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Summary

Therapeutic cancer vaccines are emerging as novel and potent approaches to treat cancer. These
vaccines enhance the body’s immune response to cancerous cells, and dendritic cells (DCs), an
initiator of adaptive immunity, are a key cell type targeted by these strategies. Current DC-based
cancer vaccines are based on ex vivo manipulation of the cells following their isolation from the
patient, followed by reintroduction to the patient, but this approach has many limitations in
practical cancer treatment. However, recent progress in materials science has allowed the design
and fabrication of physically and chemically functionalized materials platforms that can
specifically target DCs in the body. These materials, through their in vivo modulation of DCs,
have tremendous potentials as new cancer therapies. Nanoparticles, which are several orders of
magnitude smaller than DCs, can efficiently deliver antigen and danger signals to these cells
through passive or active targeting. Three-dimensional biomaterials, with sizes several orders of
magnitude larger than DCs, create microenvironments that allow the effective recruitment and
programming of these cells, and can be used as local depots of nanoparticles targeting resident
DCs. Both material strategies have shown potential in promoting antigen-specific T cell responses
of magnitudes relevant to treating cancer.
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Introduction

Immunotherapy with protein drugs (e.g., cytokines and monoclonal antibodies) is becoming
a standard approach for cancer management. Therapeutic cancer vaccines, another form of
immunotherapy, are rapidly emerging as a promising new approach to treat cancer. Cancer
vaccines are designed to invoke strong anti-tumor immune activity, and the induction of
antigen-specific cytotoxic (CD8+) T lymphocytes (CTLs) are believed to be a critical aspect
of their function [1-3]. Activated CD8+ T cells can kill tumor cells upon recognition of
specific labels (antigens) present on tumor cells, and this recognition is dependent on
binding of the label to a T cell receptor (TCR) specific to that antigen. Dendritic cells (DCs)
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are believed to be the most important antigen presenting cells (APCs), and play a key role in
initiating CTL responses [4-7]. In 2010 April, the first DC-based therapeutic cancer vaccine,
known as Provenge, was approved by the Food and Drug Administration [8]. This
breakthrough in cancer therapy demonstrated that one can stimulate a patient’s own immune
system to fight cancer. However, this therapy is based on ex vivo manipulation of DCs in
order to generate large numbers of these cells, and to activate the cells with cancer antigen,
and thus suffers from a high cost and significant regulatory burden. In addition, tumors were
not eradicated with this therapy, and the increase in patient survival time has been limited to
4 months to this point. While this breakthrough will undoubtedly have a major impact on
cancer treatment, it also highlights the need to make further progress on the DC-based
cancer vaccine strategy, and to bypass its dependency on ex vivo manipulation.

Recent progress in material science has led to new biomaterials and the applications of
materials in a wide range of biomedical applications, including diagnostics, cancer therapy,
and tissue regeneration. In particular, nanoparticles and macroscopic, three-dimensional
biomaterials have significant potential in many clinical applications. Because of their
nanosize and easy surface modification, targeting of nanoparticles to various tissues,
including tumors and lymph nodes can be exploited to deliver imaging or therapeutic
modalities [9-13]. 3-D macroscale biomaterials, especially porous scaffolds, have been
extensively explored for applications involving the controlled release of growth factors, cell
delivery, and tissue regeneration [14-22]. These materials create microenvironments that
allow the fate of resident cells to be modulated, typically via control over the physical
properties and presentation of cell signaling molecules from the walls of the materials.
These 3-D macroscale materials and nanoparticles are being increasingly explored for their
relevance to therapeutic vaccination in the context of cancer, particularly via the targeting
and programming of specific immune cell populations.

In this review, basic concepts in immunity, focused on the important roles of DCs, and
efforts to date to develop cancer vaccines are first introduced. Next, the recently approved
DC-based cancer vaccine used to stimulate CTL responses will be discussed, as this
provides a benchmark for material-based approaches. The majority of this article will then
review current efforts in materials science to develop new cancer vaccines based on the
modulation of DCs in the body, with a focus on two types of materials systems,
nanoparticles and 3D macroscale biomaterials.

Dendritic cells

Since the discovery of DCs in 1973 by Ralph Steinmann and Zanvil Cohn [23], these cells
have been the focus of intensive research aimed at understanding their role in the initiation
of adaptive responses in the context of cancer. Dendritic cells, named for their dendritic
shapes (inset of Fig. 1), are believed to be the most important antigen-presenting cells
(APCs) of the body, are both initiators and modulators of immune responses, and have the
ability to induce primary immune responses [4-6]. A brief summary of DC biology, relevant
to their role in immune responses upon infection, is provided in Fig. 1. DCs normally reside
in peripheral tissues (e.g., skin) in an immature state (the state of DCs before they encounter
antigen). Immature DCs are not present in high numbers, but are spread over the body and
have an extraordinarily high phagocytic ability. When present in the skin and mucosal
barriers, they have a high probability of encountering pathogens invading the body, and DCs
serve as sentinels that seek out foreign invaders, such as bacteria, viruses, or dangerous
toxins. Immature DCs are very active in eliminating pathogens or antigens by non-specific
or receptor-mediated phagocytosis (solid antigens) and macropinocytosis (soluble antigens).
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Once immature DCs uptake foreign substances, called antigens, they digest them into small
fragments and present them from their surface, in the process typically becoming a mature
DC. The fragments of foreign agents are presented from cell surface receptors called the
major histocompatibility complex (MHC), and the MHC-antigen complex can be recognized
by T cell receptors. The activation of cytotoxic CD8+ T cells (which can kill pathogen-
infected cells or cancerous cells) is driven specifically by this binding and recognition of
fragments presented from MHC class | molecules. Usually the exogenous molecules taken
up by DCs are fragmented by proteases in the DC endosomes, and antigenic peptides are
then loaded onto MHC class Il molecules that will bind with and activate CD4+ helper cells.
Alternatively, the exogenous antigens are also processed through a pathway called “cross-
presentation” in which dendritic cells take up antigens and efficiently present the MHC class
I-peptide complex on the cell surface to activate CD8+ T cells, and this is believed to be
necessary to develop an effective therapeutic cancer vaccine.

The cells of the immune system have been extensively characterized in terms of the various
cell surface receptors they express, allowing one to readily probe the state of the cells.
Mature DCs express high levels of co-stimulatory molecules (CD80, CD86) and adhesion
molecules (ICAM-1) on their surface, and these mediate their interactions with naive T cells
in secondary lymphatic organs, especially the lymph nodes. Mature DCs also express high
levels of CCR7, a lymph node homing receptor, as this allows them to migrate to the lymph
nodes in response to a gradient of the chemokines, CCL-19 and CCL-21, secreted from
lymph node cells [24]. Naive T and B cells reside in high numbers in the lymph nodes,
allowing the migrating DCs to interact with these cells and transfer the antigenic information
that they cargo on their surfaces in the form of MHC-antigenic peptide complexes. CD8+ T
cells (also called cytotoxic T lymphocytes (CTLs)), are important effector cells for effective
cancer vaccine. In the lymph node, the DCs present cancer antigenic peptides coupled to
MHC molecule to the TCR of CD8+ T cells. Binding interactions between costimulatory
molecules (CD80, CD86) on DCs and CD28 on the T cells are also required to activate the
CD8+ cells, and cause these cells to become cytotoxic and expand their number in presence
of cytokines secreted by DCs and other T cells. The activated CTLs leave the lymph nodes
via efferent lymphatic vessels, enter the blood stream, and migrate to peripheral sites of
inflamed tissue in response to various inflammatory cytokines secreted from infected cells
and tissue around the site of infection. Finally CTLs specifically kill the pathogens or
infected cells that express the same antigentic peptide molecules presented by the DCs.

An important aspect of DC biology is that antigenic information alone is not sufficient to
generate strong CTL responses. A variety of other cues, generically termed danger signals,
are required to efficiently activate DCs. These danger signals contain conserved molecular
patterns present in common infectious agents, termed pathogen associated molecular
patterns (PAMPs), and bind to DC receptors as they process antigen. Toll like receptors
(TLRs) are one family of these danger signal receptors in DCs [25,26]. Various TLR
agonists including lipopolysaccharide (LPS), polyinosinic:polycytidylic acid (poly I:C), or
unmethylated cytosine-phosphate-guanosine oligodeoxynucleotide (CpG-ODN), bind to
TLRs to activate DCs [25,26]. The presence of danger signals greatly enhances the resulting
expression levels of costimulatory molecules (e.g., CD80, CD86) and cytokines by mature
DCs that are needed to activate CD8+ T cells to kill the cancer cells.

DC-Based Cancer Vaccine

Since the historical success of Jenner’s first vaccination strategy against smallpox [27], the
development of vaccines for other infectious diseases has been pursued intensively and has
often been successful. It has also become apparent that cancer can be prevented or treated by
antigen specific immunization, as the same mechanism of CTL response introduced in the
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last section applies to cancerous cells. However, the immune system faces several hurdles
that subvert its ability to detect and kill the cancer cells, in part because the
microenvironment in cancer is more complex than other infectious diseases. Cancer cells
possess various immune-escape mechanisms, including high antigenic mutation, secretion of
immunosuppressive cytokines, and down-regulation of MHC molecule expression [28,29].
In general, cancers that are better at escaping host immunity will be more malignant than
those that inefficiently evade immune responses. Even if DCs successfully take up antigen
from cancer cells, tolerizing signals secreted from tumor cells can suppress the immune
reactions of DCs and CTLs [30]. Cells comprising tumors are often heterogeneous, and have
low expression of MHC | molecules, rendering them invisible to CTLs [31]. These factors
together can circumvent the ability of the immune system to spontaneously generate a potent
attack on the tumor. The immune suppressive environment of tumors suggests active
interventions are required to induce potent therapeutic cancer vaccines.

To overcome the intrinsic immunosuppressive capacity of tumors, the first FDA-approved
cancer vaccine isolates immune cell precursors from the patient’s body, and thus from the
influence of the tumor, and matures and loads the DCs with antigen before returning them to
the patient (Fig. 2). First, a patient’s own monocytes [32] are isolated and cultured in the
presence of cytokine cocktails (granulocyte-macrophage colony stimulating factor (GM-
CSF) and interleukin (IL)-4) to generate autologous DCs. The resulting immature DCs in
culture are pulsed with tumor antigens and TLR agonists. The activated DCs presenting
tumor antigen on their surface are then injected back to patient’s body, where it is expected
they will migrate to LNs to invoke tumor-specific CTL responses.

Although the effectiveness of this lab-based DC vaccine has been demonstrated in both
preclinical animal models and in human clinical studies [33], the improvement in patient
survival is limited, and it is a labor-intensive and expensive process. The vast majority of the
cells injected back into the patient rapidly die, with few migrating to the LNs (estimated at ~
0.5-2 %), and their activation may be transient [2,3,34]. Together, these issues likely
underlie the limited effectiveness of this first generation therapeutic cancer vaccine, and
provide practical obstacles to its large-scale application. In contrast, the modulation of DCs
already present in the body, without any laboratory manipulation, may allow one to more
efficiently and effectively activate the cells, allow for a more inexpensive treatment, require
less time to initiate the immune cascade, and generate more potent immune responses.

Material-Based Cancer Vaccines

The in vivo activation of DCs, obviating the need for manipulating cells outside of the body,
could potentially overcome many of the limitations of current cell-based cancer vaccines.
There have been attempts to use simple formulations of synthetic peptides or proteins as
vaccines, similar to what is done with infectious disease vaccination. These are much
simpler than cell-based vaccines, but their clinical efficacy has not been satisfactory [35-
37]. One of the major obstacles of peptide- or protein-based vaccines is that uptake and/or
presentation of the antigens is not performed by professional APCs, lead to insufficient
stimulation of T cells [38]. For efficient priming and activation of antigen-specific CTLs,
sufficient quantities of antigens should be presented to T cells by functionally activated,
professional APCs for an appropriate period of time. Material-based delivery of antigens is a
promising approach for cancer vaccines, due to the ability of materials to either passively or
actively target cell populations in the body, and to prolong antigen presentation in concert
with presentation of costimulatory signals [39].

Material-based antigen delivery offers a number of advantages over the administration of
soluble antigens. First, materials can be localized or targeted to specific tissues. Materials
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can also be surface functionalized with antigen, targeting molecules, or protecting layers.
Multiple agents, including antigen, danger signals, and cytokines, can be loaded into a single
material delivery system; alternatively, multiple materials, each delivering a single factor,
can be readily combined. Antigens and adjuvants are typically protected from degradation
by proteases, RNAses, and DNAses in the body following encapsulation in a material,
allowing DCs a better chance to acquire the antigen. Material-based antigen delivery also
can achieve cross-presentation of the antigen by DC. The simplicity in design and synthesis
of materials, coupled with their multifunctionality makes materials attractive tools for cancer
vaccine.

The cytotoxity of materials, including various nanoparticles and biodegradable polymers, is
a key factor in their evaluation to proceed to clinical use. The materials used in vaccine
systems are desired to be biocompatible and have low cytotoxicity, in order to reduce side
effects after vaccination. The chemical and physical characteristics, such as size, surface
functional group, and composition, should be controlled to reduce the potential cytotoxicity
of materials-based cancer vaccine.

Nanoparticles that target either cells in peripheral tissue (Langerhans cells, dermal DCs), or
target cells residing in the lymph nodes will be reviewed in the following sections, as will
scaffolds that mimic infection by instead recruiting the APCs to themselves, and then
presenting antigen and other cues to activate the APCs.

Nanoparticles to target DCs in peripheral tissue

Nanoparticles can be targeted to peripheral DCs by subcutaneous or intradermal injection.
Upon injection of nanoparticle via the subcutaneous or intradermal routes, nanoparticles
predominantly remain at the injection site, while some fraction enter the draining lymph
nodes.[40] The nanoparticles gradually enter into the blood stream over time and finally
accumulate in different organs, especially liver, or are excreted via urine and feces. DCs first
internalize the nanoparticles and process the antigens, and then migrate to the lymph nodes
within 1~2 days (Fig. 3). Antigens and danger signals can be coencapsulated in single
nanoparticles and delivered into DCs. DC-specific targeting molecules coupled on the
surface of nanoparticles further allow active DC-targeting and more efficient delivery of
antigens to DCs.

Antigenic protein or peptides can be coupled to the surface of nanoparticles or encapsulated
in the particles. Various types of nanoparticles, including liposome-based [41-46],
poly(lactic-co-glycolic acid) (PLGA) [47-57], polyglycolic acid (PGA) [58-63],
polystyrene (PS) [64], gelatin [65,66] and other polymers [67,68], gold [69], and magnetic
[70] nanoparticles have been studied for antigen delivery to DCs. For example, ovalbumin
(OVA), a model antigen, was incorporated in pH-sensitive synthetic liposomes (Fig. 4a)
[42]. Healthy mice were immunized with ovalbumin-encapsulating liposomes or soluble
ovalbumin, and T cells were isolated from the mice’s spleens to test if antigen-specific CTLs
were generated. Liposome-encapsulated OVA resulted in an antigen-specific, CD8+ T cell
response, while this response was not generated by immunization with equivalent amounts
of soluble OVA (Fig. 4b). Similar results were also reported using other nanoparticles
encapsulating OVA [41,42,44,46,47,49,50,52,58,59,61,64], supporting the finding that
nanoparticle-mediated antigen delivery enhances cross-presentation of exogenous antigens
and the induction of a CTL response.

In order to efficiently mature DCs, allowing for their migration to the LNs and activation of
T cells, antigen presentation from a material can be combined with TLR ligation. For
example, the TLR 9 ligand, CpG oligonucleotide, has been encapsulated in various
nanoparticles along with antigens to accomplish this goal [43,46,51,53,65,66]. PLGA
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particles were used to encapsulate both OVA and CpG (Fig. 5a) [53]. In vitro stimulation of
DCs with these nanoparticles increased expression of the DC activation markers, CD86,
MHC I, and MHC II. The efficiency of CTL priming in mice after vaccination with
biodegradable PLGA particles was enhanced when OV A was co-encapsulated with a CpG,
as contrasted to co-inoculation of OVA-bearing particles with soluble or separate particles
encapsulating CpG (Fig. 5b and 5c), indicating that co-delivery of TLR ligands and antigen
(in the same particle) is likely an important paradigm for the generation of potent CTL
responses.

Although nanoparticles are generally taken up and endocytosed by DCs, the efficiency is
relatively low as there is no specific targeting to DCs. Modification of the surface of
nanoparticles with specific DC-targeting groups has been pursued to increase antigen
presentation by DCs. A number of DC-specific (or positive) surface markers exist, such as
CD11c and DEC-205, and antibodies for these receptors have been used to increase the
targeting efficiency of antigen-containing nanoparticles to DCs [44,55,67]. For example,
peripheral DCs have been targeted with antigen-containing liposomes that were
functionalized with a specific antibody targeting CD11c or DEC-205 (Fig. 6a) [44]. This led
to a 4-8-fold increase in binding above control peptide-labeled liposomes, and the majority
of DCs in the draining popliteal lymph node exhibit fluorescein fluorescence following
footpad injection (Fig. 6b). One can also incorporate various other signals into these targeted
liposomes to enhance the maturation of DCs following uptake. For example, mice
immunized with DC-targeted liposomes incorporating IFN-y or LPS had a greater ability to
resist the metastases of melanoma cells, as compared to control mice immunized with
liposome coupled with non-specific protein (Fig. 6¢).

Nanoparticles to target DCs in lymph node

An alternative approach to targeting peripheral DCs that must subsequently migrate to the
LNs is to instead target immature DCs already residing in the LNs. A substantial fraction of
resident DCs in the lymph nodes are phenotypically immature and capable of internalizing
antigens and particles [71,72]. Further, there is higher density of DCs in lymph nodes than in
peripheral tissue, and large numbers of naive T and B cells available for activation. VVarious
nanoparticles, including quantum dots, magnetic nanoparticles, and radio-labeled
nanoparticles have been previously used to image the sentinel lymph node (closest lymph
node from diseased tissue, especially cancer) in order to diagnose and treat metastatic cancer
[73-77], providing a starting point for designing particles to target LN-resident DCs. The
basis for this approach is that fluid and particulates from the interstitial space of tissues
flows into the lymphatic circulation, providing an avenue for the accumulation of antigens in
LN [78]. Nanoparticles can be readily taken into lymphatic vessels and retained in the
draining lymph nodes.

Successful LN targeting of nanoparticles is dependent on their size [79-81]. The effects of
nanoparticle size on lymphatic uptake, lymph node retention, and internalization by lymph
node DCs were explored following intradermal injections of 20, 45, and 100 nm
polypropylene sulfide (PPS) nanoparticles into mice [79,80]. It was found that 20 nm
particles were more readily taken up into the lymphatics than 45 and 100nm (Fig. 7a), and
that they accumulated in the lymph nodes at earlier times (Fig. 7b). Within the lymph node,
nanoparticles were internalized by resident APCs, even without a targeting ligand (Fig. 7c).
A large fraction (up to 50%) of lymph node resident DCs internalized the 20 nm particles.
Intradermal injection of antigen-conjugated nanoparticles promoted specific humoral and
CTL immunity, suggesting that LN targeting with antigen-nanoparticles can be a promising
strategy for cancer vaccination (Fig. 7d).
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The size of nanoparticles also influences how they traffic to and where they localize in the
LNs [81]. Shortly after injection, 20 nm polystyrene (PS) nanoparticles were found in the
subcapsular region of the LN (Fig. 8a, 20 nm 2 h), a pattern consistent with drainage from
the afferent lymphatics. At 48 h after injection, these particles were distributed in the
subcapsular area, as well as in the paracortex and cortex of the LN in tight proximity with B
cell follicles (Fig. 8a, 20 nm 48h). In contrast, 1000 nm nanoparticles were excluded from
the subcapsular sinus and found in areas more distal from B cell follicles where DC have
been shown to reside (Fig. 8a, 1000 nm 48 h). The delivery route to LNs could be either by
lymphatic flow or by migration of DCs that uptake the nanoparticles in peripheral tissue, and
this was investigated with mice deficient in DCs. Twenty nm particles still reached the LN 2
h after injection in both the DC-depleted and control animals, while 500-nm nanoparticles
were observed only at the injection site of both control and DC-deficient mice (Fig. 8b,
upper row), demonstrating that small particles rapidly reach the LN independently of DC. At
48 h after injection, 500-nm particles had reached the LN of control animals, but not in DC-
depleted mice (Fig. 8c, lower row), indicating that large particles traffic to the LN in a DC-
dependent manner.

3D Polymer Scaffolds as Cancer Vaccines

In cancer, the immune system has already been tolerized to the cancer-specific antigens,
suggesting a major challenge for cancer vaccines is to reprogram this pre-existing immune
response and break tolerance. Materials that can create a highly defined microenvironment
to load antigen, to mature DCs, and to minimize the influence of tolerance-inducing signals
from tumors may be needed to provide a therapeutic immune response. Three dimensional
(3D) scaffolds may be ideal for this purpose. 3D biomaterials have been the focus of much
biomaterials research, due to their use in controlled drug and cell delivery [14,16-22], and
their ability to control the kinetics and dose of released drugs can be exploited to allow in
situ recruitment and manipulation of immune cells (Fig. 9). Immune cells are known to
migrate in response to the gradients of several chemokines arising from infection sites and
secondary lymphatic organs. These chemokines can be released from biomaterials in order
to recruit host immature DCs and other immune cells [82—-88]. Although there is burst of
release from 3D biomaterials at the beginning, the subsequent sustained release of
chemokines over time maintained an appropriate gradient in the outer tissue to recruit DCs.
The gradients were preserved over the time frame of the DC activation and programming in
vivo. Cancer antigens and TLR ligands can also be incorporated into these 3D biomaterials
[82,84,86-88] in either soluble form or as nanoparticles, in order to load recruited DCs with
antigen and promote their maturation. This strategy may ultimately provide effective,
therapeutic immune responses to cancer.

Solid polymer implants may be used to concentrate DCs in a particular tissue site, load the
DCs with antigen, and influence their subsequent homing to LNs. Millimeter sized ethylene
vinyl acetate (EVA) polymer rods encapsulating MIP-3p (CCL-19) or tumor antigens in the
form of the model antigen OVA, tumor lysate, or antigenic peptide have been implanted
subcutaneously to induce anti-tumor CTL response [82]. CCL-19 is a chemokine known for
inducing migration of matured DCs expressing CCR7. Upon implant of polymer rods
releasing CCL-19 in the presence of haptens (low-molecular weight molecules which
contain an antigenic determinant but which are not themselves antigenic) in the implant site,
DCs migrated to the site of implantation (Fig. 10a). The subsequent homing of these DCs to
LN was also observed over 3 days (Fig. 10b). A CTL response was observed when both
polymer rods releasing CCL-19 and antigen proteins were implanted in the presence of
haptens (Fig. 10c). Two repeated prophylactic immunization with these polymer rods before
tumor inoculation almost completely prevented the development of tumors (Fig. 10d) and
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four repeated vaccinations after tumor inoculation significantly inhibited tumor growth (Fig.
10e), supporting the potential relevance of this strategy for cancer treatment.

An injectable hydrogel matrix has also been investigated for its ability to recruit host DCs
and T cells to the injection site, the periphery of a tumor, for local anticancer
immunotherapy [83-85]. Ca%*-loaded alginate beads, providing a depot of Ca2* ions, were
mixed with a soluble alginate solution and mature dendritic cells, and the injected mixture
rapidly gelled in vivo as calcium diffused out of the beads into the surrounding solution. The
mature DCs in the alginate gels secreted inflammatory chemokines to attract host dendritic
cells, and these transplanted DCs and recruited host DCs were capable of migrating to the
LN to prime T cells. Activated T cells subsequently migrated back to the injection sites, and
local anticancer immunotherapy was achieved by peritumoral injection of alginate gels
loaded with mature DCs and an interleukin-15 superagonist (IL-15SA). An additional
chemokine IL-15SA was necessary in this approach because the recruitment of CD8+ T
cells was significantly decreased in the peritumoral injection site, probably due to immune
suppressive microenvironment around the tumor. IL-15SA is known to expand CD8+ T
cells, natural killer (NK) cells, and NK-T cells in vivo [89]. This strategy suppressed the
growth of large established B16 tumors for up to a week, and similar antitumor effects were
achieved by incorporating CpG along with IL-15SA in the gel without the use of mature
DCs, suggesting this approach could be modified to develop a cancer vaccine not requiring
ex vivo DC manipulation.

It has recently been proposed that porous polymer matrices that provide a temporary
residence for DCs can effectively regulate host DC trafficking and activation in situ, while
simultaneously preventing upregulation of the tolerizing arm of the immune system, and
provide therapeutic protection against cancer [86-88]. Macroporous PLG scaffolds (Fig.
11a) incorporating i) GM-CSF to recruit DCs, ii) nanoparticles containing CpG to mature
the DCs, and iii) tumor lysate to provide a mixture of cancer antigens were developed for
this purpose. Upon subcutaneous implantation, GM-CSF was released and established a
gradient in the surrounding tissue to recruit significant numbers of host DCs (Fig. 11b and
c). The presentation of CpG nanoparticles from the polymer to the recruited DCs increased
the maturation of DCs in the scaffolds and their LN-homing (Fig. 11d). These scaffolds
induced strong specific CTL responses to melanoma in a prophylactic model, with a 90%
survival rate (Fig. 11e) as well as in therapeutic models of melanoma and glioblastoma with
over a 50% survival rate after vaccinations (Fig. 11f). Strikingly, this systems recruited
various DC subsets, including significant numbers of plasmacytoid DCs (pDCs) and CD8+
DCs, which are very important in antigen cross presentation, and the numbers of these DC
subsets strongly correlated with the vaccine efficacy [87]. This vaccine also diminished the
local concentrations of tolerogenic cytokines (e.g., IL-10, TGF-B), and numbers of T
regulatory cells (Fig. 11g), suggesting that a key aspect of its success related to its ability to
down-regulate tolerance [87]. These effects were only found when the polymer had the
physical form of a macroporous scaffold. When PLG microspheres loaded with GM-CSF,
CpG and tumor lysates were used instead of a macroporous PLG scaffold, the vaccine
effectiveness was significantly diminished. The decreased effectiveness was likely due to
the inability of the microspheres to provide pores in which the recruited cells could reside.
This result suggests that creating a microenvironment in which host environmental cues are
minimized, and exogenous maturation factors are highly concentrated, may be a key to
reprogram immune responses in situations such as cancer where there exist significant,
pathology-associated tolerizing cues.
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Conclusion

This review documents the potential of nanostructured materials with appropriately
engineered physical and chemical properties to generate strong cytotoxic immune responses
without ex vivo manipulation of DCs. Diverse materials platforms have been designed to
interact with DCs to deliver combinations of inflammatory chemokines, tumor antigens, and
danger signals, which enable modulation of DCs in the body. Nanoparticles have been
designed to target DCs, and aim to be internalized by DCs in order to release the antigens
and danger signals intracellularly. Targeting peripheral DCs can be achieved either passively
via non-specific endocytosis, phagocytosis, and micropinosis, or actively via specific
targeting to surface receptor of DCs. Nanoparticles less than 50 nm in size can also be
targeted to the lymph nodes through passive lymphatic flow in order to regulate DCs already
in contact with T and B cells. Alternatively, 3D biomaterials with a size order of magnitude
larger than DCs can be used to generate gradients of chemokines to recruit DCs, and to
program the recruited cells. DCs targeted by nanoparticles or recruited into 3D cell niches
can be matured by co-delivery of antigens and danger signals, allowing cross-presentation of
antigen and triggering cytotoxic CD8+ T lymphocytes responses. Recent findings also
suggest that the ability of material systems to create a microenvironment in which to
program DCs, while excluding host cues promoting tolerance, may be a key to generating
robust therapeutic responses. However, while significant advances have been made, our
understanding of the molecular and cellular mechanisms underlying the ability of materials
to modulate specific immune responses is still rudimentary. As we improve our
understanding of these processes, this will allow the design of future generations of
material-based vaccines that are even more potent.
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Figure 1.

DC biology relevant to creating a cascading cytotoxic T lymphocyte (CTL) response upon
infection. Immature DCs (iDC) in peripheral tissues (e.g., skin) encounter and eliminate
pathogens by phagocytosis. DCs digest the antigens into small fragments of peptides,
present those on their surface coupled to the major histocompatibility complex (MHC), and
become mature DCs (mDC). Mature DCs also express receptors (e.g., CCR7) that allow
them to migrate to lymph nodes (LNSs) in response to gradients of chemokine (e.g.,
CCL19/21) secreted from LNs. In LNs, DCs transfer the antigenic information to naive
CD8+ T cells via interactions between their surface receptors, including both MHC/antigen-
T cell receptor (TCR) binding and CD80/86-CD28 interactions. CTLs are particularly driven
by recognition of fragments presented from MHC class | molecules (one particular type of
MHC). The activated CTLs leave the LNs to kill infected cells or pathogens. Inset:
fluorescent microscope image of dendritic cells [5].
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Figure 2.

DC-based cancer vaccine via ex vivo manipulation of DCs. A patient’s own peripheral blood
mononuclear cells (PBMCs) are taken from the blood, followed by isolation of monocytes
from PBMCs. Monocytes are cultured in the presence of cytokine cocktails (GM-CSF and
IL-4) to generate autologous DCs. The immature DCs are pulsed with tumor antigens and
TLR agonists to generate mature DCs presenting tumor antigen on their surface. Finally the
mature DCs are injected back to patient’s body, where it is expected they will migrate to
LNs to invoke tumor-specific CTL responses.
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Figure 3.

Nanoparticles loaded with cancer antigens and danger signals can target DCs in peripheral
tissue via passive phagocytosis or active DC targeting with specific antibodies. Following
nanoparticle uptake and processing, DCs become mature, present antigens on their surface,
and migrate to LNs to activate T cells.
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Immunization with antigen-loaded liposome enhances antigen-specific lysis by CTL in
compared to immunization with soluble antigen. (a) Schematic presentation of antigen
(OVA)-loaded liposome and soluble OVA used in immunization. (b) OVA-specific in vitro
CTL activity using T cells isolated from mouse spleen [42].
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Figure 5.

Co-encapsulation of antigen (OVA) and TLR ligand (CpG) leads to efficient CTL response.
(a) Schematic presentation of PLGA particles encapsulating OVA and CpG in a single
particle, and PLGA particles loaded separately with OVA and CpG, respectively. (b)
Representative flow cytometry plots of splenocytes from mice 6 days after subcutaneous
vaccination with single PLGA formulation containing coencapsulated OVA and CpG
oligonucleotide or physical mixture of OVA- and CpG-loaded PLGA particles [53].
SIINFEKL tetramer is specific peptide sequence for OVA, and the number in the box
represents the percentage of T cells specific for this OVA antigen with the two vaccinations
approaches. (c) Quantitative representation of in vivo cytolysis of injected tumor cells [53].
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Targeted

Targeting DCs with antigen-containing liposome. (a) A schematic presentation of antigen-
bearing liposome coupled with DC-specific antibody or non-specific protein. (b) FACS data
for lymph node cells of mice injected with fluorescein-labeled liposome coupled with non-
specific peptide and anti-DEC-205 [44]. The upper right quadrant of each plot represents the
percentage of DCs containing fluorescein-labeled liposome. (c) Representative images of the
metastasis of melanoma to lungs in mice when the mice were vaccinated with liposome
containing IFN-y and engrafted with non-specific peptide or anti-DEC-205 (metastasis are

black spots) [44].
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Figure 7.

Targeting of nanoparticles to lymph node. (a) Schematic presentation of 100- and 25-nm
fluorescently labeled PPS NPs (left) and corresponding fluorescence lymphangiography
after injection of NPs into mouse-tail skin (right) [80]. 25-nm NPs enter the dermal
lymphatic capillary network much more efficiently than 100-nm NPs. Scale bar, 1 mm. (b)
The 25-nm, but not the 100-nm, nanoparticles are visible in mouse lymph node sections 24 h
after injection [80]. Cell nuclei shown in blue (DAPI); scale bar, 200 mm. (c) Quantification
of FACS data for uptake of NPs by MHC Il + cells and CD11c+ cells (DCs) in lymph node
[79]. (d) A restimulation assay data to determine CD8 T-cell memory by IFN-y production,
showing CD8 T-cell memory after treatment with OH-functionalized 25 nm OVA-NPs but
not CH3O-functionalized NPs [80].
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Figure 8.

Accumulation of nanoparticles to lymph node according to their size (diameter). (a)
Immunofluorescence microscopy on frozen sections of popliteal LN isolated from mice
injected with 20- or 1000-nm green fluorescent nanoparticles into footpad [81]. Red
fluorescence depicts B220 staining specific for B cell follicles. Scale bar, 100 um. (b)
Trafficking of particles in vivo. Left and right footpads of DC-depleted (left) and control
(right) mice were injected with 20- or 500-nm red fluorescent nanoparticles, respectively
[81]. Popliteal LN that have acquired nanoparticles are shown with arrowheads and injection
sites with arrows.
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Figure 9.

Schematic presentation of 3D polymer scaffold cancer vaccine. 3D porous polymer scaffold
can load various signals, including chemokines, antigens, and danger signals, to manipulate
dendritic cells in situ in the body. Immature DCs migrate to 3D polymer scaffold in response
to the gradient of chemokine released, mature, and proliferate in the 3D microenvironment.
The mature DCs then leave the scaffolds and migrate to the lymph nodes for activation of
naive T cell.
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Figure 10.

(a) Accumulation of MHC 11+ cells (green) around BSA rods (left) and MIP-3p rods (right)
[82]. Scale bar, 100 um. (b) Kinetics of LN-homing DCs from BSA rods (¢) and MIP-3p3
rods (e)[82]. (c) CTL activities after co-implantation of OVA rods and MIP-3f rods against
E.G7-OVA cells as target [82]. Prophylactic (d) and therapeutic (e) immunity through
immunization of MIP-3b rods + antigen rods (e), BSA rod + antigen rods (), MIP-3b rods +
BSA rods (m), or BSA rods + BSA rods (0)[82]. Prophylactic model received two
immunization on day —14 and —7 along with hapten (DNFB) application, followed by 3LL
tumor inoculation on day 0 [82]. Therapeutic model received 3LL tumor inoculation on day
0 and four immunization on days 2, 9, 16, 23 long with hapten application.
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Figure 11.

(a) SEM image of macroporous PLG scaffold. Scale bar, 1000 pm. (b) H&E staining of
sectioned PLG scaffolds explanted from subcutaneous pockets in the backs of C57BL/6J
mice after 14 days: blank scaffolds (BLANK) and GM-CSF (3000 ng)-loaded scaffolds
(GM-CSF) [86]. Scale bar, 500 um. (c) Number of CD11c+ DCs isolated from PLG
scaffolds at day 14 after implantation in response to doses of 0, 1000, 3000, and 7000 ng of
GM-CSF [86]. (d) The number of CD11c+CCR7+ host DCs isolated from matrices loaded
with PEI-ODN control, 10 ug PEI-CpG-ODN, 400 and 3,000 ng GM-CSF and 400 and
3,000 ng GM-CSF in combination with 10 ug PEI-CpG-ODN at day 7 after implantation
[86]. Inset: photographs of inguinal lymph nodes from control mice (right) and after 10 days
implantation of matrices incorporating 10 ug CpG-ODN + 3,000 ng GM-CSF. A
comparison of the survival time in mice for (e) prophylactic [86] and (f) therapeutic [87]
cancer vaccination. (g) Ratio of CD8a+ T cells versus FoxP3+ Treg cells residing within
PLG scaffolds loaded with GM-CSF and lysates (GM+Lys) alone or in combination with
CpG-ODN (GM+Lys+CpG) at day 12 after implantation [87].
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