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RA majority of current therapies for autoimmune diseases are general immunosuppressants, which can compro-
mise patient response to opportunistic infection. The possibility of using antigen-specific immunotherapy
(ASIT) to selectively disarm autoimmune diseases, without suppressing the global immune response, would be
a transformative therapy for patients. ASIT has been used historically in allergy hyposensitization therapy to
induce tolerance to an allergen. Similar strategies to induce immune tolerance toward autoantigens responsible
for autoimmune disease have been attempted but have yielded limited clinical success. Recent studies of ASIT for
autoimmunity have explored combination therapy, combining the disease-causing autoantigen with an immu-
nomodulatory compound. ASIT combination therapy may direct the immune response in an antigen-specific
manner, potentially reversing the root cause of autoimmunity while limiting side effects. This review analyzes
recent advances in ASIT applied to autoimmune diseases, emphasizing current combination therapies and future
strategies.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Antigen-specific immunotherapy (ASIT) has been used in the clinic
for over a century to induce antigen-specific immune responses.
Vaccines were the first modern successful antigen-specific immuno-
therapies, utilizing disease-causing antigens in order to induce prophy-
lactic protective immune responses against specific foreign pathogens.
Treatments with specific allergy-inducing antigens have also been use-
ful for the induction of antigen-specific immune tolerance for allergy
desensitization. Clinical treatment of autoimmune diseases, however,
still relies primarily on global immune suppression through the use
of potent small molecule immunomodulators. Within the last decade,
scientists have begun to explore combinations of immunomodulators
and autoantigens in the hope of creating effective ASIT for the treat-
ment of autoimmune diseases, a strategy that could substantially
improve clinical outcomes without compromising the entire immune
system.

One of the most successful strategies in ASIT for inducing immune
tolerance has been the use of hyposensitization therapy in the treat-
ment of allergies. Hyposensitization therapy has been used since the
early 1900s as a means to desensitize patients to specific allergens [1].
In the seminal papers published by Noon [2] and Freeman [3] in 1911,
pollen extracts were injected subcutaneously using an increasing-dose
schedule in order to relieve symptoms from grass pollen allergy and
hay fever [1]. The current “gold standard” for hyposensitization therapy
is surprisingly similar to these techniques described over a century ago
[1]. Although hyposensitization for allergies has been effective in many
cases, several disadvantages have yet to be remedied. The dosing sched-
ule is often difficult for patients to complete due to the frequency and
length of the therapy [1]. The majority of hyposensitization therapy is
given via subcutaneous injections and needs to be administered by a
trained professional over a period of years [1,4]. Sublingual ASITmay ul-
timately increase treatment convenience; however, themost important
consideration, safety, may remain an issue [4]. Unfortunately, in some
cases, hyposensitization therapy canbecome life threatening as anaphy-
laxis can occur following treatment of severe allergies, reinforcing the
requirement for administration by a trained professional in a clinical
setting [1]. Additionally, the mechanisms whereby hyposensitization
therapy induces therapeutic immune tolerance or anaphylactic shock
are still not completely understood [5].

Using approaches similar to allergen immunotherapies, ASIT for
the treatment of autoimmune diseases using only disease-causing
autoantigen has been explored with minimal clinical success. Although
these therapies oftenwork in animal models, translation to humans has
not shown the same level of efficacy [6–8]. Efforts to induce tolerance in
autoimmune patients often use repeat administration of low doses of
autoantigen or altered peptide ligands, but thus far, these approaches
have suffered from poor long-term clinical effectiveness and variable
outcomes [6,9,10].

Most of the currently approved autoimmune therapies are immuno-
modulators; the majority of these immunomodulators non-specifically
cause immune suppression (i.e., immunosuppressants). As our under-
standing of immunology has improved, many therapeutic molecules
once thought to act as specific immunosuppressants have recently
been shown to have multiple mechanisms of action with numerous
Please cite this article as: L. Northrup, et al., Combining antigen and immun
autoimmunity, Adv. Drug Deliv. Rev. (2015), http://dx.doi.org/10.1016/j.a
E
D
 P

R
O

O
F

downstream effects. For example, rapamycin (Sirolimus) has tradition-
ally been considered an immunosuppressant drug; however, recently, it
has been discovered that the mammalian target of rapamycin (mTOR)
pathway is essential in maintaining the balance between tolerance
and inflammation [11]. Immunomodulation in the treatment of autoim-
munity, therefore, extends far beyond immunosuppression and can in-
volve shifting the immune response toward tolerance through a variety
of mechanisms (Table 1). Unfortunately, the lack of antigen-specificity
in immunomodulation can lead to undesired side effects and potentially
increase the risk of opportunistic infections in patients taking these im-
munosuppressive therapies.

One promising strategy in the creation of ASIT for autoimmunity is
combination therapy of antigen and immunomodulator. This strategy
mimics the successful “antigen-adjuvant” model used in the creation
of vaccines. Adjuvants are immunomodulators used in vaccines to en-
hance the antigen-specific immune response, increasing the potency
of the vaccine. Applying this paradigm for treating autoimmune disease,
the combination of antigen and immunomodulator may be able to di-
rect the immune response toward tolerance to autoantigen.

This review highlights recent work combining immunomodulators
with autoantigen either by co-administration or co-delivery to induce tol-
erance in autoimmune disease. We present a thorough background on
the immunological processes involved in autoimmunity and tolerance,
along with an examination of currently approved therapies. Recent ex-
perimental work utilizing co-administration and co-delivery techniques,
combining antigen and immunomodulator, have shown exciting new
promise in autoimmune therapy. ASIT combination therapies have also
shownpromise in the clinic.With the recent advances in ASIT, the poten-
tial to induce antigen-specific tolerance to treat, prevent, or possibly cure
a subset of autoimmune diseases in humans may be on the horizon.
omodulators: Emerging trends in antigen-specific immunotherapy for
ddr.2015.10.020
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2. Introduction to autoimmune diseases

2.1. Immune tolerance and regulatory responses

The protective response of the immune system is deeply rooted in
the selective recognition of foreign substances, or non-self-antigens,
and the absence of a reaction to native antigens; the latter can be de-
fined as immunological self-tolerance. The loss of this tolerance to
self-antigens may result in an immune response directed toward “self”
and is defined as an autoimmune response. While the origin of many
autoimmune diseases still remains unclear, it is thought that a lapse in
tolerance to autoantigens is a key step in the progression of the autoim-
mune response [12]. In order to understand how autoimmune diseases
may develop in an individual, it is important to first assess the ways
in which the body maintains tolerance toward autoantigens. The
processes through which the immune system attempts to achieve
and maintain tolerance toward autoantigens can be classified into two
categories: central and peripheral.

Central tolerance involves the presentation of autoantigen to T-cells
and B-cells in the thymus and bone marrow. This process is commonly
referred to as negative selection and includes inducing apoptosis in de-
veloping lymphocyteswhichmay recognize autoantigens or preventing
their expansion and release into systemic circulation. Inevitably, some
lymphocytes that recognize autoantigens are able to bypass themecha-
nismof central tolerance [13]. Fortunately, the immune system contains
a variety of mechanisms to prevent activation of these potentially auto-
reactive lymphocytes in peripheral tissue, known as peripheral toler-
ance. These mechanisms include physical separation of auto-reactive
T-cells from cells presenting autoantigens via the major histocompati-
bility complex (MHC) [14,15]. Naive T-cells are contained primarily to
lymphoid peripheral tissues and blood, and as a result, their encounters
with autoantigen presentation by non-lymphoid tissue cells are limited
in healthy individuals [14]. In addition to antigen presentation via MHC
restriction, T-cell activation requires the presence of surface expressed
secondary context signaling (co-stimulatory) receptors, examples in-
clude CD80 (B7-1), CD86 (B7-2), CD40L, CD70, OX40L, andmany others
[16,17]. Failure to provide the appropriate stimulatory context signals
may result in functional inactivation of the lymphocyte, known as aner-
gy. Besides these co-stimulatory signals, secondary context receptors
exist which are capable of inducing anergy in T-cells, also known
as “co-inhibitory” receptors, and include cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) and programmed death-1 (PD-1) [16].
Ligation of these receptors has been shown to inhibit T-cell activation
[18]. Conversely, mice lacking the co-inhibitory receptor CTLA-4 devel-
op lymphoproliferative disorders leading to death, suggesting a highly
dependent regulatory component of these receptors [19]. The combi-
nation of these factors help support peripheral tolerance to maintain
T-cell-dependent self-tolerance.

The immune system also regulates antigen presentation in order
to control peripheral T-cell responses. In the periphery, antigen-
presenting cells (APCs), particularly dendritic cells (DCs), are major
contributors to the initiation and regulation of downstream immune
responses. In addition to antigen uptake, processing, and presentation
capability, DCs express a variety of co-stimulatory and co-inhibitory
receptors and are responsive to their local external environment. For ex-
ample, DCs can respond to signals elicited by pattern recognition recep-
tors (PRRs) binding pathogen associated molecular patterns (PAMPs)
[20]. Encounters with many PAMPs can result in up-regulation of co-
stimulatory surface receptors, overexpression of MHC, and secretion of
inflammatory cytokines, a microenvironment that can stimulate activa-
tion of naive T-cells [20,21]. It is important to note that in the absence of
these inflammatory signals, immature DCs can present antigen and in-
duce tolerance in naive T-cells, providing another means for regulation
of autoimmune responses [14].

A thirdmechanism of peripheral tolerance is the presence of regula-
tory T-cells (Tregs). Tregs suppress immune responses in an antigen-
Please cite this article as: L. Northrup, et al., Combining antigen and immun
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specific manner through cytokine secretion, metabolic disruption, and
alteration of DC function [22]. It has been shown that secretion of cyto-
kines such as interleukin (IL)-10, transforming growth factor (TGF)-β,
and IL-35 plays a role in the suppression of immune response; however,
the importance of these cytokines in the overall function of Tregs is still
a point of debate [22]. Furthermore, it is hypothesized that Treg popula-
tions are capable of inducing apoptosis through deprivation of IL-2,
a pro-inflammatory cytokine, due to the high expression of CD25,
although the mechanisms are still not yet understood [22]. In addition
to the previously mentioned influences on the local environment, it is
believed that regulatory T-cells also act to alter the function of DCs
upon antigen-MHC recognition and CTLA-4 ligation. Studies indicate
that Tregs are capable of up-regulating the expression of indoleamine
2, 3-dioxygenase (IDO) in DCs, an enzyme that has been found to limit
the inflammatory response and induce a tolerogenic response [23]. Ad-
ditionally, studies have indicated that Treg interactions with DCs may
downregulate the expression of B7 (CD80/CD86) limiting DC function
in activating T-cells [22].

2.2. Immunology of autoimmunity

In general, autoimmune diseases develop upon failure of the numer-
ous regulatory pathways mentioned previously; however, ongoing
studies are continuously evaluating and exploring new mechanisms
whereby self-tolerance is disrupted. Breakdown of tolerance toward
autoantigen is often thought to be a result of both genetic and environ-
mental risk factors, including exposure to infection by particular patho-
gens [24]. Multiple hypotheses have been generated to explain the
downstreamprocesses bywhich immune responses against autoantigen
may occur upon exposure to an infectious pathogen includingmolecular
mimicry of endogenous protein antigens, epitope spreading, and by-
stander activation; however, the exact mechanisms whereby autoim-
mune disease develops are still not well understood [24].

2.3. Autoimmune diseases

There are currently over 80 autoimmune diseases identified by the
National Institute of Allergy and Infectious Diseases (NIAID) affecting
an estimated 20 million Americans [25]. Some of the most common
autoimmune diseases include type 1 diabetes (T1D), rheumatoid arthri-
tis (RA), systemic lupus erythematosus (SLE), inflammatory bowel
disease, psoriasis, and multiple sclerosis (MS). The discovery of a
disease-causing antigen or epitope is vital to the development of ASIT
for autoimmunity; however, identifying such antigens is not a simple
task, particularly in systemic autoimmune diseases such as SLE, for
which there may be multiple antigenic targets [26]. The majority of cur-
rent research inASIT is focused onRA, T1D, andMSas they all have robust
animal models, allowing for a greater understanding of autoimmune
pathogenesis and the identification of disease-causing autoantigens.

RA is typified by infiltration of the synoviumby CD4+ T-cells, B-cells,
and macrophages resulting in inflammation in joints. In recent years,
the focus of RA pathogenesis has shifted to the study of autoantibodies
including anti-IgG rheumatoid factors (RFs) and anti-citrullinated pro-
tein antibodies (ACPAs), as these autoantibodies have been found to re-
liably predict disease progression [27]. Further research is required to
determine the relevance of these autoantibodies and others to subsets
of RA patients and disease progression.

Recently, disease-specific targets for the treatment of T1D have also
been identified including preproinsulin (PPI), glutamic acid decarboxyl-
ase (GAD65), and heat shock protein 60 (HSP60) [28]. T1D involves the
destruction of insulin-producing pancreatic β-cells, resulting in the loss
of the body's ability to produce insulin and failure to control blood glu-
cose levels. As such, clinical studies are commonly performed in early
onset T1D patients in order to retain β-cell function and provide the
greatest benefit to the patient. Each of these antigens has been identi-
fied to play a role in the non-obese diabetic (NOD) mouse model for
omodulators: Emerging trends in antigen-specific immunotherapy for
ddr.2015.10.020
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T1D and have recently been explored in clinical trials for antigen-
specific therapies [29–31].

Similarly, potential disease-causing autoantigens have been identi-
fied inMS includingmyelin basic protein (MBP),myelin oligodendrocyte
glycoprotein (MOG), proteolipid protein (PLP), and myelin-associated
glycoprotein (MAG) [32]. MS is characterized by inflammation of the
central nervous system (CNS) due to immune cell-mediated degradation
of myelin proteins, resulting in neurological complications. In the most
common form of MS, symptoms follow a relapsing-remitting form, and
these symptomsmay vary fromone relapse period to another depending
upon the location of the CNS inflammation [33]. A commonly employed
animal model for MS is experimental autoimmune encephalomyelitis
(EAE), which is usually induced in healthy mice by vaccination with
MBP, MOG, or PLP autoantigens, allowing for insight into the pathogen-
esis of demyelinating autoimmune diseases [34].

3. Current therapies for autoimmunity

Although autoimmune diseases are diverse in both cause and pro-
gression,most of the current therapies fall into a few distinct categories;
general immunosuppressants, mobility and transport inhibitors, im-
mune cell activation inhibitors, and antigen mimics (shown in Fig. 1).
The downfall of the majority of current autoimmune therapies is the
lack of antigen specificity. Many therapies inhibit or modify the global
immune response hindering the patient's ability to fight off foreign
pathogens. In order to decrease unwanted side effects and increase
efficacy, treatments that induce antigen-specific tolerance are needed
for autoimmune diseases. Recent advances in combinational ASIT may
hold the key to improved therapeutics and will be discussed in a later
section.
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3.1. General immunosuppressants

Autoimmune diseases have traditionally used immunosuppressant
medications that globally suppress the immune response. Immunosup-
pressants are highly effective for many patients and therefore remain
the current “gold standard” of autoimmunity treatment [35]. In many
immunosuppressant therapies, the benefits can be counterbalanced by
toxicity or severe adverse events. In fact, current treatments for the
autoimmune disease RA fail in up to 50% of patients due to adverse
side effects [36].

Immunosuppressants used in autoimmune treatment consist of
both small molecules and biologics, such as proteins and antibodies,
and can elicit their effect through several different mechanisms. Many
anti-inflammatory compounds act by inhibition of immune cell prolifer-
ation, such as lefunomide (Arava) for RA and teriflunomide (Aubagio)
for MS, which block synthesis of DNA necessary for cell division [37].
Chemotherapeutics including mitoxantrone (Novantrone) and metho-
trexate have also been used in treating autoimmunity due to their
ability to inhibit DNA synthesis [37,38]. Inhibition of cellular prolifera-
tion inhibits the rapid expansion of auto-reactive immune cells that
can cause tissue damage and further inflammation thereby reducing
disease symptoms.

Another common mechanism whereby immunosuppressant drugs
act is via control of the cytokine response. Cytokines act as soluble mes-
sengers of the immune system; creating inflammatory or tolerogenic
responses depending on the type and quantity of cytokines that are se-
creted in the local microenvironment. Autoimmune therapies have
tried to leverage the complexity of the cytokine response by inhibiting
the production and action of pro-inflammatory cytokines. Small mole-
cule immunosuppressant compounds such as ciclosporin, used in the
E
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mph Tissue
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Tissue Damage
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pressants, mobility inhibitors, co-stimulation and cell activation inhibitors, and antigen
irculation, and in thediseased tissue to suppress autoimmunedisease symptoms. Therapies
that fall under the category of antigen mimics, are not well understood.
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treatment of RA and T1D, act by disrupting the pathway by which the
pro-inflammatory cytokine IL-2 is produced [38]. Additionally, several
different biologics inhibiting cytokine binding are approved for use to
treat RA including tocilizumab (Actemra) and etancercept (Enbrel),
which inhibit pro-inflammatory cytokine signaling by IL-6 and tumor
necrosis factor (TNF)-α, respectively [38,39]. In the treatment of MS, in-
terferon (IFN)-β therapy has been shown to decrease IFN-γ production
through induction of neutralizing antibodies which help to decrease re-
lapse rates in relapsing-remitting MS [37]. Although cytokine-targeted
therapies have had successes in the clinic, the fact remains that cyto-
kines are important in protection against invading pathogens, thus dis-
ruption of cytokine production or action can increase susceptibility to
infection [12].

The mechanisms for many immunosuppressants currently used to
treat autoimmunity are not well understood. Glucocorticoids, mainly
prednisone and prednisolone, are commonly given to patients with
SLE andRA. These drugs have been shown tohave numerous pleiotropic
immunosuppressant effects but may act somewhat by their ability to
reduce the expression of cellular receptors needed for robust immune
responses [40]. Dimethyl fumarate (Tecfidera) was approved by the
FDA for treatment of MS in 2013 and is believed to work by preventing
oxidative stress via activation of the Nrf2 transcriptional pathway; how-
ever, its influence on the immune response is still debated [37,41].

Unfortunately, a common theme among all immunosuppressants is
their lack of specificity. These therapiesmust often be used long-term in
order to suppress the immune response to self and do not cure the un-
derlying disease condition but rather mitigate symptoms by reducing
tissue damage and inflammation. Due to their long-term use and lack
of specificity, severe toxicity issues associated with global immunosup-
pression are common [38,42].

3.2. Mobilitiy and transport inhibitors

Autoimmune diseases require themobility of auto-reactive immune
cells or antibodies to migrate to their site of action. Mobility and trans-
port inhibitors attempt to prevent this process. Similar to general anti-
inflammatory molecules, severe side effects are often associated with
these therapies, as they can restrict the movement of immune cells
that are necessary to fight off foreign pathogens. One such therapy,
natalizumab (Tysabri), is a humanized antibody-targeting vascular cell
adhesion molecule-1 (VCAM-1) for the treatment of MS. Natalizumab
reduces leukocyte trafficking across the blood brain barrier by inhibiting
binding to the necessary cell adhesion molecules, thereby decreasing
the number of auto-reactive T-cells in the CNS tissue [43]. Unfortunate-
ly, soon after it was approved by the FDA in 2004, natalizumab was
found to be associated with an increased incidence of progressive mul-
tifocal myeloencephalopathy (PML), a fatal viral disease of the CNS [44].
It was found that there were several risk factors associated with PML,
most notably the presence of JC virus antibodies in MS patients. Upon
implementation of PML risk mitigation strategies, including testing
for JC virus antibodies before beginning therapy, natalizumab was
reapproved in 2006 for MS patients un-responsive to other therapies
[44]. Another mobility blocking therapy, efalizumab (Raptiva), an anti-
LFA-1 antibody, met with a similar fate as natalizumab. Efalizumab
was found to reduce the severity of chronic psoriasis, an autoimmune
disease of the skin, but it was withdrawn from clinical use in all cases
after several PML cases in patients [16].

Another FDA-approved drug, fingolimod (Gilenya), is a small mole-
culemobility inhibitor used for the treatment of MS. Fingolimod acts by
internalization of S1P-receptors on immune cells to prevent them from
egressing from lymph nodes and trafficking to the CNS [37]. Unlike
natalizumab and efalizumab, fingolimod has not been shown to result
in PML and can therefore be used in patients that test positive for the
JC virus. Nevertheless, mobility and transport inhibitors are often not
prescribed until an MS patient presents with aggressive disease and
CNS lesions [37].
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3.3. Immune cell activation inhibitors

As previously discussed, both antigen presentation and a co-
stimulatory context signal are needed to activate immune cells in an
antigen-specific immune response. Recent evidence suggests that a
change or lack of co-stimulation can prevent immune activation and
even skew the response toward tolerance [16,45,46]. Due to the impor-
tance of co-stimulation in directing the antigen-specific immune
response, several co-stimulatory pathways have been investigated in
the induction of tolerance and treatment of autoimmunity.

The B7 (CD80/86) signaling pathway is one of the most well-
characterized co-stimulatory pathways in T-cell activation and has
therefore been a major target in T-cell-mediated autoimmune diseases.
The B7 pathway consists of two main molecular interactions, B7:CD28
binding leading to immune-stimulation and B7: CTLA-4 binding leading
to immunosuppression or tolerance to the presented antigen [47]. Since
CTLA-4 acts as a co-inhibitory signal in T-cell activation, it has been
the key focus in targeting the B7 pathway for autoimmune therapy.
Three immunomodulatory biologics approved by the FDA in the past
10 years either target or are derived from CTLA-4; with two primarily
used in the treatment of autoimmunity [48]. Abatacept (Orencia),
a CTLA-4 IgG1 fusion protein, was the first biologic targeting the B7
pathway approved to treat autoimmunity. It was initially approved
to treat RA in 2005 and is currently under investigation in the treat-
ment of other T-cell-mediated autoimmune diseases including T1D,
psoriasis, and SLE [48]. Another CTLA-4 IgG1 fusion protein, belatacept
(Nulojix), was created to improve binding affinity to B7 as compared
to abatacept. Belatacept was approved to treat organ transplant rejec-
tion in 2011 and is currently in clinical trials for the treatment of RA
and T1D [48]. Although these B7 pathway inhibitors show promise in
the treatment of autoimmunity, they are not antigen-specific in their
immune modulation.

Several other therapies target cell surface markers involved in
activation of the immune response. Alemtuzumab (Lemtrada) is an
anti-CD52 antibody approved for the treatment of MS [37,39]. CD52 is
found on a variety of immune cells and, although its exact function
is still unknown, it is believed to be involved in co-stimulation as its
cross-linking leads in T-cell activation [37]. Another antibody targeting
T-cell receptors, daclizumab (Zenapex), is approved to prevent organ
transplant rejection and is currently under investigation as a treatment
for MS. Daclizumab binds to CD25, which is expressed on activated
T-cells and Tregs. Ongoing phase III clinical studies indicate that in addi-
tion to blocking T-cell activation, daclizumab also works to expand
regulatory natural killer (NK) cells to treat MS [49].

In addition to targeting T-cell activation, with our increasing under-
standing of the role of B-cells in autoimmunity, there has been investi-
gation into the use of B-cell-targeted therapies in the treatment of
autoimmune diseases such as RA, MS, and SLE. Rituximab (Rituxan), a
chimeric IgG1 anti-CD20 monoclonal antibody, is often administered
alongside methotrexate to RA patients who are unresponsive to more
common treatments such as anti-TNF agents [50]. Rituximab has also
been successful in clinical trials investigating the effectiveness of B-cell
depletion in the treatment of MS [51] and SLE [52]. Recently, other
human antibodies targeting CD20 such as ocrelizumab, veltuzumab,
ofatumumab, and TRU015 have been clinically investigated for treat-
ment of autoimmune diseases [53].

3.4. Antigenic mimics

Use of antigenmimics, or “decoys,” is a strategy aimed at inducing an
antigen-specific immune responsewhile avoiding potential anaphlaxysis
that may be associated with the native antigen. Insulin and insulin ana-
logs used in the treatment of T1D are some of the most widely used
antigen mimics for autoimmune therapy; however, until just recently,
insulin was considered a hormonal therapy that had little to no effect
on the immune response. Recent evidence suggesting that insulin is
omodulators: Emerging trends in antigen-specific immunotherapy for
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the initiating antigen in the development of T1D has led researchers to
revisit insulin therapy [54]. Although better understanding of the im-
mune response offers the potential to enhance T1D treatment, so far
clinical trials have failed to improve upon current insulin therapy [54].

Another form of antigen mimics, altered peptide ligands (APLs), is
created through substituting different amino acid for those in the anti-
genic epitope. APLs of antigenic epitopes in MBP with varying affinity
forMHC class II molecules have been synthesized and studied for the in-
duction of immune tolerance to treat EAE. Results indicate a correlation
betweenAPL affinity forMHCclass IImolecules and EAE disease preven-
tion, with APLs of higher affinity displaying a shift in cytokine secretion
toward IL-10 and greater suppression of T-cell proliferation [55]. Due to
the heterogeneity of the antigen-specific T-cell populations involved in
an autoimmune response, it may be necessary to design an APL capable
of inducing tolerance across a wide range of T-cell receptor (TCR) affin-
ities in order to produce a lasting effect [56,57].

Glatiramer acetate (Copaxone) is an altered polymeric version of the
MS-associated antigen MBP. Many immunomodulatory mechanisms
have been proposed for glatiramer acetate including competitive bind-
ing to MHC class II molecules, a shift toward a T-helper type 2 immune
response, and TCR antagonism inMBP-specific T-cells [57,58]. The mul-
tiple mechanism of action would suggest that glatiramer acetate may
act through both antigen-specific and non-specific pathways to alter
autoimmune responses; however, further studies are required to deter-
mine the relevance of each of these mechanisms.

3.5. Current combination therapies for autoimmune disease

In many cases, combinations of drugs from the therapeutic catego-
ries discussed previously are used in order to enhance efficacy. In RA,
a small molecule immunosuppressant, methotrexate, is often pre-
scribed with TNF-α inhibitor therapy in order to achieve a synergistic
effect [38]. This synergistic effect is not found in all combinations of
therapies utilizing two biologics. For example, a TNF-α inhibitor and
co-stimulation inhibitor, abatacept, did not achieve additional clinical
benefits in the treatment of RAbut rather caused toxicity from immuno-
suppression complications [38]. Although this combination approach
has shown promise, it is still missing the antigen specificity needed to
reduce side effects and increase long-term efficacy.

4. Combination strategies for ASIT in autoimmunity

With the clinical failure of many antigen-only therapies for autoim-
munity, recent research has focused on combination therapy containing
antigen and immunomodulator to enhance efficacy. Combination
therapy can be accomplished by either co-administration (dosing in a
similar time-frame, often via the same route) or co-delivery (utilizing
a vehicle to physically or chemically keep the antigen and immunomod-
ulatory in close physical proximity) (Table 2 and Fig. 2). By applying the
“antigen-adjuvant” combination paradigm of vaccines to the treatment
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Table 2
Definitions of types of ASIT delivery.

Term Definition Example

Mono-therapy Single component therapy Immunomodulatory drug alone,
or antigen alone

Combination
therapy

Multiple components given
together in either the same
time and/or same space

Encompasses both
co-administration and
co-delivery

Co-administration Multiple components given
together at the same time
but not in the same space

Injection of antigen and
immunomodulatory drug
together but not held together
either chemically or physically

Co-delivery Multiple components given
together in the same time
and same space

Antigen and immunomodulatory
drug are linked, co-encapsulated,
or held together another way
either chemically or physically
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autoimmunity, it may be possible skew the immune response toward
antigen-specific tolerance.

4.1. Co-administration

Many of the initial studies done with antigen and immunomodula-
tors in the early to mid-2000s utilized co-administration to create
ASIT combination therapy (Table 3). Dosing antigen and immunomod-
ulator together without a co-delivery vehicle offers the flexibility of
delivering the compounds via different routes. Also, the lack of a vehicle
needed to co-encapsulate or connect the componentsmay bemore eco-
nomically feasible and allow for ease ofmanufacturing and formulation;
factors that may help accelerate the transition into to the clinic. Using
co-administration in ASIT also has the disadvantage of producing simi-
lar side effects as many current therapies; since when the antigen
and immunomodulator are separated the immunomodulator may pro-
duce a general immunosuppressive response rather than an antigen-
specific response.

4.1.1. Co-administration with small molecule immunosuppressants
Small molecule immunosuppressants are commonly prescribed

for autoimmune disease treatment. In order to reduce global immu-
nosuppression, recent studies have investigated the co-injection of
autoantigen, or DNA encoding autoantigen, simultaneously with a small
molecule immunosuppressant. Kang and colleagues pioneered the use
of the term “tolerogenic adjuvant” in their 2008 paper involving the co-
administration of dexamethasone and autoantigen to induce antigen-
specific tolerance in a model of autoimmunity [59]. Co-injection of
dexamethasone and OVA resulted in long-term antigen-specific toler-
ance as well as the proliferation of OVA-specific regulatory T-cells.
Similar antigen-specific tolerogenic responses were also seen using a
T1D murine model [59]. In a subsequent paper, Kang and colleagues
demonstrated that co-injection of a different “tolerogenic adjuvant,”
the immunosuppressant FK-506 (Tacrolimus), with a plasmid DNA
encoding autoantigen, rather than the antigen itself, also results in ex-
pansion of Tregs and suppression of autoimmunity in mice [60].

4.1.2. Co-administration with biological molecules
Unlike the monoclonal antibodies that dominate the clinically ap-

proved biologics for autoimmunity, the majority of co-administration
research for ASIT has focused on the use of plasmid DNA as the biologi-
cal delivery platform. Co-administration of plasmid DNA encoding
autoantigen and a plasmid containing immunomodulatory gene have
been studied by several research groups. The injection of two plasmids,
with autoantigen on one and immunomodulator on the other, classifies
these studies as co-administration rather than co-delivery.

In 2001, Garren and colleagues published a paper examining DNA
vaccination using two plasmids, one encoded with interleukin (IL)-4, a
cytokine associated with immunosuppression in MS, and the second
encoded with an MS-associated autoantigen [61]. The co-vaccination
strategy was tested in EAE mice with both PLP- and MOG-induced
models. In both models, co-administration of IL-4 and autoantigen
encoding plasmids was found to suppress EAE disease compared
to treatment with each gene individually. Interestingly, the MOG and
IL-4 DNA vaccination was able to reverse established disease when
given after EAE symptoms were present [61]. In a similar study, Glinka
and colleagues investigated the use of DNA vaccination to co-administer
autoantigen and a co-stimulation blocker for the treatment of NOD
mice [62]. The study used a plasmid encoding for a fusion construct
of PPI and GAD65 for induction of autoantigen expression, along with a
plasmid encoding a mutant B7 molecule known to bind CTLA-4 and
block co-stimulation during T-cell activation. This approach was success-
ful in decreasing disease symptoms and stimulating the tolerogenic
response following co-administration of the plasmids [62].

Although co-administration of DNA has been successful in animal
models, it is difficult to control dosage kinetics and gene expression,
omodulators: Emerging trends in antigen-specific immunotherapy for
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limiting its clinical potential. The combination of protein immunomod-
ulators with antigens has gained interest for easier clinical translation.
In a recent study, MOG35–55 and the tolerogenic cytokine IL-10 were
encapsulated into separate PLGA nanoparticles for the treatment of
EAE [63]. Both prophylactic and therapeutic treatment regimens co-
administering particles containing MOG and particles containing IL-10
significantly suppressed EAE symptoms [63]. Using a similar strategy,
Lewis and colleagues created PLGAmicroparticles each containing a sin-
gle component; insulin B autoantigen, GM-CSF, vitamin D3, or TGF-β1.
When these 4 different microparticles were mixed at a 1:1:1:1 ratio,
they were found to significantly prevent the incidence of T1D in NOD
mice [64]. These successful experimental studies suggest the feasibility
of a prophylactic or therapeutic co-administration platform to treat au-
toimmune disease.

4.1.3. Drawbacks of co-administration
While the co-administration approach has shown potential in ani-

mal models of autoimmunity, the lack of a formulation keeping the
autoantigen and immunomodulator in the same microenvironment
opens the door for non-specific immunosuppression or complete
lack of efficacy upon separation of the components following dose
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Table 3
Co-administration examples in ASIT combination therapy.

Immunomodulator Antigen Disease
model

Reference

Dexamethasone OVA323–339 peptide Allergy [59]
Dexamethasone Insulin-derived B:9-23 peptide T1D [59]
FK-506 Plasmid encoding MOG35–55 peptide MS [60]
Plasmid encoding IL-4 Plasmid encoding PLP139–151 peptide MS [61]
Plasmid encoding IL-4 Plasmid encoding MOG protein MS [61]
Plasmid encoding
mutant B7-1
(B7-1wa)

Fusion plasmid of PPIns-GAD65
proteins

T1D [62]

Recombinant IL-10 MOG35–55 peptide MS [63]
GM-CSF, vitamin D3,
and TGF-β1

Insulin-derived B:9-23 peptide T1D [64]
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administration. In fact, not delivering antigen and immunomodulator
together both temporally and spatially can result in induction of an in-
flammatory response rather than a tolerogenic response. In a recent
study, it was found that autoantigen co-administered with rapamycin,
a small molecule immunosuppressant, resulted in expansion of
autoantigen-specific T-cells and inhibition of Tregs, the opposite of the
desired tolerogenic response [65].

4.2. Co-delivery

Unlike co-administration, co-delivery ensures that the antigen
and immunomodulator are delivered at the same time and presented
in the same environment to auto-reactive immune cells (Table 2).
Many investigators have examined the effect of delivering encapsulated
immunomodulators or autoantigen alone for autoimmune therapy
[66–70]; however, only recently have studies focused on the effect of
co-delivering these components via a variety of different delivery vehi-
cles (Table 4 and Fig. 2).

4.2.1. Co-delivery with small molecule immunosuppressants
Building upon previous literature using co-administration of

autoantigen and small molecule immunosuppressant, several research
groups have investigated the possibility of co-delivering these compo-
nents. Various delivery vehicles have been employed with results that
suggest that dosing compounds together both spatially and temporally
may enhance treatment efficacy. Liposomes, dextran microparticles,
and gold and PLGA nanoparticles have all been used in recent studies
in order to co-deliver autoantigen and immunosuppressant for ASIT in
animal models of autoimmunity [65,71–73]. In each of these examples,
the two componentswere either co-encapsulated or co-adsorbed to the
delivery vehicle to ensure simultaneous delivery of the components to
immune cells [65,71–73].

Peine and colleagues extrapolated work by Kang and colleagues by
co-encapsulating autoantigen and dexamethasone in microparticles
[59,71]. Dexamethasone was co-encapsulated into acid-sensitive acety-
lated dextran microparticles with the MS-antigen MOG and used in the
omodulators: Emerging trends in antigen-specific immunotherapy for
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t4:1 Table 4
t4:2 Co-delivery examples in ASIT combination therapy.

t4:3 Immunomodulator Antigen(s) Disease model Co-delivery vehicle Reference

t4:4 Dexamethasone MOG35–55 peptide MS Acetylated dextran microparticles, co-encapsulated [71]
t4:5 ITE MOG35–55, PLP139–151, and PLP18–191 peptides MS Gold nanoparticles loaded on surface and stabilized by PEG [72]
t4:6 Rapamycin OVA protein and OVA323–339 peptide Allergy PLGA nanoparticles, co-encapsulated [65]
t4:7 Rapamycin PLP139–151 peptide MS PLGA nanoparticles, co-encapsulated [65]
t4:8 Rapamycin FVIII74–89, FVIII1723–1737, FVIII2191–2210 peptides Hemophilia PLGA nanoparticles, co-encapsulated [65]
t4:9 NF-κB inhibitor (curcumin,
t4:10 quercetin, or Bay 11-7082)

OVA protein Allergy Co-encapsulated in liposomes [73]

t4:11 Curcumin Methylated BSA protein RA Co-encapsulated in liposomes [73]
t4:12 LABL peptide (CD11a237-247) GAD65208–217 peptide T1D Linked via spacer peptide [74]
t4:13 LABL peptide (CD11a237-246) PLP139–151 peptide MS Linked via spacer peptide [75]
t4:14 LABL peptide (CD11a237–246) PLP139–151 peptide MS Mulivalently linked to same hyaluronic acid polymer backbone [77]
t4:15 B7 pathway targeting peptide
t4:16 (B7AP, CD80-CAP, or sF2)

PLP139–151 peptide MS Mulivalently linked to same hyaluronic acid polymer backbone [78]

t4:17 Plasmid encoding IL-4 Plasmid encoding GAD65-IgG Fc fusion protein T1D Encoded on same plasmid [79]
t4:18 Plasmid encoding BAX Plasmid encoding GAD65 T1D Encoded on same plasmid [80]
t4:19 Plasmid encoding BTLA TAT49–57 MOG35–55 peptide MS Self-assembled nanoparticles of peptide and plasmid; used to

treat DC that were injected into mice
[81]
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treatment of EAE. The co-delivery of the components significantly
decreased clinical disease score as compared to mixtures of dexameth-
asone andMOG, demonstrating the importance of delivering both com-
ponents concurrently to immune cells [71].

Yeste and colleagues investigated co-delivery of MOG and the small
molecule immunosuppressant 2-(1′H-indole-3′-carbonyl)-thiazole-4-
carboxylic acid methyl ester (ITE) [72]. Both MOG and ITE were co-
loaded onto the outside of gold nanoparticles andwere found to induce
tolerogenic DCs and FoxP3+ Tregs in naïve primary cells. The nanopar-
ticles significantly suppressed EAE disease symptoms as compared
to the components given without use of the co-delivery vehicle [72].
In a unique experiment, Yeste and colleagues also demonstrated that
their co-delivery system was effective even after epitope spreading, by
utilizing two different epitopes of autoantigen to suppress EAE [72].
Using a similar approach, Maldonado and colleagues delivered both
autoantigen and rapamycin co-encapsulated in PLGA nanoparticles to
treat a number of autoimmune models [65]. The antigen–rapamycin
nanoparticles were able to induce antigen-specific tolerance in EAE,
in a model of hypersensitivity, and in a model of the genetic disease
hemophilia [65]. In both studies, encapsulating the immunosuppres-
sant alone was found to suppress disease; however, the autoantigen-
containing nanoparticle did not [65,72].

In addition to the possible use of different types of delivery vehicles
to produce antigen-specific tolerance, Capini and colleagues demon-
strated that different immunosuppressant drugs could also be effective
[73]. Their study examined the effects of three different NF-κB inhibi-
tors: curcumin, quercetin, and Bay11-7082. When co-encapsulated
into liposomes with autoantigen, each of the three compounds was
able to induce antigen-specific Treg responses and decrease disease se-
verity in a mouse model of RA, antigen-induced inflammatory arthritis
(AIA) [73].

4.2.2. Co-delivery with peptides
Peptides targeting immune cell adhesion or co-stimulation mole-

cules have been conjugated with autoantigen epitopes to enable co-
delivery. Siahaan and colleagues have published a number of papers
on bi-functional peptide inhibitors (BPI) that link a peptide autoantigen
with an immune cell inhibitor targeting the cell adhesion molecule
ICAM-1. BPIs have suppressed disease in animal models of both
T1D and MS [74,75]. The originally developed BPI co-delivery vehicle
contained theMS epitope PLP139–151 linked to the peptide LABL, derived
from αL integrin, for the treatment of EAE. This unique ASIT was found
to significantly decrease the severity of EAE disease as compared to
each peptide alone or mixed [75,76]. Interestingly, the BPI decreased
the rate of anaphylaxis in mice as compared to PLP alone, suggesting
that autoimmune treatments containing immunomodulators may
offer improved safety as compared to autoantigen alone [75].
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Building off of Siahaan's work, Berkland and colleagues have
published several papers on a multivalent approach known as Soluble
Antigen Arrays (SAgAs). SAgAs consist of antigenic peptides and im-
munomodulator peptides that are co-delivered via a hyaluronic acid
backbone. Peptides inhibiting cell adhesion (via ICAM-1) and the B7
(CD80/CD86) pathway have shown efficacy in EAE when co-delivered
with MS antigen using SAgAs [77,78].

4.2.3. Co-delivery with biological molecules
As previously discussed, DNA vaccines have successfully co-

administered two plasmids, separate autoantigen and immunomodula-
tor, to treat autoimmunity. In attempt to improve upon this technique,
autoantigen and immunomodulator were encoded on a single plasmid.
A couple of recent studies investigated this strategy for the treatment of
TID inNODmicewith plasmids containingGAD65 and a secondarymol-
ecule, the cytokine IL-4 or the pro-apoptotic protein BAX, respectively
[79,80]. In both studies, the plasmid containing both autoantigen and
immunomodulator was able to prevent and suppress disease [79,80].

Another study utilized the co-delivery of a plasmid encoding the
B- and T-lymphocyte attenuator protein (BTLA) and MOG antigen to
pre-treat DCs before using those DCs to treat EAE mice [81]. These
pre-treated DCs were found to decrease the severity of EAE when
injected prophylactically; however, this approach may be too complex
for clinical application [81].

5. Clinical trials of ASIT for autoimmunity

5.1. Antigen-only ASIT clinical trials

Similar to allergy hyposensitization, the introduction of a disease-
causing autoantigen to a patient with autoimmunity can result in unde-
sired and potentially life-threatening adverse events [82,83]. A Phase II
clinical study of an altered peptide ligand of MBP, an antigen associated
with MS, had to be halted due to three of the eight patients suffering
worsening symptoms, resulting in an increase in CNS lesions up to
2.4 times the amount before therapy and leaving one patient unable
to walk. In other cases, administration of a slightly altered autoantigen
to treat autoimmunity did not directly aggravate the disease but instead
resulted in an allergic response to the antigen [83]. Fortunately, in the
majority of clinical trials, these adverse events were avoided; however,
ASIT did not result in any benefit compared to placebo [84].

5.2. Combination ASIT clinical trials

Recently, trials of combinations of antigen and immunomodulator
for ASIT have shown promise. In several clinical studies for MS, the
FDA-approved drug glatiramer acetate (GA) was used as a mimic of
omodulators: Emerging trends in antigen-specific immunotherapy for
ddr.2015.10.020
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the disease-associated antigen MBP and was co-administered with
immunomodulators to study the effects of combination therapy.
In one study, improved success in both decreasing CNS symptoms
and lowering the risk of disease relapse was seen in combination of
GA and the antibiotic minocycline, as compared to GA alone [85]. In
another study, GA and natalizumab co-therapy was found to be safe
and suppressed CNS lesions in MS compared to GA alone [86]. Unfortu-
nately, themajority of combination trials with GA did not contain a con-
trol group with immunomodulator alone; however, in comparing
therapy outcomes to those seen with natalizumab, it was found that
the combination therapy did not improve efficacy [86]. A few studies
have had success with a modified dosing schedule, where patients
undergo short-term use of immunosuppressant therapy, either with
mitoxantrone or methylprednisolone, with GA before starting on GA
alone [87,88]. In addition to improving clinical outcomes compared to
GA alone, it was also found that the short-term therapy limited the
adverse effects associated with long-term immunosuppressive use [87].

Although ASIT using only antigen has been successful in allergies, re-
cent clinical trials with co-administration of an immunomodulator have
been found to be more effective than allergen alone. In several clinical
studies, omalizumab (Xolair), an anti-IgE antibody, was added to aller-
gen hyposensitization therapy in the hope of decreasing the chance of
dangerous side effects, such as anaphylaxis [89]. This combination ther-
apywas found to increase efficacy as compared to the allergy-associated
antigen alone [89,90].

A slight variation of the use of “tolerogenic adjuvants” in ASIT
for autoimmunity is the success of traditional vaccine adjuvants
co-administered with antigen for improved allergy hyposensitization
therapy and ASIT for asthma [91]. When using traditional adjuvants
for autoimmune therapy, the key to creating a successful ASIT for auto-
immunity may reside in finding the appropriate patient population. At-
tempts to co-administer a T1D antigen GAD65with a traditional vaccine
adjuvant, alum,metwith limited success [31]. Upon further trials, it was
found that this treatment was successful in suppressing T1D but only
in children and adolescents with recent onset of the disease [30]. In
another successful clinical study, human B-chain of insulin was given
to patients with incomplete Freund's adjuvant. Although the focus of
this study was safety, it was also found that patients had a robust
antigen-specific Treg response even 2 years after finishing the treat-
ment [92]. With the success of immunomodulator co-administration
in recent literature, it is possible that the addition of an immunosup-
pressant to traditional adjuvants combined with antigen may allow
for even broader patient efficacy.

6. Challenges for the future of ASIT for autoimmunity

6.1. Human translation of pre-clinical successes

Although there are promising results in animal models of autoim-
mune diseases, most successes in these models have not been trans-
latable to humans. One of the most promising methods for ASIT
autoimmunity that had success in animal models was the administra-
tion of oral antigen to treat MS, T1D, or RA. When attempted in
humans, no therapeutic benefits were found [7,8]. While it is difficult
to interpret these negative findings, discrepancies in immune toler-
ance and autoimmunity between humans and animal models, such
as mice, have been noted. These include differential expression of
Treg markers such as FoxP3, variations in the balance of leukocyte
subsets, dysregulation of central tolerance such as thymic selection,
and different roles played by cells that produce IL-17, among others
[93]. Directly linked to these immunological differences, the develop-
ment of the disease in animals is often unrelated to that in humans.
Often animalmodels of autoimmunity require inductionwith an immu-
nogenic antigen, such as in the majority of EAE models of MS [94]. A
few disease models do exist where the autoimmune disease can occur
spontaneously such as NOD and some versions of EAE, which in some
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instances may offer better understanding of the human disease than in-
ducible models [93,94].

Acute animalmodels of autoimmunity alsomay not be predictive for
the treatment of chronic human immune disorders. The majority of
animal studies conducted treat the disease before symptoms appear,
whereas human therapies will mostly be given years after onset of the
pathogenic process [8,94]. Many animal studies are terminated too
early to see any long-term issues that may arise. For example, only
7% of all studies with NOD mice are followed up beyond 32 weeks,
which does not reflect the lifelong duration of T1D in humans [93]. Ad-
ditionally, the complete disease-causingmechanisms are not complete-
ly understood in humans. For example, it has been hypothesized from
studies of identical twins that while there is a genetic component to
many autoimmune disorders, there is also additional “environmental”
components that affect the disease that are not reflected in highly
controlled pre-clinical studies andmay lead to less than perfect applica-
bility to human trials [95].

Treatment safety and tolerability, which is immensely important in
human therapies, is also often overlooked or difficult to assess in animal
models [8]. Some safety issuesmay only arise in humans, and using cells
from human donors in combination with animal models may help
prevent toxic compounds from reaching the clinic [93]. For example,
the production of a cytokine storm in humans using a CD28 agonist
was not foreseen using animal models [93].

Nevertheless, these animalmodels have helpedmake important dis-
coveries in the treatment of human autoimmunity. The EAE model of
MS has helped identify four recently approved therapies; glatiramer ac-
etate (Copaxone), mitoxantrone (Novantrone), natalizumab (Tysabri),
and fingolimod (Gilenya) [7]. Improved animal models and better un-
derstanding of the immunology of human autoimmunity may increase
the clinical success of experimental therapies.

6.2. Antigen identification and epitope spreading

For many autoimmune diseases, the animal model is not the
rate-limiting step to developing ASIT; rather, the immunodominant
disease-causing antigen(s) may not be identified. SLE, for example,
can manifest symptoms in many different organs and the disease-
causing autoantigen may vary greatly between SLE patients [96]. Even
diseases that have relativelywell-characterizeddisease-causing antigens,
such as MS, a single antigen for ASIT can be difficult to determine due to
epitope spreading [97]. A few recent trials inMS have shown promise by
using multiple antigens to elicit the antigen-specific response; however,
they are still in the early stages of human testing [98,99].

In allergy hyposensitization therapy, diagnostics, such as the skin
prick test, determine the most important allergen in specific patients
[100]. If this type of “personalized medicine” could be applied to auto-
immunity, it may greatly improve outcomes. The analysis of peripheral
blood for immunodominant autoantigens may allow for ASIT to be
tailored to the individual patient, increasing the possibility for therapeu-
tic success [93]. Emerging diagnostic practices such as component-
resolved testing, high-throughput antibody repertoire analysis, and
indirect T-cell recognition assays may improve the ability to determine
the correct autoantigen for personalized ASIT [101–103].

Autoimmune diseases with only one immunodominant antigen, in-
cludingmyasthenia gravis and neuromyelitis optica, may provide better
targets for ASIT [104]. Recent studies using an antibody against the
disease-causing antigen in neuromyelitis optica, aquaporin 4, have
shown success in animals and will soon enter clinical trials [105].

6.3. Immunomodulator optimization

While antigen(s) for ASIT are defined by the disease, there is a
wide-array of immunomodulators to choose from when exploring
combination therapy. To date, the immunomodulator chosen for co-
administration or co-delivery with antigen has been ad hoc at best.
omodulators: Emerging trends in antigen-specific immunotherapy for
ddr.2015.10.020
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The majority of studies focus on a single immunomodulator in combi-
nation therapy for ASIT. A few recent studies have attempted to deter-
mine the best tolerance-inducing immunomodulator by measuring
the induction of Tregs by various small molecule immunosuppressants
[106,107]. However, a successful immunomodulator in one autoim-
mune diseasemay not be appropriate for another, and therefore, immu-
nomodulator screening may need to occur on a disease-by-disease
basis. Additionally, recent successes of combinations of immunomodu-
lators for autoimmune treatment may indicate that multiple immuno-
modulators may be more effective for the induction of antigen-specific
tolerance [108,109].

Recent clinical successes have been achieved utilizing traditional
adjuvants as immunomodulators in ASIT [30,92]. Unfortunately, the vi-
ability of this method for the treatment of autoimmunity is still hotly
debated as conflicting studies have shown that combinations of tradi-
tional adjuvants and antigen can both induce and treat autoimmune
disease in rodent models. Immunologists have only recently started
unraveling mechanisms such as immune cell “exhaustion” in autoim-
munity and immune tolerance pathways in cancer, both of which may
have direct implications for ASIT combination therapy [110,111].

6.4. Co-delivery vehicle

Co-delivery adds an extra layer of complexity to the creation of ASIT
for autoimmunity due to the need for the correct delivery vehicle, yet
mounting evidence suggests that co-delivery may do more to enhance
the antigen-specific tolerance than co-administration of separate com-
ponents. The determination of the correct co-delivery vehicle is impor-
tant to ensure both antigen and immunomodulator interact with the
immune response at the same time and in the same space. Numerous
vehicles for co-delivery were utilized for combination therapy in
ASIT reviewed here, including microparticles, nanoparticles, liposomes,
direct chemical linkage, multivalent presentation on polymers, and
plasmid DNA (Fig. 2) [65,71–75,77–80]. Each of these approaches offers
its own unique benefits, challenges, and potential.

The particulate delivery systems (e.g. microparticles, nanoparticles,
and liposomes) most directly mimic the delivery systems currently
employed in vaccines. Vaccines commonly utilize aluminum salts,
which are particulate in nature, to deliver the antigen of interest [112].
Recent studies with antigen conjugated to micro- and nanoparticles
have successfully suppressed disease in EAE [113,114]. These particu-
late systems are often intended to be immunologically inert; however,
the material, size, and shape of the particles can promote immune re-
sponses [115,116]. Particulate delivery systems are unique in that the
antigen and immunomodulator may be on the surface of the particle,
encapsulated, or both. Particles with surface-conjugated antigens may
bepreferredwhen targetingB-cells [116]. Surface antigensmay also tar-
get T-cells when displayed in the context of MHC [117]. Alternatively,
encapsulation of antigen is often usedwhen uptake by APCs is preferred
as much higher concentrations of antigen per particle can be achieved
with encapsulation [116]. Encapsulation of antigen and/or immuno-
modulator can also improve pharmacokinetic properties; for example,
encapsulation of antigen can decrease rapid dilution and clearance
that is associated with many injected biologics [116].

Multivalency may also influence the immune response, as it has
been shown that the valency and the size of multivalent scaffolds play
an important role in immunomodulation [115]. Dintzis and colleagues
developed a number of “rules” exploring the effect of multivalency
on the immunogenicity or tolerogenic properties of linear polymeric
delivery systems [115,118]. They found that polymers with a molecular
weight greater than 100 kDa and a valency greater than 20 compounds
per polymer were more immunogenic, while systems under 100 kDa
tended to be more tolerogenic [115]. Both particulate systems with
surface-bound materials and linear polymers displaying antigens have
utilized multivalency as an approach to ASIT combination therapy for
autoimmunity [72,77,78].
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Plasmid DNA delivery systems have also been investigated for
combination therapy, as both antigen and immunomodulator can be
encoded onto a single plasmid[79,80]. Antigen-specific treatments
utilizing DNA have been shown to have benefits over whole protein
or peptide antigens such as increased intercellular persistence due to
stable expression from transduced genes [119]. Recent clinical trials uti-
lizing a plasmid DNA encoding proinsulin demonstrated positive results
in antigen-specific tolerance in T1D patients [120].

Finally, a very unique delivery system of utilizing cells themselves as
delivery vehicles for ASIT has emerged with the potential to induce
antigen-specific tolerance in autoimmunity. In studies spanning several
decades,Miller and colleagues have shown that chemically coupling an-
tigen to apoptotic cells can be used to induce antigen-specific tolerance
[121,122]. Antigens coupled to apoptotic splenocytes, peripheral blood
leukocytes, or erythrocytes have had positive results in animal models
of autoimmunity [122–124]. Additionally, these antigen-coupled cells
have been tested in humans and shown promising results in a Phase 1
clinical trial [125]. Another innovation utilizes cells treated with ASIT
ex vivo. In these systems, DCs are obtained from the bone marrow of
genetically similar animals and treated with antigen and immuno-
modulator [81,126]. The cells treated with the combination therapy
are then injected into the autoimmune animal model to induce toler-
ance [81,126]. These studies benefit from utilizing a delivery system
capable of removing the “middle-man” of cellular uptake by APCs and
co-delivery of immunomodulator, since cells are treated ex vivo. Unfor-
tunately, cell-based methods for ASIT are still relatively young and ex-
perimental. Furthermore, the complexity of these systems may create
difficulty inwidespread clinical application due to challenges associated
with manufacturing, high cost, and patient accessibility[125].

6.5. Route of administration

Recently published studies in animals have used a variety of differ-
ent routes of administration including intravenous (IV), intramuscular
(IM), and subcutaneous (SC), with over-arching success. When trans-
lating these therapies to humans and larger animal models, the route
of administration will certainly play an import role in clinical outcomes.
The route of administration dictates the barriers the therapy will face
before reaching the site of action. For example, oral therapies must
migrate through the GI track and often undergo first-pass metabolism
in the liver before entering circulation, whereas IV therapies bypass
these barriers. The route of administration in animals may not be trans-
latable to humans, such as the use of oral antigen administration for
autoimmunity that was found to have minimal clinical efficacy [7,8].

Many of the ASIT strategies utilize the interaction of immune cells in
the lymphatic system in order to skew the immune response toward
tolerance. It has been demonstrated that efficient delivery of vaccine
components to the lymph nodes is critical to mounting an effective
antigen-specific response [127]. By optimizing delivery vehicle size,
drainage to lymph nodes has been achieved from multiple different in-
jection sites [128]. Nanoparticles ranging in size from10 to 200nmhave
been found to drain to the lymph nodes following injection [128]. SC de-
livery has been effective in both passive drainage and active transport
by peripheral macrophages from the site of injection to the lymph
node [115]. IM injection may be more likely to utilize active transport
as immune cells are often recruited to the depot at the injection site
[115]. A unique route of administration, intranodal injection, bypasses
the transport step. Intranodal administration in allergy hyposensitiza-
tion has been shown to safely promote antigen-specific tolerance
while reducing dose size by up to 1000× the dose delivered via conven-
tional routes [129].

Allergy hyposensitization strategies have explored sublingual, in-
tranasal, and oral routes of administration [1]. Sublingual treatment
has yielded the greatest success as it increases convenience while
maintaining the efficacy of the traditional SC therapy [4]. Recently,
three sublingual hyposensitization therapies have been approved by
omodulators: Emerging trends in antigen-specific immunotherapy for
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the FDA to treat grass and ragweed allergies [130]. Historically, intra-
nasal administration of hyposensitization therapy had suffered from a
high number of local adverse events [131]. A new approach utilizing
strips coated with dust-mite allergens reported positive outcomes in a
recent clinical trial [132]. Oral hyposensitization to food allergens has
also had some clinical success; however, there is still concern about se-
rious adverse reactions, which could be addressed via combination
therapy strategies proposed here [131].

7. Conclusion

ASIT has long been the cornerstone of vaccines, arguably one of the
most important healthcare-related inventions. Mechanisms based on
prototypical vaccine design have been effectively adapted for producing
antigen-specific tolerance for allergies (i.e., hyposensitization therapy);
however, the application toward clinical advancement of effective ex-
perimental ASIT therapeutics to treat autoimmune disease(s) has not
been as successful. As outlined above, the approach of vaccines, which
utilize both antigen and immunomodulator (i.e., adjuvant), may hold
the key to developing successful ASIT for autoimmunedisorders and po-
tentially to improve current hyposensitization therapies. Researchers
have seen promising results in an array of experimentalmodels of auto-
immunity by both co-administration and/or co-delivery of autoantigen
and immunomodulator as an enhanced ASIT treatment. Future work
should emphasize the effects of each component alone and together in
combination therapies to enhance our understanding of the mecha-
nisms by which tolerance is induced. As these strategies and experi-
mental therapies evolve and move into the clinic, the outcomes of
these studies may vastly change the way that autoimmune therapy is
approached, especially with the potential to increase efficacy, diminish
side effects, and reduce the lengthy dosing schedule of current hyposen-
sitization therapy. With several recent successful proof-of-principle
studies, there is increased hope that ASIT combination therapy may
hold the potential to cure the disease, rather than just treat and/or pre-
vent disease symptoms.
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