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Abstract

Purpose of Review—Current therapies for autoimmune disorders often employ broad 

suppression of the immune system. Antigen-specific immunotherapy (ASI) seeks to overcome the 

side-effects of immunosuppressive therapy by specifically targeting only disease-related 

autoreactive T and B cells. Although it has been in development for several decades, antigen-

specific immunotherapy (ASI) still is not in use clinically to treat autoimmunity. Novel ways to 

deliver antigen may be effective in inducing ASI. Here we review recent innovations in antigen 

delivery

Recent Findings—New ways to deliver antigen include particle and non-particle approaches. 

One main focus has been the targeting of antigen presenting cells in a tolerogenic context. This 

technique often results in the induction and/or expansion of regulatory T cells (Tregs), which has 

the potential to be effective against a complex, polyclonal immune response.

Summary—Whether novel delivery approaches can help bring ASI into general clinical use for 

therapy of autoimmune diseases remains to be seen. However, pre-clinical work and early results 

from clinical trials using these new techniques show promising signs.
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Introduction

Type 1 diabetes (T1D) is a disease caused by autoimmune destruction of the insulin-

secreting beta cells found in the pancreas. An alternative to insulin replacement is to re-

establish a tolerant state characterized by a balance between a regulatory and effector 

response, particularly during the time window in which re-establishment might leave 

remaining beta cells [1]. Although the target of the immune response in T1D is a single cell 

type, the importance of different antigens in the various stages of disease progression means 

the most effective treatment is broad immune suppression, leading to potentially unwanted 
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side effects, such as increased susceptibility to infection or cancer [2,3]. Yet another 

alternative is antigen-specific immunotherapy (ASI). While it avoids the safety issues of 

broad-based immunosuppression, ASI requires knowledge of the initiating antigen and/or 

the other antigens to which autoimmunity is spread as disease progresses, although the 

addition of each new antigen to an ASI formulation potentially contributes to new safety 

concerns. It should be noted, however, that this problem may be overcome by induction of 

bystander suppression [2,3]. While T cells are likely the most important autoreactive cells in 

T1D [4], their simple deletion or inactivation would not produce such bystander suppression 

[2]. In light of this, many efforts to induce antigen-specific tolerance have included a focus 

on the generation and/or expansion of suppressive regulatory T cells (Tregs) [4]. Here, we 

briefly describe ASI as treatment for T1D, note the difficulties associated with it, and review 

recent innovations for tolerogenic antigen delivery. We also discuss the development of 

antigen delivery techniques for other autoimmune disorders, which may eventually be 

applied to T1D.

Antigen-specific Immunotherapy: Background

Numerous diabetogenic autoantigens have been identified in mice and humans [5–7], 

including the recently described post-translationally modified hybrid insulin peptides (HIPs) 

[8–10]. Delivering insulin as a tolerogenic antigen marked one of the earliest attempts at 

T1D tolerization [3], but others have also made use of peptides such as glutamic acid 

decarboxylase 65 (GAD65) [11–14], or a mimotope for the diabetogenic T cell clone 

BDC2.5 [15]. ASI approaches have been successful in preclinical studies [4,16,17]. 

However, while ASI works well in allergy treatment and protein replacement therapy, it has 

not yet been approved for treatment of autoimmunity [2,17]. Although clinical trials of ASI 

have been taking place for many years, they have mostly been unsuccessful [2,3,11,14,17–

19]. Nevertheless, several clinical trials are currently being undertaken, and their frequency 

is increasing [17]. One reason for the lack of success is the failure to combat complex, 

polyclonal immune responses, which could potentially be accomplished by the infectious, 

bystander tolerance mediated by Tregs [2]. Whether innovative ways to deliver antigen can 

help remedy this shortcoming by promoting specific regulatory immune responses remains 

to be seen.

Novel Delivery: Non-particle

Table 1 summarizes some recent innovative ways to deliver antigen in ASI. As can be seen, 

there is considerable diversity among the approaches.

Microneedles have been used to increase the safety of antigen delivery, either as full protein 

or peptide [20,21]. A proinsulin-coated array was used to stimulate adoptively transferred T 

cells in draining lymph nodes (LNs), presumably following uptake and processing by skin-

resident antigen presenting cells (APCs) [20]. In ex vivo human skin, it was found that 

microneedles were able to inject gold nanoparticles coated with proinsulin peptide C19-A3 

into the epidermis [21]. In both these cases, the use of microneedles, as opposed to 

traditional transdermal injection which causes skin trauma, reduced the likelihood of an 
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inflammatory response and made it more likely that APCs presented peptide to T cells in a 

tolerogenic context.

Apoptotic cells coupled with peptide(s) have also been explored for their ability to induce 

tolerance. Our laboratory has investigated the use of ethylenecarbodiimide to both fix self-

protein/peptide antigens to splenocytes and induce apoptosis [7,22–24]. This proved 

protective in non-obese diabetic (NOD) mice as well as in experimental autoimmune 

encephalomyelitis (EAE), the murine model of multiple sclerosis (MS), through both T cell 

anergy and Tregs. In addition, this tolerogenic approach was shown to be both safe and 

efficacious in a phase 1 clinical trial [25]. Two other recent studies [26,27] found that 

tolerogenic dendritic cells (tolDCs) loaded with antigenic peptides/proteins are safe in 

human patients. In the first [26], tolerogenic cells were obtained by leukapheresis, followed 

by selection for CD14+ monocytes. They were then loaded with C19-A3 and administered 

intradermally (i.d.) to T1D patients. The treatment was found to be safe and the patients 

maintained stable β cell function over a 6 month follow-up. In the second [27], a mix of 

patients with either MS or neuromyelitis optica spectrum disorders (NMOSDs) were treated 

with TolDCs that were loaded with 7 myelin peptides (with or without the dominant 

NMOSD antigen, aquaporin-4) prior to intravenous (i.v.) administration. This study 

demonstrated the safety of the approach and noted an increase in IL-10 production by 

peripheral blood mononuclear cells (PBMCs), as well as an increase in regulatory Tr1 cells. 

An alternative to loading dendritic cells (DCs) with peptide/protein takes advantage of the 

low cost and high transfection efficiency of mRNA. In one recent study, ex vivo DCs were 

electroporated with a construct that includes CD4+ and CD8+ T1D epitopes [28]. Systemic 

or local administration of the DCs lead to enhanced proliferation of adoptively transferred 

transgenic cells and upregulation of their CD25 expression.

Tolerogenic antigen can also be delivered by bacteria. Nonpathogenic Salmonella 
typhimurium and Lactococcus lactis have been used to deliver proinsulin, pre-proinsulin, 

and GAD65 as part of a combination therapy in three different investigations [29–31]. 

Plasmids for the peptide antigens, as well as IL-10 (and TGF-β in two studies), were 

transfected into cells, which were delivered orally to NOD mice along with anti-CD3, 

leading to protection from T1D and an increase in FoxP3+ Tregs (and Tr1 cells in one 

study).

Novel Delivery: Nano- or micro-particle

A popular approach to antigen delivery employs micro- or nano-particle carriers. Several 

groups have used these particulate systems as treatment for autoimmunity generally and for 

T1D in particular [32]. Particles in this section can be divided into three categories: 

encapsulating liposomes/lipoplexes [28,33–35] and encapsulating non-liposomes [36–39], 

decorated metal particles [21,40–45], and negatively charged PLG nanoparticles [46–52]. 

Here, we only highlight recent, novel antigen delivery micro/nanoparticles (summarized in 

Figure 1 and Table 2). Reviews of older studies can be found elsewhere [2,3,32,53–55].

Regarding liposomes/lipoplexes, all three examples encapsulate biological molecules and 

are meant to target APCs. Both Akimoto et al. [33] and Villalba et al. [34,35] used 
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liposomes to encapsulate insulin peptides. The former incorporated the lipid α-

galactosylceramide (α-GalCer), a ligand for iNKT cells, and encapsulated insulin B chain 

9–23 (InsB9–23), resulting in a synergistic augmentation of tolerance, including transferrable 

prevention of T1D in young NOD mice, reduction of insulitis, and increase of pancreatic 

FoxP3+ Tregs. The latter used the lipid phosphatidylserine to mimic apoptotic cells, while 

the cores contained peptides from insulin A and B chains. A single injection in NOD mice at 

8 weeks of age (WOA) lowered disease incidence, decreased insulitis, and was safe and well 

tolerated [34]. A second study [35] determined that liposomes combined with the β cell 

regenerating agent liraglutide maintained low blood glucose for longer than either therapy 

alone and that there are early signs this may be effective in humans. Another study discussed 

above [28] used lipoplexes to encapsulate mRNA and protect it from degradation, comparing 

the product to electroporated DCs. Unlike the liposomes described above [34,35], the 

lipoplexes carried a positive electrical charge. Although this is sometimes associated with 

toxicity [56,57], none was observed. After intraperitoneal (i.p.) injection, lipoplexes were 

taken up by more lymphoid cells than electroporated DCs, while i.v. injection localized 

lipoplexes predominantly to the spleen, and DCs were brought mostly to the lungs. Both i.p. 

and local i.d. injection following transfer of transgenic CD4+ BDC2.5 cells lead to increased 

proliferation and upregulation of CD25 as opposed to control mRNA. Inclusion of mRNA 

for IL-27 enhanced the tolerogenic potential of the technique, as measured by IL-10 

secretion from T cells following i.p. administration. The wider tissue distribution of the 

lipoplexes versus DCs, their ability to target tolerogenic LN stromal cells, and the 

comparative ease of working with them as compared to ex vivo cells, may make them more 

suited for translation to clinical use.

Non-lipid particles can also encapsulate peptide antigens. One group has developed a system 

using four varieties of poly(lactic-co-glycolic acid) (PLGA or PLG) microparticles, two 

small (1 μm) loaded with antigen and vitamin D3 (VD3), and two large (30 μm) loaded with 

TGF-β1 and GM-CSF. DCs attracted to the s.c. injection site by GM-CSF take up the 

antigen and are rendered tolerogenic by TGF-β1 and VD3. Initially, the small particles 

encapsulated InsB9–23 and protected young NOD mice from T1D development [36], but 

failed to protect when administered at 8 weeks or age (WOA) [38]. The same system was 

used with the peptide myelin oligodendrocyte glycoprotein 35–55 (MOG35–55) to protect 

against EAE in C57BL/6 mice [37]. Reformulating the particles to encapsulate full-length 

insulin and more VD3, TGF-β1, and GM-CSF was protective in NOD mice when 

administered at 8 WOA [38]. When diabetic NOD mice were given insulin pellets, then 

treated, the microparticles prolonged remission to hyperglycemia. Compared to unloaded 

controls, the small particles of the fully loaded formulation were found to be taken up more 

by DCs than macrophages, a key goal of this group’s strategy. The protective treatment 

coincided with an increase in FoxP3+ Tregs in the spleen and pancreatic LNs, and an 

upregulation of PD-1 on both CD4+ and CD8+ T cells in draining LNs, potentially an 

important result, as β cell destruction is carried out by cytotoxic CD8+ cells. A recent 

follow-up study [39] seeking to extend the age of effective dual microparticle treatment to 

12 WOA by combining low or ultra-low dose i.p. anti-CD3 administration failed to induce 

protection.
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Metal nanoparticles may also be loaded with peptide antigens. The particles from the 

previously discussed study [21] used small gold particles coated with carbohydrates to 

enhance solubility, glutathione to facilitate intracellular activation, and C19-A3 peptide. It 

was found that delivery through microneedles did not greatly affect their physical properties, 

which allowed their diffusion into the dermis and epidermis following injection into ex vivo 
human skin, the latter significant as the dermis is the location of potentially tolerogenic 

Langerhans cells. A more recent study [40] made use of the same particles, but decorated 

them with BDC2.5 mimotope peptide P31. Possibly due to its relatively low solubility, 

coupling to particles resulted in response from transferred BDC2.5 T cells in a greater 

number of lymphoid tissues than the peptide alone. A similar effect was seen when particles 

were injected via microneedles. Finally, transferred BDC2.5 cells also responded to 

increasing doses of particles decorated with hybrid insulin peptide in terms of both 

proliferation and activation, with fewer T cells expressing IFN-γ.

Iron oxide nanoparticles coated with peptide-loaded major histocompatibility complex 

molecules (pMHC) [41–45] are unique among the particle approaches described here, as 

these particles directly interact with T cells instead of APCs. Both MHC class I and II 

molecules have been used for the expansion of T cells with regulatory properties, and, in 

some cases [42,44] even regulatory B cells have been described. An advantage of this 

system is that, unlike those approaches that only convert already present cells into Tregs, the 

expansion seen here is not reliant on the initial number of peptide-specific T cells [2]. The 

pMHC-nanoparticle approach has not shown any safety issues or hazardous suppression of 

immunity [42–44] and has previously proven successful in models of EAE, T1D, and 

collagen-induced arthritis (CIA) [41,42]. In two recent studies [44,45], attention has been 

turned to models of liver autoimmunity. Autoreactive CD4+ T cells specific for peptide 

antigens enriched in the liver, but not found in the liver alone, were re-programmed and 

expanded as disease-suppressing Tr1-like cells [44]. Remarkably, pMHC-nanoparticles 

loaded with antigens associated with one model of liver autoimmunity were able to suppress 

autoimmunity in others, leading the authors to characterize this approach as organ- rather 

than disease-specific. The tolerance did not impact normal immunity against infection and 

tumor, even within the liver. The ubiquitous distribution of the antigens prompted the 

question of whether T cells specific for them would be activated by non-liver autoimmunity 

and, if so, whether or not those cells could also be utilized by pMHC-nanoparticles. In mice 

with EAE, that strategy ended up being effective in reducing disease [45]. However, in mice 

with both EAE and liver autoimmunity, not only did the Tr1-like cells fail to suppress EAE, 

they were found to traffic primarily to the liver and liver-draining LNs, and not the central 

nervous system (CNS) or CNS draining LNs. This may be due to a number of possible 

reasons, including size and vasculature of the liver versus the CNS, differences in antigen 

availability following damage from the two different autoimmune pathologies, and/or 

expression of chemokine receptors induced by pMHC-nanoparticles.

In each of the approaches described above, a complex biomolecule was used to either target 

a specific cell type, enhance tolerogenic capability, or promote the mechanism of tolerance 

induction. By contrast, our laboratory and collaborators have developed highly negatively 

charged PLG nanoparticles that are able to either encapsulate or be coupled with protein/

peptide antigens and are taken up by tolerogenic macrophages through the MARCO 
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scavenger receptor. Tolerance induction involves multiple mechanisms, including T cell 

anergy and the production of regulatory cells. We have previously used these particles to 

prevent or treat disease in EAE [46–48] or adoptive transfer models of T1D [49]. We view it 

as a strong advantage that our nanoparticles rely solely on their physical characteristics for 

uptake by tolerogenic APCs in the spleen and liver for subsequent induction of regulatory T 

cell subsets which induce and maintain long-term tolerance. We expect that this will 

facilitate their production under good manufacturing practices (GMP) and aid their 

translation to clinical use.

A recent study coupled a hybrid insulin peptide (HIP) fusion peptide composed of fragments 

of insulin and chromogranin A (2.5HIP) to negatively charged PLG nanoparticles and 

administered them i.v. to immunodeficient NOD.SCID mice that had received ex vivo 
activated diabetogenic BDC2.5 T cells [50]. This prompted anergy in inflammatory 

cytokine-secreting T cells and altered the ratio between effectors and FoxP3+ Tregs in favor 

of the latter, ultimately leading to protection from T1D development. As 2.5HIP is a major 

neoepitope in NODs, these results are likely the first step in a series of tolerance induction 

accomplishments in mice and ultimately in humans.

Apart from T1D studies, another direction for tolerance induction is celiac disease (CD). 

PLG nanoparticles encapsulating gliadin protein were shown to be efficacious for treating 

three separate CD mouse models reducing clinical signs of inflammation and disease [51]. 

In one of the models (transgenic mice expressing human CD4 and HLA-DQ8), gliadin-

encapsulating nanoparticles prior to disease induction increased FoxP3 mRNA in spleen 

cells re-stimulated with gliadin. This aligned the treatment with our other nanoparticle-based 

tolerance induction strategies and provided hope that it may be translatable into clinical 

practice. Remarkedly, we have recently reported results of a recent double-blind, placebo-

controlled phase 1/2a clinical trial showing specific prevention of gliadin-specific IFN-γ T 

cell responses and protection from gut histopathological changes following oral gluten 

challenge in CD patients tolerized with gliadin-encapsulating PLG nanoparticles [52].

Conclusion

The difficulties of lifelong insulin dependency, as well as the risks of broad 

immunosuppression, indicate that clinically successful ASI is urgently needed. New delivery 

approaches, both particle and non-particle based, may make ASI more safe and feasible in 

clinical trials. An overarching theme of the strategies discussed here is an increased targeting 

to APCs as a way to make antigens more tolerogenic. When that increased tolerogenicity 

results in induction or expansion of regulatory cells, infectious bystander tolerance might 

enable ASI to address polyclonal autoimmunity, thereby increasing the feasibility and, 

potentially, the safety as well.
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Key Points

• Antigen-specific immunotherapy (ASI) seeks to overcome the problems 

associated with broad immunosuppression, but has not yet achieved clinical 

acceptance for the treatment of autoimmunity, such as type 1 diabetes (T1D).

• New ways to deliver antigen include particle and non-particle based 

approaches, many of them leading to increased uptake by antigen presenting 

cells (APCs).

• Novel mechanisms for antigen delivery may make ASI more effective, safe, 

even against a complex, polyclonal immune response.
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Figure 1. Illustration of Nano- and Micro-particle Approaches Under Investigation for Induction 
of Antigen-Specific Immunotherapy (ASI).
A) Gold nanoparticles coated with peptide [21, 40]. B) Iron oxide nanoparticles coated with 

pMHC [44, 45]. C) Liposome incorporating α-galactosylceramide or phosphatidylserine, 

encapsulating peptide [33–35]. D) Lipoplex encapsulating mRNA [28]. E) PLG 

nanoparticles coupled with or encapsulating peptide [46–52]. F) Dual-sized microparticles 

encapsulating peptides/proteins and other factors [38, 39].
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Table 1.

Recent Non-particle Antigen Delivery Approaches.

Antigen Delivery 
Approach

Antigens Route of 
Administration

Result Reference

Microneedle Proinsulin i.d. Stimulates adoptively transferred T cells [20]

C19-A3 (nanoparticle) i.d. Uptake by Langerhans cells in ex vivo 
human skin

[21]

Peptide-loaded 
tolDCs

C19-A3 i.d. Safety and stability in human patients [26]

Myelin peptides +/− AQ4 i.v. • Safety and stability in human 
patients

• Increase in IL-10 and Tr1 
cells

[27]

mRNA-
electroporated 
DCs

• InsB9–23

• GAD65286–300

• InsB9–23 mimotope

• GAD65524–543

• BDC2.5 mimotope

• InsB15–23

• IGRP206–214

• i.p.

• i.d.

• Proliferation of transferred 
transgenic T cells

• Upregulation of CD25

[28]

Bacteria • Pre-proinsulin

• GAD65

• Proinsulin

Oral gavage • Protection from T1D

• Increase in FoxP3+ Tregs 
(and Tr1 in one study)

[30–31]

Abbreviations: DC = dendrictic cell, tolDC = tolerogenic dendritic cell, i.d. = intradermal, i.v. = intravenous, i.p. = intraperitoneal, AQ4 = 
aquaporin-4, InsB = insulin B chain, GAD65 = glutamic acid decarboxylase, IGRP = islet-specific glucose-6-phosphatase catalytic subunit-related 
protein, T1D = type 1 diabetes, Tregs = regulatory T cells
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Table 2.

Recent Micro- and Nano-particle Antigen Delivery Approaches.

Antigen 
Delivery 
Approach

Antigens Route of 
Administration

Result Reference

Encapsulating 
liposome / 
lipolex

InsB9–23 i.p. • Enhanced prevention of 
T1D in NOD

• Reduced insulitis

• Increased pancreatic 
FoxP3+ Tregs

[33]

InsA90–110

InsB25–54

i.p. • Reduced T1D in NOD

• Reduced insulitis

[34,35]

• InsB9–23

• GAD65286–300

• InsB9–23 mimotope

• GAD65524–543

• BDC2.5 mimotope

• InsB15–23

• IGRP206–214

• i.p.

• i.d.

• Proliferation of 
transferred transgenic T 
cells

• Upregulation of CD25

[28]

Encapsulating 
non-liposome

• InsB9–23

• Insulin

s.c. • Protect against T1D in 
NOD

• Extend normoglycemia 
with insulin pellet

• Increase FoxP3+ Tregs

• Upregulate PD-1 on 
CD4+ and CD8+ cells

• Protect against EAE

[38, 39]

Coated metal 
nanoparticles

• C19-A3

• P31

i.d. • Uptake by Langerhans 
cells in ex vivo human 
skin

• Proliferation of 
transferred transgenic T 
cells

[21, 40]
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Antigen 
Delivery 
Approach

Antigens Route of 
Administration

Result Reference

pMHC-coated 
metal 
nanoparticles

• MOG:36–50

• PDC:
94–108/122–135/249–262/629–643

• BDC2.5mi

• PDC-E282–96/166–181

• CYPD398–412

• FTCD58–72

• PDC94–108

• Fla462–472

• CYPD2D6353–367

i.v. • Expansion of Tr1-like 
cells

• Mitigation of liver 
autoimmunity

• Suppression of EAE

• Preferential trafficking 
to liver and liver-
draining LNs

[44, 45]

Negatively 
charged PLG 
nanoparticles

• 2.5HIP

• Gliadin

i.v. • Protection from T1D

• T cell anergy

• Altered Teff:Treg ratio

• Reduction of 
inflammation in celiac 
mouse models

• Increased FoxP3 mRNA 
in spleen at 
restimulation

[50, 51]

Abbreviations: DC = , i.p. = intraperitoneal, i.d. = intradermal, s.c. = sub-cutaneous, i.v. = intravenous, InsA/B = insulin A or B chain, GAD65 = 
glutamic acid decarboxylase, IGRP = islet-specific glucose-6-phosphatase catalytic subunit-related protein, MOG = myelin oligodendrocyte 
glycoprotein, PDC = pyruvate dehydrogenase complex, CYPD = cytochrome P450, FTCD = formimidoyltransferase cyclodeaminas, T1D = type 1 
diabetes, EAE = experimental autoimmune encephalomyelitis, Treg = regulatory T cell, Teff = effector T cell
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