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Abstract

Autoimmune diseases, rejection of transplanted organs and grafts, chronic inflammatory diseases,
and immune-mediated rejection of biologic drugs impact a large number of people across the
globe. New understanding of immune function is revealing exciting opportunities to help tackle
these challenges by harnessing — or correcting - the specificity of immune function. However,
realizing this potential requires precision control over the interaction between regulatory immune
cues, antigens attacked during inflammation, and the tissues where these processes occur.
Engineered materials — such as polymeric and lipid particles, scaffolds, and inorganic materials —
offer powerful features that could help selectively regulate immune function during disease
without compromising healthy immune functions. In this review, we highlight some of the exciting
developments to leverage biomaterials as carriers, depots, scaffolds — and even as agents with
intrinsic immunomodulatory features — to promote immunological tolerance.

Abstract

Autoimmune disease, inflammatory conditions, and rejection of organs and tissue graftsare
all underpinned by undesirable immune reactions at cell, tissue, and systemic levels. Biomaterials
offer powerful opportunities to control interactions across these scales to promote immunological
tolerance that selectively controls inflammation. This review summarizes emerging opportunities
in this area that exploit biomaterials as carriers, as as scaffolds, and as intrinsic modulatory
materials.
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1. Introduction

Immune tolerance is the functional unresponsiveness of the immune system towards cells or
tissues. During healthy immune function, tolerance against self-tissues is maintained.
However, the breakdown of tolerance can lead to autoimmune disease, conditions in which
the immune system mistakenly recognizes and attacks host tissues and cells. Tissue
destruction in autoimmune disease is driven by T and B cells specific for self-antigens which
become aberrantly activated. These cells also secrete proteins — antibodies and inflammatory
cytokines — that play major roles in the inflammatory effects occurring during autoimmunity.
Autoimmune disease affects men and women of all ages, with some of the most prevalent
autoimmune diseases including multiple sclerosis (MS), type 1 diabetes (T1D), rheumatoid
arthritis and lupus. Transplantation is another area where similar inflammatory processes
occur, but in a different context. In particular, a lack of tolerance of a recipient to a donor
can result in the destruction of allogenic transplants — such as organs — because the tissue is
seen as foreign by the immune cells of the recipient[t]. Other areas where a lack of immune
tolerance can negatively impact human health are allergic reactions and immune responses
generated against recombinant protein drugs or viral vectors used for gene delivery[?l. In
allergies, for example, an immune response against otherwise harmless substances can
trigger excess inflammation. This pathology is generally driven by allergen-specific B cells
that generate IgE antibodies. In the case of immune responses against protein drugs or viral
vectors, repeated treatment with these drugs can raise neutralizing antibodies in the patient
that bind the proteins and inhibit their function upon subsequent administration. Thus, there
are significant opportunities to improve new therapies involving immune tolerance across
several important disease areas.

The mechanisms maintaining tolerance are exquisitely complex: the immune system
integrates multiple layers of signals, including cytokines, ligands for surface receptors,
chemokines, stromal tissue features, and other soluble factors. These signals are present in
healthy tissue, at sites of inflammation, and also in immune tissues such as the spleen and
lymph nodes (LN); the latter are key sites in which adaptive immune responses develop. The
types of signals encountered during the generation of an immune response define the
specific features of the resulting immune response, ultimately determining whether the
response will be inflammatory or tolerogenic.

To initiate an immune response, antigen presenting cells (APCs) such as dendritic cells
(DCs) and macrophages survey the periphery in search of foreign pathogens. Once an APC
encounters a pathogen, the pathogen is phagocytosed or otherwise sampled, followed by
migration of the APC to LNs. At these sites, the pathogen is processed and antigens present
in the pathogen are displayed on the surface of APCs within a protein complex called major
histocompatibility complex (MHC). Presentation of antigen in MHC to T and B cells in the
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presence of inflammatory signals - including inflammatory cytokines and surface activation
markers on APCs - promotes expansion of these lymphocytes and drives a pro-inflammatory
responsel3l. A key feature of this expansion is the molecular specificity that results in an
enormous increase in the number of lymphocytes recognizing the peptide fragment
displayed by the APC, while lymphocytes recognizing other antigens remain inactive. In
contrast to activation, a lack of inflammatory signals or the presence of regulatory signals
during antigen presentation can promote tolerogenic responses. These tolerogenic response
span deletion, functional unresponsiveness of antigen specific T or B cells, and expansion of
regulatory T cells (Trgg) or other regulatory cell populations that suppress pro-immune
reactionsl4].

Historically, approaches to inhibit unwanted destruction of healthy cells have focused on the
administration of immunosuppressants which broadly suppress inflammatory function in
immune cells®l. These include anti-inflammatory agents or corticosteroids. Recently more
specific treatments have been applied, including recombinant cytokines and monoclonal
antibodies. Antibody treatments function to deplete T or B cells, stop inflammatory function,
or restrict migration of self-reactive immune cells. However, although antibody-based
therapies are more specific, they are not selective in the sense that they bind their target
receptor on all cells displaying these molecules. Thus, these therapies exert effects on both
autoreactive immune cells and on immune cells exhibiting normal function. This lack of
selectivity can leave patients immunocompromised or susceptible to specific types of
infection. Further, existing treatments are not curative and must be repeatedly administered,
often for life. These drawbacks highlight the potential impact of engineering more effective
and safer therapies for to promote immune tolerance.

Polymers, lipids, quantum dots (QDs), metals and other biomaterials are emerging as tools
to improve the design of vaccines and immunotherapies(6]. Biomaterials are commonly
formulated as microparticles (MPs) or nanoparticles (NPs), organized into self-assembling
structures, or formulated into scaffolds for implantation. These designs provide attractive
features for immunotherapies. For example, polymeric or lipid particles can be used to
provide controlled release or co-delivery of multiple immune signals, and can be modified
with ligands to enhance targeting to APCs in LNs or the spleen. Additionally, NPs can
passively drain through lymphatics to LNs, permitting accumulation of delivered immune
signals in these tissues. Both NPs and MPs are internalized by APCs, which can enhance
intracellular delivery of immunomodulators or self-antigens. Implantable scaffolds can
function as depots for the localized delivery of immune signals and promote migration of
immune cells. This allows the engineering of a localized tolerogenic microenvironment.
Additionally, an emerging area of research is investigating how intrinsic immunogenic
properties of biomaterials modulate immune cell function, and how these properties can be
harnessed to promote tolerance. All of these features are creating new opportunities to not
only effect large changes in immune response, but also to control specific features of
immune function.

In this review we present key ways in which biomaterials are being investigated to promote
tolerogenic immune function in autoimmune disease, transplantation, and allergies, as well
as to tackle challenges associated with anti-drug antibodies. These changes are being
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effected across multiple scales, including specific cell populations, at the tissue level, and
systemically throughout the host (Figure 1). We first discuss strategies employing NPs and
MPs to deliver immunomodulatory molecules and self-antigens. Included in this discussion
are examples using molecular conjugates instead of conventional solid NPs. Next we
describe recent work to understand how the intrinsic physicochemical properties of
biomaterials can promote tolerogenic function in immune cells. We conclude by presenting
efforts using immunomodulatory scaffolds as tolerance-inducing platforms for disease, or as
local immunomodulatory microenvironments to promote tolerance during transplantation.
Key references illustrating each of these areas are summarized in Table 1.

2. NPs and MPs offer attractive features as carriers of signals that drive

tolerance

2.1. Particulate delivery of immunomodulatory cues can promote tolerogenic DCs

The majority of research harnessing biomaterials to promote tolerance has focused on
utilizing particles for the controlled delivery of immune signals. Most of these investigations
have applied particles synthesized from degradable polymers or liposomes, although
inorganic materials such as metals and QDs have also been investigated. One broad strategy
applying particulate delivery for tolerance is to deliver immunomodulators to promote
tolerogenic DCs. An increasing understanding of signaling pathways in DCs has led to the
discovery of a number of new pathways which may be targeted to tune the inflammatory or
tolerogenic function of DCs. Examples include signaling pathways involved in DC
metabolism, sensing of immunogenic cell death, and pathways using toll like receptors
(TLR), which DCs and other APCs use to sense “danger signals” present on pathogensl’] .
Immunomodulators targeting these pathways can be small molecule drugs or biologics,
including proteins, peptides, antibodies, lipids or nucleic acids. However, when these
treatments are given as soluble systemic administrations they require frequent dosing due to
short half-life; such regimens result in exposure of non-target tissues to the treatment. Since
particulate materials drive more efficient uptake by APCs — and because biomaterials offer
tunable release rates — these carriers have recently been harnessed to overcome the
challenges above by providing controlled release of a number of tolerogenic
immunomodulators, including immunosuppressants(®-11] metabolic modulatorst!2-14l TLR
agonists[1>-16] regulatory cytokines[17-18] and ligands!*¥ for receptors that promote
tolerogenic function in DCs. However, the vast majority of these investigations have been in
pre-clinical models. While particulate delivery vehicles — in particular, liposomes - have
successfully been approved for enhancing the safety and efficacy of chemotherapeutics,
investigation of these strategies for delivery of immunomodulators in clinical trials is
needed.

2.2. Nanoparticles can be used to tune the presentation of immunomodulatory signals

The above body of work demonstrates particulate delivery of immunomodulators is an
effective strategy to promote tolerogenic function in APCs in preclinical models. An
emerging area of study that could speed translation of these therapies to the clinic focuses on
understanding how the presentation of immunomodulatory signals on the surface of particles
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impacts immune response, and how this presentation can be tuned to promote specific
immune function (e.g., tolerance). Parameters which can be varied include immune signal
density or valency on the surface of particles, or the geometry of the particles the
immunomodulators are delivered with. While these interactions have been more frequently
investigated in the context of promoting pro-immune function [20-22] exploration of this area
with the goal of promoting tolerance could provide unique benefits. One recent example
examining the geometric presentation of an immunomodulatory ligand to generate immune
tolerance involved synthesis of rod-shaped poly(Lactide-co-Glycolide) (PLGA) NPs
encapsulating phosphatidyl serine (PS)[23]. PS can function as a tolerogenic signal when
expressed on the surface of apoptotic cells. This mechanism exists to prevent potential
autoimmune reactions against cells undergoing normal programmed cell death. Nanorods
loaded with PS reduced the secretion of inflammatory cytokines and expression of surface
activation markers in bone marrow derived DCs after stimulation with LPS, a common
inflammatory signal. Interestingly, in a co-culture of DCs and transgenic T cells specific for
myelin - the self-antigen attacked in MS, PS nanorods reduced inflammatory cytokine
secretion compared to either liposomes or larger (1 um) rods presenting that PS at equivalent
doses. This result illustrates the principle that the properties of the particle (e.g., geometry,
size) can impact the ability of cues such as PS to suppress inflammatory function.
Additionally, administration of PS nanorods to mice induced with experimental autoimmune
encephalomyelitis (EAE) — a mouse model of MS —significantly reduced paralysis caused by
the disease relative to liposomes presenting PS, which provided no therapeutic benefit over
untreated mice.

2.3. Particulate carriers enable co-delivery of self-antigen and regulatory cues to drive
antigen-specific tolerance

The above examples focus on particulate delivery of immunomodulators alone. While these
approaches can provide significant advantages over systemic bolus administration of
immunosuppressants, they are not inherently antigen-specific. While inflammation during
disease may result in release and presentation of self-antigens in tissues these therapies
reach, many NP and MP strategies are now exploring co-delivery of antigens with regulatory
cues as therapeutic vaccine that could induce antigen-specific tolerance. These treatments
generally involve co-administration of self-antigens attacked during disease and a regulatory
signal. The self-antigen provides the specificity of the response, while the regulatory cue
redirects the response against this self-antigen by polarizing antigen-specific cells away from
inflammatory phenotypes and toward regulatory function (i.e., tolerance). By co-
encapsulating self-antigens and regulatory signals in particles, the likelihood that the target
cell or tissue receives both signals can be significantly increased, an important criteria for
driving antigen-specific tolerance. For example, co-localizing these signals within DCs
presenting self-antigen to T cells in LNs recognizing this antigen could bias these cells
toward Treg.

Leveraging this strategy, a number of recent preclinical studies have demonstrated
particulate co-delivery of self-antigens and regulatory signals can effectively promote
antigen-specific tolerancel24-28], These studies have been conducted in multiple mouse
models of autoimmune disease, and in settings aimed at preventing formation of anti-drug
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antibodies against recombinant protein drugs. NPs that passively drain to LNs after systemic
injection have been tested in this capacity, as well as MPs, which are carried to LNs by
APCs after phagocytosis at the site of injection. One specific application of this strategy has
utilized PLGA NPs co-encapsulating self-antigens with rapamycin, a small molecule
inhibitor of the mTOR pathway. Moldonado et al. demonstrated in a model of relapsing
remitting MS that NPs co-encapsulating self-antigen and rapamycin promoted tolerance
more effectively compared to NPs delivering rapamycin or self-antigen alone(29],
Additionally, this report demonstrated tolerance was antigen-specific. Another variation of
this platform co-delivers rapamycin encapsulated in NPs with unencapsulated soluble self-
antigens. While this does not necessarily ensure both signals will reach all of the same LNs
after delivery, one advantage is complex or larger antigen sources which may be difficult to
encapsulate in particles can be used. For example, Meliani et al. recently demonstrated
tolerance against adeno-associated virus (AAV) gene delivery vectors could be promoted by
co-administration of soluble AAVs with NPs encapsulating rapamycin[30l. Both of these
approaches are modular, since the specificity of tolerance can be altered by changing the
self-antigen co-delivered with rapamycin. For example, NPs co-delivering self-antigens and
rapamycin have been used to effectively promote tolerance toward multiple recombinant
protein drugs[31-341. Excitingly, this strategy has been expanded to phase 2 clinical trials to
tolerize and prevent formation of anti-drug antibodies against pegadricase, a front line
treatment for gout.

Several other regulatory signals have been co-delivered with self-antigens to promote
tolerance. The Quintana lab investigated a ligand for the aryl-hydrocarbon receptor, a
transcription factor which has recently been shown to promote tolerogenic function in DCs
and expand Treg.[3®! The aryl hydrocarbon receptor ligand was co-adsorbed on the surface
of gold NPs with myelin peptide, and these NPs were used to treat mice induced with EAE.
In line with the previous example, only NP formulations co-delivering the ligand and myelin
prevented disease. This finding indicates co-delivery of self-antigen and regulatory signal
can provide a synergistic therapeutic effect, and that tolerance was antigen-specific.
Recently this platform was expanded to promote tolerance in a T1D mouse model, where
gold NPs were used to co-deliver the aryl hydrocarbon receptor ligand and an islet self-
antigen attacked during T1D[36],

2.4. Carrier free particles can be engineered to promote tolerance

The above examples demonstrate the potential of particulate co-delivery of self-antigens and
regulatory signals to promote antigen specific tolerance. All of these examples utilize a
“carrier” to enable co-delivery by encapsulating, adsorbing, or conjugating immune signals.
Although this strategy has demonstrated promising results, the addition of a delivery vehicle
increases overall vaccine complexity which is a significant hurdle for translation. Further, a
number of recent investigations have revealed that many common particulate carriers exhibit
some degree of intrinsic immunogenicity[37-4%]. This immunogenicity adds a confounding
factor which complicates the understanding of the role of individual vaccine components. In
particular for autoimmune and inflammatory disease, any excess inflammation caused by the
carrier could exacerbate disease or limit the therapeutic efficacy.
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Motivated by the challenges above, “carrier-free” tolerogenic vaccines and immunotherapies
are also being explored by building nanostructured materials directly from immune signals.
This approach mimics some of the attractive features of polymeric or other biomaterial
carriers (i.e. particulate formulation, co-delivery, cargo protection), while simplifying the
number of components and eliminating immunogenic carrier effects. One such strategy
involves using electrostatic interaction between oppositely charged self-antigens and
regulatory signals to form polyplex-like NPs. Importantly, this method eliminates the need
for the use of harsh solvents or high energy mixing that is commonly used during synthesis
of particulate vaccines formulated with polymeric carriers that can potentially damage active
vaccine components. Further, while loading of immune cargo in most delivery systems
involving polymer carriers is relatively low, this carrier-free method relying on self-assembly
provides 100% loading since the particles are constructed entirely from the active immune
components. Recent work from our lab has demonstrated this approach as an effective
strategy to promote tolerance in a mouse model of EAE46]. In this work, a myelin self-
antigen (MOG) was designed to be cationic by appending arginine residues (R) to the
antigenic MOG peptide sequence (MOGRx). GpG, a regulatory nucleic acid ligand of toll-
like receptor 9 (TLR9) - an immunostimulatory receptor on APCs — served as both a
regulatory cue and an anionic component. These self-assembled NPs were formed by
admixing MOGRx and GpG. Administration to mice with EAE reduced the severity of
paralysis and neuroinflammation.

Expanding on this work, our lab recently developed a platform to assemble immune signals
into immune polyelectrolyte multilayers (“iPEMS”) using an electrostatic layer-by-layer
process[47-48]. In particular, iPEMs can be formed into hollow, carrier free microcapsules
consisting entirely of immune signalsi49-511. Because this approach is modular, iPEM
capsules consisting of MOGRy and GpG could be synthesized to promote tolerance using
the same electrostatic assembly process (Figure 2A)[32]. Likewise, the absolute and relative
loading of each component could be controlled by increasing the number of bilayers during
iPEM assembly (Figure 2B), or by changing the ratio of MOGRy and GpG in the bilayers
(Figure 2C). iPEMS were readily internalized by DCs, and importantly a high frequency of
DCs internalizing at least one cargo internalized both MOG and GpG (Figure 2D). iPEM
treatment of mice induced with EAE increased Trgg frequency in spleens, and strikingly,
completely prevented symptoms of EAE in 100% of mice (Figure 2E). These structures
were also able to decrease myelin-specific inflammation in samples isolated from human
MS patients, indicating possible clinical significance. Together these examples illustrate how
self-assembly can be leveraged in designing modular systems to promote tolerance.

2.5. Biomaterials can be harnessed to alter the trafficking and processing of self-

antigens

While the above studies demonstrate that co-delivery of self-antigens and regulatory signals
can serve as tolerogenic vaccines, a recent area of investigation involves delivering self-
antigen alone as a means of inducing antigen-specific tolerance. Two primary strategies have
been investigated along these lines. In this section we will discuss the first strategy, which
focuses on engineering delivery vehicles to alter APC processing of self-antigens by
promoting localization of the antigens in tolerogenic scavenging domains located in the liver
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and lymphoid tissues (e.g., spleens, LNs). The second focuses on altering presentation or
valency of self-antigens on the surface of particles or polymers to directly modulate
interactions with lymphocytes. These examples are discussed in section 2.6.

Past pre-clinical studies involving infusion of antigens coupled to apoptotic splenocytes have
revealed these treatments promote antigen-specific tolerance [53-571. Mechanistically, this
effect appears to arise from co-localization of antigen coupled splenocytes with specialized
microdomains in the marginal zone of spleens and LNs. These microdomains serve to
process apoptotic self-cells in a tolerogenic mannerl>8l. A key cell type involved in this
process are macrophages expressing the scavenger receptor, macrophage receptor with
collagenous structure (MARCO); this receptor plays a role in recognizing apoptotic cells,
against which the host naturally desires tolerancel®8]. Excitingly this strategy has previously
been proven safe in phase I clinical trials for MSI59]. However, this strategy faces significant
hurdles for translation since the harvesting and ex vivo processing of donor splenocytes is
costly and complicated.

To leverage the underlying mechanism just described, while overcoming the challenges of
cell-based therapies, one approach is to covalently couple self-antigens to polymeric NPs or
MPs with sizes similar to apoptotic cell fragments (~500nm) [60-651, This strategy has been
applied to promote tolerance in preclinical models of MS, type 1 diabetes, bone marrow
transplantation, islet transplantation, and allergic airway inflammation. Getts et al.
demonstrated 500nm PS beads covalently linked with myelin self-antigens prevented disease
in a relapsing remitting model of EAE (RR-EAE) after /. v administration. These particles
co-localize with MARCO expressing macrophages in the marginal zones of spleens after
administration[®¢]. Hunter et al. demonstrated degradable PLGA NPs of similar size
displaying myelin self-antigens on the surface promote antigen-specific tolerance in RR-
EAES7]. While the precise mechanism for tolerance is not fully understand, this study and
others using PLGA NPs displaying self-antigens have demonstrated both size and charge
play a role in efficacy; NPs approximately 500nm in diameter with negative surface charges
display the highest level of co-localization with MARCO and efficacy in promoting
tolerance. Recent studies, which are discussed in section 3.2, have also demonstrated that
negatively charged particles delivered without self-antigens can drive tolerance [68-69].

In addition to using polymeric carriers to deliver self-antigens, other materials have also
been investigated. Myelin self-peptides, for example, have been coupled to QDs to
investigate how the density of self-antigen display impacts the therapeutic induction of
tolerance in mouse models of MS[7%l. QDs coated with defined MOG peptide densities on
the surface were synthesized, ranging from 17 peptides per MOG-QD (17:1) to 52 peptides
per MOG-QD (52:1); hydrodynamic diameter ranged from 15 to 20nm. MOG-QDs drained
efficiently to LNs after s.c. injection and co-localized with cells expressing MARCO in these
tissues. Interestingly, while treatment of mice with MOG-QDs protected mice from EAE,
the level of efficacy was dependent on the density of MOG on the QD. In particular, at a
fixed MOG dose, a low density of MOG peptide on a larger number of particles was more
effective in driving tolerance than a higher density of MOG peptide on a smaller number of
particles. This example demonstrates an important opportunity to leverage the precision of
engineered materials to study immune function, which might ultimately lead to design rules
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for vaccines and immunotherapies. Another paper involving QDs investigated delivery of
myelin peptide on negatively charged QDs coated with poly(maleic anhydride-alt-1-
octadecene)[71]. After /v injection over 90% of the QDs accumulated in liver sinusoidal
endothelial cells (LSECs); these cell specialize in processing apoptotic cells, similarly to
macrophages displaying scavenger receptors in LNs and spleens discussed earlier. MOG
QDs prevented disease in EAE compared to mice treated with unloaded QDs. Together these
studies demonstrate particulate delivery can alter trafficking and processing of self-antigens
by promoting co-localization with APCs in scavenging domains in lymphoid tissue and the
liver. While these materials could be very useful as tools, a potential limitation for QD-based
therapies is the potential for toxicity, which warrants continued investigation.

2.6. Biomaterials can be used to alter the presentation of self-antigens

The examples discussed above demonstrate how antigen-coupled NPs can effectively co-opt
natural tolerogenic pathways through co-localization with tolerogenic domains in lymphoid
organs. As alluded to in the previous section, a second strategy to drive tolerance involves
tuning the valency or surface density of self-antigens presented on the surface of NPs or
grafted to low molecular weight polymers. Unlike the previous examples using QDs
delivering self-antigens these changes in antigen display directly alter interactions with
antigen-specific lymphocytes to promote tolerance. Similar to strategies discussed in Section
2.2, these designs alter the presentation of ligands to tune immune cell function. One key
distinction however is the designs discussed in this section display self-antigens rather than
immunomodulators as ligands.

The Santamaria group has demonstrated iron oxide NPs functionalized with islet self-
antigens displayed in MHC complexes (pMHC-NPs) can inhibit the development of T1D in
a mouse model of spontaneous T1D [72775], These NPs can be covalently conjugated with
pMHC self-antigen complexes using a variety of chemistries (Figure 3A). Mechanistically
pMHC-NPs expand antigen specific T cells (Figure 3B) with a regulatory phenotype called
Tr1 (Figure 3C). Expansion of these regulatory type T cells is likely mediated through the
high density of pMHC presented on the surface NPs. This is supported by the observation
that pMHC-NPs must display pMHC above a certain density in order to optimally expand
antigen specific regulatory T cells and prevent disease (Figure 3D). Interestingly, pMHC
NPs displaying different T1D relevant antigens (MimA2 or NRP) could blunt disease
(Figure 3E). In these studies, efficacy depended on NP conjugation, since administration of
soluble pMHC did not expands antigen specific T cells or inhibit T1D.Tolerance induction
could also be extended to other diseases, as pMHC-NPs with appropriate self-antigens could
be prepared and used to generate tolerance in EAE (Figure 3F) and collagen-induced
arthritis. Excitingly, the translational potential of this approach was demonstrated in a
humanized mouse model of T1D. In this model pMHC NPs presenting human islet self-
antigens effectively expanded antigen-specific regulatory T cells in immunodeficient NOD
mice with immune systems reconstituted with peripheral blood mononuclear cells from
diabetic human donors. One limitation to this strategy is the complexity of recombinantly
expressing and displaying self-antigen in MHC.
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Another approach harnessing multivalent delivery of self-antigens to promote tolerance
involves using low molecular weight polymers presenting self-antigens to directly modulate
interactions with B cells, termed “soluble antigen arrays” [76-811. B cells require antigen
recognition of the B cell receptor to trigger B cell activation. However, repeated signaling
through the B cell receptor (BCR) in the absence of a co-stimulatory signal can promote
functional exhaustion or anergy. Materials can achieve multivalent presentation of self-
antigens. This multi-valent display increases self-antigen avidity, or the combined functional
affinity, towards autoreactive BCRs. Increased avidity can promote targeting and repeated
binding of BCRs to promote anergy. The Berkland group has formulated hyaluronic acid
(HA) polymers presenting multivalent arrays of another myelin self-antigen (PLP) and an
intracellular adhesion molecule 1 peptide inhibitor (LABL), termed SAgAPLP:LABL.
While PLP binds BCRs on self-reactive B cells during MS and provides antigen signal, the
LABL serves to promote prolonged cellular adhesion. SAhAPLP:LABL displayed
significant therapeutic efficacy in the mouse model of RR-EAE, and delivery of
unconjugated, PLP and LABL mixed with HA provided no protection[76l. Interestingly
SAgAPLP:LABL provided enhanced therapeutic efficacy when compared to PLGA NPs
(500nm) with PLP and LABL grafted to the surfacel’7]. This may be due to differences in
biodistribution, or to the conformational flexibility of SAQAPLP:LABL that could increase
interaction with BCRs. Mechanistic studies revealed that SAgAPLP:LABL bound antigen
specific B cells 7 vitro while blunting functional BCR signalingl’8]. Presentation of both
PLP and LABL on polymer arrays were necessary for enhanced cell binding and signaling
disruption. In subsequent studies, Hartwell et al. synthesized non-degradable multivalent
polymer arrays displaying PLP and LABL, which displayed even greater avidity and
inhibition of BCR signaling, as well as enhanced therapeutic efficacy in EAE compared to
degradable HA SAgAPLP:LABLs. [82]

2.7. Nanoparticles can be actively targeted to specific immune cells or lymphoid tissues
to promote tolerance

While the examples thus far have involved passive drainage or relied on APCs to transport
particles to LNs and the spleen, a key feature of biomaterials is the ability to actively target
encapsulated cargo to specific immune cells or tissues. This capability can greatly enhance
the efficacy of tolerogenic therapies. In the drug delivery field, this potential has been
extensively leveraged by directly modifying carriers or drugs with antibodies or other
targeting moieties to target these cargos to desired cells or tissues. Targeting provides
significant advantages over systemic administration of free cargo, for example, by enabling
dose sparing and minimizing exposure of drugs to non-target tissues. Further, targeting
moieties can be utilized to target specific proteins expressed by a particular cell population
of interest. This strategy has recently been applied to provide more precise control over the
delivery of self-antigens and immunomodulators in the context of promoting immune
tolerance.

As discussed in Section 1, MP and NP delivery provides a “passive” targeting effect to DCs,
since they can be internalized at the injection site or after draining to LNs. However, to
improve the efficiency of targeting to DCs, targeting ligands can be combined with
particulate encapsulation of immunomodulatory cargo. Although active targeting of DCs
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with soluble immunomodulators might enhance tolerogenic immunotherapies, combining
active targeting with biomaterial carriers has remained relatively unexplored in this area.
One prevalent target for recent antibody-based targeting approaches is the endocytotic c-type
lectin (DEC-205) receptor, which is primarily expressed by DCs. Self-antigen-antibody
conjugates targeting DEC-205 have been exploited to promote tolerance in mouse models of
colitis and MS [83-85], One study explored PLGA MPs conjugated with targeting moieties
for either DEC-205 or CD11c, an additional protein highly expressed on the surface of
APCs. [88] This study found MPs functionalized with antibodies specific for DEC-205 or
CD11c, or a peptide (PD-2) that specifically binds CD11c enhanced /n vitro uptake of MPs
by DCs. These targeted MPs did not cause toxicity, and importantly, did not increase
activation of DCs; the latter could potentially negate the effects of tolerogenic therapies or
even exacerbate inflammation. When administered to mice by s.c. injection at the footpad,
MPs conjugated with PD-2 enhanced internalization of MPs within DCs and macrophages in
the draining LN over three days, compared to unmodified MPs. This result suggests that
PD-2 targeting MPs may be an effective platform to deliver self-antigens and/or regulatory
signals. However, further investigation is needed to demonstrate that particles actively
targeting DCs can promote functional tolerance.

Another investigation utilized actively-targeted NPs to target DCs in Peyer’s patches, a
specialized lymphoid tissue in the gut(®7]. Since healthy immune systems maintain local
tolerance toward the collection of microorganisms in the gut — the microbiome, the
lymphoid tissue in the gut is predisposed toward tolerance. Therefore, targeting self-antigens
toward Peyer’s patches might promote an antigen-specific tolerogenic response. In this
study, a self-antigen (heat shock protein, H6P) attacked during T1D was encapsulated in
chitosan NPs functionalized with two targeting ligands(87]. NPs were functionalized with
mannose, which targets mannose receptors expressed on DCs, and arginylglycylaspartic acid
(RGD) which targets M cells; M cells are concentrated in the epithelium of Peyer’s patches,
and exhibit high levels of transcytosis — a process where macromolecules or particles can be
transported across both sides of a cell. The authors reasoned these dual targeted NPs could
aid in delivery through the gut endothelium — a major hurdle for oral delivery — and
additionally serve to target the self-antigen to DCs. Oral administration of targeted NPs
resulted in significantly enhanced accumulation of NPs in Peyer’s patches compared to
untargeted NPs, ultimately preventing disease onset in a mouse model of T1D.

In addition to targeting DCs, T cells can be actively targeted to promote tolerance. These
strategies aim to expand and maintain the suppressive function of Trgg or to blunt
expansion and effector function of inflammatory, self-reactive T cells. One study utilized
PLGA NPs functionalized with antibodies specific for CD4 T cells to deliver the
immunomodulatory cytokines, IL-2 and TGF-p [88]. While IL-2 and TGF-p polarize Treg
differentiation, /n vivo administration is hampered by toxicity that develops from exposure
of these cytokines to off target tissues and cells. In cell culture, antibody-modified NPs
bound CD4 T cells and increased Trgg differentiation compared to treatment with
equivalent doses of soluble IL-2 and TGF-. In mice, /.p administration of CD4 targeted
NPs increased Treg frequencies in the mesenteric LNs and spleens of mice, compared to
untreated mice. Another study targeting CD4 T cells used a liponanogel encapsulating
KN-93, an inhibitor of calcium/calmodulin-dependant protein kinase; this pathway is
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involved in production of the inflammatory cytokine, IL-17, a key driver of inflammation in
many autoimmune diseases[®%]. Compared to non-targeted liponanogels, weekly treatment
with the CD4-targeted nanogels reduced clinical EAE scores and the number of 1L-17
producing T cells in the central nervous system (CNS). A recent report applied the
nanolipogel platform for the active targeting of a DNA-methlytransferase inhibitor, 5-
azacytidine, to T cellsl%l. Administration of nanolipogels targeting CD4 preferentially
expanded Treg. Further, administration of nanolipogels targeting either CD4 or CD8
protected from symptoms of inflammation occurring during a mouse model of lupus.

Another potential strategy to promote tolerance is to actively target lymphoid tissue. In one
example, poly-lactide (PLA) MPs encapsulating tacrolimus (MP-TAC), a small molecule
mTOR inhibitor, were surface-conjugated with an antibody specific for peripheral lymph
node addressin (PNAd), a glycoprotein expressed in regions of LNs where lymphocytes
enter from the blood stream[®11. In this study the authors demonstrated mice receiving
allogenic skingrafts displayed significantly increased PNAd expression in draining LNs
compared to non-draining LNSs. 7 V. injection of PNAd-targeted MPs after allogenic skin
transplantation led to co-localization of MPs with PNAdJ in transplant-draining LNs. The
targeted MPs also accumulated at higher levels in draining LNs compared to non-draining
LNs. This study also demonstrated the specificity of PNAd targeting, as administration of a
PNAd-blocking antibody before MP injection reduced accumulation of targeted MPs in
draining LNs to levels similar to those measured in mice injected with non-targeted MPs. To
investigate the efficacy of LN-targeted MPs on prolonging graft survival, C57BL6 mice
received a non-matched heart transplant from BalbC mice, followed by daily administration
of targeted MPs. LN-targeted MP-TAC significantly prolonged graft survival while reducing
serum Tacsirolimus levels compared to free tacsirolimus treatments. Together these studies
indicate active targeting of LNs can localize the effects of immunomodulators in LNs to
promote tolerance.

In addition to these examples of actively targeted particles, another tolerogenic strategy
involves targeting self-antigens to apoptotic red blood cells (RBCs). RBCs are continually
replaced in the body, where a large number of RBCs become apoptotic and are cleared in a
tolerogenic manner by APCs in the spleen and liver. Kontos et. al conjugated the model
antigen ovalbumin (OVA) to ERY1 (ERY1-OVA), a peptide which specifically targets
glycophorin-A expressed on RBCs [92]. The authors demonstrated the conjugates
specifically targeted RBCs, since ERY1-OVA bound to RBCs without binding to leukocytes
after /.v. administration. Administration of allophycocanin-labeled ERY 1 resulted in high
levels of uptake in APCs in the spleen and in the liver. ERY1-OVA treatment reduced
proliferation of antigen specific T cells and increased levels of apoptosis, indicating
functional suppression of the T cell response. Similar results were obtained when an
antibody fragment specific for glycophorin-A (TER119) was conjugated with SIINFEKL, a
specific antigen peptide fragment from OVA protein. The ability of this platform to promote
functional tolerance was tested in an adoptive transfer model of T1D, where activated T cells
specific for the islet self-antigen P31 were infused into NOD mice. In mice treated with
unmodified P31, transfer of P31 specific T cells induced diabetes within 7 days after cell
transfer. In contrast, when P31 conjugated to TER was injected /. v, induction of diabetes was
completely prevented, and all mice remained normoglycemic through the 62 day study.
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Grimm et al. demonstrated mechanistically in this system that polarizing Trgg phenotype is
involved in tolerance induction, and that long term tolerance is induced[®3l. Another paper
applied the in vivo RBC binding platform to effectively tolerize and prevent antibody
formation against the therapeutic protein drug, Escherichia coli L-asparinase [94]. This could
be beneficial since the efficacy of many biologic drugs is inhibited over time by antibodies
raised against them. In addition to /n vivotargeting of self-antigens to RBCs using
antibodies, self-antigens have also been conjugated to RBCs ex vivo, then reinfused into
animals. This approach has demonstrated efficacy and antigen-specific tolerance in mouse
models of MS and spontaneous T1D[9],

2.8. Microparticles can function as controlled release depots to locally program
tolerogenic microenvironments

In contrast to targeting cells or tissues with biomaterials, one new strategy to promote
tolerance employs MPs as immunomodulatory depots to modulate the local
microenvironment at the injection site. This can allow site specific modulation of the local
microenvironment, directing the function of immune cells in these tissues, and ultimately
generating changes in systemic immune function. Importantly, since these treatments can
localize cargo at delivered sites, they provide the potential to promote tolerance while
reducing systemic exposure of immunosuppressants. While most of the examples discussed
in the previous section involve delivery of NPs or low molecular weight polymers,
treatments to promote local tolerogenic environments using particles focus on larger MPs or
scaffolds. One key aspect that differentiates delivery of MPs from NPs, is the differences in
particle trafficking after injection. MPs are too large to enter lymphatics and therefore
largely remain at the injection site after injection. While MPs are internalized and traffic to
LNs through APCs, this process is not efficient. Therefore, MPs encapsulating immune
signals can function as depots for immunomodulation of the local microenvironment.

Previous work in our lab has combined immunomodulatory depots with direct LN injection
to promote tolerance. This work is motivated by recent clinical trials for allergies, cancer,
and diabetes involving direct, ultrasound-guided injection of lymph nodes with low, soluble
doses of allergens, tumor-associated antigens, or self-antigenst®6-981. These injections are
performed as outpatient procedures, and the studies highlight the exciting potential of LN
injection to potently enhance both pro-immune and tolerogenic responses with striking dose
sparing. However, these trials all utilized soluble immune signals, which rapidly drain from
LNs after injection. By combining LN injection with PLGA MPs co-encapsulating antigens
and immunostimulatory adjuvants, these cues can be retained in LNs because the particles
are too large to drain from these sites. Instead, the MP depots slowly degrade to provide
local controlled release of signals in the injected nodes[®®]. Injecting antigen and molecular
adjuvants in these depots, for example, greatly enhances antigen-specific T cell responses
compared to LN injection of soluble vaccines or to MP vaccines injected at other non-LN
sites. NPs exert a lower effect as well, because the smaller size allows more efficient
drainage from the LNI[®I. To apply this platform to promote tolerance, MPs co-
encapsulating MOG and rapamycin were synthesized and injected intra-nodally (7.LN)in
mice after induction of EAE [190)(Figure 4A). A single LN injection inhibited symptoms of
EAE compared to mice injected with empty MPs or MPs encapsulating rapa alone (Figure
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4B). Interesting, while 7.LNinjection of MOG MPs provided a significant therapeutic effect,
co-encapsulation of MOG and rapa provided a synergistic effect, since MOG/rapa MPs
further decreased symptoms. This depot-mediated tolerance was antigen specific, as £.LN
treatment with MPs encapsulating OVA/Rapa had no effect on EAE symptoms compared to
empty MP treatment (Figure 4C). LN treatment with MOG/Rapa MPs promoted increased
infilitration of Treg into treated LNs (Figure 4D). Interestingly, these local changes in the
microenvironment of the treated LN also promoted systemic tolerogenic changes, as Treg
frequencies were also elevated in distant, non-treated LNs (Figure 4D). Importantly, these
effects were accompanied by decreased infiltration of T cells in the CNS of mice treated
with MOG/Rapa MP depots (Figure 4E). Thus, local conditioning of the LN
microenvironment allows generation of antigen-specific, tolerogenic cells that can migrate to
other tissues to selectively control disease. In additional studies, mice received a single
treatment with MOG/Rapa depots at the peak of EAE. This treatment resulted in a dramatic
and permanent reversal of paralysis. While these data indicate that systemic, antigen-specific
tolerance can be achieved through targeted reprogramming of the LN microenvironment, an
important aspect of future research with clinical implications will be if these cured mice can
mount functional immune responses against pathogens. This will help inform the clinical
potential of the approach since existing therapies often leave patients susceptible to
infection.

While the previous example harnessed size-restricted retention of MPs in LNs, another
strategy focuses on using MPs to promote a tolerogenic microenvironment in peripheral
tissue. In this strategy, depots are engineered to recruit and promote suppressive phenotypes
in APCs, which then migrate to draining LNSs to polarize tolerogenic immune response
generated in these tissues. The Keselowski group designed an immunomodulatory depot
system using dual sized microparticles encapsulating self-antigens and regulatory immune
signals[101-104] This system involves particles of two different sizes to direct the destination
of different components of the therapy. First “small”, phagocytosible MPs were employed
for intracellular delivery of antigens and immunomodulators active in the cytosol. Larger
MPs (too large for phagocytosis) were used for extracellular delivery of immunomodulators
which act on extracellular receptors. In this approach, the smaller MPs (~1um) were
synthesized to co-encapsulate a peptide insulin antigen attacked during T1D with vitamin
D3, which acts as an immunosuppressant. These small MPs were then co-injected with large
(~30 pm) MPs encapsulating GM-CSF, a chemoattractant which recruits DCs, and TGF-B,
an immunoregulatory cytokine which promotes tolerogenic function in DCs. Administration
of these depots to prediabetic NOD mice significantly decreased the incidence of
spontaneous T1D[02], To apply this platform to promote tolerance in MS models, a similar
formulation was tested, but the insulin self-antigen was exchanged for MOGI101],
Subcutaneous administration of the immune signal loaded dual MPs resulted in the
formation of visible nodules at the site of injection with infiltration of mononuclear cells,
including DCs, and protein deposition (Figure 5A). DC infiltration into nodules increased
after treatment with MPs loaded with antigens and immunomodulators, compared to empty
MPs (Figure 5B). Importantly, DCs found in these nodules displayed reduced expression of
the surface activation marker, CD86 (Figure 5C). DCs with internalized MPs were found
within nodules and also in draining LNs. (Figure 5D). Additionally, when loaded dual MPs
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were administered to mice with EAE, DCs in draining LNs had a tolerogenic phenotype
with reduced expression of MHCII and PD-L1 compared to empty MP treated mice. The
authors then investigated how these changes in DCs polarized T cell phenotype and
modulated inflammation in the CNS during EAE. MP treatment resulted in reduced
pathogenic T cells expressing the inflammatory cytokines, IFNy (Figure 5E) and IL-17, in
the CNS. This reduction correlated with prevention of EAE symptoms over the 28 day study
period when administered before manifestation of clinical symptoms (Figure 5F). Together,
these results indicate MPs modulate the local microenvironment where DCs are recruited
and adopt tolerogenic phenotypes. DCs then migrate to draining LNs and polarize T cell to
phenotypes useful in controlling inflammation systemically and at sites of disease.

Other approaches using MP depots focus on formulations delivering immunomodulators
without antigen. While these designs do not function as tolerogenic vaccines, they can serve
to modulate the phenotype of previously activated T cells, or T cells undergoing priming
against self-antigens being presented as a result of ongoing inflammation. This approach has
been applied to locally induce Treg by providing sustained concentrations of regulatory
immune signals which favor Trgg differentiation over inflammatory T cell

phenotypes!18. 105-106] Another strategy involves administering MP depots to locally deliver
chemoattractants which selectively recruit Trgg to sites of inflammation[196-1101, These
treatments can be applied to organ-specific or local autoimmune disease by administering
depots at the site of inflammation to locally recruit Trgg to suppress inflammation. The
Little group, for example, has shown PLGA MPs encapsulating the chemokine CCL22
recruits Treg to injection sites and prevents inflammation in models of dry eye disease[10¢]
and periodontal diseasel108-1101. A key advantage of this strategy is that local recruitment
and retention of Treg to sites of inflammation could provide site-targeted
immunosuppression; this possibility is in contrast to systemic expansion of polyclonal Tgrgg
that could cause broad immunosuppression.

Another strategy uses co-deposition of MPs presenting Fas ligands with transplanted islets to
induce tolerance. The Fas pathway is an immune checkpoint which functions to inhibit
unrestrained inflammation. In particular, activated T cells upregulate Fas, and binding of this
Fas ligand results in apoptosis. Headen et. a/. applied this platform to promote tolerance to
transplanted islets by synthesizing PEG crosslinked hydrogels (150um) which covalently
display biotin on the surface (Figure 6A)[1°]. Streptavidin Fas ligands (SA-FasL) were then
conjugated to the microgel surface (SA FasL microgels). After microgels conjugated with
labeled Fas ligand were implanted in the kidney capsule of mice, Fas ligand was found to be
presented at the implant site for over 20 days. In contrast Fas ligand signal was negligible by
day 7 in mice receiving free Fas ligand (Figure 6B, 6C). To investigate how this prolonged
presentation of Fas could enhance islet survival, SA-FasL microgels were co-transplanted
with BalbC islets into the kidney capsules of diabetic C57BL6. Since the transplanted islets
are from a different strain of mouse, the immune system of the mice receiving the transplant
sees the islets as foreign. Mice receiving islet transplants and empty microgels rejected the
transplants, with a median survival of 15 days. However, islets co-transplanted with SA-
FasL microgels displayed significantly enhanced survival, exhibiting a median survival time
of 31 days (Figure 6D). Strikingly, addition of a course of soluble rapamycin treatment
(daily i.p injection for 15 days starting on the day of transplantation) to SA FasL microgels
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dramatically enhanced islet survival, where 90% of transplanted islets survived and
functioned for over 200 days until the end of the study (Figure 6D). Importantly, this
enhancement of survival was significantly higher compared to mice receiving islet
transplants with rapamycin treatment alone, which displayed similar survival to islets co-
transplanted with SA FasL microgels (without rapamycin). This result supports a synergistic
effect of rapamycin treatment and SA FasL microgel treatment. Mechanistically, the authors
demonstrated the effects of SA FasL microgels on promoting transplant tolerance were
dependent on Treg, since depletion of Trgg abrogated the efficacy of SA FasL microgels.
These studies utilized a transgenic mouse model engineered to express Treg that can be
depleted by injection of diphtheria toxin. In the studies, diabetes was chemically induced,
then mice received transplants with SA-FasL microgels and rapamycin treatment. At day 50,
mice were either left untreated or treated with diphtheria toxin to deplete Tgrgg. All mice
undergoing Treg depletion rejected islet transplants within 32 days, while the mice not
receiving the Treg depletion maintained graft function until the end of the 200 day study.
Finally, the authors demonstrated the SA-FasL microgel platform could be applied to
promote survival of transplants in the epididymal fat pad, which is analogous to the
omentum in humans and is a clinically relevant transplant site. Together this work
demonstrates that materials can be harnessed to provide prolonged and localized
presentation of FasL to promote tolerance towards transplanted islets. The SA FasL
microgels potentially represents a simple off the shelf platform that could inhibit transplant
rejection without the need for continual systemic immunosuppression, which is the current
standard treatment for transplants. While this design demonstrated striking efficacy a short
course of systemic immunosuppression was still required. Additional studies in large animal
models are also necessary to further demonstrate the potential for clinical application.

3. Biomaterials display intrinsic immunogenic material properties which

can be harnessed to promote tolerance

The above sections describe tolerogenic strategies using materials as tools to deliver immune
signals. An interesting area of investigation, however, focuses on the immunomodulatory
effects of biomaterials themselves, in the absence of any explicit immune signals. As
described above in Section 2.4, recent studies have demonstrated that biomaterials display
intrinsic properties that can drive inflammatory or pro-immune function in immune cells.
Other recent studies have described tolerogenic properties of various biomaterials, including
synthetic polymers such as PLGA and PS[68-69] QDs[111-112] gold NPs[113] and cellulose
nanofibers[114]. These intrinsic biomaterial properties are now starting to be explored in
therapeutic contexts as tools to promote tolerance in preclinical models of autoimmune
disease.

3.1. Nanoparticles can promote tolerogenic immune function through autophagy

Recent studies demonstrate biomaterials can modulate immune cell function by enhancing
or interfering with physiologic processes in cells. One example includes autophagy, a
process through which cells recycle cellular components in response to stresses such as
nutrient deprivation and oxidative stress. Autophagy is now known to be a regulator of
immune cell functions, including proliferation, cytokine secretion, and survival/
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maintenancel15] . Damage from reactive oxygen species (ROS), which are produced by
inflammatory innate immune cells and cytotoxic T cells can stimulate autophagy. Further,
signaling through the mTOR pathway negatively regulates autophagy, and the ability of a
variety of biomaterial NPs to regulate mTOR activity and authophagy in different cell types
has been investigated[116]. However only recently have these effects been investigated and
applied to immune cells for tolerogenic function. For example, recent work has evaluated the
ability of graphene QDs to inhibit excess inflammation in a model of immune-mediated liver
damagel11]. In particular, these anti-inflammatory effects of QDs have been linked to
autophagy. Oval-shaped Graphene QDs were synthesized with lengths of approximately
40nm and heights of 3nm (Figure 7A) [111] In mice QDs accumulated preferentially in the
liver after /.v. administration and reduced liver damage in an inducible model of immune
mediated hepatitis. This was indicated by histology showing decreased tissue loss in QD
treated mice, where red spots are visible in liver sections of mice induced with hepatitis are
areas of damaged tissue (Figure 7B). In this model lower levels of hepatic enzymes alanine
aminotransferase (ALT) and asparatate aminotransferase (AST) were detected in serum of
QD treated mice. QD treatment significantly lowered infiltration of T cells (Figure 7C, CD3,
CD4, CD8), NK cells (Figure 7D, NK1.1),dendritic cells (Figure 7D, CD11c), macrophages
(Figure 7E, F4/80+) and B cells (Figure 7E, CD19) into the liver. Additionally, the number
of IFNy producing CD4 and CD8 T cells was reduced (Figure 7F), as was the expression of
proteins involved in autophagy in the liver.

Other studies have investigated QDs to drive autophagy as well[112] These studies
demonstrated that graphene QDs reduced secretion of inflammatory cytokines, production of
ROS and expression of CD40, CD80 and CD86 in DCs. These alterations in the
inflammatory state of DCs resulted in reduced T cell proliferation and reduced frequency of
T cells secreting IL-17 and IFN-y. At the same time, QDs increased the frequency of T cells
secreting regulatory cytokines such as 1L-10 and IL-4 during T cell co-cultures. Together,
the results demonstrate graphene QDs can bias DCs toward functional, tolerogenic
phenotypes. Mechanistically, these studies show QDs inhibited nuclear translation of NF-
xB, which is a master regulator of DC activation, and inhibited mTOR which led to an
increase in autophagy. Importantly, the critical role of autophagy was demonstrated by the
finding that blocking autophagy in DCs using RNAI negated the effects of QDs on
tolerogenic DC development. While these investigations confirm the ability of QDs to
modulate autophagy, a limitation of existing knowledge is the lack of understanding with
respect to what material properties influence the signaling of autophagy or other immune
pathways. Understanding how physicochemical features — charge, size, geometry,
hydrophobicity — and if relationships for specific materials are generalizable across classes
of materials will aid in the rational design of biomaterial-based tolerogenic therapies.

3.2. Intrinsic properties of biomaterials can alter targeting and trafficking of immune cells

The strategies discussed in Section 2.5 demonstrate polymeric NPs functionalized with or
encapsulating self-antigens can promote antigen-specific tolerance through delivery to
tolerogenic zones in lymphoid organs. Interestingly, recent work has investigated the role of
the NP itself in promoting tolerance — and toward the challenge just alluded to — probed
which NP properties are involved. In one study, negatively charged polystyrene particles
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(500nm) were found to display tolerogenic properties [69]. These immune modifying
particles (PS-1MP) were first investigated in a mouse model of west nile virus (WNV)
encephalomyelitis. In this model, WNV brain infection leads to the infiltration of
inflammatory monocytes, resulting in weight loss and morbidity. Mice were injected /.v.
daily with PS-IMPs for 5 days following WNV infection. Treatment with PS-1MPs reduced
symptoms and promoted 60% survival of infected mice, compared to 10% in untreated mice
(Figure 8A). The authors reasoned the negative charge of the NPs played a role in inducing
tolerance, since PS nanoparticles with a neutral (PS-NPs) did not increase survival compared
to untreated mice. Additionally, an increase in survival correlated with a reduction in
infiltration of inflammatory monocyte to the brain (Figure 8B). While positively charged PS-
NPs (PS-PPs) did not decrease inflammatory monocyte infiltration compared to untreated
mice, PS-NPs and PS-IMPs significantly decreased infiltration with PS-1IMPs displaying the
greatest effect. To further investigate the role of charge, WNV infected mice were infused
with negatively charged PS-IMPs, negatively charged PLGA NPs (PLGA-IMPs), or
negatively charged nanodiamonds (ND-1MPs). All three treatments protected mice from
morbidity with similar efficacy (Figure 8C). Interestingly, PS-IMP treatment led to a
significant increase in the number of inflammatory monocytes in the spleens of WNV-
infected mice. To probe the role of PS-IMPs on modulating inflammatory monocyte
trafficking, inflammatory monocytes were infused into WNV-infected mice, followed by
infusion of PS-IMPs. In WNV-infected mice that did not receive PS-1MPs, high levels
inflammatory monocytes migrated to the brain and differentiated into macrophages. In
contrast, trafficking of monocytes into the brain was reduced (Figure 8D) and trafficking to
the spleen was increased in mice treated with PS-IMPs (Figure 8E). Further, greater than
30% of monocytes in the spleen had internalized PS-IMPs. PS-IMPs were shown to co-
localize predominantly with monocytes that expressed the MARCO scavenger receptor
(Figure 8F). This indicated targeting of PS-IMPs to MARCO expressing monocytes in the
spleen played a role in inhibiting inflammatory monocyte migration to sites of inflammation.

To test if MARCO targeting was critical for PS-IMP efficacy, a mouse model of drug-
induced peritoneal inflammation was used. PS-1MPs were infused into wild type or
MARCO knockout mice and peritoneal inflammation was induced. While PS-IMPs
inhibited migration of inflammatory macrophages into the peritoneum of wild type mice,
inflammatory macrophage migration into the peritoneum was similar in MARCO knockout
mice treated with vehicle or PS-IMPs. Further, PS-IMP uptake in macrophages was
significantly lower in MARCO knockout mice. Together these results indicate that PS-IMPs
target inflammatory monocytes in a MARCO-dependent manner, causing sequestration of
monocytes in spleens instead of migration to sites of inflammation. Negative charge on the
particle surface is critical for these effects and is generalizable across different biomaterial
NPs. Excitingly, PS-IMPs were effective in preventing symptoms of inflammatory
macrophage activation in sites of inflammation during several additional models, including
EAE, cardiac and kidney reperfusion injury, and inflammatory bowel disease. An additional
study demonstrated similarly sized negatively charged PLGA NPs could prevent
inflammatory monocyte damage in a model of spinal cord injury[88]. These studies
demonstrate that physiochemical properties of engineered tolerogenic therapies can have
dramatic effects on the treatment efficacy and should be considered. Investigation of other
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material properties that potential modulate immune response will help inform the design
criteria of materials engineered to promote tolerance.

4. Scaffolds can be engineered to promote tolerance

The examples above discuss the use of particles to promote tolerance. Another strategy
involves implantation of macroscale 3D scaffolds, which typically are porous materials that
can be engineered to mimic native ECM. Scaffolds have been heavily explored in tissue
engineering since they provide a 3D structure for cells to facilitate cell adhesion and
engraftment. Recently, scaffolds have been applied to engineer immune function and
promote tolerancel117], where the ability of scaffolds to provide control over the
spatiotemporal presentation of self-antigens and/or immunomodulators has been leveraged.
Such immune cues can be incorporated within the bulk scaffold, or displayed on the scaffold
surface. Additionally, immune cues can be incorporated in scaffolds after encapsulation in or
adsorption on the surface of particles loaded in the scaffolds, providing the ability to finely-
tune release kinetics. These ideas have been applied to induce antigen-specific tolerance in
mouse models of autoimmune disease as well as allogenic transplants.

4.1. Scaffolds can be formulated as implantable tolerogenic vaccines for autoimmune

disease.

One specific strategy utilizing scaffolds is to implant or inject scaffolds incorporating self-
antigens and immunomodulatory cues to serve as a tolerogenic vaccine [103. 118-119] gimj|ar
to the dual sized MP vaccine delivery systems discussed in Section 2.8, these designs aim to
locally deliver immune cues and engineer a tolerogenic microenvironment which can then
promote systemic tolerance. One potential advantage of utilizing a scaffold is the addition of
a 3D structure which supports immune cell infiltration. Scaffolds provide a high level of
control over the spaciotemporal presentation of self-antigens and regulatory cues, and this
ability can aid in directing the phenotype of infiltrating cells. Further, scaffolds can be
retrieved after implantation or injection, serving as a unique mechanistic tool to monitor
local immune responsel120-121] The potential of harnessing scaffolds to engineer antigen-
specific immune response have been previously demonstrated by the Mooney group. In
these reports, immunomodulatory scaffolds delivering, tumor lysate, CpG — a TLRa, and
GM-CSF functioned as an effective anti-tumor vaccine in preclinical models of melanoma.
Excitingly, this strategy is currently being tested in phase 1 clinical trials (Clinical trial #
NCTO01753089). Recently, this strategy has been modified and applied to promote antigen
specific tolerance in T1D. In this approach, injectable porous alginate scaffolds were
synthesized with GM-CSF integrated in the constructs to serve as a chemoattractant for the
recruitment of DCs into the [118-119] prior to encapsulation within the scaffold GM-CSF was
conjugated to gold NPs (AuNP + GM-CSF). AuNP conjugation provided sustained release
of GM-CSF /n vitro compared to scaffolds encapsulating unconjugated GM-CSF in the
alginate. Scaffolds with AUNP + GM-CSF enhanced recruitment of DCs /n vivo, where the
total number of DCs which migrated into the scaffold was much higher over the course of 15
days compared to scaffolds delivering GM-CSF without AuNPs. Importantly, DCs within
scaffolds containing AUNP + GM-CSF exhibited an immature phenotype, with reduced
expression of surface activation markers compared to empty gels. This result indicates
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scaffolds may help drive tolerogenic adaptive immune functions. An additional report
expanded this platform by formulating gels with an islet self-antigen (BDC) covalently-
linked to the scaffold [118], \WWhen mice were injected with these scaffolds, antigen-specific T
cells migrated into scaffolds and differentiated into Treg, With over 60% of antigen specific
T cells expressing the Treg marker FoxP3. Additionally, the frequency of BDC-specific
Treg in islets was increased, which indicates local changes in the immune
microenvironment of the scaffold also promoted systemic tolerance at sites of disease.

4.2. Scaffolds can promote a local tolorogenic environment to enhance transplant

tolerance

In addition to serving as tolerogenic vaccines, scaffolds have also been applied to promote
tolerance in islet transplantation [122-124] More broadly in the diabetes field, scaffolds have
been heavily investigated as a strategy to improve engraftment and survival of islet
allografts; one scaffold for islet transplantation is currently being tested in clinical trials(125],
However, in this design, the scaffold functions primarily to support the adherence, survival
and function of islets without actively promoting islet specific tolerance. In this study daily
systemic immunosuppression is administered to prevent or delay immune mediated rejection
of the islets within scaffolds. To overcome this challenge, recent pre-clinical and clinical
investigations have focused on using biomaterials to encapsulate islets in microcapsules in
order to isolate them from the immune system to prevent rejection. However, these features
might also hinder islet function and cause difficulties for long term survival. Alternatively,
promoting permanent tolerance toward islet allografts could negate the need for islet
encapsulation.

Scaffolds which function to both aid in islet engraftment and promote tolerance have been
engineered and tested in preclinical models. In one example, PLGA scaffolds were used to
co-deliver islets and the immunomodulatory cytokine TGF-B, which inhibits activation and
recruitment of immune cells and promotes Treg[124]. Inclusion of TGF-B within the
scaffold reduced the infiltration of innate immune cells into the scaffold, including DCs, NK
cells and macrophages. While this inhibition of leukocyte migration correlated which
prolonged graft survival compared to unloaded scaffolds, all transplanted islets were
eventually rejected. Another report investigated islet transplantation within scaffolds loaded
with the immunomodulatory cytokine 1L-33 [122], |n this study scaffolds delivering I1L-33
enhanced Trgg frequencies within the scaffold, and significantly enhanced graft survival
compared to mice treated with scaffolds loaded with BSA. However < 15% of mice treated
with scaffolds delivering IL-33 displayed long term survival. Incorporation of additional
immunomodulators may enhance the efficacy of both of these examples.

In contrast to delivering immunomodulators within scaffolds, scaffolds can also be used as a
vehicle to support co-delivery of islets and Tgreg [123]. PLGA scaffolds co-delivering Treg
with islets prolonged survival after transplantation in diabetic NOD mice compared to mice
receiving islet transplants in scaffolds without Trgg. Additionally, protection was only
observed in mice receiving Treg in the scaffold, as /. v, injection with an equivalent number
of Treg had no therapeutic effect. Interestingly, it was observed that Trgg from the host
gradually infiltrate scaffolds and replace the adoptively transferred Trgg over time. Together
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these results demonstrate scaffolds can be utilized to promote a tolerogenic
microenvironment at the transplant site to inhibit immune mediated rejection of transplanted
islets. Although scaffolds delivering Trgg promoted long term survival in >50% of mice in
the model tested, this strategy faces challenges associated with ex vivo expansion and
culture of Treg. Further improvements in efficacy as well as testing in larger animal models
are needed. Investigation of delivering other immunomodulators may enhance these designs.

5. Conclusion

The examples discussed in this review demonstrate the exciting potential for engineering
biomaterials that promote tolerance that is safer, more selective, and more potent than
current immunotherapies. While the majority of the work in this field has been investigated
in preclinical models, a handful of these technologies have advanced toward clinical trials.
Additionally, many of the studies discussed here have provided new mechanistic insight into
how the delivery of immune signals can program tolerance and how material properties
affect immune cell function. A greater understanding of these mechanisms will help the
design of future biomaterial therapies. Finally, in the future biomaterials can be applied to
emerging areas that are shedding new light on immune tolerance. These include
immunometabolism, where exciting links between immune function and metabolism are
being discovered [126] and studies demonstrating alterations in the gut microbiome can have
a profound effect in autoimmune disease[1271.
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Microparticles and nanoparticles Biomaterials with intrinsic
as carriers of regulatory cues immunomodulatory properties
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Figure 1.
Graphical depiction of major areas in which biomaterials are being used to engineer

immunological tolerance across scales of cells, tissues, and systemically throughout the host.
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A) Schematic for the assembly of carrier free iPEMs consisting of MOGRy and GpG. B)
The total loading of iPEM components can be tuned by increasing the number of bilayers
during synthesis. C) The relative loading levels of iPEM components can be tuned by
varying the ratio of components in the bilayers. D) iPEMs co-deliver both GpG and
MOGR to the same DCs. E) iPEM treatment completely inhibits disease in EAE. Adapted

from [521,
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Tolerance induced by MOG/Rapa MPs is antigen specific. D) MOG/Rapa increases Treg in
treated and untreated LNs. E) MOG/Rapa MPs reduce T cell proliferation in the CNS of
mice induced with EAE. Adapted from [100],

Aadv Healthc Mater. Author manuscript; available in PMC 2020 February 01.

Page 31

e Empty MP
m OVA/Rapa MP
A MOG/Rapa MP

N

*dekk
Day
150n

1 {
Tx
1
Ossses EI“HHJ.
74 14 21
Days Post Induction

N

w
——t

———
—a—t
—a—

—e—im

—

—end

-

Overlay




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gammon and Jewell Page 32

DC recruitment C Nodule
5 25 » § 100 "
§zo O g —
o
£ (=
ik — g 60
2 2w
= o
o 5 2 20
® ]
g
empty MPs dual loaded empty MPs  dual loaded
MPs MPs
- CNS F
D Draining LNs E 3 S
&30 -
° p<0.05 . J]
x - B .
& 400 - e - o l’l
< © Denditic Cells ] g, L
§ o 4 Macrophages 8 20 ~ 2 l
E =&~ Neutrophils 'é, 15 §1A5 4
o m . % g I
3 8 10 4 T 1
(8} @ w
100
‘f Z 54 Sos
[ w s
E # 0 4 0 il
7 8 9 10 11 12 13 14 16 16 17 18 21 22 23 24 25 27 28
empty dual loaded 'f T * Days post EAE induction
MPs MPs
—e . dualloaded | .. empty
MPs MPs

Figureb.
A) Nodules form at the site of injection of dual sized MPs loaded with immune signals. B)

DCs migrate to and infiltrate nodules. C) The frequency of DCs within nodules expressing
CD86 is lower in mice treated with loaded MPs. D) Increased frequencies of DCs
internalized MPs are found in draining LNs of loaded MP treated mice. E) Dual loaded MPs
decrease the number of IFNy secreting T cells in the CNS of mice induced with EAE. F)
Dual loaded MPs inhibit the onset of EAE. Adapted from [101],

Adv Healthc Mater. Author manuscript; available in PMC 2020 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gammon and Jewell Page 33

A &

v L
Unmodified islet

® ~au,,

Uncrosslinked Biotinylated FasL-SA microgel TREG maintained tolerance
biotinylated PEG microgels

B Free FasL-SA

FasL-SA  microgel

D

=@ islet + microgel

*

H
" 5[ [ islet + microgel + rapamycin

=)

:[ =& islet + FasL-SA microgel
-@- islet + FasL-SA microgel + rapamycin

_\
g ‘ 0
2
£ " 100
s 4 1om - FasL-SA microgel
2 ’ & *—o
@ —-o— Free FasL-SA
£ o) 8+
"‘;" c
g 7 % £
s = 5 601 @
5 £ E
a 805 3
1 .
B 5
i © N
el 9 & A
.g“v, 2 p T ° 20
14 * £
" 4 S * ® e []
8. Z o - T *, T 0 ; .

T T
100 150

3
3
o
38

°
o
o
°

Normalized radiant efficiency Daysi(post transplantation) Days (post transplantation)

Figure 6.
A) Schematic for the synthesis and implantation of SA FasL microgels. Conjugation of FasL

to microgels increases FasL persistances at the site of implantation. Shown are B)
representative images and C) summary data of detected SA FasL signal over time. D) SA
FasL microgels prolong islet graft survival in diabetic mice when combined with a short
course of systemic immunosuppression. Adapted from [19],
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A) TEM image of graphene QDs. B) QDs reduce liver damage in immune mediated
hepatitis, as seen by reduced tissue damage (red spots). QDs reduce infiltration of C) T cells,
D) NK cells (NK1.1) and DCs (CD11c), E) macrophages (F4/80) and B cells (CD19). F)
QDs reduce the frequency of IFNy producing CD4 and CD8 T cells. Adapted from [111],
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A) negatively charged PS-IMPs protect mice from inflammation in WNV encephalomyelitis.
B) Decreasing charge on PS NPs correlates with decreasing infiltration of macrophages into
the brains in mice during WNV encephalomyelitis. C) PLGA, or NDs with similar charges
to PS-IMPs confer similar efficacy to PS-IMPs in WNV encephalomyelitis. Inflammatory
monocytes were injected /. v. into mice infected with WNV, and mice were treated with PS-
IMPs. PS-IMPS D) decrease trafficking of inflammatory monocytes into the brain and
differentiation into macrophages, while F) increasing migration to the spleen. G) PS-IMPs
co-localize in domains expressing MARCO in the marginal zones of spleens. Adapted from

[69],
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Table 1.

Materials-based strategies to promote immune tolerance

Page 36

Material

Approach for Tolerance

Reference

Microparticles or nanoparticles

Delivering immunomodulators to DCs

[8-10, 12-16, 18]

Tolerogenic presentation of immunomodulators

[23]

Co-delivering self-antigen with
regulatory cue using particulate carriers

[24-31, 33-36]

Self-assembling auto-antigen and regulatory cue into carrier free particles

[46, 52)

Targeting autoantigens to tolerogenic zones in LNs, spleen and liver

[60-67, 70-71]

Modifying presentation of autoantigens to lymphocytes [72-82]
Active targeting immunomodulators to DCs [87, 127]
Active targeting immunomodulators to T cells [88-90]
Active targeting immunomodulators to LNs [91]

Promoting local tolerogenic microenvironments

[11, 17-19, 100-104, 106-110, 128]

Intrinsicly immunogenic materials

Harnessing intrinsic tolerogenic properties

[68-69, 111-114]

Molecularly designed auto-antigens

Active targeting to erythrocytes

[92-95]

Scaffolds

Localized tolerogenic vaccines

[118-120]

Localized tolerogenic environment for transplantation

[103, 122-124]
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