Immune system introduction

The mammalian immune system is a highly complex, yet
organized, network of organs, cells, and biomolecules whose
primary function is to defend the body from any recognized
foreign entity, including viruses and bacteria.! This defense
system deploys two concerted sets of mechanisms to shield
the body from would-be invaders: (1) the antigen-independent,
nonspecific innate immune response that is activated imme-
diately upon pathogen invasion, and (2) the temporally
delayed, antigen-specific, adaptive immune response. Innate
immunity employs a set of instant, protective measures that
are specific to broad classes of pathogenic molecules. For
instance, the skin and mucosal linings are central to the
innate immune system forming a protective barrier from
numerous pathogenic agents.!? Additionally, innate immune
responses include precise elements that allow for efficient
molecular recognition and removal of non-self-entities
(identified as not belonging to the host) and, further,
engagement of the adaptive arm of the immune system via
co-stimulatory signaling.! Essential to these responses are
molecules of the complement system, chemokines and cyto-
kines such as interferons, as well as cells such as neutrophils,
macrophages, natural killer cells, and of particular note,
dendritic cells (DCs) (see review on innate immunity in
References 1 and 2).
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Materials that harness and modulate
the immune system

Jamal S. Lewis, Krishnendu Roy, and Benjamin G. Keselowsky

Recently, biomaterial scientists have married materials engineering and immunobiology
to conceptualize new immunomodulatory materials. This special class of biomaterials can
modulate and harness the innate properties of immune functionality for enhanced therapeutic
efficacy. Generally, two fundamental strategies are followed in the design of immunomodulatory
biomaterials: (1) immuno-evasive (immuno-mimetic, immuno-suppressing, or immuno-inert)
biomaterials and (2) immuno-activating or immuno-enhancing biomaterials. This article
highlights the development and application of a number of immunomodulatory materials,
categorized by these two general approaches.

The adaptive immune system, found only in vertebrates,
is thought to be born out of evolutionary necessity and is
involved in the development of long-term memory for newly
encountered antigens.® Adaptive immunity is characterized
by (1) an extraordinary repertoire of receptor molecules that
result from somatic recombination (a mechanism of genetic
recombination in the early stages of immunoglobulin [Ig] and
T-cell receptors [TCRs] production of the immune system)
and (2) immunological memory. With a diverse repertoire
of molecules, which are typically on the cell surface and/or
secreted by T cells (lymphocytes with multiple subsets,
including those that attack infected or cancerous cells, direct
the immune responses, and curb excessive immune reactions)
and B cells (lymphocytes that primarily differentiate into plasma
cells that secrete antibodies to attack foreign antigens), the
adaptive arm of the immune system is highly effective in
specifically tailoring immune reactions toward a newly defined
pathogenic threat, while reducing any potential collateral
damage to host tissue. Moreover, clonal expression and selec-
tion generate mechanisms by which long-term memory of the
immune system is developed and preserved, which provides
protective immunity from subsequent challenge by the same
pathogen.* Together with T cells and B cells, the central effec-
tors for adaptive immune responses include immunoglobulins
and a wide array of cytokines. Figure 1 illustrates a simplified
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Figure 1. Simplified cascade of immune reactions to microbial agents. Naive CD4+ T cells
differentiate into helper T cells, Th1, and Th2; naive CD8+ T cells differentiate into CTLs
(and other cell types not shown). Professional antigen-presenting cells, including iDCs,
recognize and engulf pathogens. They process the pathogenic material to peptides, which
are then displayed to either CD4+ naive T cells via MHC-II or CD8+ naive T cells through
MHC-I. These selected naive T cells undergo clonal expansion and activation and mediate
the adaptive immune response to the pathogen either through antibodies (humoral) or
cellular elements (e.g., CTL). Note: iDC, immature dendritic cell; mDC, mature dendritic
cell; Th, helper T cell; CTL, cytotoxic T lymphocyte; MHC-I, major histocompatibility
complex-I; MHC-II, major histocompatibility complex-II.

for attenuation of inflammatory immune reac-
tions to biomaterials is “immuno-evasive bioma-
terials.” Often referred to as “immuno-mimetic
materials,” these are biomaterials that borrow
concepts from nature to direct specific immune
responses at the molecular and cellular levels.

Evasive strategies of infectious agents
Pathogens of the viral and bacterial classes,
because of their evolution to avoid immune
system detection, interception, and clearance,
are regarded as the inspiration behind the devel-
opment of this genre of materials. The general
strategies used by these microbial agents
include (1) surface camouflage/obstruction,
(2) phagocytic inhibition, (3) secretion of
anti-inflammatory cytokines/homologues, and
(4) negation/degradation of inflammatory
mediators. Novak et al. compiled an excellent
review of microbial immune evasive strategies
and their adoption by biomaterials."* These
pathogenic agents have evolved to survive, and
even thrive, in mammalian hosts, withstanding
constant assault by immune defense mecha-
nisms. They could therefore inform biomaterial
engineers on the design of materials with the

cascade of immune reactions to microbial agents. Clearly, the
mammalian immune system has evolved diverse and dynamic
strategies to recognize, nullify, and eliminate pathogenic infec-
tions with efficacy and minimal collateral damage to host
tissue. However, immune reactions are not reserved for invading
pathogens only. Biomaterials, now frequently implanted into
humans, can also elicit responses from the immune system.

Immuno-evasive biomaterials

It has long been recognized that implantation of biomaterials in
bulk form triggers a significant response from the host immune
system, collectively referred to as the foreign body reaction
(reviewed by Anderson et al.).’

Recently, biomedical engineers have recognized that bio-
materials can be designed to modulate host immune responses,
including the foreign body reaction, allowing for improved
therapeutic and diagnostic applications. Biomaterial surface
chemistry, surface topography, and microscale architecture
are all general approaches that have been applied to reduce
immune reactions to implanted materials by limiting pro-
tein deposition, which controls immune cell interaction and
activation.® Examples of these approaches are summarized in
Table I. However, where physicochemical methods have reached
their limit of benefit, research efforts to design biomaterials
that modulate pro-inflammatory immune responses associated
with implantation of biomaterials have intensified. One track
of biomaterial design considered to have tremendous potential
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ability to escape immune reactions.

Anti-inflammatory mediators for surface
immobilization

Historically, to modulate inflammatory responses to bioma-
terial implants, material scientists have manipulated material
type, surface chemistry, and topography (Table I). These prop-
erties can influence protein deposition, provisional matrix for-
mation (temporary extracellular matrix that is remodeled over
time), immune cell attachment, and ultimately host immune
responses.® Studies such as those by Acharya et al. suggest that
surface immobilization of naturally derived bio-ligands is an
approach with potential to modulate inflammatory responses
to biomaterial implants."* Hume et al. adopted an approach
of this category, functionalizing polyethylene glycol (PEG)
hydrogels with covalently immobilized immunosuppressive
biological agents—transforming growth factor 1 (TGF-$1) and
interleukin-10 (IL-10)—to reduce inflammatory responses to
cell-laden material carriers. They immobilized TGF-B1 and
IL-10 into PEG hydrogel networks via thiol-acrylate polymeriza-
tion and showed that the presence of these two anti-inflammatory
cytokines significantly down-regulates dendritic cell matura-
tion markers, including IL-12 and major histocompatibility
complex (MHC)-II in vitro." Kim et al. also showed that sur-
face immobilization of anti-inflammatory cytokines is a viable
method to attenuate host immune responses in vitro. In this
work, a fusion protein of recombinant human IL-1 receptor
antagonist (IL-1ra) and elastin-like peptide was immobilized on
self-assembling monolayers of carboxyl-terminated alkanethiol.
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Table I. Classical approaches to prevent immune responses to implanted biomaterials.

General Approach Specific Strategy

Biomaterial/Surface Hydrophilic material

Jones et al. reported that hydrophilic or neutral material

Example Factor Ref.

Polyacrylamide, 12

Chemistry implantation generally limited monocyte/macrophage sodium salt of
adhesion and reduced foreign-body giant cell poly(acrylic acid)
formation.
Surface coating material Bayramoglu et al. demonstrated that PHEMA hydrogels PHEMA hydrogel 11
with non-fouling with conjugated heparin significantly reduced
synthetic materials fibrinogen adsorption and platelet adhesion.
Surface-immobilized Titanium surfaces made resistant to fibroblast PEG-DOPA 8
non-fouling moieties adhesion by surface immobilization of non-fouling
PEG moieties tethered via peptide mimics of
mussel adhesive proteins.
Surface coating material Marchant et al. showed that a polyethylene substrate Dextran 7
with naturally derived could be rendered resistant to protein adsorption
materials by coating with a modified dextran surfactant.
Surface Physicality Surface topography Work done by Chen and collegues suggests that Micron scale 9
topographical cues on biomaterial surfaces can patterns
influence macrophage cell morphology and
cytokine secretion in vitro and adhesion in vivo.
Surface roughness A study by Deligianni et al. reported that cellular Micro/sub-micron 10

attachment of human bone marrow cells on

scale roughness

Ti6AI4V surfaces was a function of increasing
micro/sub-micron scale roughness.

Note: PHEMA, poly 2-hydroxyethylmethacrylate; PEG, poly(ethylene glycol); DOPA, dihydroxyphenylalanine.

When lipopolysaccharide (LPS)-matured, human monocytes
were cultured on this surface, there was a significant reduc-
tion in inflammatory cytokine production compared to control
surfaces.'®

Additionally, a number of studies have demonstrated that
implanted materials can evade host immune responses through
surface immobilization of pro-wound healing factors. These
pro-wound healing factors do not directly influence immune
responses but prevent material degradation by accelerating tissue
regeneration around the implanted material. For instance, Aizawa
et al. prepared an agarose hydrogel functionalized with an
adhesive motif—glycine-arginine-glycine-glutamic acid-serine—
and a neural stem cell differentiation factor—platelet-derived
growth factor via photochemistry. This composite biomaterial
supported neural stem/progenitor cell attachment and further
preferential differentiation to oligodendrocytes—a neural cell
type responsible for production of the myelin sheet that insu-
lates axons.!” Moreover, this study elucidated the potential of
biomaterials to control tissue regeneration in a spatiotemporal
manner, which could also influence host immune response
and reduce material disintegration.

Release of anti-inflammatory and wound healing
agents

Another major strategy used to design immuno-evasive bio-
materials is the controlled release of tolerance-inducing and/or
pro-wound healing agents from pre-fabricated depots within
the biomaterial. The rationale of this approach is similar to
that described previously for surface-immobilized mediators
(i.e., factors are either anti-inflammatory—acting to directly
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mitigate immune responses—or pro-regenerative—expediting
cellular coverage of the biomaterial and thereby protecting it
from immune attack). However, the method of factor delivery
differs—immobilized versus soluble. Because of the unre-
stricted mobility, this approach may offer a broader range
of mechanisms to execute immune evasion, including inhibi-
tion of formation and secretion of pro-inflammatory factors
(e.g., prostaglandins and leukotrienes), diminution of inflam-
matory cell recruitment pathways, and suppression of pro-
inflammatory molecule production (e.g., IL-12). For instance,
Hahn et al. demonstrated that hyaluronic acid (HA) hydro-
gels loaded with the anti-inflammatory agent vitamin E
succinate (VES) produce an anti-inflammatory, non-fouling
biomaterial.'® Tt has been long recognized that hydrogels have
major potential for immuno-isolation in a mode similar to
that of bacterial biofilms."” Hahn and colleagues demonstrated
that this physical barrier to immune intervention could be fur-
ther functionalized with anti-inflammatory drugs. The HA-VES
composite under in vitro conditions elicited poor monocyte adhe-
sion and significantly reduced secretion of the pro-inflammatory
cytokine tumor necrosis factor a (TNF-a)) by LPS-activated mac-
rophages, a result directly attributed to the release of VES from
the hydrogel matrix.'® Others have adopted similar hydrogel
delivery approaches delivering anti-inflammatory cytokines,
blocking proteins, pro-wound healing factors, or genetic tran-
scripts for pro-regenerative/pro-inflammatory agents.?*22

Other immuno-evasive biomaterial strategies
Lin et al. demonstrated that hydrogel film use could be expanded
to approaches for neutralization of inflammatory molecules.
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This group developed a peptide-functionalized, PEG-based
hydrogel capable of sequestering the pro-inflammatory cyto-
kine, TNF-a. Although hydrogel coatings can act as a physi-
cal barrier to immune cells, soluble mediators such as TNF-o,
and reactive oxidative species can still penetrate the semi-
permeable hydrogel and mediate implant failure. The TNF-a
antagonizing peptide WP9QY was incorporated into a PEG
hydrogel, and the composite demonstrated efficacy in pro-
longing survival time and functionality of encapsulated PC12
cells and mouse islets through sequestration of TNF-q.?

Another interesting approach to immuno-isolation of
implants is cell-based surface modification. Various studies have
determined that implantation of materials into either subcuta-
neous (beneath the skin) lean tissues or epididymal (occurring
in or around the epididymis) fat tissues have very different
healing and host immune responses.” Implants in subcuta-
neous lean tissue result in extensive fibrous capsule forma-
tion and reduced vascularization in implant-adjacent tissues,
which could be detrimental to the function of the implanted
device. In contrast, implants in the epididymal fat pads of rats
exhibit less evidence of fibrous capsule formation and extensive
neovascularization in implant-adjacent tissues.” The mecha-
nisms by which this reduction in foreign body response
severity occurs are yet to be clarified. However, groups have
shown that adipose-derived stromal cells (ASCs; pluripotent
progenitor cells found in fatty tissues) have exceptional regen-
erative qualities. Additionally, ASCs secrete a number of anti-
inflammatory and pro-wound healing cytokines.?* This has led
to the development of ASC biomaterial coatings as a means of
immuno-isolation. Prichard et al. confirmed that ASC attach-
ment to different biomaterials is feasible using various immo-
bilization schemes.*

Immuno-activating biomaterials

The previous discussion centered on the design of biomate-
rials for evasion or minimization of host immune responses
against implanted materials. However, biomaterials can also
be designed to harness the power of the host’s immune responses
and provide therapeutic effects. Perhaps the first applications
of this concept are vaccines utilizing non-biological adjuvant
materials (e.g., alum). An adjuvant is a substance that can
amplify immune responses to an accompanying antigen but alone
does not evoke adaptive immune responses.”® Vaccines, first
developed by Edward Jenner in 1796 have been hailed as the
greatest success of modern medicine. Since then, vaccines
have been advanced to control and, in some cases, eliminate
lethal infectious diseases such as smallpox, polio, measles,
and malaria. In spite of the many successes, barriers to expanding
vaccine utility exist, particularly with regard to their safety,
efficacy, and scalability. Current vaccine preparations typi-
cally include an antigen or live attenuated microorganism, an
adjuvant to boost immune responses, and a delivery system
for targeted delivery.?® Live attenuated microorganisms are
altered to reduce virulence but still carry the risk of reversion
to an infectious state. Substitutes for this vaccine constituent
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include inactivated microbes, protein subunits, DNA, and
recombinant vectors. These options are only marginally safer
than live attenuated vaccines but only stimulate weak immune
responses, necessitating use of adjuvants.?

Clinically, the list of adjuvants approved for use in humans
is very short: in the United States, aluminum hydroxides
or phosphates (e.g., alum) are the only adjuvants approved
by the Food and Drug Administration (FDA).?” This lack of
viable options, in addition to an increased understanding of
innate immunity, has spurred an upturn in adjuvant research.
New insights into the ability of the immune system to control
both the magnitude and direction of immune responses have
stimulated novel vaccine design. Moreover, it is now clear
that immunity is intimately involved in a plethora of medical
conditions, including cancer, allergy, and autoimmune diseases
(e.g., Type I diabetes).?® Vaccination strategies against these
21st century diseases have propelled a deeper investigation
of adjuvants that could direct specific immune responses. The
use of biomaterials serving as an integral adjuvant component
holds much promise.

Vaccine design

As mentioned previously, the immune system uses two dis-
tinct yet synergistic mechanisms to respond to pathogenic
threats, generally referred to as the innate and adaptive immune
responses. The overall physiological response, depicted in
Figure 1, begins with the antigen presenting cells (APCs)
of the innate immune system, which recognize and intercept
pathogens. The most efficient APC is the dendritic cell (DC).
Following phagocytosis (process of engulfing) of debris in
peripheral tissue, DCs migrate to lymph nodes, where they
present processed, pathogenic peptide to T cells and B cells.
Degraded antigen fragments are presented on the surface
of DCs via two types of major histocompatible complex
molecules that provide signals via the T cell receptor com-
plex to instigate T cell selection, expansion, and activation.
The antigen presenting pathway is critical to the nature of the
adaptive immune response. Endogenously derived (located
within the cell cytosol) peptides are displayed primarily via
Type IMHCs (expressed on all multi-nucleated cells). Peptide-
MHC-I complexes interact with CD8+ T cells. On the other
hand, MHC-II complexes (expressed on APCs) are loaded
primarily with epitopes from exogenous antigenic sources and
interact with CD4+ T cells. While these are considered the
primary responses, recently, it has been shown that subsets
of DCs are capable of efficient presentation of exogenously
derived (located outside the cell) antigen fragments on MHC-I
to CD8+ T cells; this phenomenon is referred to as cross-
presentation.”” Conversely, DCs can also undergo autophagy
in response to certain pathogens, resulting in presentation of
endogenous antigen on MHC-II complexes.**

Antigen presentation by DCs to CD8+ T cells can stimulate
cytotoxic T lymphocytes, which can directly kill pathogen-
infected cells by a number of mechanisms, including apoptosis
(programmed cell death) and cell lysis (breakdown of the
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integrity of the cell).? Dendritic cells also induce naive CD4+
T cells to differentiate into helper T cells, Th1, and Th2, which
facilitate cell-mediated and humoral immunity, respectively.
These cells assist immune reactions via secretion of specific
cytokines. It should also be noted that CD4+ T cell subsets
have also been linked to immune suppression and may
be important in the control of autoimmune dysfunction.’"-*?
Finally, B cells also have antigen processing and presentation
ability, but it is through interacting with APCs and helper T cells
that B cells are fully activated and induced to differentiate into
plasma cells that secrete high levels of antigen-specific anti-
bodies.? For an effective vaccine, it is imperative that the rel-
evant immune pathway is induced.” Therefore, these different
modes of immunity must be considered in adjuvant selection
and design.

Adjuvants used in current vaccines are biased toward ini-
tiation of humoral immunity (branch of immunity mediated
by antibodies) and are often marked by significant increases in
antibody titer (measurement of antibody production) and cir-
culation time. However, with higher safety standards, the
rapid emergence of resistance, and the broader spectrum
of diseases requiring intervention, there has been a shift
in focus to promote cell-mediated immunity.* It is thought
that guiding dendritic cell response is central to controlling
the direction (i.e., cell-mediated, humoral, or regulatory) and
magnitude of immunity. Another important factor in vaccinol-
ogy being reevaluated is the route of administration. The site
of vaccine delivery is also the location of immune responses
with maximum intensity, specifically comparing mucosal ver-
sus parenteral immunity.** Further, the vaccine administration
site has been shown to also influence antibody isotype produc-
tion. Pathogen infiltration typically occurs through mucosal
regions (i.e., oral, nasal, genital membranes) and stimulates
production of a breadth of antibody isotypes by plasma cells. In
contrast, parenterally delivered vaccines primarily elicit immu-
noglobulin G antibodies,* and most vaccines are administered
parenterally via intramuscular injection.* Vaccine delivery to one
mucosal surface can prime other mucosal regions because of a
shared immune mucosal system.** However, mucosal surfaces
present several difficulties for vaccine delivery due to physiologi-
cal barriers, including pH, enzyme activity, and membrane clear-
ance mechanisms. For effective vaccination, large and repeated
doses of antigen and adjuvant are required; otherwise immune
tolerance to the delivered antigen may be induced.*

There is clear need for improvement in vaccine formula-
tion and delivery strategies to meet revised vaccine safety and
efficacy standards. These goals can be achieved by focusing on
(1) the development of vaccine delivery modes, and (2) target-
ing of DCs for activation and control of cell-mediated immu-
nity.’” Both of these areas can be addressed by engineering
adjuvants, and biomaterials can play a large role in this regard.

Adjuvant considerations
Early on in vaccine development, it was recognized that sol-
uble protein antigens were far less immunogenic than protein

https://doi.org/10.1557/mrs.2013.310 Published online by Cambridge University Press

antigens presented in particulate formulations.?® Calcium
phosphates and later aluminum hydroxide or aluminum phos-
phates in gel form (alum) were recruited to act as adjuvants
(i.e., enhance immune responses to vaccine antigens). Today,
alum remains the only FDA approved adjuvant for use in
humans in the United States.*® Likewise, in Europe, the only
approved adjuvant is MF59 (a squalene-based proprietary
mixture), a potent inducer of both cellular and humoral immune
responses. However, the precise mode of action and the potential
to induce autoimmunity remain significant drawbacks for use
of MF59.% Since the 1980s, there has been extensive research
conducted to increase vaccine adjuvant options. Experimental
adjuvants currently under investigation to improve cell-
mediated immunity include monophosphoryl lipid A (MPLA),*
cytosine-phosphate-guanine (CpG) DNA motifs,*' and modi-
fied cholera enterotoxin.*” However, the toxic nature of these
microbial-derived potentiators continues to be a major safety
concern for use in humans.?

The primary considerations of new adjuvant design include
(1) delivery of antigen to APCs, (2) protection of antigen
integrity, and (3) activation of innate immunity.*® DCs are the
most effective antigen-presenting cells and the most effective
at initiating cell-mediated immunity,” therefore, it is pertinent
to convey antigen efficiently to DCs. Dendritic cell-based
immunotherapy is a rapidly growing strategy to accomplish
direct delivery of antigen to DCs.* In this ex vivo approach,
monocytes are isolated from the patient’s blood and matured
into DCs in vitro using soluble differentiation cues. These
in vitro-derived DCs are then pulsed with relevant antigen and
subsequently reintroduced to the patient’s body.* Although an
exogenously loaded DC vaccine is now in clinical trial for
prevention of Type I diabetes,* this approach is largely seen
as a proof-of-concept exercise due to limitations that restrict
its widespread application. DC-based immunotherapy limita-
tions include plasticity and complexity of DC maturation, DC
viability and trafficking, ex vivo cell stability, shelf-life, and
high manufacturing costs.***” Nevertheless, Dendreon Corp.
has commercialized ProVenge—an active immunotherapy with
autologous DCs that were loaded ex vivo with a fusion protein
containing prostatic acid phosphatase for prostate cancer
treatment.”® For most patients, this immunotherapy is not more
efficacious than chemotherapy. However, it may be beneficial
to patients who are refractory to standard chemotherapeutic
regimes.* A more practical and sustainable strategy would
be in vivo delivery of antigen and modulating factors to
DCs. To this end, researchers have co-administered antigen
with DC-recruiting cytokines to attract DCs to the injection
site.’® Others have encapsulated antigen in particle-based
vehicles for protection and targeted delivery to these special-
ized phagocytic cells.’!

Vaccine efficacy can be dramatically reduced due to
degradation of antigen by various physiological mechanisms.
Stabilization of the antigen via adjuvant formulation is there-
fore a critical feature of vaccine design. For effective vacci-
nation, the antigen must remain intact until uptake by APCs.
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Antigen adsorption onto alum is the only approach approved
in the United States, which circumvents the limited half-life of
macromolecular antigens and the host’s degradative mecha-
nisms.*® Alternatively, DC-based immunotherapy has also
been investigated with DCs transfected with antigen-coding
genetic material such that intact antigen is produced endog-
enously (derived from the cell’s own machinery) and loaded
into MHC-I by the cell’s own machinery.*?

Manipulation of innate immune elements, particularly DCs,
is considered to be the most promising strategy to boost adju-
vant activity and vaccine efficacy.?® To this extent, research
is being conducted to develop adjuvants that will provide for
DC activation and initiation of adaptive immunity. One such
immune stimulant that has been investigated for this purpose
is Freund’s complete adjuvant (FCA), which is composed
of mineral oil and inactivated mycobacteria.” Despite being
an effective adjuvant, FCA causes severe inflammation, and
therefore is currently only approved for use in restricted animal
studies.*

Another immune modulator that has been extensively
researched for enhancement of adjuvant activity is LPS—an
endotoxin and ligand for Toll-like receptors (TLR, a major
receptor class involved in innate immunity). Unfortunately,
LPS also stimulates a too vigorous immune reaction, poten-
tially resulting in sepsis.>* Some adjuvant researchers aim to
modify TLR agonists (molecules with high binding affinity for
TLR) to elicit cellular immune responses without the unwanted
collateral damage accompanying sepsis. TLRs, discussed
in-depth in a review by Akira et al., are transmembrane pro-
teins found in either the cell surface or intracellular endosomal
(pertaining to the endosome, an intracellular compartment
involved in intracellular transport) membranes. Their location,
dictated by the type of immune response induced, gives these
pattern recognition receptors (PRRs) direct access to pathogen
associated molecular patterns found in bacteria and/or viruses.
Pathogen associated molecular patterns are structures that are
not native to mammalian cells and include double-stranded
RNA (e.g., Poly (I:C)), single-stranded RNA, and unmethyl-
ated CpG DNA motifs.*® The association of this class of mol-
ecules with TLRs generally leads to downstream activation
of inflammation-linked transcription factors, most notably the
nuclear factor kappa B (NF-«B), the quintessential inflamma-
tion signaling pathway.*

Other PRRs that have also been identified for potential anti-
pathogenic vaccine applications include retinoic acid-inducible
gene 1(RIG-1)-like receptors, nucleotide-binding domain-like
receptors, and C-type lectin receptors.” These receptors, localized
in the cytoplasm, detect different components of bacteria and
viral vectors, and generally trigger an inflammatory response
via NF-kB activation.? The use of PRR-binding ligands to
enhance immune responses to “weak’ antigens offers a potential
solution to improving vaccine efficacy by induction of cell-
mediated immunity. However, there may still be cytotoxic
side effects to contend with due to the potent inflammation
induced, and this could restrict broad-scale application of this
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approach. To mitigate this, utilization of controlled release
particulate biomaterial delivery systems may be able to mini-
mize diffusion from the injection site and localize immuno-
modulatory molecules with PRRs in APCs.*’

Polymeric particulates as vaccine adjuvants
Biomaterial particulate systems have gained widespread
attention as a viable option for delivery of vaccines in the last
quarter century.’® Polymeric particles at the micron and sub-
micron sizes are contemporary immunotherapy tools being
used to deliver antigen,”” adjuvant,®® nucleic acids,* and phar-
macological drugs.®® Perhaps the most commonly employed
biomaterial for delivery systems is poly(lactic-co-glycolic
acid) (PLGA) or variants thereof. This biopolymer can be tai-
lored by varying lactic to glycolic acid composition, has been
extensively characterized, and has demonstrated qualities
such as biocompatibility and biodegradability.*® Additionally,
PLGA particulate systems offer control over size and shape
of the delivery system, hydrophobicity, loading, and release
kinetics of a wide range of biomolecules. These physicochem-
ical properties work in concert to influence particle uptake,
modulation of immunogenicity, and antigen processing and
presentation. Furthermore, PLGA particulates provide capabil-
ity for surface functionalization.®' These qualities combined
make PLGA particulate systems well suited for vaccine deliv-
ery to APCs such as DCs.

There are a number of other biomaterial delivery systems
currently under investigation for vaccine adjuvant purposes.
For instance, poly(e-caprolactone) has been identified as a
suitable material for immunotherapeutic applications due to its
hydrophobicity, biodegradability, ease of vaccine component
incorporation, tunable release kinetics, and FDA approval in
devices.®

Liposomes and micelles, micro- and nanoscale aggregates
of phospholipid molecules, have also found a niche in immu-
notherapeutic delivery, although their stability may limit
clinical application.®® Interestingly, liposomes have inspired
the development of a new class of delivery system called
polymersomes, which are effective carriers of vaccine
components and have a longer half-life than liposomes. These
nano-sized structures are built from copolymers and graft
copolymers that form a shell, which can encapsulate hydrophilic
elements, while entrapping hydrophobic components within
the shell itself.**

Naturally derived biomaterials have also demonstrated
suitable adjuvant qualities. Because of their superior anti-
bacterial properties, biocompatibility, and low toxicity com-
pared to synthetic modules, natural polymers are now being
investigated as vaccine carriers (e.g., dextran).®® However, the
limited availability of such naturally derived polymers may
prevent their widespread use. Some researchers have com-
bined both synthetic and naturally derived biopolymers to
produce combined immunomodulatory delivery systems with
properties customized to the vaccine application. Others have
recognized that the dynamic conditions in vivo can influence
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vaccine efficacy and addressed this potential hurdle by devel-
oping physiologically responsive (e.g., pH) particulate delivery
systems.

Biomaterial particulate adjuvant applications
Novel biomaterial particle-based delivery systems are being
investigated as adjuvants that can tailor immune responses to
the specific condition affecting the host. This section high-
lights a number of biomaterial particulate delivery approaches
used in an adjuvant capacity, along the lines of augmenting either
immunogenic or tolerogenic (tolerance-inducing) responses.

Immunogenic vaccine applications

Recently, injectable, particle-based material carriers have
received much attention for their ability to efficiently deliver
and improve immunotherapeutics, particularly for immuno-
genic applications (Figure 2). Biomaterial particulates can
deliver antigen and immunostimulatory molecules to DCs,
promote antigen-specific immunity, and have tunable proper-
ties that make them attractive for vaccine adjuvants. The most
popular biomaterial employed for this purpose is PLGA. For
instance, Elamanchili et al. demonstrated a PLGA nanoparticle-
based delivery system that is a promising vaccine carrier
approach for DC-mediated immune therapy.®”” An in vitro study
by this group illustrated that PLGA nanoparticles, encapsu-
lating the TLR4 agonist, MPLA, influenced upregulation of
the positively stimulatory molecules (MHC-II and CD86) in

murine-derived DCs. Inclusion of an antigen (MUCI1 peptide)
in the particulate formulation resulted in DCs with the ability
to prime naive T cells from unimmunized normal and MUCI1
transgenic mice. Kasturi et al. conducted similar work, dem-
onstrating that activation of innate immunity via TLRs sig-
nificantly boosts vaccine efficacy. This group used a PLGA
nanoparticulate system to deliver a combination of TLR 4 and
TLR 7 agonists along with antigen to boost antigen-specific
and T cell responses in mice. Further, the same nanoparticle-
based delivery system induced robust immunity against pan-
demic HINT influenza in rhesus macaques.®® Interestingly, it
has been shown that nanoparticle-based systems are passively
trafficked to draining lymph nodes via interstitial fluid flow
to lymphatics following subcutaneous injection, improving
vaccine efficacy via direct delivery to antigen-presenting cells
and a controlled release of antigen depot.*’

Another class of synthetic materials that is being explored
for adjuvant qualities are polyanhydrides. Torres et al.”
reported on the adjuvant activity of polyanhydride microparti-
cles without additional immunomodulatory agents. This study
demonstrated that microparticles composed of different poly-
anhydride chemistries (1,6-bis(p-carboxyphenoxy) hexane
[CPH] and sebacic acid or 1,8-bis(p-carboxyphenoxy)-3,6-
dioxaoctane and CPH) can shape the phenotype and inflam-
matory secretion profile of in vitro murine-derived DCs in
a chemistry-dependent fashion.” This relationship also influ-
enced downstream antigen-specific proliferation of CD4+ and

CD8+ T cells in vitro, suggesting that polyan-

hydride particulate systems can be tailored to

Immunogensc particl- i Moy Toad control the direction of immune response, with
based vaccine including < . . . . .
antigen and adiwvant SK Y. @ ) potential as an immunogenic vaccine adjuvant
= “':':E“ s ibfwﬂ MW : mee against.a wide range of pathogeI.lS. .
Phagocytosis @t | Processing and (5 . / Particulate systems can provide delivery of
(m AN y’, (‘C’ % Naive genetic material in a defined spatial and tem-
1 CD8+ T call . . .
@‘"’ (_;: i e /;-ff /j o poral manner for immunotherapeutic applica-
“} I ; _ S — tions. Singh et al. used an injectable, polymer
Injection Site | ‘/ i Eare gel-particulate composite system for tuned
\ simultaneous delivery of a chemoattractant

macmphage

e |
/ v
:sg""%&hg/ \ mam \!

(MIP3a; to induce DC migration to the bio-
material composite), interleukin-10 (IL-10)
siRNA, and antigen plasmid DNA in order to
modulate infiltrating APC phenotypes for in
vivo cancer immunotherapy. They demonstrated

o 9 g @ @ Famoua that the hydrogel matrix had suitable degrad-
Ve 5L ability with controlled release of chemokine to

Memory T and B cells

Lymph Node attract significant numbers of DCs over a sus-
tained period in vitro. In sum, the composite
gel-particulate system attracts DCs, provides
particulate antigens, and directs them toward an
inflammatory phenotype.” This study demon-
strated the versatility of this modular approach
as well as promise for in vivo-specific immuno-
therapies for immune-related disease.

In an effort to further synchronize site-specific
targeting of drug delivery with therapeutic or

Figure 2. Possible immune mechanisms of immunogenic vaccines. Immature dendritic
cells (DCs) recognize and engulf vaccine-loaded microparticles. After particle degradation
and processing of the pathogenic antigen contained in the microparticles to peptides,
the DCs mature and display antigenic peptide to either CD4+ naive T cells via MHC-II or
CD8+ naive T cells through MHC-I. These selected naive T cells undergo clonal expansion
and activation, and mediate the adaptive immune response to the antigen either through
antibodies (humoral) or cellular elements (e.g., CTL). Note: iDC, immature dendritic cell;
mDC, mature dendritic cell; Th, helper T cell; CTL, cytotoxic T lymphocyte; MHC-I, major
histocompatibility complex-I; MHC-II, major histocompatibility complex-Il; TGF-p1,
transforming growth factor beta 1.
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diagnostic need, polymeric materials have been designed that
respond to local physical, chemical, and biological cues, includ-
ing pH, temperature, monosaccharides, and light.”” Most of
this stimuli-responsive work has focused on using polymeric
particulate systems, which can be tailored to release thera-
peutics at the subcellular, cellular, tissue, or organ levels,”
and which may prove impactful for immunotherapy. Free,
soluble proteins are normally endocytosed into vesicles that
subsequently become acidified and can contain degradative
enzymes. To develop more effective vaccines against infectious
agents and cancerous growths, it is important to promote
delivery of protein antigens to the cytosol where they can
access the MHC-I presentation pathway of antigen present-
ing cells. Endosome-disrupting particulate systems are a
promising approach to achieve cytosolic delivery of protein
therapeutics, thereby escaping antigen exposure to the acidic
and degradative endosomal/lysosomal compartment.” Foster
et al. illustrated that pH-responsive poly(propylacrylic acid)
particulate systems with incorporated protein antigen could
enhance CD8+ cytotoxic T cell generation as well as humoral
responses to antigen challenge in thymus tumor-bearing wild
type mice.”

Finally, self-assembling peptides have also been explored
as promising immune adjuvants that physically present
immuno-relevant T cell and B cell antigens. Notably, Rudra et al.
illustrated the broad utility of self-assembling peptides as
chemically defined adjuvants. Their investigation demonstrated
that a short fibrilizing peptide (Q11; Ac-QQKFQFQFEQQ-Am)
with covalently bound OVA323-339 epitope

potentially modify in vivo DC phenotypes by delivering a pay-
load of immunosuppressive agent(s). For example, DCs that
phagocytose rapamycin-loaded PLGA MPs have a reduced
ability to activate T cells. Critically, this intracellularly tar-
geted delivery of rapamycin to DCs provided more effective
suppression than extracellular rapamycin delivery.”

Active targeting of MPs may prove important for aug-
menting delivery of adjuvants and antigen to DCs. This can
be accomplished by surface ligation of ligands that specifi-
cally bind molecules on the surface of DCs. However, for
tolerance-inducing vaccine applications, it is pertinent that
targeting of these DC receptors do not stimulate inflam-
matory pathways. To this extent, Lewis et al. reported that
poly(d, 1 lactic-co-glycolic acid) microspheres with surface
immobilized ligands (DEC205 and CD1l1c antibodies and
P-D2 peptide) are capable of enhanced DC targeting in vitro
and in vivo without stimulating DC activation (Figure 4).”
Similarly, Bandyopadhyay et al. demonstrated that DEC205
antibody-tethered PLGA nanoparticles not only efficiently
target DCs for uptake but also increase production of IL-10 in
DCs.* These findings could also be instructive for the use of
artificial APCs to prevent and reverse autoimmune diseases.
Along this line, researchers were able to prevent and reverse
diabetes in NOD mice using peptide-MHC complex coated
iron oxide (FeO) nanoparticles. Santamaria and co-workers
demonstrated that nanoparticles coated with disease-relevant
peptide-major histocompatibility Type I complexes (pMHC-I-
nanoparticles) expanded cognate (with complementary TCRs)

(ISQAVHAAHAEINEAGR) antigen is capable

of raising high antibody titers against the antigen
in the absence of adjuvant in a mouse model.”
This research is promising for the development
of self-adjuvanting vaccine systems.

Tolerance-inducing vaccine applications

Scientists have also utilized the carrier capacity
of biomaterial particle-based systems for in
vivo delivery of vaccine components, includ-
ing antigen and immunomodulatory agents,
to DCs for treatment of autoimmune disease

and transplant rejection (Figure 3). For instance, Hnme
a study by Phillips et al. demonstrated PLGA e %

microspheres loaded with anti-sense oligonu-
cleotides specific for co-stimulatory molecules
that are involved in DC T-cell stimulation,
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passively targeted DCs, and manipulated their
immunoregulatory function by suppressing
the expression of these molecules integral for
T-cell activation by DCs. The same group then
successfully protected from Type I diabetes
in non-obese diabetic (NOD) mice through
in vivo targeting with microparticles that
suppressed APC activation upon intercep-

Figure 3. Possible immune mechanisms of tolerance-inducing vaccines. Immature dendritic
cells (DCs) recognize and engulf particle-based vaccine. After particle degradation and
antigen processing, the tDCs display peptides to selected CD4+ naive T cells via MHCII
in a tolerance-inducing manner. This tDC-naive CD4+ T-cell interaction produces a
number of antigen-specific regulatory T-cell types that halt autoimmune reactions.
Note: iDC, immature dendritic cell; tDC, tolerogenic dendritic cell; Breg, regulatory B cell;
Treg, FoxP3+ regulatory T cell; Tr1, Type | regulatory T cell; IL-10, interleukin-10; TGF-p1,
transforming growth factor beta 1; MHC-II, major histocompatibility complex-Il; CTL,
cytotoxic T lymphocyte.

tion.”” Alternately, microparticulate systems can
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harness the host’s pro-immune responses—
immuno-activating biomaterials. In retrospect,
one of the first immuno-active biomaterials
was alum, which acts as a non-biological adju-
vant in vaccine formulations against microbial
infections. Today, because of improved safety
standards and a growing appreciation for the
overlap of immunology and biomaterials,
material-based adjuvant research has intensi-
fied. Particle-based systems that can deliver
antigen and immuno-modulators have great
potential for immunotherapeutic applications.
Advantages of the use of particulate vaccine
carriers include: (1) protection and stability
of antigen, (2) multi-modal delivery of an-
tigen and immunomodulator(s), (3) efficient
delivery of vaccine components to dendritic cells,
and therefore modulation of cell-mediated
immunity, (4) delivery through multiple routes,
and (5) applicability to a wide range of
immune-related conditions. Further advances
in immuno-biology and biomaterials engineer-
ing are expected to see an increasing role for

(=]
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% MP+ Cells

T-cell Proliferation Index
& "

=
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Figure 4. (a) Phagocytosis and trafficking of microparticles (MPs) by dendritic cells (DCs)
and macrophages (M®s) are enhanced through MP surface modification. Mice were given
footpad injections containing ligand-conjugated, fluorescent dye-loaded MPs along with
control MPs. Draining lymph nodes were recovered, processed, and stained for CD11c
(DC) and F4/80 (M®) surface markers followed by flow cytometry analysis. Mean and
standard deviations of the percentage of DCs and M®s associated with MPs (MP+) are
plotted, and pair-wise statistical significance is shown by *. (b) Surface modification of
MPs improved prolonged antigen presentation by DCs. DCs were cultured with either MPs
loaded with peptide (antigen) or soluble peptide (as a control, at an equal mass to that
loaded in the MPs), followed by washing to remove unbound MPs. Subsequently, freshly
isolated CD4+ T cells were added to culture wells after four days (to determine prolonged
antigen presentation) and co-cultured in a three-day mixed lymphocyte reaction.

T cell proliferation was then measured as a measure of functional antigen presentation.
Note: PEG, poly(ethylene glycol); Sol, soluble. Adapted from Reference 79.

particle-based systems in the next generation

auto-regulatory CD8+ T cells in animals, suppressed the
recruitment of non-cognate specificities, prevented disease in
pre-diabetic mice, and restored normoglycemia (normal con-
centration of sugar in the blood) in diabetic animals.®!

Concluding remarks

Recent recognition that the fields of immunity and biomateri-
als have begun to intertwine has spurred the intentional design
of immunomodulatory biomaterials. These materials aim to
harness the power of the immune system and can be generally
classified into two categories: (1) immuno-evasive biomaterials
and (2) immuno-activating biomaterials.

Immuno-evasive materials are being conceived out of a need
to attenuate inflammatory reactions to biomaterial implanta-
tion. Initially, efforts to mitigate immune responses to implanted
biomaterials involved manipulation of biomaterial surface
chemistry, surface topography, and microscale architecture
to limit protein deposition, and thereby limit immune cell
adhesion. However, generally these approaches have only been
moderately successful, prompting research into newer methods
to neutralize immunity. To this extent, scientists are borrow-
ing features of pathogenic immune evasion and applying them
to implantable devices. Functionalization of biomaterials with
extracellular matrix ligands, anti-inflammatory mediators,
wound-healing agents, immuno-depleting hydrogels, and other
bioinspired techniques are promising strategies for biomaterial
immune evasion.

New insights into the inflammatory interactions of materials
with immune cells, along with new developments in adju-
vant immunology, have inspired the design of materials that

https://doi.org/10.1557/mrs.2013.310 Published online by Cambridge University Press

of vaccines.
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