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Abstract

The undesired destruction of healthy cells, either endogenous or transplanted, by the immune 

system results in the loss of tissue function or limits strategies to restore tissue function. Current 

therapies typically involve non-specific immunosuppression that may prevent the appropriate 

response to an antigen, thereby decreasing humoral immunity and increasing the risks of patient 

susceptibility to opportunistic infections, viral reactivation, and neoplasia. The induction of 

antigen-specific immunological tolerance to block undesired immune responses to self- or 

allogeneic antigens, while maintaining the integrity of the remaining immune system, has the 

potential to transform the current treatment of autoimmune disease and serve as a key enabling 

technology for therapies based on cell transplantation.
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 1. INTRODUCTION

The undesired destruction of healthy cells by the immune system, either endogenous or 

transplanted, results in the loss of tissue function or limits strategies to restore tissue 

function. In autoimmune disease, cell killing is carried out by activated T and B cells that are 

inappropriately responding to self-antigens (1, 2). Autoimmune diseases affect a large 

number of people, with estimates approaching 23.5 million Americans and rising (3). 

Between 80 and 100 diseases have an autoimmune basis, with at least another 40 additional 
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diseases suspected. In contrast to the role of endogenous cells in autoimmune disease, 

transplanted cells elicit an undesired immune response due to the presence of allogeneic or 

xenogeneic antigens, limiting the development of novel therapies for tissue restoration. 

Currently, there are nine US Food and Drug Administration (FDA)-approved cell therapies 

and many more in development (4). Applications include cellular immunotherapies and 

hematopoietic progenitor cells for autoimmunity and cancers, chondrocytes for cartilage 

repair, and keratinocytes for wound healing. Although autologous cells may be ideal for this 

purpose, allogeneic sources are often necessary for diseases in which autologous cells are no 

longer available. Transplantation of allogeneic cells from deceased donors is a promising 

option (5, 6), but universal stem cell banks provide a potentially unlimited source of 

progenitor cells and have significant economic advantages relative to autologous sources (7, 

8). Regardless of whether the cell source is deceased donors or universal donor stem cell 

banks, the cells are allogeneic to the recipients, and a strategy for tolerance to avoid lifelong 

immunosuppression could greatly expand opportunities for cell-based therapies.

Current approaches for addressing the undesired destruction of healthy cells involve 

immunosuppression (9). Immunosuppression nonspecifically inhibits immune responses by 

deleting or inactivating entire T or B cell subsets or by nonselectively inhibiting antigen 

presentation, proinflammatory cytokine production, or lymphocyte trafficking (10–12), and 

it is the most common strategy for treating autoimmune disease or transplant rejection 

(Table 1). The T cell clones mediating the undesired response contain a T cell receptor 

(TCR) that recognizes the antigen presented by an antigen-presenting cell (APC) on the 

major histocompatibility complex (MHC) (Figure 1); thus, strategies targeting T cells often 

rely on targeting the interaction between the APC and the antigen-specific T cell, which is 

necessary for complete T cell activation. The costimulatory factor CD40L is necessary to 

activate T cells, and programmed death 1 (PD-1) and cytotoxic T lymphocyte–associated 

protein 4 (CTLA-4) are necessary to inhibit T cell activity (Figure 1). Infusion of soluble 

CTLA-4- and/or CD40L-blocking antibodies can reduce proinflammatory cytokine 

expression and T cell activation while increasing anti-inflammatory cytokine expression and 

inhibitory T cell costimulatory factors. Despite their benefits, these strategies are not 

completely efficacious and may prevent appropriate responses to infections and 

environmental antigens, thereby decreasing both cellular and humoral immunity, which 

carries inherent risks of patient susceptibility to opportunistic infections, viral reactivation, 

and neoplasia [as illustrated by the triggering of progressive multifocal leukoencephalopathy 

following natalizumab (anti-VLA-4) or rituximab (anti-CD20) therapy in a variety of 

clinical trials]. Whereas short-term nonmitogenic anti-CD3 and anti-interleukin-2 (IL-2) 

therapies do not result in widespread deletion, clinically they have a poor profile in the 

context of transplant rejection (5).

The induction of antigen-specific immunological tolerance to block undesired immune 

responses to self- or allogeneic antigens, while maintaining the integrity of the remaining 

immune system, has been the focus of translational research for several decades, as it has the 

potential to transform the current treatment of numerous autoimmune disease and serve as a 

key enabling technology for therapies based on cell transplantation. The specific induction 

of T cell activity occurs when an APC becomes activated and presents the antigen along 

with multiple costimulatory signals (Figure 1a). This process has formed the basis of 
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vaccination, which has saved and continues to save countless lives by preparing the recipient 

for an encounter with a pathogen. A comparable approach for attenuating a specific immune 

response to a target tissue or environmental antigen has not yet become standard in the 

clinic. Silencing the activity of specific T cell clones is challenging because they do not have 

distinguishing molecular markers relative to other T cell clones; thus, strategies are aimed at 

altering the signals between T cells and APCs rather than blocking the interaction. For 

antigen-specific tolerance, the antigen is presented in the absence of costimulatory signals 

(Figure 1b), which can lead to deletion or anergy (i.e., nonreactivity) of effector T cells 

and/or the induction of regulatory T cells (Tregs) that can modulate the activity of other T 

cells (Figure 1c). The strategies for promoting one or more of these tolerogenic responses 

are described in the following sections in the context of autoimmune disease and allogeneic 

cell transplantation. Key parameters that affect the efficacy of these strategies include the 

route of administration, the dosing schedule, and the codelivery of antigens with tolerogenic 

agents aimed at either inducing tolerance or inducing deviation of the response toward an 

anti-inflammatory cytokine profile (1).

 2. AUTOIMMUNE DISEASE AND ANTIGEN-SPECIFIC TOLERANCE

The recognition of an autoantigen by the TCR is the feature that distinguishes autoreactive T 

cells from other T cell subsets. The TCR repertoire is generated in immature T cells in a 

relatively random manner, and some TCRs recognize self-antigens. The majority of T cell 

clones with high-affinity TCRs that recognize self are deleted as a consequence of self-

antigen presentation by thymic epithelial cells (13). Thymic selection is imperfect; therefore, 

autoreactive T cells are present in the peripheral T cell repertoire of healthy individuals (14). 

T cells that escape negative selection in the thymus must be held in check by additional 

peripheral tolerance mechanisms, and the ability to tightly control and avoid the activation of 

peripheral self-reactive T cells is crucial for avoiding autoimmunity. The following sections 

describe peptide and protein delivery that aims to interface with natural peripheral tolerance 

mechanisms in order to influence the activity of T cell clones that can recognize a specific 

antigen. Multiple strategies are being investigated that employ various routes of delivery, 

each with distinct challenges and opportunities (Figure 2).

 2.1. Intravenous Peptide Delivery

The intravenous delivery of peptides has been investigated for the induction of immune 

tolerance. These studies date to the 1920s and demonstrate that intravenously delivered 

peptides induce antigen-specific anergy (15). Similarly, intravenous soluble protein or 

peptide therapy has been a potent strategy for inducing peripheral tolerance in experimental 

settings (16). Although the precise mechanisms underlying the unresponsiveness induced by 

the intravenous administration of antigen are unknown, this unresponsiveness may be due in 

part to the short availability of antigens, as well as the immature or tolerogenic phenotype of 

the APCs that encounter, acquire, and present the antigens to T cells. Peptide delivery can 

block T cell proliferation and/or IL-2 production, cause activation-induced cell death 

(AICD) after T cell restimulation with the cognate peptide (17–20), and block disease in 

animal models. Despite the demonstration that intravenous administration can provide long-

lasting tolerance in experimental mouse models, concerns exist relating to the translation of 

Luo et al. Page 3

Annu Rev Biomed Eng. Author manuscript; available in PMC 2016 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



these observations to the treatment of established disease. Intravenous administration of 

peptides induced a fatal anaphylactic response in multiple mouse strains (21) and in a 

primate model of multiple sclerosis (22). This variability in response, combined with the 

expectation that tolerance will require multiple treatments, means that anaphylactic 

responses remain a significant safety concern for soluble peptide intravenous delivery.

Recently, peptides have been engineered that, upon intravenous administration, bind to 

circulating erythrocytes (23). Large numbers of erythrocytes are cleared each day after 

apoptosis-like programmed cell death (eryptosis), which has been implicated in tolerance 

induction (see the next section). Eryptotic erythrocytes are characterized by 

phosphatidylserine asymmetry, membrane heterogeneity, and annexin V binding, analogous 

to apoptotic nucleated cells. These cells are cleared by APCs, and the bound peptides are 

displayed over the ensuing days. Apoptotic cells have molecular markers associated with a 

tolerogenic polarization (24–26), such as phosphatidylserine, which is recognized by 

phagocytic cells through either direct ligation to receptors or indirect bridging by proteins. 

Two molecular designs were developed: (a) a protein antigen conjugated to multiple copies 

of a glycophorin A–binding peptide and (b) a peptide or protein antigen fused to a single-

chain variable fragment (scFv) antibody fragment specific for the same erythrocyte-specific 

target. Dendritic cell (DC) populations within the spleen were observed to have uptaken the 

antigen, and these cell types have been implicated in tolerogenesis (27, 28). These peptides 

were also associated with cells in the liver, such as hepatocytes and stellate cells, which were 

suggested to contribute to cross-presentation of exogenous antigens (29–32). Ultimately, 

these molecular conjugates led to deletion of both CD8+ and CD4+ T cells, and the results 

indicate that these erythrocyte-binding antigens may have induced PD-1 signaling to drive 

deletional proliferation of clonal T cell populations (33).

 2.1.1. Ex vivo antigen coupling to cells—The peptide association with erythrocytes 

builds on decades of research on the coupling of peptides to donor splenocytes (SPs) using 

the chemical cross-linker 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (ECDI) (34). 

ECDI is employed to affix antigens to the donor cells in order to minimize the amount of 

free antigen in the blood that may lead to anaphylaxis; it also induces apoptosis of the donor 

splenic leukocytes. Antigen coupled to splenocytes (Ag-SP) delivers the antigen to APCs 

that can mediate immune tolerance. The nonspecific cross-linking of antigen to the cell 

surface during the induction of apoptosis allows the donor cells to be perceived by the host 

in a noninflammatory (nonimmunogenic) manner. Ag-SPs have been employed to prevent 

and treat the relapsing experimental autoimmune encephalomyelitis (EAE) model of 

multiple sclerosis (MS) (35) and type 1 diabetes (T1D) in the nonobese diabetic (NOD) 

mouse (36).

The mechanism of action of Ag-SP-induced tolerance has yet to be fully elucidated; 

however, the route of administration, the dosage used, the levels of costimulatory molecules 

expressed (the two-signal hypothesis), and the extent of T helper (Th) cell polarization and 

Treg induction are all probable factors that contribute to the efficacy of the treatment. 

Tolerance by this strategy involves splenic marginal zone APCs, which clear the body of 

apoptotic cells and debris and can process the infused Ag-SPs with subsequent presentation 

of the coupled antigen in a tolerance-inducing manner (26, 37). The tolerogenic host APCs 
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upregulate negative costimulatory molecules (e.g., PD-L1), with subsequent phasic 

tolerogenic effects on antigen-specific T cells, including anergy, deletion, and induction of 

Tregs (37–41). In vitro studies have suggested that engagement of the TCR in the absence of 

costimulation contributes to the inability to activate Th1 cell clones and leads to the 

induction of anergy (40). Tregs appear to have a role in antigen-coupled cell-induced 

tolerance, and are required for the long-term maintenance of tolerance, but are not necessary 

for tolerance induction (39). T cells retrieved from tolerized mice produce higher amounts of 

the anti-inflammatory cytokines IL-10 and transforming growth factor β (TGF-β) than do T 

cells from control mice, and this pattern suggests an increase in natural Treg function. The 

induction of tolerance with Ag-SPs appears to work by several distinct synergistic 

mechanisms, increasing their therapeutic efficacy.

A recent publication presented the results of a Phase I trial in MS patients in Germany that 

used apoptotic ECDI-fixed peripheral blood mononuclear cells (PBMCs) pulsed with a 

cocktail of myelin peptides. The results illustrate the safety and efficacy of this procedure for 

the treatment of human autoimmune disease (42). Importantly, the mechanistic aspects of 

this study provided an important proof of principle that induced peripheral tolerance can be 

successfully employed to induce unresponsiveness in human autoreactive T cells; responses 

to four of the seven tolerated myelin epitopes were significantly reduced (with no effect on 

tetanus responses) in the four MS patients treated with >109 autologous antigen-coupled 

PBMCs (Ag-PBMCs), and there was no effect on the nine patients receiving <5 × 108 Ag-

PBMCs. These studies provided the first definitive demonstration of induced tolerance to 

autoantigens in humans.

 2.1.2. Antigen on synthetic carriers—The translational challenges associated with 

Ag-SP-based therapy have motivated the development of nanoparticles for antigen-specific 

tolerance. Nanoparticles with properties similar to apoptotic cell debris may function as an 

alternative antigen carrier for tolerance induction. Intravenous injection of 500-nm 

“nonbiodegradable” carboxylated polystyrene (PS) particles coupled with peptides 

prevented the onset of disease in the EAE mouse model, prevented epitope spreading, and 

ameliorated progression of preestablished EAE (43). Interestingly, the studies using PS 

nanoparticles demonstrated that particles with diameters ranging from 500 to 1,000 nm were 

most effective, and tolerance depended on particle uptake by the macrophage receptor with 

collagenous structures (MARCO) scavenger receptor (44, 45). MARCO is responsible for 

uptake of PS beads that have an anionically charged surface (46).

More recently, biodegradable particles made from the copolymers of lactide and glycolide 

(PLG) induced antigen-specific tolerance for prevention and treatment of EAE (43, 47). 

Administration of particles results in significantly reduced central nervous system 

infiltration of encephalitogenic Th1 [interferon-γ (IFN-γ)] and Th17 [IL-17a, granulocyte 

macrophage colony–stimulating factor (GM-CSF)] cells, as well as inflammatory 

monocytes/macrophages. Tolerance was most effectively induced by intravenous infusion of 

Ag-PLG (43, 48), although intraperitoneal and subcutaneous delivery was able to attenuate 

disease scores. The intravenous route likely has greater efficacy due to direct trafficking to 

the liver and spleen, whereas the alternative routes have distinct patterns of trafficking (39). 

The liver, in particular, plays a significant role in tolerance induction with nanoparticles, as 
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splenectomized mice could be tolerized with PLG nanoparticles (D. McCarthy, W.T. Yap, 

C.T. Harp, W.K. Song, J. Chen, et al., manuscript in revision).

Upon intravenous delivery, particles associate with a range of APCs, including macrophages 

and Kupffer cells, and conventional and plasmacytoid DCs. Whereas the smallest particles 

reported by Getts et al. (48) were less efficient at tolerance induction, recent research with 

smaller particles loaded with rapamycin were employed to promote tolerance via 

intravenous delivery (49). Similarly, tolerance induction was demonstrated using gold 

nanoparticles loaded with 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester 

(ITE, a ligand for the aryl hydrocarbon receptor) and antigen (50). Differences in cellular 

association between small and large particles may underlie the need for a pharmaceutical 

agent along with the smaller particles (49, 50). More recently, nanoparticles were employed 

to target liver sinusoidal endothelial cells (51), which can induce CD4+Foxp3+ Tregs (52). 

This nanoparticle-based antigen delivery prevented the onset of clinical EAE and, when 

delivered therapeutically, improved clinical scores following a single dose. The Treg 

frequencies in the spleens of mice treated with autoantigen peptide–loaded nanoparticles 

were significantly higher than those in vehicle-treated mice. Moreover, nanoparticle-

mediated disease control was abrogated after Treg depletion by repeated administration of 

Treg-depleting anti-CD25 antibody. Other groups have also investigated particles for the 

induction of Tregs in vitro and in vivo by delivering combinations of immune-modifying 

agents such as IL-2, TGF-β, or rapamycin (53, 54). Understanding the cell types associated 

with particles in vivo will enable the development of more effective tolerizing therapies that 

focus on optimizing cell-specific tolerogenic responses.

 2.2. Oral Delivery

The gut mucosa is regularly exposed to foreign antigens and has developed the ability to 

protect the body from harmful pathogens while becoming and remaining unresponsive to 

food antigens and commensal microbes (55). For more than 100 years, this ability to develop 

tolerance to specific antigens has motivated the development of strategies to exploit this 

mechanism (56). Tolerance via the oral route is desirable due to its lack of toxicity, ease of 

administration, and antigen-specific mechanism (57, 58). Sites of antigen uptake in the 

intestines can be separated into inductive and effector sites that affect the outcome of oral 

tolerance (59). Inductive sites include the gut-associated lymphoid tissue (GALT) that 

comprises Peyer’s patches, isolated lymphoid follicles, and the mesenteric lymph nodes 

(mLNs). The effector sites that house large numbers of T cells and plasma cells are 

composed of the lamina propria (LP) and epithelium. The GALT is crucial for the 

recognition of particulate antigens, including viruses and bacteria, whereas antigen uptake 

by CD103+ DCs in the LP are important for the induction of immune oral tolerance to 

soluble antigens in the intestine.

Delivery of multiple low doses of antigen favors the induction of regulatory cells, whereas 

high doses of antigen result in anergy or deletion of specific T cells (57, 60, 61). At high 

doses, antigen can transfer across the gastrointestinal wall and enter the systemic circulation, 

where it can lead to tolerance, as described above for intravenous delivery of peptides. Low 

doses of antigen, however, are internalized by mucosa-associated APCs that activate Tregs to 
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secrete suppressive cytokines, such as TGF-β, IL-4, and IL-10 (62–64). Oral administration 

of antigen suppresses the initiation of autoimmune disease in multiple animal models, 

although attempts to treat disease after the onset of symptoms by peptide delivered through 

oral routes have been less successful (65). Approaches are being developed on the basis of 

combinatorial delivery with other tolerogenic factors (66); nevertheless, despite the attractive 

features of oral tolerance, degradation of the peptide prior to reaching APCs within the 

intestines remains a significant challenge.

Whereas many soluble antigens and food proteins achieve tolerance through the LP, larger 

molecules or particles may aim to deliver antigen to the GALT (M cells) (67). The use of 

particles as delivery vehicles for oral administration is a topic of interest due to these 

particles’ stability in the gastrointestinal tract, modular physicochemical properties, payload 

encapsulation and release properties, and tunable biological interactions (68). Oral delivery 

of PLG particles with encapsulated type II collagen accumulated in Peyer’s patches and 

coincided with significantly reduced incidence and severity of arthritis in comparison to 

particles with unencapsulated collagen (69). Additionally, oral peptide delivery within PLG 

particles in a single dose resulted in the production of IL-4 and IL-10 in the Peyer’s patches, 

which could contribute to a tolerogenic response (70). The design of particles capable of 

targeting delivery to specific receptors on M cells may have the potential to enhance oral 

tolerance (67).

An alternative approach to facilitate delivery of the peptides to the appropriate cells within 

the intestines involves engineering food, such as lettuce, to contain the peptide of interest 

(71). This method overcomes the need for cold storage and transport, does not require 

expensive purification, and does not have the short shelf life of current protein drugs (72). 

Additionally, it should eliminate injections, increase patient compliance/convenience, and 

significantly lower costs. Lettuce leaf cells contain chloroplasts, which have their own DNA 

that is separate from genomic DNA; these were engineered to express a protein. The protein 

is protected from the enzymes in the stomach by the plant cell walls, yet enzymes available 

from microorganisms within the gut can degrade the cell walls and release the protein. 

Animal models have demonstrated the potential of inducing tolerogenic responses by 

feeding animals these engineered foods. Ma et al. (73) demonstrated that oral tolerance to 

prevent diabetes with transgenic plants required glutamic acid decarboxylase (GAD) and 

IL-4. Both human GAD65 and IL-4 were expressed in transgenic plants for feeding trials; 

both were required to protect NOD mice from diabetes.

The packaging of proteins to protect against degradation is widely used for gene delivery, 

which has also been employed for immune tolerance through oral delivery. In this strategy, 

DNA encoding for the antigen is delivered. Chitosan is a positively charged carbohydrate, 

isolated from crustaceans, that can form a complex with negatively charged DNA, which 

protects the DNA within the stomach and delivers the DNA into the gut (74). Cells are able 

to internalize the plasmid and express the protein without activating the immune system, and 

the presence of the protein in the gut mucosa can promote reduced immune responses 

toward the target protein. Nanoparticles with ovalbumin (OVA)-encoding DNA mitigated the 

OVA-specific delayed-type hypersensitivity response and reduced the formation of anti-OVA 

antibody as well as spleen cell proliferation following OVA stimulation (75). Cytokine 
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expression following OVA stimulation showed a shift from a Th1 cell response to a Th2/Th3 

cell response. Tregs mediated the tolerance, and the tolerance was transferable to naïve mice.

 2.3. Subcutaneous Delivery

Subcutaneous immunization is standard in clinical vaccination and thus would be desirable 

for administering tolerogenic therapies. Physiologically, the subcutaneous space contains 

immune cells prepared to mount an immune response to pathogens that pass across the skin 

(76). In vaccination, DCs are the primary target for the antigen and adjuvant that initiate the 

immune response. Nevertheless, subcutaneous tolerance has been achieved in mouse models 

by administering subimmunogenic doses of antigen by osmotic pumps (77) and has been 

employed to desensitize patients to allergens. The past 20 years have uncovered new and 

distinct DC subsets, which have become targets for immunomodulation. However, it is 

unclear whether the tolerogenic phenotype of DCs is attributed to the DC subtype inherently 

or determined by the experience-based functional state of the DCs (78). Therefore, tolerance 

strategies have focused on both targeting of distinct DC subsets and codelivery of factors 

that skew the interaction of DCs with T cells.

The physical properties of the antigen carrier influence the antigen distribution upon 

delivery, which involves transport of the antigen to the draining lymph node by passive 

diffusion or active transport via migratory DCs (79, 80). Small particles (20–200 nm) 

passively diffuse to the lymph nodes, whereas larger particles (500–2,000 nm) are associated 

with DCs at the injection site and require their migration to reach the draining lymph node 

(81). Furthermore, surface properties, such as the density of PEG on particles, influence 

access and uptake of particles following subcutaneous delivery (82). Increased PEG 

densities on 200-nm particles generally lead to an increased number of particles draining to 

the lymph nodes. Additionally, the PEG density affects the cell types interacting with the 

particles. Greater PEG densities result in greater associations with DCs and reduced 

interactions with B cells.

Antigen-delivery strategies focused on targeting lymphoid-resident and migratory DCs aim 

to polarize the cells toward a tolerogenic phenotype, which is accomplished through 

subimmunogenic doses of antigen or codelivery of an immunomodulatory factor to promote 

a tolerogenic response. Paralleling traditional immunization, diabetogenic antigen GAD65 

administered subcutaneously with Th2 cell–skewing adjuvant aluminum hydroxide has been 

tested in Phase II and III clinical trials for the treatment of early-onset T1D. The Phase II 

trial reported an increase in type 2 cytokine production and Foxp3+ cells, as well as a 

decreased rate of fasting C-peptide loss compared with placebo. However, the Phase III trial 

was unable to show an advantage of GAD-alum over placebo (83, 84). Alternatively, 

strongly agonistic antigen mimotopes have prevented T1D onset in NOD mice in the 

absence of adjuvants and cofactors (85). The authors of this study posit that whereas 

moderately agonistic T cell stimulation by self-peptide stimulates autoreactive T cells, low-

dose delivery of highly agonistic peptides causes Treg expansion in the periphery. Osmotic 

minipumps delivering low doses of insulin mimotope over a 2-week period prevented 

diabetes and increased the Treg population in the pancreas (85).
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Strategies have also been developed to conjugate antigen onto larger polymers or proteins 

(86). Hyaluronic acid polymers grafted with antigen- and B7-inhibiting peptides decreased 

disease scores in the EAE model with three subcutaneous injections, a result that is 

hypothesized to result from inhibition of costimulation in the context of TCR engagement. 

Similarly, myelin oligodendrocyte glycoprotein (MOG) peptide has been cloned into 

antibodies to target specific migratory and lymphoid-resident DCs subsets (87). 

Subcutaneous delivery of anti-DEC205-MOG and anti-Langerin-MOG monoclonal 

antibodies resulted in de novo expansion of Tregs as well as decreased clinical scores in EAE 

mice treated prophylactically. These findings implicate migratory DCs as crucial for 

inducing tolerance subcutaneously.

Nanoparticles have been employed to target cells in the proximal draining lymph nodes (88–

91). PLG particles loaded with antigen and rapamycin delivered subcutaneously into the 

hind feet of mice had rapid and selective accumulation in the popliteal, iliac, and renal 

lymph nodes (49). Particle delivery reduced EAE disease scores and relapse, and was 

associated with a decrease in antigen-specific T cell proliferation and an increase in Tregs. 

(50). PLG particles have also been employed to codeliver antisense oligonucleotides 

targeting CD40, CD80, and CD86, reversing hyperglycemia in NOD mice. After 

subcutaneous abdominal injection, particles trafficked to the pancreas and pancreatic 

draining lymph nodes in mice and cynomolgus monkeys. Interestingly, normoglycemia was 

achieved in mice injected with and without antigen, which was attributed to the presence of 

β cell antigens draining to the lymph nodes (92).

Particle systems have been used to codeliver multiple payloads to the cells in the 

subcutaneous space. MOG35–55 peptide was encapsulated in 200-nm PLG particles and 

delivered subcutaneously, along with a second particle containing IL-10, for the treatment of 

EAE (93). Interestingly, IL-10 was required in order to significantly mitigate the EAE 

clinical scores. The particles significantly inhibit IL-17 and IFN-γ production. The authors 

of this study (93) suggested that the particles induced immune deviation rather than anergy. 

A combination of four particle types was employed to simultaneously deliver multiple 

signals to achieve T1D protection in 40% of NOD mice (94). Large particles (~30 μm, 

unphagocytosable) delivered TGF-β and GM-CSF, whereas mesoparticles (~1 μm, 

phagocytosable) were loaded with insulin and vitamin D3. More recently, a subcutaneous 

hydrogel containing GM-CSF, CpG ODN1826 (CpG), and insulin-encapsulated PLG 

microparticles was used to recruit and polarize cells toward a tolerogenic phenotype (95). 

This combinatorial hydrogel protected 40% of NOD mice from T1D onset when implanted 

subcutaneously at three time points. The implantation sites formed granulomas rich in 

macrophages, T cells, and B cells. The authors of this study suggested that this temporary 

microenvironment served as a site for reeducating cells toward a tolerogenic phenotype. 

More generally, these studies collectively represent only one example of the opportunities 

associated with localized delivery of factors as a means to recruit, expand, and direct cell 

fate (96).
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 3. TOLERANCE IN CELL TRANSPLANTATION

T1D illustrates the opportunity and need for cell-based transplant therapies. In T1D, the 

body’s insulin-producing β cells are destroyed by autoimmunity. Although transplantation of 

allogeneic islets from deceased donors is a promising form of β cell replacement for T1D (5, 

6), stem cell–derived β cells represent an alternative and potentially unlimited source of β 

cells (7, 8). In this case, establishing universal donors of stem cells for β cell differentiation 

would have significant advantages over individually derived β cells due to reduced costs 

from product testing for large-scale manufacturing. However, both deceased donor islets and 

universal donor stem cell–derived β cells are allogeneic to the recipients and require lifelong 

immunosuppression to prevent rejection. Achieving transplant tolerance to avoid 

immunosuppression is therefore highly desirable. In this section, we review currently 

available approaches and discuss the potential of bioengineering methods to control the 

complex immune process of rejection, involving activation of both innate immunity and 

adaptive immunity (97, 98).

 3.1. Introduction to Allogeneic Tolerance

Achieving transplant tolerance will specifically constrain antidonor immunity and yet leave 

an otherwise intact immune system to avoid deleterious situations such as emergent 

pathogen infections and malignancies associated with immunosuppressive therapies. Ways 

to achieve immune tolerance are multifactorial, representing the complexity of the process. 

The process of immune recognition and immune destruction of transplanted cells comprises 

multiple steps: (a) inflammation, (b) maturation and migration of DCs to draining lymph 

nodes, (c) T cell activation by DCs, resulting in expansion of antidonor T cells, and (d ) 

migration of T cells to the graft, where they mediate cytotoxicity (98). Furthermore, the 

scope of tolerance in transplantation from nonself is broader than that of tolerance in 

autoimmunity, due to the many, sometimes redundant pathways of transplant immunity.

 3.1.1. Breadth of antigens—The primary antigens that trigger the host rejection 

immune response are the MHCs; in humans, these are called human leukocyte antigens 

(HLAs). The HLA genes exhibit extreme polymorphism, and thousands of new alleles have 

been and are continuing to be identified. However, the immunogenicity of HLA mismatches 

has recently been suggested to stem from individual alloreactive “determinants” or 

“epitopes” within each HLA antigen (99). Every HLA antigen has a unique set of such 

epitopes, although many are shared between different HLA antigens. Consequently, each 

HLA mismatch, in essence, could be viewed as a set of multiple epitope mismatches. In any 

given donor–recipient pair, the number of HLA mismatches multiplied by the number of 

different epitopes in these HLA antigens results in a large number of potentially 

immunogenic epitope mismatches. To further complicate the situation, as evidenced in 

rejection in HLA–identically matched transplants, non-HLA or minor histocompatibility 

antigens (mHAs) have also been implicated in eliciting strong cellular immune responses. 

Although the Y chromosome–encoded male-specific antigens were the first identified 

mHAs, based on the known abundance of functional variants in the human genome and 

recent rapid genomic advances, the number of mHA mismatches between any given donor–

recipient pair is expected to be large (100). Two important aspects of the potentially large 
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numbers of HLA and mHA mismatches should be considered when assessing their 

importance in transplant rejection and tolerance. First, it is likely that different mismatches 

elicit immunogenicity of a wide range of strength, and the same mismatch may elicit 

different immunogenicity depending on recipient antigen processing and presenting HLAs. 

Second, when considering antigen-specific tolerance strategies (as detailed in Section 3.2, 

below), engineered tolerance to one epitope may result in cotolerance (bystander regulation) 

to other epitopes that are expressed by the same cells, a situation that has previously been 

described as linked suppression (101). The latter possibility may be exploited to reduce the 

complexity of the target transplant antigens.

 3.1.2. Redundant effector pathways—Transplant immunity is uniquely robust 

because it can be triggered by several parallel antigen presentation pathways (97): direct 

antigen presentation by donor-derived APCs presenting donor HLAs, indirect antigen 

presentation by recipient-derived APCs presenting processed donor HLA peptides, and 

semidirect antigen presentation by recipient-derived APCs that have acquired and now 

present intact donor HLAs. The subsequent effector mechanisms triggered by these antigen 

presentation pathways are also varied. Whereas classical Th1 CD4+ T cells and cytotoxic 

CD8 T cells are thought to be mainly responsible for rejection, recent studies have 

implicated a whole spectrum of other effector cells in this process, including Th2 cells, Th17 

cells, memory CD8 T cells, and cells of the innate immune system such as monocytes and 

natural killer cells. Which effector pathway(s) dominates in any given rejection process 

varies depending on the specific tissue/organ transplanted and the host immune composition 

(e.g., microbiota, presence or absence of other inflammatory signals). In addition, 

suppression of one effector pathway may lead to the induction of an alternative effector 

pathway to promote rejection (102). The challenge resulting from this redundancy is that a 

robust tolerance strategy will likely need to effectively control multiple pathways. At the 

same time, effective tolerance approaches will likely need to be personalized on the basis of 

best-predicted effector pathways involved in a given patient and for the transplant of a 

specific tissue.

 3.1.3. Prior sensitization—Transplant recipients are frequently sensitized to 

alloantigens because of prior blood transfusions, pregnancies, and/or transplantation. 

Sensitized recipients may manifest preexisting anti-HLA antibodies, which may fix 

complement and mediate cytotoxicity upon binding to the recognized HLA antigens on the 

transplanted organ, leading to hyperacute rejection of the transplanted organ. This situation 

can now be effectively avoided by ensuring pretransplant elimination of such antibodies by 

desensitization (103), a process that usually involves plasmapheresis. However, in addition 

to such humoral sensitization, cellular sensitization is also a significant barrier. Allospecific 

memory T cells can mount robust antidonor responses even with minimal costimulation 

signals, and memory B cells may be capable of rapidly developing into antibody-secreting 

plasma cells even in the absence of T cell help (104, 105). These “shortcuts” frequently 

evade and nullify conventional tolerance mechanisms, and may additionally turn a donor 

cell–based tolerance therapy into an exacerbating event. Consequently, the design of 

tolerance therapy in presensitized recipients will need to (a) eliminate the possibility of the 

tolerogen turning into an immunogen and (b) effectively tolerize memory T and B cells, the 
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latter of which requires an improved understanding of the precise cellular pathways involved 

in memory T and B cell activation and their effector functions.

 3.2. Current Approaches for Clinical Transplant Tolerance

This section summarizes currently available approaches to transplant tolerance induction in 

the clinical setting.

 3.2.1. Mixed chimerism—Mixed chimerism is a state in which donor-derived 

hematopoietic cells cocirculate with recipient cells without being rejected. When mixed 

chimerism is achieved, recipients become tolerant to the donor MHC antigens and 

consequently readily accept a transplanted allograft from the same donor. Induction of 

mixed chimerism with donor hematopoietic stem cell infusion has recently been achieved in 

clinical kidney transplantation in humans (106–110). The number of donor-derived 

hematopoietic cells could be high (>1% of total leukocytes, known as macrochimerism) and 

readily detectable by conventional methods such as fluorescence-activated cell sorting 

(FACS), or it could be low (<1% of total leukocytes, known as microchimerism) and 

detectable only by highly sensitive methods such as polymerase chain reaction (PCR). The 

induced chimerism could be durable or transient. The predominant mechanism thought to 

underlie tolerance by macrochimerism is deletional, in which high numbers of donor APCs 

continuously delete newly developing alloreactive T and B cells in primary lymphoid organs 

such as the thymus and the bone marrow. Thus, the stability of such tolerance relies on the 

persistence of donor chimerism. Conversely, the predominant mechanism thought to 

underlie tolerance by microchimerism is regulatory, in which Tregs are present in peripheral 

tissues. Clinically, mixed chimerism has been achieved in humans by several existing 

protocols involving total lymphocyte irradiation (TLI) or localized thymic irradiation, as 

well as various cytoreductive therapies (e.g., rabbit antithymocyte globulin, 

cyclophosphamide, anti-CD2 monoclonal antibody, fludarabine), in combination with donor 

hematopoietic stem cell infusion and, in one case, novel tolerogenic “facilitating cells.” Such 

mixed chimerism has been achieved in both HLA-matched and HLA-mismatched donor–

recipient pairs. Although these groundbreaking successes have led to immunosuppression-

free graft survival in a substantial percentage of recipients, their immune reconstitution and 

long-term immune competence, the stability of tolerance in macro- versus microchimerism, 

and the long-term risk of graft-versus-host disease (GVHD) remain to be defined.

 3.2.2. Donor negative vaccines—The concept of donor negative vaccines stems from 

the observation that T cell activation requires two signals (Figure 1). Experimental protocols 

blocking the CD28/CD80/CD86 axis or the CD40/CD40L axis (signal 2), in combination 

with providing signal 1 (e.g., donor-specific transfusion), can successfully induce long-term 

tolerance. However, this approach has yet to be translated to clinical practice. Treatment 

with the fusion protein CTLA-4–Ig (belatacept) in clinical kidney transplantation to block 

the CD28/CD80/CD86 pathway is associated with a higher frequency of acute rejection, 

although long-term graft function is not impaired (111). This adverse effect may be due to 

the escape of memory T cells from the need for positive costimulation, a reduction in the 

number of the suppressive Tregs due to their dependence on positive costimulation, and/or 

blockade of negative costimulation by this agent. Treatment with anti-CD154 to block the 
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CD40/CD40L pathway in humans resulted in the development of unexpected thrombotic 

events due to the expression of CD154 on human platelets (112). With the development of 

newer costimulation blockade agents that have improved safety profiles in humans, there is a 

renewed interest in further exploration of the two-signal hypothesis for transplant tolerance 

induction in the clinic.

 3.2.3. Suppressor cells—Several suppressor cell populations have been demonstrated 

to play important roles in mitigating transplant rejection. The best-studied suppressor cell 

population is the CD4+CD25+Foxp3+ Tregs. These cells are critical for the induction and 

maintenance of peripheral tolerance. In transplantation, they migrate to the graft and the 

graft-draining lymph nodes, where they suppress donor-stimulated effector T cell function 

(113–115). Since the first report of human Treg expansion, many investigators have 

experimented with protocols for non-specific or donor-specific expansion of natural Tregs, as 

well as with protocols for conversion and expansion of induced Tregs. The multicenter 

international ONE study, involving eight clinical centers in Europe and the United States, is 

currently under way to test the safety and feasibility of seven different Treg populations in 

living donor kidney transplantation (116). With such concerted efforts, defining the optimal 

source, type, number, in vivo stability, and efficacy of Treg therapy will hopefully occur 

soon.

The second suppressor cell population is mesenchymal stem cells (MSCs). MSCs are 

multipotent progenitor cells that inhibit innate immunity as well as adaptive immune 

responses associated with transplant rejection. They suppress the activation and proliferation 

of both naïve and effector T cells and promote the expansion of Tregs. MSCs were recently 

demonstrated to have the unique ability to control the expansion of memory T cells, a major 

barrier in clinical transplantation, as described above. Both autologous and allogeneic MSCs 

have been studied in animal models in organ or cell transplantation and have shown potential 

tolerogenic characteristics. The first inhuman study of MSCs in kidney transplantation was 

published by Tan et al. (117) in 2012; in this experiment, infusion of autologous MSCs at the 

time of surgery and 10 days later demonstrated superior early graft function, reduced the 

frequency of acute rejection, and allowed reduction of maintenance calcineurin inhibitor in 

comparison to conventional therapy. However, clinical application of allogeneic and/or third-

party MSCs awaits further studies.

The third suppressor cell population is myeloid-derived suppressor cells (MDSCs). These 

cells are typically CD11b+Gr1+ in mouse models of transplantation and are considerably 

less well defined in human recipients of transplantation; they were only recently identified in 

renal transplant patients as CD11b+CD33+HLA-DR− cells with variable levels of expression 

of CD14 and CD16, underscoring their phenotypic heterogeneity (118–121). They mediate 

suppression by several mechanisms, including inhibition of cytotoxic T cell responses by 

generation of reactive oxygen species and IL-10, depletion of L-arginine via arginase 1 and 

inducible nitric oxide synthase, depletion of tryptophan via indoleamine 2,3-dioxygenase 

(IDO), and promotion of Tregs via IFN-γ-dependent pathways. The use of MDSC adoptive 

transfer cell therapy in modulating allograft rejection has, however, been demonstrated only 

in animal models of transplantation. Clinical applications that harness the potential of this 

suppressor cell population will depend on the availability of in vitro protocols that can 

Luo et al. Page 13

Annu Rev Biomed Eng. Author manuscript; available in PMC 2016 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reproducibly generate well-defined MDSC populations that suppress human alloimmune 

responses.

 3.3. Localized Protection of Transplanted Cells

The concept of local protection by immune privilege has been promoted since the 

recognition of maternal–fetal tolerance. It later became clear that such a privilege extends to 

many other tissues, such as the anterior chamber of the eye, the testis, the brain, and to some 

degree the gut and liver (122). Tumors, by contrast, may be an example of such an immune 

privilege going awry, allowing malignant cells to evade immune surveillance. Although 

overlapping mechanisms may be operating for immune privilege or immune tolerance, it is 

clear that immune privilege involves “local” immune regulation that is dependent on specific 

tissue-based regulatory mechanisms, which may vary at different sites (123). Nonetheless, 

these naturally existing mechanisms provide an intriguing opportunity for converting 

nonprivileged sites to privileged sites for therapeutic purposes such as protecting the 

transplanted cells or organs. In this regard, immune engineering of the transplantation site 

for cells or organs is a potentially powerful tool that can exploit local regulatory mechanisms 

for creating such an immune-privileged environment.

Several soluble immunomodulatory factors have emerged from studies of immune-

privileged sites. These include cytokines (TGF-β, IL-10), chemokines (monocyte 

chemotactic protein 1, stromal cell–derived factor 1), cellular enzymes (IDO, L-arginase), 

and prostaglandins (prostaglandin E2, leukotriene B4), among others. Biological scaffolds 

can be used as a vehicle for cell transplantation and are engineered to release factors for 

dampening local inflammation and creating immune-privileged sites (reviewed in Reference 

124). In this regard, we have developed microporous PLG scaffolds for transplantation of 

islets into an extrahepatic site that is the equivalent of the omentum in the abdomen. These 

scaffolds can release growth factors that support survival, vascularization, and long-term 

function of the cells engrafted on/within them—such as release of exendin 4, a glucagon-like 

protein 1 (GLP-1) receptor agonist that promotes β cell survival and function—and promote 

superior function of the transplant islets (125). In addition, these scaffolds can deliver 

immunomodulatory factors, such as TGF-β, CXCL12, or CCL22. TGF-β-releasing scaffolds 

had fewer infiltrating inflammatory immune cells and promoted longer survival of transplant 

islet allografts (126). The localized delivery of CXCL12 supports long-term allo- and 

xenoislet transplantation without systemic immune suppression (127). CCL22-releasing 

scaffolds attracted plasmacytoid DCs and activated Tregs to promote the ability of DCs to 

express IDO (128). Scaffolds can be further engineered to release additional factors alone or 

in combination so as to maximally attract and/or induce suppressor cell phenotypes and 

suppress inflammatory phenotypes. To further increase suppressor cell populations locally, 

scaffolds could be directly loaded with cells with immune-inhibitory capacity. In this regard, 

loading of ex vivo–expanded antigen-specific Tregs onto the scaffolds provided a significant 

survival advantage for transplanted islet grafts (129).

Various cell surface molecules have been associated with the establishment of immune 

privilege by manipulating T cell function at the local site. These include Fas ligand (FasL), 

tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), and CD200. 
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Ligand–receptor ligation and subsequent engagement of cell death pathways induce AICD, 

playing a pivotal role in immune homeostasis and self-tolerance. Of these cell death 

pathways, inducing expression of FasL has been the most extensively studied for local 

immunomodulation for attempted tolerance induction to the transplanted tissue by 

eliminating pathogenic T cells. Modification of transplanted cells with FasL, when 

accompanied with short-term rapamycin treatment, yielded long-term engraftment of 

allogeneic and xenogeneic islets for the treatment of T1D (130–133). The genetic 

modification of cells to express FasL has been reported to prevent CD4+ T cell–mediated 

rejection in cardiomyocyte and hematopoietic cell transplants (131, 132). Additionally, 

FasL-overexpressing myoblasts have been cotransplanted with islets, in either the ipsilateral 

or contralateral kidney, and induced site-specific and systemic tolerance to restore 

normoglycemia (130). More recently, FasL was attached to biomaterials to promote T cell 

apoptosis (134), and it has been adapted to biomaterial carriers used for cell transplantation.

However, the multifaceted nature of this molecule confounds the utility of this approach in 

several ways, although it also provides clues about the future engineering of this pathway to 

maximize the desired effects. The first issue is direct tissue toxicity mediated by FasL. The 

degree of toxicity is dependent on the level of FasL expression and the intrinsic antiapoptotic 

threshold of the transplanted cells. The second issue involves the potential inflammatory 

characteristics of the FasL molecule. For example, released soluble FasL can compete with 

membrane-bound FasL to antagonize its apoptotic effect. In addition, soluble FasL can be 

chemotactic for neutrophils, further exacerbating local inflammation. Therefore, strategies 

for FasL-mediated local immunomodulation will likely need to be specifically tailored for 

the specific tissue/cells to be protected. One such approach is to engineer FasL to be 

resistant to metalloproteinase cleavage, thereby inhibiting the release of soluble FasL (135). 

Another approach is to target FasL delivery to specific bystander cell types adjacent to the 

transplanted tissue/cells to be protected (e.g., chimeric streptavidin–FasL targeted only to 

biotinylated APCs cotransplanted with allogeneic islets) (136). With advances in 

nanotechnology, future approaches may involve delivering these apoptosis-inducing 

molecules along with donor antigens in a single platform to promote transplant tolerance.

 3.4. Antigen Delivery in Allogeneic Tolerance

This section summarizes the current approaches for delivering donor antigen as a negative 

vaccine for transplantation tolerance.

 3.4.1. ECDI-treated cells—Within the context of transplant tolerance, intravenous 

delivery of donor SPs chemically treated with ECDI (ECDI-SPs) have shown robust efficacy 

in allogeneic islet, heart, and xenogeneic islet transplantation in mouse models by taking 

advantage of mechanisms similar to those of Ag-SP treatment of autoimmunity (37, 137, 

138). However, no additional coupling of antigens is necessary, because donor cells contain 

the full spectrum of allogeneic or xenogeneic antigens. This tolerance strategy is donor 

specific (139). This approach is also flexible because B cells of donor origin can be 

expanded in vitro and subsequently treated with ECDI to induce tolerance. Additionally, the 

lysate from allogeneic donor cells can be conjugated to syngeneic SPs with ECDI to induce 
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tolerance with no loss of efficacy (140). These findings support the study of the clinical 

applicability of this approach.

Tolerance mediated by donor ECDI-SPs depends on low APC expression of positive 

costimulatory molecules such as CD80 and CD86 and enhanced expression of negative 

costimulatory molecules such as PD-L1 and PD-L2 (141, 142). The immunoregulatory 

cytokine milieu induced by recognition of apoptotic cells is likely the reason underlying the 

establishment of an environment wherein negative costimulation is the favored outcome. 

Supporting this hypothesis are the findings that splenic macrophages express IL-10 

following infusion of ECDI-treated antigen coupled leukocytes and that inhibition of IL-10 

following infusion of ECDI-SPs prevents tolerance in the context of both autoimmunity and 

allogeneic islet transplantation (39, 137, 143). A second cytokine implicated in donor ECDI-

SP-induced tolerance is IFN-γ. This cytokine is initially produced by CD4 T cells that 

indirectly recognize donor antigens presented by self-APCs, and it later mediates depletion 

of such donor-specific T cells and establishment of transplant tolerance (144). Recent 

experiments indicate that another soluble factor, IDO, can be induced by infusion of 

apoptotic donor ECDI-SPs (143, 145). The critical role of this factor in transplanting 

tolerance induced by ECDI-SPs is demonstrated by the abolishment of tolerance when an 

inhibitor of IDO, 1-methyl-D-tryptophan, is administered at the time of ECDI-SP infusion 

(145).

Two regulatory cell populations are induced by infusion of donor ECDI-SPs and play a 

critical role in mediating its tolerogenic effects. In vivo, Tregs are preferentially expanded in 

frequency in the secondary lymphoid organs and grafts of ECDI-SP-tolerized transplant 

recipients, and depletion of CD25+ Tregs at the time of donor ECDI-SP treatment prevents 

the establishment of transplant tolerance. Furthermore, the requirement for TGF-β at the 

time of tolerance induction by donor ECDI-SPs supports the idea that these Tregs are 

induced from naïve T cells rather than expanded from existing Tregs (143). Another 

suppressor cell population induced by donor ECDI-SPs is the MDSCs. Treatment with allo-

ECDI-SPs induced a splenic population of MDSCs that produced significant levels of IFN-

γ-dependent IDO and suppressed CD8+ T cell proliferation when compared with control 

mice. Moreover, MDSCs were present in the cardiac allograft and suppressed the infiltration 

of CD8+ T cells and other effectors. MDSCs present in the graft also produced IL-10 and 

recruited Tregs in a CCL4-dependent manner, and depletion of MDSCs restored CD8+ T cell 

infiltration and graft rejection (121).

 3.4.2. Nanoparticles—The need for many fresh donor cells in the manufacturing of 

tolerance cell products (i.e., ECDI-SPs) may be logistically challenging and may also 

introduce variability and opportunities for pathogen transmission. These issues could be 

overcome through the use of PLG particles as carriers for delivering donor antigens. PLG 

particles used for autoimmune tolerance have been adapted to the delivery of alloantigens 

(146). Given the antigenic diversity, allogeneic tolerance was expected to be inherently more 

challenging than tolerance to autoimmunity (43, 47, 48). However, our data show that PLG 

particles linked to solubilized donor antigens (PLG-dAg) can promote long-term islet 

allograft function (146). Interestingly, we now know that, in addition to modifying adaptive 

immunity, PLG particles can also modify innate immunity by targeting inflammatory 

Luo et al. Page 16

Annu Rev Biomed Eng. Author manuscript; available in PMC 2016 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



monocytes via MARCO, leading to sequestration in the spleen of monocytes that are 

incapable of migrating to injured tissues to induce inflammation (48).

We have developed nanoparticles loaded with donor cell lysates and tested their ability to 

provide long-term protection to islet allografts in a BALB/c → B6 transplant model (146). 

Donor cell lysate containing donor antigens was coupled to PLG particles through ECDI 

chemistry to generate PLG-dAg. Delivery of PLG-dAg alone provided a slight advantage to 

graft survival compared with treatment with empty PLG particles. This is in sharp contrast to 

the high efficiency of tolerance induction to autoimmunity by peptide-coupled PLG particles 

(43, 47), highlighting the differences in alloimmune versus autoimmune tolerance by 

antigen-delivering PLG particles. However, when PLG-dAg particles were combined with a 

low-dose (0.1 mg/kg) short course (4 days total from day −2 to day +1) of rapamycin, 

significant long-term graft protection was observed in ~60% of recipients (146). These 

studies demonstrate the potential of PLG particles for donor antigen–negative vaccination 

for allogeneic tolerance induction.

Antigen-coupled nanoparticles are likely to be more versatile than ECDI-SPs because they 

can be engineered to potentially target different host cell populations and consequently elicit 

a wide spectrum of desired in vivo effects. For the induction of transplantation tolerance 

using PLG-dAg, our early studies demonstrated that PLG-dAg displayed a similar 

biodistribution profile to ECDI-SP and accumulated primarily in the liver, spleen, and lungs 

following intravenous injection (146). Within the spleen, PLG-dAg appears to be 

internalized by F4/80+ macrophages, CD11c+CD11b+ cells, CD11c+B220+ cells, 

CD11c+CD8α+ DC subsets, and B220+ B cells, again similar to internalization of ECDI-SPs 

(146). Importantly, ECDI-PLG-dAg modulates T cells with indirect donor specificity 

through initial clonal expansion followed by clonal contraction. However, in contrast to 

ECDI-SPs, PLG-dAg does not seem to anergize T cells with direct donor specificity (146). 

These findings provide us with initial ideas for improving PLG designs in order to maximize 

tolerance efficacy, including the route of administration, properties of the nanoparticle 

platform (size and surface charge), and codelivery immunotherapeutics.

 3.4.3. Codelivery of immunotherapeutics—Codelivery of immunotherapeutics 

along with donor antigens using nanoparticles is an attractive engineering option that may 

result in significant enhancement of tolerance efficacy. One possibility is codelivery of 

immunosuppressive/immunomodulatory agents by nanoparticles that may further attenuate 

the response of T cells interacting with the targeted APCs internalizing the nanoparticles via 

donor-specific TCRs. Choices include encapsulation of pharmacological agents such as 

rapamycin and suppressive cytokines such as IL-10, TGF-β, and IDO. Another option is the 

engineering of tolerogenic ligands into the nanoparticles. For example, incorporating surface 

phosphatidylserine may promote recognition of the nanoparticles as “apoptotic,” thereby 

facilitating uptake of the nanoparticles by host phagocytes via specific pathways that lead to 

“tolerogenic” antigen presentation (147). Other tolerogenic ligands include the cationic 

polymer polyamine polyethylenimine and ITE, which exploit the immunomodulatory 

pathways of IDO and aryl hydrocarbon receptor in interacting DCs (148, 149). Lastly, 

targeted delivery of the donor antigen cargo only to specialized DC populations may 

preferentially amplify the desired tolerant response. One such DC target is DEC205+ DCs. 
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PLG particles functionalized with anti-DEC205 antibodies have been reported to cross-link 

the DEC205 receptor, resulting in enhanced production of IL-10 (150).

 4. OPPORTUNITIES AND CONCLUSIONS

Owing to the adverse effects of antibody therapy, antigen-specific tolerance strategies have 

the best therapeutic potential, although more precise knowledge of the antigen(s) and 

epitope(s) involved in the ongoing pathogenic process in a particular autoimmune disease 

will be required. Furthermore, a central need will be to extend our understanding of 

tolerance to a single antigen to the ability to tolerize for multiple antigens. Upon 

presentation with an autoimmune disease, most patients will have had the disease progress 

across multiple antigens (epitope switching). As mentioned for allogeneic tolerance, 

multiple major and minor antigens are responsible for rejection. Thus, strategies must be 

developed to fully characterize the epitopes recognized by the TCRs on the T cells. 

Furthermore, we must identify appropriate strategies for delivering multiple antigens capable 

of suppressing the activity of a broad range of T cell responses.

Mechanistic studies associated with antigen delivery will give rise to particles with improved 

efficacy and may extend their utility to applications for allergic responses or prevent the 

development of resistance in patients receiving protein replacement or antibody therapies. 

Additionally, development and/or identification of therapeutics that either inhibit signaling 

intermediates of T cell activation or promote anergy-associated signaling intermediates, 

when used in combination with peptide-specific tolerance therapies, presents a possible 

combinatorial strategy that may increase therapeutic efficacy while maintaining antigen 

specificity. Therefore, continued research to enhance specificity and efficacy of treatment in 

all these strategies is necessary both in animal models and in the clinic with advanced 

patient screening using modern genomic and pharmacogenomic techniques. The use of these 

tolerogenic approaches in combination with non-antigen-specific therapies could eventually 

provide “tailored therapy” to deal with the complexity of the human immune system.
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Figure 1. 
Tolerance by antigen (Ag) presentation without costimulation. Antigens are internalized by 

antigen-presenting cells (APCs), and after processing, a peptide of 7–10 amino acids or 14–

20 amino acids can be presented on major histocompatibility complex (MHC) I or II, 

respectively, for recognition by the T cell receptor (TCR) on T cell subsets. The plasticity of 

T cell subsets enables their response resulting in either immunity or the induction of 

tolerance. (a) Immunity. The T cell clones mediating the undesired response contain a TCR 

that recognizes the Ag presented by an APC presenting the MHC/Ag complex (signal 1). 

The interaction between costimulatory factors present on APCs and cognate receptors on T 

cells is also needed to cause T cell activation (signal 2). The final stage of T cell activation 

involves the interaction of soluble mediators (such as interleukins or other factors) with 

receptors on the T cell surface (signal 3). (b) Blockade of the positive costimulatory 

CD28/B7 signaling axis between T cells and APCs by the cytotoxic T lymphocyte antigen 4 
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(CTLA-4)–Ig fusion protein serves as a constitutive regulatory control switch, and it has 

been exploited as a tolerogenic regimen for autoimmunity treatment. Programmed death 1 

(PD-1) signaling on T cells by its ligands PD-L1 and PD-L2 represents another regulatory 

mechanism of immune responses, and it has been extensively studied in the context of 

autoimmunity and T cell exhaustion and deletion. Selective blockade of the PD-1/PD-L1 

signaling axis can disrupt tolerance induction by blocking T cell receptor stop signals, 

thereby decreasing T cell motility and increasing physical interactions with APCs, resulting 

in enhanced immune responses. (c) Induction of regulatory T cells (Tregs) as a mechanism to 

achieve Ag-specific immunoregulation. In the presence of transforming growth factor β 

(TGF-β) and interleukin-2 (IL-2), naïve T cells can be differentiated into Tregs that release 

immunosuppressive cytokines such as IL-10 to diminish the induction and proliferation of 

effector T cells.
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Figure 2. 
Schematic illustrating tolerogenic approaches being developed for delivery (a) 

subcutaneously, (b) to the lymphatics, or (c) intravenously. Factors delivered subcutaneously 

can release factor locally, be internalized by cells within the subcutaneous space, or travel to 

the lymphatics. Intravenous delivery can involve soluble antigen (Ag) or modified Ag or 

nanoparticles that can associate with cells in the blood, or it can be internalized by antigen-

presenting cells in organs such as the liver or spleen. Abbreviation: Ag-SP, antigen coupled 

to splenocytes.
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Table 1

Current therapeutics for immune suppression

Type of immune suppression Target Drug(s)

MHC/TCR interaction blockade TCR Anti-abTCR mAb T10B9

Nonselective depleting agents CD3e Anti-CD3 mAb (OKT3), ATG

Calcineurin inhibitors FKBP12 Cyclosporine, tacrolimus

Costimulatory signal blockade CTLA-4 Anti-CTLA-4 mAb, abatacept, ipilimumab

PD-1 Anti-PD-1 (pembrolizumab)

PD-L1 Anti-PD-L1 (MPDL3280A; clinical trials)

CD154 Anti-CD154 mAb (belatacept)

CD40 Anti-CD40 mAb

ICOS Anti-ICOS mAb

Cytokine blockade IL-2 Anti-CD25 mAb (daclizumab, basiliximab)

TNF-α Anti-TNF (infliximab)

IL-6 Anti-IL-6 mAb (ALD518)

IL-7 Anti-IL-7 mAb

Lymphocyte depletion CD2 Anti-CD2 mAb, fusion protein with IgG1 (alefacept)

CD20 Anti-CD20 mAb (rituximab)

CD52 Anti-CD52 mAb (alemtuzumab)

Cell adhesion inhibitor α-4 integrin Anti-VLA4 (natalizumab)

IL-2 signaling inhibitor mTOR Sirolimus (rapamycin), everolimus

Cell-cycle blockers DNA synthesis MMF, azathioprine

Abbreviations: ATG, antithymocyte globulin; CTLA, cytotoxic T lymphocyte–associated protein; FKBP, FK506-binding protein; ICOS, inducible 
costimulator; IgG, immunoglobulin G; IL, interleukin; mAb, monoclonal antibody; MHC, major histocompatibility complex; MMF, 
mycophenolate mofetil; mTOR, mechanistic target of rapamycin; PD, programmed death; TCR, T cell receptor; TNF, tumor necrosis factor; VLA, 
very late antigen.
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