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Abstract

Small alterations during early stages of innate immune response can drive large changes in how
adaptive immune cells develop and function during protective immunity or disease. Controlling
these events creates exciting potential in development of immune engineered vaccines and
therapeutics. This progress report discusses recent biomaterial technologies exploiting innate
immunity to dissect immune function and to design new vaccines and immunotherapies for
infectious diseases, cancer, and autoimmunity. Across these examples, an important idea is the
possibility to co-opt innate immune mechanisms to enhance immunity during infection and cancer.
During inflammatory or autoimmune disease, some of these same innate immune mechanisms can
be manipulated in different ways to control excess inflammation by promotion of immunological
tolerance.

Graphical Abstract

Control of innate immunity is the basis of immune engineered vaccines and therapeutics.
Biomaterial technologies provide modular platforms to control display and delivery of
combinations of innate immune signals alongside molecular fragments termed antigens. These
antigens are processed and presented by antigen-presenting cells (APCs) to adaptive immune cells.
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This biomaterial-controlled delivery can co-opt innate mechanisms to direct immunity and
tolerance during infection, cancer, or autoimmunity.
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nanotechnology; antigen-presenting cells

1. Introduction

The innate immune system provides a rapid, but non-specific, defense against invading
pathogens. This activity is enabled in part by recognition of generalized molecular patterns
that are characteristic of invading pathogens (e.g., viruses, bacteria), but uncommon in
humans. While these innate cells play an important role in directly preventing pathogens
from infecting a host, they play an equally important role in activating the highly specific
adaptive immune system for infections that do occur. In particular, a small difference in the
ability of innate immune cells to recognize a pathogen and communicate the information to
adaptive immune cells significantly impacts long-term immunity and the ultimate disease
course. This non-linear behavior in immunity draws parallels with the mathematical concept
of chaos and the butterfly effect, where small changes at early stages result in large
differences at later stages. Thus, controlling the initial events that dictate signals between
the innate and adaptive immune system is crucial in developing engineered approaches to
direct immune function.

Biomaterials are materials designed to interact with biological systems. These materials may
incorporate synthetics — including polymers, metals, and ceramics, or naturally occurring
components such as proteins or living cells. Biomaterials are useful for their ability to
incorporate multiple signaling molecules. Likewise, biomaterials can be modified to protect
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and control the release of biological signals. These properties make biomaterials very
attractive for the design of technologies that control innate immunity. This progress report
discusses recent biomaterial technologies exploiting innate immunity to dissect immune
function and to design new vaccines and immunotherapies for infectious diseases, cancer,
and autoimmunity.

2. Innate Immunity Helps Direct Reactivity and Specificity of Adaptive

Immunity

2.1. Adaptive Immunity is a Dynamic Balance Between Activation and Immune Tolerance

Adaptive immunity is regulated by T and B cells that have a highly diverse set of cell surface
receptors for recognizing specific molecular fragments of a given pathogen, termed
“antigens”. To regulate the reactivity of T cells, the innate immune system has evolved a set
of three signals to direct the attack against pathogens or maintain tolerance against healthy,
self-tissue (Figure 1).2 First, the innate immune cell processes and presents an antigen from
a pathogen to a naive T cell specific for that antigen (Signal 1). Second, the innate immune
cell binds to the naive T cell through “costimulatory” receptors (Signal 2), which are
upregulated in innate cells upon recognition of warning signals present on pathogens. These
warning signals are not present in healthy, self-tissue. Third, following pathogen detection,
the innate immune cell secretes signaling proteins — termed cytokines — that help activate
and condition the T cell (Signal 3). Integration of all three of these signals by the T cell
results in activation and proliferation of effector T cells (Tggg) specific for the presented
antigen; these cells then seek out and eliminate pathogens, executing the process known as
immunity. If the costimulatory signals are absent, the T cell remains inactive. Likewise, if
secreted cytokines are regulatory or anti-inflammatory, T cells can develop alternate
phenotypes, such as regulatory T cells (Treg). TrRegs suppress the function of Tggps and
help drive immune tolerance that restrains or suppresses immunity in peripheral tissue. The
interactions between innate immune cells and naive T cells that lead to immunity or
tolerance occur in specialized immune tissues: spleen and lymph nodes (LNs). At these sites,
antigen-presenting cells, activated T cells, and soluble antigen may also drive activation of a
second adaptive immune cell type: B cells. This process involves B cell proliferation,
maturation, and secretion of antibodies that exert adaptive immunity by tagging extracellular
pathogens for elimination and neutralizing other toxins or dangerous molecules. This
reductionist view of the balance between immunity and tolerance portrays the general
relationship between innate and adaptive immune cells (Figure 1). Immune signals that
control this balance are highly diverse, as exemplified by variants in antigen structures that
lead to changes in antigen affinity, stability, and recognition.3 Other reviews have
highlighted the potential of manipulating a single signal, such as guides synthesis of a novel
antigens based on computational biology.# The control of antigen structure, valency, and
stability through biomaterial platforms has also been recently reviewed.>: Consideration of
individual signal complexity, as well as combination of multiple signals, is vital to
controlling the balance between immunity and tolerance. The emerging field of innate
immune engineering aims to manipulate this balance through biomaterial and
nanotechnology platforms to exert precise control over features of an immune response.
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Innate Immune Cells and Signaling have Multiple Connections to Adaptive Immunity

2.2.1. Antigen-Presenting Cells are Diverse and Specialized—Antigen-
presenting cells (APCs) are specialized innate immune cells that provide the signaling cues
outlined in the previous section to adaptive immune cells (e.g., T and B cells). These cues
regulate the balance between the immunity needed to combat pathogens and tumors and the
immune tolerance needed to prevent host tissue from mistaken attack. Antigen presentation
is the process by which innate immune cells uptake pathogens or cellular debris, degrade the
proteins into presentable peptide fragments, and then localize these peptide antigens on their
surface for recognition by adaptive immune cells that are molecularly specific to the antigen.
Thus, this step is the connection between the pathogen causing an infection, the antigen
displayed, and the reactivity of a T or B cells specific for the antigen. Antigen binding drives
either immunity (turning on the immune system) or tolerance (restraining the immune
system); this is dependent on the other signals presented by the APC alongside the antigen.
Figure 1 illustrates the immune cue inputs, processing, and signaling outputs that drive APC
function during disease and biomaterial delivery of immune cues that shift the balance of
immunity and tolerance from diseased states toward a healthy, steady state. In particular,
during infection and cancer, pro-immune responses are desirable, while during autoimmune
and inflammatory diseases, immunological tolerance or suppression is desired. The most
common APCs are dendritic cells (DCs) and macrophages. Monocytes and B cells possess
lower antigen-presenting functionality that is overshadowed by their effector and antibody-
production functions, respectively. Understanding of different APC subsets and their paths
for interacting with adaptive immune cells have informed immune engineered materials that
target specific cell types and deliver therapeutics to important immunological sites, like the
LN.

Dendritic Cells — The Antigen-Presenter: DCs are a specialized APC that reside in host
tissues where they survey for antigens that they present to adaptive immune cells. DCs are
classified by a star-like shape, rapid uptake of antigen, and high expression of the cell-
surface protein complexes that antigen is presented in. Once a DC detects an antigen, the DC
becomes activated, engulfs and processes the antigen, and migrates to the LNs or spleen
where T cells are localized. This migration and the close proximity with T cells facilitate the
activation of an adaptive response if the appropriate signals (i.e., Signals 1-2-3 discussed
above) are presented by the DC to naive T cells that are specific for the antigen.” APC
antigen uptake, antigen trafficking, and presentation of signals to T cells maintain the
balance between immunity and tolerance. Thus, these pathways may be co-opted by
biomaterials for new vaccines and therapeutics.

Different tissues have unique systems in place for immune surveillance.® For example, skin
has a high density of resident immune cells, particularly DCs, to combat the constant
exposure to antigens from external environments and the bacteria that reside on the skin of a
host. In skin there are also unique DC subtypes, like Langerhans cells, which have been
identified as mediators of immune tolerance.? Interestingly, similar DC phenotypes serve
opposing functions in different tissues, which may be important for identifying the
appropriate sites for introducing a vaccine or therapeutic agent.1% Biomaterials are able to
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target and exploit specific DC subsets that can control the highly specific, and potentially
protective or therapeutic, aspects of adaptive immunity.

Macrophages — The Phagocyte: Macrophages are an innate cell that reside in tissue as
sentinels, prepared to quickly and non-specifically respond to invading pathogens or
damaged tissue. Macrophages are associated with their function as a phagocyte, where they
clear pathogens, dead cell debris, and damaged tissue to aid in tissue homeostasis.11
Macrophages have a broad phenotypic range that stems from their highly upregulated
sensing and effector functions. The specialized phagocytic function of these cells is enabled
by surface-bound scavenger receptors, yet they are also capable of antigen presentation. For
example, within LNs, macrophages occupy an interface where they are exposed to
components from lymph and blood. These specialized, subcapsular sinus macrophages are
positioned to capture antigen or pathogens that enter the LN and readily process and present
antigen to B cells to stimulate the generation of protective antigen-specific antibodies.12 Co-
opting the phagocytic function of macrophages to deliver immune cues is one route that
biomaterials might use to alter the course of immunity.

Monocytes — The Circulating Sentinel: Monocytes are associated with surveillance in
circulation, migration into tissue, and differentiation into macrophages. While a large
portion of monocytes is confined to circulatory surveillance, other monocyte subtypes can
migrate into tissue without activation. Once in tissue, migratory monocytes may become
activated, uptake antigen, and drain to LNSs to present antigen, similar to DCs. They may
also adopt properties of macrophages, their maturation and phenotype being dependent on
the inflammatory state of the invaded tissue.12 Identifying the targetability of monocyte
subsets could be advantageous for localizing a therapeutic to sites of inflammation or
altering surveillance in circulation.

2.2.2. Innate Cell Subsets Contribute to Clearance and Immunity—As
discussed above, adaptive immunity involves molecularly specific attack of pathogens that
stems from non-specific recognition by APCs. Natural killer (NK) cells are a specialized
innate immune cell that straddles the innate-adaptive spectrum as they exhibit an innate
recognition of pathogens and attack functions similar to adaptive immunity. NK cells were
originally named for their ability to kill tumor cells but are now known to play a key role in
protection against viral infections. NK cells function by detecting cells that lack expression
of inhibitory signals, like those that identify a cell as ‘self’.14 Healthy cells constitutively
express these signals, but these signals are often downregulated in tumor and virus-infected
cells.1> Thus, when NK cells encounter these diseased cells, they identify them as ‘non-self’
and attack with a more specific reaction than that of macrophages or DCs, but less specific
than adaptive immune mechanisms recognizing specific antigens. Design of therapeutic
strategies for both cancer and viruses have sought to exploit NK cells ‘self’ versus ‘non-self’
discriminatory mechanisms which highlights the importance of cell-surface receptors in
initiating immunity or tolerance.

2.2.3. Pattern Recognition Receptors Drive Potent Innate Immune Responses
—The innate immune system has evolved many different pattern recognition receptors
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(PRRs) to recognize signals from a diverse set of pathogens and tissue damage. Two of the
main classes of molecules that these receptors recognize are pathogen associated molecular
patterns (PAMPs) — molecules that are present in pathogens but not in mammalian cells —
and danger associated molecular patterns (DAMPs), endogenous signals that arise from
tissue damage and elicit a noninfectious immune response.1® One of the best characterized
families of PRRs is the toll-like receptors (TLRs).1” TLRs are spatially restricted within
cells to align with the routes by which different pathogens may be encountered. For
example, plasma membrane-associated TLRs recognize components found on the outer
surfaces of pathogens, such as lipopolysaccharides (LPS) on the surface of gram-negative
bacteria, while endosomal TLRs recognize intracellular components exposed after
degradation of a pathogen, such as viral RNA or DNA. A PAMP binding to a TLR initiates a
signal transduction cascade resulting in activation of downstream transcriptions factors (e.g.,
Nf-xB, AP-1). The activated transcription factors then translocate from the cytoplasm into
the nucleus and initiate transcription of type | interferons (IFN-a/g) and inflammatory
cytokines, such as tumor necrosis factor (TNF), IL-1, IL-6, IL-8 and IL-12. Aside from the
TLR family, other common PRRs include NOD-like receptors (NLRs), RIG-like receptors
(RLRs), and AIM-2 like receptors (ALRs).16 These PRRs recognize a variety of PAMPS
within the cytosol of the cell and initiate signal transduction pathways that lead to secretion
of type | interferons and inflammatory cytokines IL-1 and I1L-18. Overall, the PRRs allow
the innate immune system to recognize a broad class of pathogenic molecules and drive a
potent and rapid first line of defense. By generating inflammatory responses, PRRs also
influence how antigens from the pathogens are presented by APCs, and thereby have
important function in initiating the more specific adaptive response.

2.2.4. APC Signals Promote T Cell Mediated Immunity and Tolerance—The
purpose of this manuscript is to discuss the use of biomaterials to harness innate immunity
for engineering therapeutics. To provide context for the targeting of innate mechanisms, the
following examples illustrate the control of specific adaptive responses that are mediated by
innate immune cells.

Targeting APCs to Activate Immunity: An important cell type in tumors is tumor-
associated macrophages (TAMS), which have a phenotype that promotes tumor cell growth
and the lethal spread of tumor cells to distal organs (i.e., metastasis). TAMSs suppress the
anti-tumor function of T and NK cells, which has motivated therapeutics aimed at
eliminating TAMs or their suppressive functions using antibodies and small molecule
inhibitors.18 Approaches to eliminate or suppress TAMSs could counter their pro-tumor
phenotype, yet may also eliminate beneficial aspects of immunity.19 An alternative to
eliminating TAMs is shifting the phenotype from pro-tumor to anti-tumor using stimulatory
cues that promote inflammatory characteristics and activate antigen-presenting function that
support adaptive immune clearance of tumor cells (Figure 1).20-22 Shifting the inflammatory
balance within tumors is an important target for biomaterials, which can localize stimulatory
immune cues that promote the transition of TAMSs to an anti-tumor state.

Targeting APCs to Suppress Immunity: In a healthy host the immune system does not
attack ‘self’ tissue in part because it lacks danger signals like those found on pathogens. This
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tolerance of ‘self’ can break down during autoimmune disease, which results in
inflammation and attack of host tissue. Current autoimmune therapies can broadly suppress
these detrimental functions, but also hinder healthy aspects of immunity, leaving patient
susceptible to infection. Retaining the beneficial aspects of immunity while correcting only
the defects is possible through induction of immune tolerance that suppresses the attack of
‘self’ tissue as discussed in Section 2.1 (Figure 1). Of note, tolerance promoting cells like
Tregs May be inducible or controllable by APCs. For example, APCs orchestrate the
enrichment of organ- and antigen-specific Tregs in a healthy host to maintain
immunological tolerance of organs.23:24 Controlling APC signaling is an opportunity for
biomaterial platforms that regulate uptake of antigen while suppressing inflammation to
present antigen to adaptive immune cells in a tolerogenic manner.

2.3. Innate Immune Functionality Diverges from Steady State During Disease

2.3.1. Immunity is lll-Prepared to Eliminate Some Infectious Diseases—
Infectious diseases are caused by bacteria, viruses, fungi, or parasites passed between
individuals directly, through an insect or animal bite, or present in food. The immune system
effectively combats many of these organisms, but some can evade or overpower the immune
system and lead to infection. Vaccines are an important tool to prevent spread of infection,
but for diseases like malaria and human immunodeficiency virus (HIV), the development of
vaccines has been challenging. Malaria, for example, has a high mortality rate in specific
regions of the world. Vaccines that prevent malaria transmission have been challenging to
produce because the adaptive response and production of parasite-targeting antibodies is
insufficient.2> One hurdle is that the functional state of APCs are altered in children that
contract malaria, which can make vaccine efficacy unpredictable.28 This challenge suggests
an opportunity for immune engineered biomaterials that sequentially deliver factors that first
establish a baseline state in APCs, then present antigen and signals to direct adaptive
immunity. For HIV vaccines, clinical trials have demonstrated a lack of or limited efficacy.2’
However, innate immune activation has recently been associated with improved protection
following initial vaccine administration in HIV models.2”28 Studies in these and other
challenging infectious diseases indicate advantageous correlations between innate immune
states and vaccine efficacy, motivating immune engineered biomaterials that exploit innate
immunity to enhance vaccine efficacy.

2.3.2. Transformative Cancer Therapies Control Signals Between Innate and
Adaptive Immunity—As another clinical example of the link between innate and adaptive
immunity, checkpoint blockade is an important recent advance in cancer immunotherapy.
Tumors suppress normal innate immune functions to evade immune recognition and support
tumor growth. To reestablish normal immune functions and tumor clearance, checkpoint
blockade uses antibodies to modulate the communication between innate and adaptive
immunity. Antibodies that block cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
expression on T cells reestablish the costimulatory signaling between APCs and T cells that
lead to an adaptive response. Another common checkpoint blockade therapy targets
programmed cell death protein 1 (PD-1) and the paired ligand (PD-L1) to improve T cell
engagement and elimination of tumor cells.2® Checkpoint blockade therapies are a
monumental achievement, yet these powerful approaches only work in subsets of patients. In
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patients with cancers that resist checkpoint blockade therapy, it will be beneficial to engineer
complementary approaches to improve the efficacy and specificity of this approach. For
example, solid tumors have been challenging in general for immunotherapies, due in part to
the accumulation of immunosuppressive cells, like myeloid-derived suppressor cells
(MDSCs), that inhibit T cell effector function in the tumor. Therapeutic targeting of MDSCs
has been attempted in combination with checkpoint blockade and MDSC accumulation has
been reported as a possible predictor of anti-CTLA-4 therapeutic efficacy.3931 TAMs also
contribute to immunosuppression in tumors, but recent evidence indicates that different
phagocytic pathways can drive pro-tumor or anti-tumor response.32 Collectively, the control
of innate cell populations or specific mechanisms within these populations that accumulate
in tumors could help overcome obstacles that hinder treatment of solid tumors.

2.3.3. Autoimmunity Occurs due to Aberrant Maintenance of Self-Reactive
Adaptive Immune Cells—In autoimmunity, loss of tolerance, as discussed in Section
2.2.4, is driven by adaptive immune cells that mistakenly recognize antigens originating
from host cells as foreign and drive an inflammatory response against the cells expressing
these self-antigens. Normally, self-reactive adaptive immune cells are kept at bay through a
variety of tolerance mechanisms utilized by the body to delete the cells or render the cells
anergic (i.e., functionally unresponsive to antigen). For example, T cells that bind antigen
presented by APCs in the absence of the proper co-stimulatory signals (e.g., CD80, CD86)
can become inactivated and/or undergo apoptosis. Autoimmune disease occurs due to a lack
of elimination and/or control of self-reactive adaptive immune cells. It is generally
hypothesized that autoimmunity is triggered due to a combination of genetic mutations that
impair innate regulatory mechanisms and environmental stimuli that initiate activation of
self-reactive adaptive immune cells.33 Increasing evidence confirms aberrant activation of
innate pathways, such as TLR signaling, have an important role in development of
autoimmune diseases such as multiple sclerosis (MS), type 1 diabetes (T1D) and systemic
lupus erythematous (SLE).34:35 Given the critical role of innate immunity in shaping
adaptive, antigen-specific responses, it is also reasonable to assume that self-reactivity
during autoimmune disease is influenced by innate immune cells and signaling. Biomaterial-
based therapies that reprogram how APCs process and present self-antigen to T and B cells,
and thus reprogram these cells away from inflammatory function and toward tolerogenic
phenotypes, show promising pre-clinical results that could ultimately be part of the key to
permanently reversing autoimmune disease.

3. Biomaterial-Based Treatments Function Through Modulating Innate

Immunity

Biomaterials offer unique physicochemical features and tunability that have catalyzed there
use in a multitude or pre-clinical studies, and increasingly, clinical trials.36-38 These
properties also make biomaterials very attractive to study and control innate immunity. In
this section we focus exclusively on the emerging opportunities in which biomaterial- and
nanotechnology-based strategies are being applied to understand and manipulate innate
immunity to address challenges facing infectious disease, cancer, and autoimmunity.
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Biomaterials Improve Vaccine Capabilities for Infectious Diseases

Synthetically engineered and biomaterial strategies have been employed in pre-clinical
studies and clinical trials to improve the efficacy and dissect the mechanism of treatments
and vaccines against infections originating from various bacteria, viruses, and parasites. This
section highlights materials-based strategies for combating infectious disease by engaging
and controlling innate immunity with biomaterials.

3.1.1. Bacterial Membrane Coatings Activate Innate Immunity—Bacterial
infections involve proliferation and colonization of extracellular pathogens. As a result, the
immune system often relies on generation of antibodies to tag or neutralize the bacteria.
Historically, vaccines to protect against these pathogens consist of bacterial components and
immune agonists to stimulate antibody production; however, biomaterials offer unique
features to control activation of innate immunity that stimulate adaptive cellular responses to
aid clearance of infections.3?

One interesting strategy is to preserve the natural cell membrane from bacteria and coat it
onto synthetic nanoparticles (NPs). This approach preserves the natural cellular surface,
which contains a robust set of PAMPs. This is useful for stimulating innate immune cells
through multiple innate pathways developed to recognize bacteria. Coating these bacterial
membranes on a NP core allows for co-delivery of immune modifying cargo. Using this
idea, Gao et al. designed vaccines mimicking bacterial infections by isolating the outer
membrane vesicles from E. colibacteria, which were subsequently coated on the surface of
gold NPs (AuNPs) to create bacterial membrane coated NPs (BM-AuNPs, Figure 2A).
These coated NPs drove a modest increase in the ability to activate DCs in comparison to
outer membrane vesicles alone (Figure 2B—C).4041 DC activation was defined as the
upregulation of costimulatory surface receptors CD40 and CD80, which are Signal 2 in the
innate-adaptive signaling (as described in Section 2.1). An open question remains as to the
tunability of the core material, which in these experiments utilized a gold NP that did not
contain any additional immune modifying factors. Additional studies are using cell
membranes from neutrophils — an innate immune cell with potent effector functions — to coat
polymer NPs, which can be loaded with immune stimulating factors.*2 It will be exciting to
see if polymer NPs loaded with immune modifying cues and coated with bacterial
membranes are able to induce more efficient adaptive cellular response to clear bacterial
infections.

3.1.2 Engineered Antimicrobial Cells are Triggered by Innate Pathways to
Inhibit Bacterial Infections—Improved bacterial vaccines are needed but would be
limited in clearance of bacterial biofilms. Biofilms develop when bacteria aggregate together
and develop a microenvironment that protects them from antibiotics and innate immunity.
The surface of medical implants are likely sites for bacterial biofilm formation, and the
inability to treat biofilms on implant surfaces often necessitates implant removal. Thus, there
is great interest in design of biomaterial strategies to prevent the development of biofilms.
One team recently tackled this challenge by engineering cells to secrete an antimicrobial
enzyme, lysostaphin (Figure 2D).*3 Production and secretion of lysostaphin in these cells
were triggered by activated TLRs that detect bacteria. These engineered cells — denoted as
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InfectPro — were encapsulated in a porous Teflon scaffold and then implanted to test their
inhibition of biofilms. To induce a biofilm and challenge the function of the engineered
cells, methicillin-resistant staphylococcus aureus (MRSA) were injected at the implant site.
The inclusion of lysostaphin secreting cells in the implant prevented MRSA biofilm at the
implant interface (Figure 2E).43 This work demonstrated that genetic engineering innate
immune mechanisms to control cell function can combat an emerging drug-resistant
bacterial health threat. It will be exciting to see how this strategy might be used to probe
other innate immune interactions and to develop new anti-effectives.

3.1.3. B Cells Act as APCs to Activate Cellular Response Against Viral
Vaccines—B cells that recognize specific antigens may function as an APC and activate T
cells. This innate function and the antibody production of B cells make them an interesting
target for modulating immunity. In one example, Hong et al. constructed bacterial phage Qb-
derived virus-like particles (Qb-VLPs), which are NPs assembled from viral coat proteins.*4
VLPs are strongly immunogenic due to their encapsulation of CpG-containing nucleic acids
that activate inflammation through TLR signaling. Using transgenic mice as a source of
antigen-specific B cells and as a means to selectively deplete DCs, the authors confirmed
VLPs can activate T cells in the absence of DCs (Figure 2F). To demonstrate robustness the
authors used the same model lacking DCs and administered an influenza virus, which again
showed that B cells act as APCs and activate T cells. While B cells are often associated with
adaptive response, this work reinforced the potential of exploiting mechanisms most often
associated with innate immune function for eliciting an effective adaptive response.

3.1.4. Biomaterials Improve Gene Delivery for Vaccines Against HIV—HIV
continues to be a serious global health concern. Vaccines for this virus have been limited by
difficulties in generating strong responses again protective HIV antigens. Thus, an important
area that biomaterials can contribute to is the control of innate immune activation to enhance
vaccine efficacy.> To improve efficacy, one solution is to deliver genes that encode HIV
antigens; biomaterials have been extensively exploited for gene delivery.#6:47 Biomaterial
platforms are also being investigated for delivery of HIV antigens. In particular, biomaterials
allow for delivery to specialized innate immune cells in the skin that can efficiently induce
immunity. To target this immunological niche, DeMuth et al. utilized a degradable polymer
microneedle skin patch to deliver an HIV antigen juxtaposed with a TLR3 agonist,
poly(I:C), in polyelectrolyte multilayer films.#8 Delivery of these cues through microneedles
resulted in a skin-localized innate immune response — measured by inflammatory enzyme
production - that lead to generation of systemic, antigen-specific T cells. This highlights the
potential of biomaterials for controlling a local innate immune response alongside delivery
of antigen to generate a systemic adaptive response.

3.1.5. Malaria Vaccine Enhanced by Co-Delivery of Antigens and Innate
Immune Stimuli—The malaria lifecycle involves mosquitos infected with a parasite that
are able to infect many individuals because each bite leads to transfer of the malaria parasite
to the victim. A malaria vaccine has been challenging to develop because the parasite
replicates rapidly and exhibits different features during different stages of infection,
complicating targeting of specific critical antigens by a vaccine. However, recent clinical
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evidence suggests malaria vaccine protection may correlate with innate immune signatures
such as DC activation.#® Thus, biomaterials that control innate mechanisms during antigen
delivery may improve vaccine efficacy. One approach from Moon et al. used interbilayer-
crosslinked multilamellar vesicles to entrap antigen and deliver a payload to the draining
LN.50 Using this platform they showed that administered multilamellar vesicles were
localized within LN resident macrophages and enhanced neutralizing antibody production
when benchmarked against standard adjuvants like alum. This approach focused on the
delivery of a single antigen, yet unique features of malaria over the parasite lifecycle
requires approaches that integrate multiple antigens.

Huang et al. reported a malaria vaccine based on self-assembling NPs.5! These NPs readily
incorporate multiple antigens, which is particularly relevant for addressing the multiple
stages of malaria. These NPs are formed by a process called ‘spontaneous nanoliposome-
antigen particleization’ (SNAP). SNAP NPs with malaria antigens induced long-lasting
functional antibodies against malaria in mice and rabbits (Figure 2G).5! The liposome core
of the antigen-presenting NPs integrated a synthetic monophosphoryl lipid A (PHAD),
which is a TLR4 agonist. To investigate the impact of liposomes containing PHAD and a
malaria antigen (Pfs25) on innate immunity, the draining LNs were analyzed by flow
cytometry 48 hours following intramuscular administration. SNAP liposomes increased
accumulation of macrophages and infiltrating monocytes in the draining LN. Further,
malaria antigen presented on the SNAP liposomes was taken up more efficiently by DCs,
macrophages, and B cells relative to other adjuvant formulations (e.g., alum+Psf25, Figure
2H). Activation of DCs and expression of costimulatory factors (i.e., CD40, CD80) on their
cell surface also increased when formulations included PHAD (Figure 21). Lastly, these
alterations in APC trafficking and uptake in the presence of SNAP liposomes correlated with
an increase in germinal centers and long-lived plasma cells. Germinal centers are domains
formed in LNs that help promote long-lived plasma cells that produce antibodies to block
malaria transmission. This study illustrates the key theme of integrating innate immune
agonists to achieve sustained modification of immunity. The examples in this section also
highlight the important role enhanced innate function has on a range of immune responses,
connections that are also being exploiting in cancer immunotherapy.

Biomaterials Enhance Cancer Immunotherapy by Promoting Immunogenic APCs

Biomaterials have already been applied in a range of approaches for pre-clinical cancer
therapies. Several clinical trials using biomaterial particles have completed early stages and
the first cancer immunotherapy using biomaterial implants is also now in progress.52 This
section discusses several of the biomaterial- and nanotechnology strategies exploiting innate
immunity to probe the mechanism of tumor development and to develop immunotherapeutic
platforms. We highlight strategies spanning DC vaccines — where APCs are activated against
tumors — and emerging strategies that target immune-cargos to APCs in tumors.

3.2.1. DC Vaccines and Artificial APCs Program Antigen Presentation Ex
Vivo—DC vaccines are a promising avenue for cancer therapeutics based on the isolation,
expansion, and conditioning of DCs in controlled ex vivo conditions. DC conditioning is the
process of providing immune modifying cues and tumor antigens to immature innate
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immune cells to promote their maturation towards an activated, antigen-presenting
phenotype. These cells are then administered to patients to efficiently activate patient T cells
against cancerous cells. Despite substantial investments, DC vaccines have only transiently
enhanced anti-tumor responses, and had modest clinical impact.53:>4 These vaccines have
been limited by a lack of understanding of how signals and suboptimal antigens are
integrated to condition DC function. Thus, biomaterials that control innate immune signaling
may provide beneficial avenues to improve DC vaccines.

Achieving the full potential of DC-based vaccines will require studies to determine how to
effectively select optimal antigens that are strongly or uniquely expressed on tumors and
how best to present these antigens to drive effective immune responses. (Figure 3A).%3
Additionally, the dosing and delivery of DCs or APCs for these cell vaccines is an important
question. All of these questions center on innate immune cells and functions as APCs.
Biomaterials offer unique properties to elucidate answers to these questions by defining
design parameters for APC-based vaccines. For example, functionalized biomaterials can
display tumor antigens at specific densities. Biomaterials may also serve a manufacturing
role in these cancer vaccines by controlling which antigens are engulfed and presented
during priming of APCs before administration to patient or in controlling the other signals
co-delivered to APCs.

In addition to enabling APC vaccines, biomaterials have a new emerging role as artificial
APCs that could entirely replace the need for actual cells. These artificial APC strategies
have a similar goal to DC vaccines but rely on NPs and engineered protein constructs to
control antigen and costimulatory molecule presentation with the appropriate orientation and
density needed for T cell activation. Within the NP core there is also the potential to load
cytokines such as IL-2 that induce proliferation of T cells. To mimic the APC presentation of
cytokines to T cells, Eggermont et al. recently utilized a polyisocyanopeptide (PIC)
backbone appended with controlled densities and ratios of an antibody that bind to a T cell
receptor (cluster of differentiation 3, CD3); these constructs also integrated IL-2 or IFNa to
stimulate T cell proliferation (Figure 3B).%° One desired element of this modular platform is
the flexibility that supports dynamic rearrangement of the signaling cues during T cell
interactions. Formulations that included either IL-2 or IFNa demonstrated an ability to
induce proliferation and activation of T cells (Figure 3C).%> Another study integrated IL-2
alongside tumor antigen and T cell costimulatory factors in a composite scaffold and
benchmarked their results against commercial microbeads that promote T cell proliferation
when cultures are supplemented with IL-2. This mimicry of APC signaling from the scaffold
drove a significant increase in the proliferation of cytotoxic T cells, which could then be
injected to attack tumor cells. (Figure 3D).%8 This control over the density of innate-adaptive
modulatory signals on artificial APCs is a strength of biomaterials and nanotechnology that
can be leveraged further through incorporation of more complex signaling cues, optimized
display densities, or display of multiple antigens.

Another approach to activate innate immunity in tumors is targeting tumor-associated DCs.
Targeting DCs in tumors may shift tumors from immunosuppressed states to activation of
anti-tumor immune function. In one strategy, small interfering RNAs (siRNAs) that block
pro-tumor cell functions were loaded into polyethyleneimine (PEI) NPs. These siRNA-PEI
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NPs were preferentially engulfed by DCs at ovarian cancer sites. The uptake activated TLR
signaling and shifted the DC phenotypes towards an antigen-presenting, immunostimulatory
phenotype. Interestingly, TLR5 was activated by blank PEI NPs while TLR3 and TLR7 were
only activated by siRNA loaded NPs.57 In another study focusing on the cationic nature of
PEI and dextran, the experiments revealed intra-tumor administration of cationic polymers
induced inflammatory phenotypes in TAMSs, including an increase of 1L-12. Antibody
inhibition of TLR4 or TAMs from TLR4 knockout mice exhibited significantly reduced
reactivity to cationic polymers. This result suggests that polymers of a specific charge can
modulate innate immune responses through TLR activation. During mouse challenge
studies, this enhanced immunogenicity of TAMs by cationic polymer stimulation increased
survival and accumulation of Tgpr and NK cells in the tumor.58 Thus, the use of
biomaterials to promote innate immune activation provided a way to improve the treatment
of tumors.

3.2.2. Biomaterials can Deliver Payload in Response to Unique Features of
Tumor Microenvironment—The inflammatory response to biomaterials is different in the
tumor microenvironment as compared to healthy tissue.59 In particular, the tumor-secreted
factors modulate the activation ability of the innate immune cells that respond to and
aggregate around implants. It would be beneficial to utilize this difference in tissue states as
a control for therapeutic release where stimuli-responsive NPs activate release of a payload
within tumors. Most stimuli-responsive NPs rely on hypoxic or acidic dysregulation within
tumors. This payload can specifically target various facets of the tumor, including the innate
immune functions that help maintain suppression of T cells, for example, from MDSCs.50
There are many approaches that have leveraged pH-regulated degradation in tumors as a
means to release a therapeutic, like TNFa.81 Alongside therapeutic release, stimuli-
responsive polymer NPs have been developed for real-time imaging of tumor pH.52

A combinatorial approach was recently investigated by Shi et al. with mannose
functionalized PEGylated PLGA NPs that encapsulated ammonium bicarbonate to disrupt
lysosomal/endosomal compartments in TAMs; TAMs express a high density of mannose
receptors to facilitate uptake (Figure 3E). Following uptake and during NP degradation,
photosensitizers were released into phagocytic cells, including TAMs. Illumination of the
released photosensitizers with the necessary wavelength of light generated inflammatory
reactive oxygen species and shifted the TAMSs towards an inflammatory and immunogenic
phenotype. Last, tumor associated antigen was incorporated into the NPs to be released
during the tumor transition toward an immunogenic phenotype. This system was shown to
suppress melanoma tumor growth and significantly improve survival in a preclinical mouse
model. To test the role of TAMs in this efficacy, clodronate liposomes were administered to
deplete macrophages. This study revealed a complete loss of therapeutic efficacy.53 These
data emphasize the utility of targeting a biological mechanism of innate immune cells in the
primary tumor.

To integrate immunotherapy with APC stimulating agents, Wang et al. generated a reactive
oxygen species (ROS) responsive hydrogel that degraded in the tumor microenvironment
and released a chemotherapeutic (gemcitabine) with anti-PD-L1 blocking antibody. This
approach led to innate activation and increased expression of PD-L1 in tumor-resident
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APCs.54 This increase in PD-L1 on APCs makes the cells responsive to checkpoint blockade
therapy, where antibodies blocking PD-L1 reestablish the immune attack on tumor cells. In
clinical studies, elevated PD-L1 expression in patient tumor-resident APCs is correlated with
improved therapeutic response. Thus, a link exists between efficacy of checkpoint blockade
and the host’s innate immune response.5°

3.2.3. Biomaterial Scaffolds Instruct APCs Towards an Anti-Tumor
Phenotype—Most DC vaccines are conditioned outside of a host, as discussed in Section
3.2.1, to maximize the exposure of DCs to immune modifying cues and tumor antigens. One
innovative approach is to load a biomaterial scaffold with the immune cues necessary to
recruit and condition DC populations 77 situ (Figure 3F).52 This concept is currently being
tested in a phase I clinical trial (ClinicalTrials.gov # NCT01753089) using a degradable
PLGA scaffold. This implanted scaffold integrates antigens from the lysate of skin cancer
cells and innate immune growth factors (GM-CSF) and agonists (CpG). This exciting use of
biomaterials as a platform highlights the potential translation of engineering innate
immunity in cancer patients.

The preceding example used scaffolds loaded with antigen and stimulatory cues, yet the
presence of an implanted polymer scaffold alone alters the phenotype of innate immune cells
in the primary tumor. Microporous polymer implants designed to facilitate tissue ingrowth
and capture of metastatic tumor cells for early detection have recently been studied for their
impact on the gene expression of innate immune cells in the primary tumor.66-68 In mice
receiving either a polymer scaffold or mock surgery, TAMSs from primary tumors were
separated based on their expression of Vcam1, which is indicative of blood-borne
macrophages, as opposed to tissue-resident macrophages. In mice with implants, blood-
borne macrophages (Vcam1+) expressed altered gene expression (Figure 3G). Thus, the
implantation of a biomaterial scaffold altered the phenotype of TAMs, indicating a systemic
role of implants in altering disease state. Data from implanted blank scaffolds, scaffolds
loaded with antigen and agonists, and different surgical parameters provides a flexible
system for modulating APCs in cancer towards an anti-tumor phenotype.59

As discussed in Section 2.2.4., the concept of reprogramming APCs in tumors from a pro-
tumor to an anti-tumor phenotype could aid rejection of tumors. Ren et al. focused on this
concept to address tumor regrowth after an incomplete therapeutic excision in a pre-clinical
model, where residual tumor cells will result in disease recurrence.’? A biomaterials scaffold
containing both structural and sacrificial components was fabricated to release a payload that
contained paclitaxel to deplete tumor cells and TAMs, imiquimod to activate APCs, and a
combination of immune checkpoint blockade antibody anti-CTLA-4 and anti-OX40. This
diverse range of cargo decreased tumor regrowth and improved survival against individual
components loaded in scaffolds, indicating additive or synergistic benefit. When compared
with soluble systemic administration at a 10-fold higher dose (which also improved
survival), the loaded scaffolds prolonged survival (42.5 d vs. 21 d). Immune cell profiling
indicated that all scaffolds releasing therapeutics resulted in an increase in DCs and a
decrease in TAMs and MDSC:s at the site of regrowth (Figure 3H). This work demonstrates
the utility of biomaterials for controlled drug release that shift APCs toward an
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immunogenic phenotype to prevent primary tumor recurrence, yet extending these principles
to distant metastatic recurrence is needed to improve patient survival.

3.3. Engineered Antigen Delivery to APCs Induces Tolerance during Autoimmunity

Treatment strategies for autoimmune diseases have come a long way in effectively
mitigating symptoms, making living with devastating diseases like MS and type 1 diabetes
more manageable for patients and the families. However, the most effective therapeutic
approaches tend to also be non-specific immunosuppressants that are non-curative, require
life-long treatment, and lack specificity. Even monoclonal antibody-based drugs that are
molecularly-specific do not distinguish between healthy and self-reactive immune cells
expressing a targeting ligand. The challenge for new strategies is then to induce sustained,
antigen-specific immune tolerance without hindering normal immune function. Given that
adaptive immune responses are inherently antigen-specific and are mediated by APCs of the
innate immune system, targeting innate pathways to induce antigen-specific tolerance is a
promising approach currently being explored. The unique features of biomaterials, including
co-delivery of multiple immune signals, have been exploited in a variety of contexts to
control delivery and presentation of antigen to specific innate populations or signaling
mechanisms. The general approach involves delivering self-antigens attacked during an
autoimmune disease to APCs either alone or along with an immunomodulatory signal. These
strategies seek to control the processing and presentation of antigen and regulatory cues to
foster interactions with the adaptive immune system in a way that programs selective,
antigen-specific tolerance.

3.3.1. Coupling Antigen to Apoptotic Cells Targets Self-Antigen to Innate
Clearance Pathways—One promising strategy that has emerged in recent years to induce
antigen specific tolerance is targeting disease relevant antigen to apoptotic cell clearance
pathways.” Phagocytic cells routinely clear apoptotic debris without eliciting an adaptive
immune response. This implies that the antigens from apoptotic debris are processed and
presented through innate mechanisms that allow the immune system to recognize these
antigens as “self”. To harness this naturally occurring tolerogenic pathway, several groups
have conjugated disease relevant antigens to apoptotic splenocytes or red blood cells (RBCs)
as a treatment strategy in mouse models of autoimmunity.”2-’® The hypothesis is that
because these cells are normally recycled in the spleen at high rates, the antigens will be
processed through the same tolerogenic mechanisms and presented by APCs to effector cells
in a way that promotes selective tolerance and reverses disease. Getts et al. have shown that
antigen coupled splenocytes (Ag-SP) effectively induced tolerance in a mouse model of MS
(EAE). The strategy was not effective in inducing tolerance in splenectomized mice or when
administered with intraperitoneal or subcutaneous injection, indicating that the apoptotic
clearance pathways in the spleen are necessary for inducing tolerance with this strategy.’®
Upon injection, Ag-SP upregulated expression of scavenger receptor SRBII and co-localized
with macrophages, but not DCs, in the marginal zone of the spleen (Figure 4A-D)."®
Tolerogenic processing of the disease relevant antigen led to subsequent production of
antigen specific Tregs and was dependent on regulatory cytokine IL-10 secretion and PD-
L1 surface expression by APCs. More recently, Pishesha et al. showed that when antigen
coupled RBCs were employed in a therapeutic setting, treatment was also able to protect
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mice from EAE.” Protection from disease was associated with T cells producing less of
inflammatory cytokines IFN-y and IL-17. These data indicate that this treatment strategy
leads to tolerogenic processing and presentation of antigen to T cells, resulting in
polarization towards regulatory T cell phenotypes that mitigate disease. Although this
strategy has shown great promise and has already been attempted in a clinical setting,”8
further understanding of how tolerance is generated is needed so it can be optimized for
clinical translation.

3.3.2. Delivery of Antigen in Particulate Form Promotes Antigen-Specific
Tolerance—Interestingly, several labs have shown that encapsulating or displaying self-
antigens on NPs or microparticles (MPs) has similar therapeutic effects in mouse models of
autoimmune disease.8-87 Upon administration, these antigen bearing particles co-localized
with scavenger receptor expressing macrophages,3%-81 indicating that delivering antigen in
particulate form to target them to innate clearance pathways could be a potential strategy to
induce selective tolerance. For example, a recent study from Hess et al. showed that
CdSe/ZnS core/shell quantum dots (QDs) coupled with self-antigen localized with
macrophages expressing scavenger receptor MARCO in the LN (Figure 4E).80 These QDs
did not elicit inflammatory signaling when exposed to DCs in culture (Figure 4F).
Tolerogenic processing is further supported by the fact that therapeutic efficacy is associated

with increased Tregs and upregulation of regulatory markers PD-L1 and CTLA-4 by APCs.
84-86

Being able to harness apoptotic cell clearance pathways without the need to use live cells
could provide great benefit towards understanding of how tolerance is generated. As
mentioned above, one of the limitations of coupling antigen to apoptotic cells was that
efficacy was only achieved when administered intravenously so that cells reached the spleen.
Studies using antigen coupled particles have already demonstrated efficacy in mouse models
using a variety of administration strategies, including subcutaneous injection to target
draining LNs,89 oral administration to target DCs found in the gut,8® and intravenous
injection to target APCs in the liver8* as well as the spleen.81.83 Biomaterials, in particular,
offer unique features to understand the “design rules” that could enable these strategies
targeting innate clearance pathways.80:88 For example, studies by Hess et al. revealed that
the dose and density at which self-antigen is delivered on QDs correlates with therapeutic
efficacy.8% Mice induced with EAE responded to treatment more efficiently when the dose of
peptide was higher; efficacy was associated with enhanced expansion of Tregs (Figure 4G).
Intriguingly, however, efficacy was inversely correlated with the density at which the peptide
was delivered on the QDs. Disease severity was reduced when mice were treated with a
higher number of particles displaying fewer peptides per particle, compared to treatment
with a lower number of particles displaying more peptides per particle. This outcome was
interesting because in all cases, the total dose of peptide remained fixed. These results
indicate that elucidating the design features that promote tolerogenic processing of antigen
by APCs will be a crucial aspect to understanding how innate pathways can be harnessed to
reverse autoimmunity.
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3.3.3. Employing Polymeric Carriers to Co-Deliver Antigen and Tolerogenic
Cues Promotes Tolerance—Biomaterials have also been exploited to co-deliver disease
relevant antigen with regulatory immune signals to APCs.88-107 The hypothesis for this type
of strategy is that inhibiting inflammatory signaling or promoting regulatory signaling while
antigen is being processed and presented by APCs will promote presentation of antigen in a
manner that polarizes effector cells towards tolerance. Yeste et al. have shown that delivery
of gold NPs loaded with antigen and 2-(1A-Indol-3-ylcarbonyl)-4-thiazolecarboxylic acid
methyl ester (ITE), an aryl hydrocarbon receptor (AhR) agonist, reduced incidence of
disease in a mouse model of T1D.%0:91 DCs isolated from mice and treated with these
particles after stimulation with LPS in culture expressed lower levels of inflammatory
cytokines IL-6 and IL-12, increased regulatory cytokine IL-10, and induced less
proliferation and inflammatory cytokine secretion by antigen-specific mouse T cells. The
tolerogenic particles increased expression of a protein (SOCS2) that inhibited an important
transcription factor (Nf-xB) of the TLR signaling cascade (Figure 4H-1).91 When these
particles were tested in cells from human patients, particle treated DCs similarly expressed
lower levels of activation markers and reduced polarization of T cells towards inflammation.
Other studies have employed polymeric carriers, such as PLGA and dextran, to co-deliver
disease relevant antigen with known regulatory signals such as rapamycin,32:96.97,101,105
IL-10,8% dexamethasone,? and TGF-B.%4 A common theme underlying therapeutic efficacy
in these studies is reduced expression of activation markers (e.g., CD80, CD86) by particle
treated DCs, reduced inflammatory cytokine signaling, and increased numbers of antigen-
specific Tregs.

Recently, the Jewell lab employed a novel strategy of injecting PLGA MPs loaded with
antigen and rapamycin directly into the LN to treat EAE.105 This strategy directly targeted
the site where innate immune cells converge to program adaptive responses and provided an
opportunity to study tolerance induction with respect to the local structure and function of
the LN microenvironment. Treatment with these particles via intra-LN injection led to local
LN reorganization (Figure 4J-K), systemic expansion of Tregs, and a systemic, antigen-
specific tolerance response that permanently reversed paralysis in mice with EAE. An
alternative strategy that has been attempted is to establish an artificial microenvironment that
attracts APCs to the site and promotes tolerogenic processing of antigen.9°:98.99.108 Thjs
strategy involves the use of chemical signals (e.g., GM-CSF) to recruit local APCs to the site
and regulatory immune signals to facilitate processing of antigen in a tolerogenic manner.
Interestingly, data have shown that DCs recruited to the sites are polarized to tolerogenic
phenotypes, expansion of Tregs is promoted, and disease severity is improved in mouse
models after treatment.

3.3.4. Carrier-Free Nanotechnologies Juxtaposing Self-Antigen and a
Regulatory Signal Promote Tolerogenic Processing by APCs—One potential
limitation for translation of strategies involving polymeric carriers is the intrinsic
immunogenicity of commonly used polymeric particles such as PLGA.199 Considering that
added inflammation could exacerbate autoimmune disease, several strategies are being
developed based on self-assembled, carrier free materials.110 One approach involves
electrostatic self-assembly of carrier free structures composed entirely of immune signals to
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eliminate any “carrier-effects”. Tostanoski et al. engineered capsules composed of antigen
and a TLR antagonist assembled into immune polyelectrolyte multilayer (iPEM) capsules.
Since TLR signaling is over active in many human autoimmune diseases (see Section 2.3.3),
the goal was to test if inhibition of TLR signaling while delivering self-antigen to DCs could
induce tolerance during EAE.106 Treatment with capsules completely prevented paralysis in
mice and reduced antigen-specific inflammatory responses in samples from human MS
patients. A separate study by Hess et al. employed electrostatic interactions to self-assemble
the self-antigen and TLR antagonist into polyplex-like nanostructures also designed to blunt
TLR signaling during antigen presentation. Polyplex-treated DCs reduced antigen-specific T
cell proliferation in culture and reduced severity and incidence of disease in mice induced
with EAE. These self-assembled particles not only provide a potential strategy for treating
autoimmune disease, but their simple design and modularity could also be employed as a
tool to gain more mechanistic insight into how combinations of signals are processed and the
relative role of specific components on tolerance induction. The impact of intrinsic design
features, such as size and charge, on processing by APCs can also be studied to determine
how this and other strategies can be optimized for cargo delivery.

4. Improving Design and Delivery of Therapeutics Remain as Challenges

in Programming Innate Immunity

The preceding sections have highlighted the disease-centric studies, yet the mechanistic
interactions during the synthetic presentation of immune signals often elicits unforeseen
responses or variable magnitudes of response. This is due in part to a lack of understanding
of the fundamental interactions between synthetic and natural biomaterials with the
biological response. This section focuses on insights gained from recent studies that
systematically evaluate how different immune cues and biomaterial properties affect innate
immune response. Also highlighted are new methods being developed to improve delivery of
therapeutics to innate immune cells.

4.1. Both the Biomaterial Carrier and Loaded Immune Cues Modulate the Innate Immune

Response

4.1.1. Varying Modulatory Cues Changes Innate Response to Therapeutics—
For vaccine platforms, a fundamental element is the inclusion of an agonist (i.e., adjuvant)
with the antigen to ensure stimulation of an immune response. Many of these agonists
exploit the potent inflammatory response mounted by TLR signaling. However, the innate
system has evolved to detect pathogens with a multitude of PRRs, so use of a single agonist,
while controlled, may underutilize the potential of APCs. Madan-Lala utilized a PLGA MP
as a platform for testing the innate immune response to different combinations of clinically
relevant TLR agonists including: Pam3CSK4 (TLR2 agonist), MPLA (TLR4 agonist), R837
(TLR7 agonist) and CpG (TLR9 agonist). Ten different combinations were compared by in
vitro assessment of DC IL12p70 and 1L10 secretion, which impact T cell phenotypes during
antigen presentation. Results of these studies show that different TLR agonist combinations
result in differential modulation of DC cytokine output, which could aid control of adaptive
immune responses during antigen-presentation.111
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Building off the comparison of multiple agonists, another study recently compared the
transcriptional profile of DCs exposed to tolerogenic agents. Vitamin D3, dexamethasone,
and rapamycin treated DCs were compared against the transcriptional profile of mature and
immature DCs (Figure 5A). These studies indicated drastically different profiles with
rapamycin treatment compared to those observed when treated with vitamin D3 and
dexamethasone. While this work did not focus on the release of modulatory agents from
biomaterials, it does point towards the use of deep transcriptional analysis of multiple factors
that control immune responses, with benchmarks against DCs at different stages of
activation.112 A study from Gammon et al. extended this mechanistic data by integration of
rapamycin into biodegradable MPs for the control of T cell phenotypes. Administration of
these rapamycin-loaded MPs to DCs decreased their activation state and modulated secretion
of inflammatory cytokines in a non-linear manner, demonstrating the possibility of tuning
immune cell phenotype (Figure 5B-D).113

4.1.2. Chemical Properties of Biomaterials Dictate Interactions with Innate
Immune Cells—There are a variety of biomaterial approaches used to integrate different
immune modulatory cues alongside antigens. More so, there are a range of studies dedicated
to design of tunable biomaterial properties like surface charge, degradation, surface
functionalization versus encapsulation, and novel biomaterial formulations. Given that all
biomaterials introduced /n vivo elicit a foreign body response that is directed by innate
immune cells, understanding how intrinsic properties of biomaterials affect these responses
will be necessary to design clinically translatable therapeutics.

Surface charge of the carrier is a fundamental characterization for NPs and has been shown
to modulate uptake by APCs. In a study delivering anionic and cationic NPs to the lung,
positively charged NPs were preferentially engulfed by DCs. Interestingly, tissue-resident
macrophages engulfed a higher percentage of negatively charged NPs.114 In addition to
charge, the biomaterial composition plays a role in the activation of differential innate
immune populations. Comparisons between polystyrene and PLGA have demonstrated
recruitment of different cell types and differential activation of inflammasomes, which
operate through the NLR pathway to trigger innate activation,11°

One study used a systematic combination of alginate chemistries to build a library of
alginate analogs (n=634), which were then evaluated /7 vivo for immune activation and
fibrous encapsulation. The results of this study indicate that specific compositions based on
triazole elicited a reduced inflammatory profile. This decrease in inflammation was
associated with a decrease in the fibrous encapsulation component of foreign body response.
The goal of this study was to identify biomaterials that could mitigate the foreign body
response, which is largely dictated by innate immunity, to improve long-term performance
of implants. While this line of investigation is more typical for biocompatibility and implant/
device development, benchmarking a family of polymers can also provide novel insight into
the relationship between synthetic biomaterials and innate immunity for vaccine and
immunotherapeutic applications.116
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Improved Delivery of Therapeutics Aids Control Over Innate Immune Responses

4.2.1. Carrier Propulsion Systems Can Improve Targeted Particle Delivery—
One parameter important in targeting specific immune cell populations is the orientation of
targeting moieties on the surface of a carrier. Active targeting has been studied and reviewed
to great extent for cancer.117 For example, a breast cancer binding site oriented on the
surface of a liposome or polymer NP loaded with Doxorubicin has been used to direct
delivery of chemotherapy. An example of this concept for innate immunity was already
detailed above (Figure 3E) involving the NP surface conjugated with mannose to promote
uptake by macrophages (which express a high density of mannose receptors). However, the
concept of active targeting is fundamentally challenging because the binding of a moiety on
a carrier surface to a target cell requires the carrier to be in close proximity with the target
cell. Additionally, uptake of particles by innate immune cells that are not being targeted can
deplete the administered dose and cause off target effects (i.e., immunodeficiency). An
exciting concept for actively directing guidance is the inclusion of propulsion systems within
nanocarriers. These carriers respond to chemical gradients in a similar manner to the
mechanism of cellular chemotaxis, where a chemical gradient orients cellular migration. A
recent study by Joseph et al. established a framework for self-propelled NPs that respond to
glucose levels. These researchers observed the ability of this propulsion to aid in blood-brain
barrier crossing (Figure 5E).118 Collectively, while active targeting is challenging, the rapid
advance of synthetic nanotechnologies may soon enable carriers to not only co-opt cellular
pathways of inflammation, but also chemical gradients for targeting.

4.2.2. Microneedles Allow for Localized Delivery of Cargo to Skin-Resident
APCs—The immune cells found in skin are uniquely positioned to mediate immunity, as
illustrated earlier in the discussion on skin-resident DCs. A biomaterials platform that takes
advantage of the skin immunological niche is microneedle patches, which contain hundreds
of microneedles to deliver an immunological payload. This payload is delivered either
through delamination of coatings from solid microneedles, diffusion of encapsulated agents
from dissolvable microneedles, or injection of solutions from hollow microneedles.
Microneedle patches are also pain-free and easy to apply, which can aid patient compliance.
These technologies have recently been investigated in humans for administration of an
influenza vaccine.11® Of note, delivery of the influenza vaccine through microneedles
generated similar immune responses when compared against the standard intramuscular
injection.120

Our group has leveraged microneedles as a delivery platform for a melanoma cancer
vaccine. Zeng et al. coated polylactic acid microneedles with a melanoma antigen and a
TLR9 agonist (CpG) using an automated layer-by-layer coating process that resulted in self-
assembled polyelectrolyte multilayers (Figure 5F—H). Following insertion into skin, the
coating is delivered and can be engulfed and processed by APCs. Introduction of the coating
in co-cultures of DCs and T cells resulted in DC activation (Figure 5I), supporting /n vivo
measurements of increased tumor-specific CD8+ T cells in peripheral blood.12 Another
recent study demonstrated that within a single microneedle insertion site, it was possible to
administer antigen- and adjuvant-laden NPs from a microneedle coating. Following
injection, immune cells and soluble factors that migrate or diffuse into the microneedle
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coating can be collected for diagnostics. Microneedles are likely to find an increasingly
useful tool for targeting and assessing the skin immunological niche.122 When considered
alongside approaches that directly engineer the LN, as discussed in Section 3.3.3, the choice
of delivery site is an important experimental parameter for engineering innate immunity.37

5. Conclusion

Control of innate mechanisms is increasingly important in immune engineering strategies to
induce immunity against infectious disease and cancer or to promote tolerance against self-
reactivity in autoimmune disease. A common theme in engineering innate immunity is the
co-opting of innate mechanisms like antigen-presentation and co-stimulation to control
adaptive immune responses. Biomaterial-based platforms have a tunable and modular nature
that makes these technologies well suited for probing established and newly discovered
innate immune mechanisms. Leveraging the precision of biomaterials to load cargo that
directs innate immunity provides a technical foundation for future studies to develop specific
and durable therapeutics.
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Figure 1. Biomaterial platforms promote immunity and tolerance through delivery of cargo to
innate immune cells.

In a healthy, steady state, innate immune cells like DCs become activated against dangerous
external stimuli like pathogens or tumor cells and do not become activated against self
tissue. This difference in response is communicated to the adaptive immune sytem by three
generalized signals at the innate-adaptive cell interface, which include (1) antigen-
presentation, (2) costimulation, and (3) cytokine conditioning. These signals generate a
balance of immune response during healthy, steady state. In an infectious disease or during
cancer, the immune system is unable to mount an appropriate response to counter the
pathogen or tumor growth. To address this deficit in immunity, biomaterial platforms like
degradable microneedles may be loaded or coated with antigen and immunogenic cargo to
activate inflammatory receptors and induce therapeutic immunity. In autoimmunity, the
overstimulation of the immune system leads to loss of tolerance and production of self-

Pathogen or Cell Antigen
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reactive immunity against host cells like oligodendrocytes that maintain myelin in the
central nervous system. Biomaterials like NPs may be loaded with self antigen and a
tolerogenic, innate immune cue that suppresses inflammatory receptor activity and facilitates
the production of immune tolerance. Collectively, biomaterials facilitate the modular loading
of cargo to treat a spectrum of immunological diseases.
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Figure 2. Biomaterial platforms for vaccination and engineering immunity against infectious
diseases.

A) Bacterial outer membrane vesicle (OMV) coated gold NPs (BM-AuNPs) increase DC
activation markers B) CD40 and C) CD80 compared to bacterial OMVs alone.#1 D) To
control MRSA at implant interfaces, encapsulated cells were genetically engineered to elute
anti-bacterial lysotaphin in response to TLR stimulation, which E) prevented MRSA biofilm
development.#3 F) Virus-like particles (VLPs) induce antigen-presentation through B cells in
a model of HIV to promote an immunogenic germinal center (GC).** G) Admixed
formation of malaria antigen-presenting NPs with a TLR agonist embeded in the liposome
was delivered intramuscularly and produced long-lived plasma cells that produce antibodies
against malaria antigen Pfs25. H) This was associated with innate immune uptake of
liposomes containing the TLR agonist and I) activation of bone-marrow derived cells
(BMDCs) that includes APCs.?1 The uptake by innate immune cells was highest for
liposomes that contained cobalt porphyrin-phospholipid (CoPoP) when compared against
combinations of porphyrin-phospholipid (PoP) and synthetic monophosphoryl lipid A
(PHAD), or alum and montanide (ISA 720) adjuvants alone. Panels adapted with permission
from the indicated references.
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Figure 3. Targeting and mimicry of APCs to promote immunity against cancer.
A) Conventional paradigm for DC-based vaccines where innate immune populations are

removed from a patient, conditioned ex vivo with factors like tumor lysate to promote
maturation, the reintroduced to provide signals to the patient’s adaptive immune cells.53. B-
C) Atrtificial APCs that control the presentation of cytokines to T cells and D) incorporate T
cell costimulatory factors to generate cytotoxic T cells.?5°® This incorporation of T cell
costimulatory factors in artificial APC scaffolds (APC-ms) at a range of loadings (Al1-A4)
was benchmarked against T cell activating Dynabeads administered at a range of doses (D1-
D3). E) Combinatorial approach to switch TAMs toward immunogenic phenotype by

including mannose binding sites on PLGA NPs that were loaded with dru

gand

photosensitizers to control macrophage inflammation at specific sites.53 F) Implanted

biomaterials scaffolds are able to mature DC phenotypes /n situthrough r

ecruitment and

exposure to antigens, adjuvants, and chemokines.52. G) Presence of an implanted scaffold
alone impacts the phenotype of TAMs, as demonstrated through gene expression analysis of
TAM populations following a mock surgery (left column) or scaffold implantation (right
column).88 H) Implants for release of different drug combinations at tumor resection site

were compared at Days 7 and 14 for the impact on MDSCs, TAMs (M2-1

ike macrophages),

and DCs.”0 Panels adapted with permission from the indicated references.
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Figure 4. Engineering tolerance in autoimmunity.
A) Untreated mice did not express high levels of scavenger receptor SRBII in the spleen. B)

However, upon intravenous infusion of Ag-SP (PKH-76), SRBII was upregulated and some
co-localization of SRBII and Ag-Sp was observed. C-D) Ag-SP co-localized with
macrophages (F4/80), not DCs (CD11c), in the spleen.”® E) Subcutaneous treatment of mice
with antigen coupled QDs (MOG-QDs) resulted in drainage of QDs to the LN and co-
localization with scavenger receptor MARCO expressing macrophages. F) Treating DCs
with QDs coupled to varying doses of peptide did not elicit any inflammatory activation,
measured by CD40 expression, /n vitro. G) Treating EAE-induced mice with QDs coupled
to a higher dose of peptide (52:1) resulted in a greater reduction in disease severity
compared to mice treated with QDs coupled to a lower dose of peptide (17:1). Improvement
was correlated with increased expansion of Tregs in the LN.80 H) Ag-ITE NPs increased
expression of Socs2in DCs in culture. 1) Ag-ITE NPs inhibited translocation of Nf-KB into
the nucleus. When treated with an inhibitor to Socs2 (siSocs2), translocation of Nf-KB into
the nucleus was restored, indicating that Ag-ITE NP inhibited Nf-KB signaling via
upregulation of Socs291 J-K) Intra-LN injection of Ag/Rapa-MPs resulted in reorganization
of the LN while treatment with empty MPs did not cause any changes.1% Panels adapted
with permission from the indicated references.
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Figure 5. Biomaterial integration of regulatory cues, carrier propulsion, and multiple immune
cues for targeted delivery to skin.

A) Systematic investigation of tolerogenic cues dexamethasone, rapamycin, and vitamin D3
benchmarked against immature and mature DCs serves as a biological basis for the design of
loaded NPs.112 B-C) Biodegradable, rapamycin loaded MPs decrease the activation state of
APCs and D) modulate the secretion of inflammatory cytokines as a function of dose.113 E)
Asymmetric polymersome are able to mobilize towards chemotactic gradients based on
polar surface chemistry.118 F) Scanning electron microscopy of uncoated polymer
microneedles compared to G) microneedles with polyelectrolyte multilayer coatings
containing H) antigen against tumor cells and a TLR9 agonist, CpG, for delivery of cancer
vaccine mediate cancer immunity through 1) activation of APCs.121 Panels adapted with
permission from the indicated references.
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