencies
(Eppler and Jewell, 2020; Scheetz et al., 2019). Among these,
implantable and injectable biomaterial scaffolds present a
promising potential for biomaterial delivery systems (Zhao et al.,
2019). The low accumulation and expansion of tumor-reactive
lymphocytes at the tumor sites, and the complex procedure
significantly impact the therapeutic effect of adoptive cellular
immunotherapy (Beatty and Gladney, 2015). However, the
allowable dose confined by the autoimmunity still the main
limitation of the application of checkpoint inhibitors, cytokines
and agonistic antibodies therapies in clinical practice (Sanmamed
and Chen, 2018; Szeto and Finley, 2019). Furthermore, the
complex tumor microenvironment of solid tumors is another
reason for the ineffective immunotherapy (Xie et al, 2019).
The development of delivery strategies based on biomaterials
improve the effect of immunotherapy to some extent, such as
the recruiting and regulating lymphocytes in situ, reducing the
degradation of therapeutic substances, improving the targeting
capability of drugs, helping overcoming the physical barrier,
reducing systemic side effects, and achieving persistent release.
Other types of biomaterials, such as nanoparticles have also
contributed greatly to the development of immunotherapy.
Different kinds biomaterials make up for various defects of
immunotherapy by virtue of their own advantages, which
expands the application range of immunotherapy towards
tumors and provides the possibility of personalized tumor
treatment. Moreover, many studies have demonstrated that the
combination of immunotherapy with other traditional therapies,
including chemotherapy, phototherapy and radiotherapy, can
produce synergistic effect and improved therapeutic efficacy of
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