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Abstract
A primary focus in autoimmunity is the breakdown of central and peripheral tolerance resulting in
the survival and eventual activation of autoreactive T cells. As CD4+ T cells are key contributors to
the underlying pathogenic mechanisms responsible for the onset and progression of most
autoimmune diseases, they are a logical target for therapeutic strategies. One method for restoring
self-tolerance is to exploit the endogenous regulatory mechanisms that govern CD4+ T cell activation.
In this review, we discuss tolerance strategies with the common goal of inducing antigen (Ag)-
specific tolerance. Emphasis is given to the use of peptide-specific tolerance strategies, focusing on
ethylene carbodiimide (ECDI)-peptide-coupled cells (Ag-SP) and non-mitogenic anti-CD3, which
specifically target the T-cell receptor (TCR) in the absence of costimulatory signals. These
approaches induce a TCR signal of insufficient strength to cause CD4+ T cell activation and instead
lead to functional T-cell anergy/deletion and activation of Ag-specific induced regulatory T cells
(iTregs) while avoiding generalized long-term immunosuppression.

1. Title: Prospects for Antigen-Specific Tolerance Based Therapies for the
Treatment of Multiple Sclerosis
1.1 Introduction

This chapter will focus on tolerance mechanisms in multiple sclerosis (MS) and it’s mouse
model, experimental autoimmune encephalomyelitis (EAE). An important goal of current
research is to develop new therapies for autoimmune diseases by specifically inhibiting and/
or tolerizing autoreactive CD4+ T cells. Although this chapter focuses on tolerance strategies
that directly target autoreactive T cells in MS and EAE, similar approaches are ongoing in
other autoimmune diseases, as well as in tissue transplantation.

MS is an immune-mediated disease of the central nervous system (CNS) characterized by
perivascular CD4+ and CD8+ T cell and mononuclear cell infiltration with subsequent primary
demyelination of axonal tracks leading to progressive paralysis (Wekerle, 1991). MS is
generally understood to be an autoimmune disease characterized by T cell responses to myelin
basic protein (MBP), proteolipid protein (PLP), and/or myelin-oligodendrocyte glycoprotein
(MOG) (Bernard and de Rosbo, 1991; de Rosbo et al., 1997; Ota et al., 1990), however a
straightforward cause-effect relationship between myelin reactivity and disease pathology has
not been demonstrated.

Characteristically there are four courses of clinical disease in MS: 1) relapsing-remitting, 2)
secondary-progressive, 3) primary-progressive, and 4) progressive-relapsing.
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Correspondingly, there are relapsing-remitting and chronic mouse models of MS, i.e. EAE.
Relapsing-remitting EAE (R-EAE) is characterized by transient ascending hind limb paralysis,
perivascular mononuclear-cell infiltration, and fibrin deposition in the brain and spinal cord
with adjacent areas of acute and chronic demyelination (Paterson and Swanborg, 1988). Given
that the etiology of MS is unknown, the inducing antigen (Ag) has yet to be identified and the
probability that CD4+ T cell respond to multiple epitopes contained within several myelin
proteins are responsible for chronic disease progression, the use of Ag-specific tolerance-based
immunotherapy targeting a single protein is challenging. Furthermore, a pathological role for
epitope spreading is difficult to verify in human MS because the initiating Ag is not known.
In contrast, animal models, such as EAE, have the advantage that the initiating Ag is known.
For example, in the SJL model of disease in which mice are primed with PLP139–151 in complete
Freund’s adjuvant (CFA), PLP139–151-specific CD4+ T cell reactivity in secondary lymphoid
organs is maintained throughout the disease course. Beside the activation of CD4+ T cells
specific for the initiating antigen, PLP178–191-specific CD4+ T cell reactivity arises
(intramolecular epitope spreading) during the first disease relapse, and CD4+ T cells specific
for a myelin basic protein epitope, MBP84–104, arise (intermolecular epitope spreading) during
the second disease relapse (McRae et al., 1995b; Vanderlugt et al., 2000). While Ag-specific
tolerance can be induced in this experimental model as the self peptides are well characterized,
this is not true for humans with MS.

Although the etiology of MS is unknown, both genetic (Ebers et al., 1995) and environmental
factors appear to play a role in susceptibility and initiation of disease. Epidemiological studies
provide strong circumstantial evidence for an environmental trigger, most likely viral, in the
induction of MS (Kurtzke, 1993; Olson et al., 2001b; Waksman, 1995). CNS pathology may
therefore result from bystander myelin damage mediated via T cells targeting a CNS-persisting
virus; and/or from activation of autoreactive T cells secondary to an encounter with a pathogen
directly by molecular mimicry (Fujinami and Oldstone, 1985; Olson et al., 2001a;
Wucherpfennig and Strominger, 1995), or indirectly by epitope spreading resulting from the
release of sequestered antigens secondary to virus-specific T cell-initiated myelin damage
(McRae et al., 1995a; Miller and Karpus, 1994; Miller et al., 1997). It is believed that the
combination of persistent CNS inflammation and resulting myelin/nerve damage produces the
clinical symptoms of MS. In addition to the EAE model of MS, another commonly used and
virally induced model of MS is Theiler’s murine encephalomyelitis virus (TMEV) induced
demyelinating disease (TMEV-IDD) (Dal Canto et al., 1997). TMEV is a naturally occurring
mouse pathogen and disease is induced in recipient mice by intracerebral injection of the
positive strand RNA virus that leads to a primary progressive demyelinating disease (Miller et
al., 1997).

As integral members of the adaptive immune system, CD4+ T cells are key mediators in
multiple phases of the protective immune response by recognizing foreign Ags via their
antigen-specific T cell receptor (TCR) complex during cognate interactions with antigen
presenting cells (APCs) displaying peptide/major histocompatibility complex (MHC) class II
complexes. Thus, an essential characteristic of intrathymic T cell development is the generation
of TCR diversity enabling T cells to respond to an unlimited number of foreign antigens (Ags).
However, one inevitable consequence of TCR diversity is the generation of self-reactive TCRs
creating the potential for autoimmune disease. To balance this, the immune system has
developed regulatory checkpoints that govern lymphocyte development which includes the
biphasic processes of central tolerance which only permits the generation of T cells with a
functional TCR while deleting populations of T cells which express TCRs strongly reactive to
self-peptides (Hogquist et al., 2005). Additionally, the immune system has created peripheral
tolerance mechanisms to safe guard against autoreactive T cells that escape thymic deletion.
Mechanisms of peripheral tolerance include T cell intrinsic mechanisms (ignorance, anergy,
phenotypic skewing/immune deviation and deletion/apoptosis) as well as T cell extrinsic
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mechanisms (induction of tolerogenic dendritic cells (DCs) and/or regulatory T cells (Treg)
(Walker and Abbas, 2002). Thus, when functioning properly, the process of central and
peripheral tolerance ensures the selective generation and regulation of functional, non-self-
reactive T cells.

The breakdown of immune tolerance resulting in the persistence and eventual activation of
autoreactive T cells (Christen and von Herrath, 2004) is a fundamental theme in autoimmunity.
Since CD4+ T cells are key contributors to the underlying pathogenic mechanisms responsible
for the onset and progression of most autoimmune diseases, they are also a logical target for
therapeutic intervention. However, as discussed above, these cells are critical to the induction
of adaptive immunity, thus creating a complex functional dichotomy that underscores the
necessity for active regulatory mechanisms, such as the two-signal hypothesis, and therapeutic
interventions that both promote immunity against foreign Ags, while inhibiting self-directed
responses.

One technique for restoring self-tolerance is to exploit the endogenous regulatory mechanisms
that govern CD4+ T cell activation. Typically, endogenous ligation of the TCR by peptide/
MHC class II alone produces a signal of insufficient strength to activate a CD4+ T cell and can
instead induce functional anergy or deletion. As a consequence, additional APC-derived
costimulatory signals (e.g. CD80/86 engagement of CD28) are required to lower the threshold
required for successful T cell activation. This “two-signal” hypothesis predicts that TCR
stimulation in the absence of costimulatory signals leads to CD4+ T cell anergy, tolerance, and/
or depletion (Sharpe and Freeman, 2002). Therefore, either TCR ligation in the absence of
costimulatory signals or exogenous targeting of the costimulatory pathway would appear to be
a logical target of therapeutic strategies to down-regulate the pathologic functions of
autoreactive CD4+ T cells. In light of this, various therapeutic approaches have been designed
to block autoreactive CD4+ T cell function during autoimmune disease, including the
administration of blocking antibodies directed against a variety of epitopes including CD3,
CD4, CD28, CD40, CD80, CD86, CD154, ICOS, OX40, and 4-1BB, as well as CTLA4-Ig
(Karandikar et al., 1998; Zhang et al., 2003). However, these treatment strategies, if
administered over a long time period, often result in either non-specific immune suppression
or other undesirable side effects. In this chapter techniques with the common purpose of
inducing Ag-specific tolerance by specifically targeting the TCR to avoid detrimental
influences on non-specific/bystander immune processes will be discussed.

1.2 Monoclonal Antibody induced tolerance
In an attempt to further test the two-signal hypothesis, several groups have investigated the
therapeutic potential of anti-CD3 mAb treatment in the absence of costimulatory signals for
the treatment of various autoimmune diseases. However, treatment with an unaltered anti-CD3
mAb is potentially a double-edged sword. While treatment may modify the activity of
pathogenic autoreactive CD4+ T cells, thereby ameliorating autoimmune disease progression,
this therapy may also induce non-specific side effects through the activation of bystander T
cells. For example, the induction of general immunosuppression which increases the patient’s
susceptibility to opportunistic infection and the common occurrence of high-dose syndrome
in which treatment recipients suffer severe side-effects due to the non-specific production of
inflammatory cytokines including TNF-α. Furthermore, cross-linking of CD3 may in some
cases initiate a signal of sufficient strength that eliminates the need for a costimulatory
molecule-induced reduction in the signal threshold required for T cell activation. Due to the
aforementioned complications associated with the use of mitogenic anti-CD3 mAb, structural
alterations have been made to the Fc binding domain so that the deleterious side effects may
be avoided by lowering the level of non-specific T cell signaling. Non-mitogenic anti-CD3
mAb treatments induce lower levels of TCR-mediated signaling (Herold et al., 2003), and it
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is believed that lower levels of TCR-mediated signaling favor immune deviation from a Th1/17
to a Th2 phenotype and the activation of Tregs. In this scenario, the T cell-mediated immune
response is changed from a Th1/17-like (disease-promoting) response, to a Th2-like (disease-
regulating) response.

The therapeutic efficacy of bypassing costimulatory signals has been demonstrated using non-
mitogenic anti-CD3 mAb therapy for the treatment of both EAE and the non-obese diabetic
(NOD) mouse model of type 1 diabetes (TID) (Chatenoud, 2003; Chatenoud et al., 1994; Kohm
et al., 2005). While anti-CD3 mAb treatment causes the functional cross-linking and activation
of the TCR in an Ag-non-specific manner, a humanized form of anti-CD3 mAb, mutated to
prevent binding to Fc receptors (OKT3 Ala-Ala), has had some success in phase I/II clinical
trials for delaying onset of type I diabetes and treating psoriatic arthritis (Herold et al., 2002;
Keymeulen et al., 2005; Pozzilli et al., 2000; Utset et al., 2002). This non-mitogenic anti-CD3
mAb induces a suboptimal level of TCR-mediated signalling (Herold et al., 2003) and the
success of the therapy is thought to be due to multiple mechanisms including anergy induction,
immune deviation and activation of Tregs (Belghith et al., 2003; Kohm et al., 2005).
Administration of the humanized form of non-mitogenic anti-CD3 mAb in patients was
however associated with side effects including a moderate cytokine release syndrome as well
as symptoms of Epstein-Barr viral mononucleosis (Herold et al., 2005). Thus, broad-based
TCR-directed therapies may have other undesired long-term effects on the immune system.

Other studies using monoclonal antibody therapies directed against molecules involved in
lymphocyte/monocyte recruitment and activation include the use of antibodies directed against
α4β1-integrin (VLA4; Tysabri; natalizumab) (Miller et al., 2003; Yednock et al., 1992),
chemokines such as CC-chemokine ligand 3 (CCL3) (Karpus et al., 1995), or pro-inflammatory
cytokines such as lymphotoxin (Ruddle et al., 1990). These and other immunosuppressive
strategies promote the physical deletion or inactivation of entire subsets of T cells or cause
non-specific inhibition of Ag presentation, pro-inflammatory cytokine production or T-cell
trafficking. All of these strategies can compromise the ability of the host to combat
opportunistic pathogens and/or increase the risk of neoplasia. This is illustrated by the recent
deaths from progressive multifocal leukoencephalopathy (PML), an infection of the CNS by
JC virus, which destroys myelin-producing oligodendrocytes, of several participants in an MS
clinical trial following treatment with Tysabri (Khalili et al., 2007). Thus, Ag-specific tolerance
strategies have the best therapeutic potential, but their success requires a more precise
understanding of the autoantigen(s) and epitope(s) involved in the ongoing pathogenesis of a
particular autoimmune disease.

1.3 Antigen specific induced tolerance induction
The direct targeting of autoreactive T cells is the ideal treatment strategy for autoimmune
disease, resulting in Ag-specific unresponsiveness without global immunosuppression. There
are currently four different protocols employed for inducing peptide-specific immune
tolerance: altered peptide ligand (APL)-induced tolerance, mucosal (oral–nasal)-induced
tolerance, soluble-peptide-induced tolerance, and ECDI-coupled-cell-induced tolerance. Each
of these methods of peptide-specific tolerance induction is briefly discussed in the following
section, as well as their putative mechanisms of action.

1.3.1. Altered peptide ligand (APL) induced tolerance—APLs are peptide analogues
that bind to the same TCR, but elicit different functional responses as compared to the native
autoepitope (Anderton and Wraith, 2002). APLs compete with the naïve peptide for TCR
binding, altering the cascade of signalling events necessary for full T cell activation. APLs
contain one or more amino-acid substitutions, typically binding with lower affinity to the TCR
than the native peptide and function as either antagonists or partial agonists. Antagonistic APLs
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induce T cell anergy, while partial-agonist APLs induce incomplete activation of T cells. This
partial activation can induce cytokine production in the absence of proliferation, thereby
inducing immune deviation from Th1- and Th17-cell dependent responses to Th2- and Th3-
cell dependent responses, or bystander suppression through the induction of Tregs (Nicholson
et al., 1997; Young et al., 2000). A number of groups have tested the therapeutic efficacy of
APLs of various myelin epitopes in treating established CNS autoimmune disease. In vivo
administration of these myelin APLs were reported to prevent or reverse clinical disease
progression in EAE, and were effective regardless of the route of administration, including
subcutaneous (s.c.), intraperitoneal (i.p.) in incomplete Freund’s adjuvant, intranasal (i.n.), or
intravenous (i.v.) routes (Nicholson and Kuchroo, 1997; Samson and Smilek, 1995; Wraith et
al., 1989). Disease prevention with APLs of PLP139–151 is associated with the induction of
Th2-cell differentiation. In support of immune deviation as the mechanistic basis of APL
treatment, therapeutic clones responsive to PLP139–151-derived APLs have been shown to
produce IL-4, IL-10, IL-13, and TGF-β, all of which are believed to suppress EAE, and
antibodies directed against each of these cytokines attenuate the protective influence of APL-
mediated treatment in EAE (Nicholson et al., 1995).

APLs with substitutions at amino-acid positions necessary for TCR engagement, that compete
with the natural ligand and interfere with T cell activation, have also been tested in clinical
trials. As discussed previously, APL therapy successfully inhibits EAE, however two separate
MS Phase II clinical trials testing an APL of MBP83–99, the immunodominant HLA-DR2-
restricted MBP T cell epitope, were halted due to safety concerns (Bielekova et al., 2000;
Kappos et al., 2000). The number of CNS lesions of patients undergoing therapy were assessed
by MRI and incidence of clinical relapse and hypersensitivity reactions were monitored.
Participants in the first study, which included only eight patients tested at a 50 mg dose,
demonstrated a higher incidence of MS exacerbations, as determined by both MRI and clinical
criteria, and the APL cross-stimulated self-antigen reactive Th1 cells (Bielekova et al., 2000).
A second double-blind, placebo-controlled study included 142 patients receiving various APL
doses (Kappos et al., 2000) and was halted because 9% of patients (mostly in the group
receiving the highest dose) developed hypersensitivity reactions. A potential problem with this
approach is that a particular APL may be antagonistic for certain T cell clones, but at the same
time serve as an agonist or super-agonist for peptide-specific clones expressing different TCRs.
These studies aptly demonstrate the difficulty in moving from animal model to human patient.

In order to induce peptide-specific tolerance and for the effective prevention and treatment of
disease, it is hypothesized that either the peptide(s) responsible for disease induction or the
dominant peptide(s) driving ongoing autoimmunity must be identified. However, the
development of glatiramer acetate (GA, Teva Pharmaceuticals), a random mixture of
glutamine, lysine, alanine, and tyrosine peptides of various lengths, is thought to act as an APL
for the treatment of patients with MS by simulating MBP reactive T cells (Bornstein et al.,
1987; Duda et al., 2000; Neuhaus et al., 2000). Recent studies suggest that GA induces immune
deviation from a Th1/Th17 cell-type response to a Th2 cell-type response and does not induce
anergy or the deletion of the autoreactive T cells (Aharoni et al., 1999). In contrast to the
aforementioned trials using the MBP APL, GA is the only approved semi-Ag-specific approved
drug for the treatment of MS. Although GA appears to be well tolerated, 10% of patients
experience a transient systemic post-injection reaction characterized by flushing, chest
tightness, palpitations, dyspnea, and anxiety (Korczyn and Nisipeanu, 1996). As with all
approved MS therapies, treatment requires daily s.c. injections and is beneficial to only a
minority of MS patients (Johnson et al., 1995).

1.3.2 Mucosal tolerance—Tolerance induced by the mucosal (oral/nasal) route is
biologically relevant as individual foreign dietary Ags are normally tolerated by the host, except
in the case of food allergy. T cells found within the gastrointestinal (GI) tract are exposed
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regularly to ingested foreign Ags, yet they remain largely unresponsive to these non-self Ags.
GI surfaces are constantly exposed to exogenous foreign Ags and allow for protective tolerance
against some (primarily food) Ags while at the same time serving as an immunological defence
against other harmful (pathogenic) Ags. For this reason, the induction of tolerance using the
mucosal route for the administration of soluble Ags is appealing as it is antigen-specific, is a
relatively easy method of administration, and it carries decreased risk of toxicity when
compared with the parenteral injection of soluble Ag.

The efficiency of oral tolerance is dependent on various factors including the animal model
employed, type of Ag, and the whether a high or low treatment dose is used (Faria and Weiner,
1999; Mayer and Shao, 2004; Mowat et al., 1982). High-dose oral tolerance results in the
induction of anergy or deletion of peripheral Ag-specific T cells (Bitar and Whitacre, 1988;
Whitacre et al., 1991). At high doses, Ag can diffuse through the GI wall and into the systemic
circulation, where it can induce T cell unresponsiveness via anergy and/or deletion. By contrast,
low doses of oral Ag act by bystander suppression via activation of regulatory-cell-driven
tolerance within the target organ (Chen et al., 1994; Khoury et al., 1992). Low-dose antigen is
taken up by mucosa-associated APCs that activate Tregs to secrete suppressive cytokines, such
as TGF-β, IL-4 and IL-10 (Miller et al., 1992a). Thus, the induction of tolerance using high
doses of Ag is believed to act by mechanisms that directly influence CD4+ T cells, whereas
the use of low doses is believed to induce tolerance by indirect bystander suppression.

Oral Ag administration has been shown to suppress the initiation of disease in multiple animal
models of autoimmune disease, including EAE, uveitis, and colitis, as well as asthma (Faria
and Weiner, 2006; Mowat et al., 2004; Weiner, 2004). Multiple studies in EAE have shown
that pre-administration of soluble myelin peptides by the oral or nasal routes protects against
disease induction (Metzler and Wraith, 1993), however attempts to treat EAE following onset
of clinical symptoms with oral tolerance have been less successful (Bai et al., 1998; Bai et al.,
1997; Benson et al., 1999; Karpus et al., 1996; Kennedy et al., 1997; Meyer et al., 1996) without
the addition of other compounds such as soluble IL-10 delivered either orally or nasally (Slavin
et al., 2001). In addition, treatment with orally administered bovine MBP in MS clinical trials
proved unsuccessful as a therapy (Barnett et al., 1998; Faria and Weiner, 2006; Weiner,
2004; Weiner et al., 1993). Thus, oral tolerance appears to be effective at preventing the
induction of EAE, but it is significantly less effective in treating pre-established EAE and MS.
While the use of mucosal tolerance remains an attractive possibility for the induction of
tolerance, this therapy is currently limited in its ability to induce tolerance in ongoing disease,
which restricts its potential for treating human autoimmune disease.

1.3.4 Soluble peptide tolerance—Injection of high doses of soluble peptides leads to a
state of anergy by blocking T cell proliferation and/or IL-2 cytokine production upon re-
stimulation with the cognate peptide (Burstein et al., 1992; Critchfield et al., 1994; Gaur et al.,
1992). Upon encountering a high-dose of Ag, T cells undergo an initial burst of proliferation
and on repeated encounter are rendered anergic or deleted due to activation induced cell death
(AICD) (Critchfield et al., 1994; Racke et al., 1996). For this reason, it has been hypothesized
that tolerance induced by soluble peptides may be useful for Ag-specific immunotherapy for
human autoimmune diseases. For example, the induction of tolerance to MBP was examined
in a Phase I clinical trial in patients with primary-progressive MS using a peptide that is
immunodominant for MBP-specific T cells and B cells. The induction of tolerance was
monitored by quantification of MBP-specific autoantibodies in cerebrospinal fluid (CSF).
Following a single i.v. injection of MBP85–96 peptide, autoantibodies were undetectable for
3–4 months in the CSF of these patients and tolerance was more prolonged following a second
injection (Warren et al., 1997).
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A cautionary note for the use of i.v. injected soluble-myelin peptide monomers or oligomers
as a therapy in mice with pre-established adjuvant-induced EAE, is that this treatment regimen
was found to induce a fatal anaphylactic response in various mouse strains (Smith et al.,
2005). Furthermore, i.v. administration of soluble MOG in a primate model of EAE was shown
to exacerbate disease (Genain et al., 1996). Due to the highly variable outcome of treatment
soluble-peptide-induced tolerance, there is currently a significant level of uncertainty regarding
its safety. Anaphylactic responses to i.v. soluble peptide administration appear to occur in an
Ag-specific manner, such that the same Ag must be administered during both the initial
sensitization phase and the re-challenge phase to induce the effect. In light of the fact that
recurrent tolerogenic treatments may be required to ameliorate disease progression, soluble-
peptide-induced anaphylaxis is a significant safety concern. Contributing to the complications
of i.v. administered soluble-peptide-induced anaphylaxis is the observation that not all
autoantigens induce anaphylaxis. Moreover, the capacity of specific Ags to induce an
anaphylactic response has been reported to directly correlate with the thymic expression of
each Ag, such that if the self-peptide is expressed in the thymus and therefore is subject to
central tolerance, anaphylaxis does not occur (Pedotti et al., 2001). This hypothesis is however
not supported by findings from our laboratory that showed that equivalent levels of anaphylaxis
were induced in mice with pre-established EAE regardless of whether or not the peptide was
expressed in the thymus. For example, MBPAc1–11 and MBP84–104 are expressed in the thymus,
whereas PLP139–151 and MOG35–55 are not, yet all four peptides equally induced anaphylaxis
when the soluble peptide was administered to mice with actively-induced EAE (Smith et al.,
2005). In addition, the capacity of a specific self-Ag to elicit an anaphylactic response failed
to correlate with its ability to induce an antibody (Ab) response; PLP178–191, which is a B cell
epitope and induces IgG production, failed to promote anaphylactic shock during autoimmune
disease treatment (Smith et al., 2005). Although i.v. administration of soluble peptides has
been shown to ameliorate EAE in an Ag-specific manner, the technique has significant efficacy
and safety concerns.

1.3.5 ECDI-peptide-coupled cell induced tolerance—One of the more promising
modes of tolerance induction for prevention and treatment of autoimmune diseases, as well as
in preventing transplant rejection, is the i.v. treatment with Ag-coupled, ethylene carbodiimide
(ECDI)-fixed splenocytes (referred to as Ag-coupled cells, Ag-SP). Treatment with Ag-SP is
a powerful method to induce anergy in vitro and peripheral tolerance in vivo (Miller et al.,
1995a; Miller et al., 1979), as i.v. injection of myelin-Ag-coupled cells induces rapid and long-
lived Ag-specific tolerance in mice with EAE. The fixation of donor cells with ECDI in the
presence of Ag results in the formation of peptide bonds between free amino and carboxyl
groups, which binds the peptide to the cells. Specific peptides as well as intact proteins can be
used to induce tolerance with this method.

Experimentally, this tolerogenic method not only prevents the onset of EAE in mice, but is
also an effective treatment for ameliorating the progression of established disease in both the
active and adoptive transfer models of EAE by tolerizing host CD4+ T cells that are specific
for spread epitopes (Kennedy et al., 1990a; Kennedy et al., 1990b; Su and Sriram, 1991;
Vandenbark et al., 1996; Vanderlugt et al., 2000). The induction of tolerance by Ag-SP
treatment has also been shown to be an effective therapy in other disease models, including
experimental autoimmune thyroiditis (Braley-Mullen et al., 1980), uveitis (Dua et al., 1992),
and neuritis (Gregorian et al., 1993) and in the NOD model of diabetes (Fife et al., 2006). Ag-
SP therapy appears to be non-toxic and well tolerated at all stages of disease progression. Unlike
soluble-peptide therapy, in which the tolerizing Ag can induce an anaphylactic response
resulting in the death of treated mice, Ag-SP therapy does not induce an anaphylactic response
regardless of the Ag used (Pedotti et al., 2001; Smith et al., 2005).
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I.v. administration of myelin antigen- or peptide-coupled splenocytes is a highly efficacious
way to regulate EAE in mice and rats. Pre-tolerization of mice with the initiating myelin protein
or epitope inhibits the induction of disease in various active R-EAE models. In addition, Ag-
SP inhibit the expression of R-EAE when administered shortly after the adoptive transfer of
pre-activated neuroantigen-peptide-specific T cells or during disease remission (Karpus et al.,
1994; Miller and Karpus, 1994; Miller et al., 1995a; Miller et al., 1992b; Tan et al., 1991;
Vanderlugt et al., 2000). The induction of peripheral tolerance with Ag-SP has also been useful
for defining immunodominant myelin proteins within the myelin sheath and immunodominant
epitopes within myelin proteins. For example, MBP84–104-specific tolerance significantly
inhibits relapsing-remitting EAE initiated by MBP-primed lymph-node-derived T cells and
PLP139–151-specific tolerance significantly inhibits active R-EAE induced by either mouse
spinal cord homogenate (MSCH) or intact PLP. This indicates that the MBP84–104 and
PLP139–151 peptides are immunodominant in their respective proteins, but also that other
epitopes also contribute to disease induced by the intact proteins (McRae et al., 1995a; Miller
and Karpus, 1994; Miller et al., 1995a; Miller et al., 1992b; Miller et al., 1995b; Tan et al.,
1992). Ag-SP tolerance has also helped define the specificity and pathological contribution of
epitope spreading to endogenous myelin epitopes in clinical relapses. Tolerance studies showed
a major pathological contribution of PLP139–151-specific T cells to the relapses in
MBP84–104-induced R-EAE and of PLP178–191-specific T cells to relapses in the PLP139–151-
induced EAE and that responses to the initiating epitope do not play a major role in the chronic
disease phase (McRae et al., 1995a; Miller et al., 1995a; Tan et al., 1991; Vanderlugt et al.,
2000; Vanderlugt and Miller, 1996).

In a virally induced model of MS, TMEV, pre-tolerance with TMEV-coupled cells was found
to induce ‘split-tolerance’. This split-tolerance is due to the tolerization of virus-specific Th1-
cells, concomitant with activation of virus-specific Th2-cell responses (Karpus et al., 1994;
Peterson et al., 1993). Split-tolerance was characterized by a decrease in virus-specific delayed-
type hypersensitivity (DTH) and IgG2a Ab responses, but a normal to elevated IgG1 Ab
response compared to sham tolerized control mice (Peterson et al., 1993). Likewise, the level
of T cell-dependent IL-2 and IFNγ produced were decreased upon re-challenge with viral
epitopes, but no change was observed in Th2-cell-derived (IL-4) cytokine levels. ECDI-fixed
peripheral-blood lymphocytes (PBLs) coupled with MBP peptides also selectively induced
anergy in vitro in human Th1-cell but not Th2-cell clones (Vandenbark et al., 2000). While
oral administration of soluble PLP139–151 to SJL mice efficiently prevented acute and relapsing
EAE induced by either PLP139–151 or intact PLP (Karpus et al., 1996), tolerance induced with
PLP139–151-coupled cells significantly down-regulated ongoing adoptive R-EAE when
administered at either disease onset or the peak of acute disease, whereas oral tolerance is not
effective at these time points (Kennedy et al., 1997).

The mechanism(s) underlying Ag-SP-induced tolerance has yet to be fully elucidated, however
the route of administration, dosage, levels of costimulation (the two-signal hypothesis), Th cell
polarization and Treg cell induction are all likely factors that contribute to the efficacy of
treatment. A likely mechanism for Ag-SP tolerance is by suboptimal T cell activation through
the engagement of the TCR in the absence of costimulation. In vitro studies revealed that ECDI-
treated splenocytes pulsed with soluble peptide Ag are unable to deliver critical costimulatory
signals for activation of Th1 clones leading to anergy (Jenkins and Schwartz, 1987). Data from
our laboratory demonstrates that the effectiveness of Ag-SP tolerance in PLP139–151-induced
EAE in the SJL mouse is dependent on having a low level of CD80 and CD86 expression on
the fixed APCs (Eagar et al., 2002). This is further supported by the observation that blocking
CTLA-4:CD80/CD86 interaction at the time of secondary antigen encounter reverses the
tolerized state (Eagar et al., 2004). Programmed cell death ligand-1 (PDL-1)/PD1 engagement
has also been demonstrated to be important for the maintenance of insulin-coupled-cell-
induced tolerance in the NOD diabetes model (Fife et al., 2006) and in islet graft transplant
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survival with allogeneic-coupled-cell-tolerance (X. Lou and S. D. Miller, submitted). The
efficiency of this therapy is also critically dependent upon i.v. administration of antigen-
coupled cells, whereas neither i.p. nor s.c. injection are effective at inducing tolerance, with
the latter actually enhancing immune responses to the target Ag (Tan et al., 1992). Furthermore,
ECDI fixation of the cells is absolutely necessary for the induction of tolerance, however, de
novo Ag processing by the donor cells is not a contributing factor as the inclusion of Ag-
processing inhibitors in the coupling reaction does not reverse the tolerance phenotype (Pope
et al., 1992).

The mechanism of Ag-SP tolerance is believed to be two-fold through both direct and indirect
interaction of the Ag-SP and recipient T cells (Fig. 1). We have hypothesized that direct
induction of tolerance occurs via interaction of host autoreactive CD4+ T cells with the donor
Ag-SP cells and is strongly dependent on costimulation. Alternatively indirect tolerance can
occur through re-presentation of the bound Ag by host APCs such as splenic macrophages, B
cells and immature dendritic cells (DCs,) that phagocytize the donor Ag-SP and re-process and
represent the bound antigen to host T cells in a tolerogenic fashion in a costimulatory-deficient
manner (Turley and Miller, 2007). Ag-SP tolerance induction occurs even if the donor cells
are coupled with intact proteins or if they are derived from donors that are deficient in MHC
class I and/or MHC class II molecules, however twice the number of donor MHC deficient
donor cells are required to induce levels of protection equivalent to that of syngeneic MHC-
expressing donor cells. Additionally, ECDI fixation actively induces apoptosis of the donor
cells (Turley and Miller, 2007) likely assisting in the ability of the peptide-coupled allogeneic
derived donor cells to tolerize recipient T cells. In addition to these findings, tolerance is
inhibited in splenectomized recipients (D. M. Turley and S. D. Miller, unpublished
observations) suggesting the requirement for a recipient splenic APC population for re-
presentation of Ag in a tolerance-inducing manner. Tolerizing Ag can also be coupled to donor
red blood cells (RBCs) to induce tolerance capable of both prevent disease induction and treat
ongoing EAE (D. M. Turley and S. D. Miller, unpublished observations). The use of RBCs as
donor carrier cells greatly increases to the clinical efficacy of Ag-SP as a therapy for MS as
RBCs are more readily available than purified APCs. Collectively this data suggests that ECDI
non-specifically cross-links Ag to the cell surface while inducing apoptosis, which allows for
the donor cells to be perceived by the host in a non-immunogenic fashion in the spleen. This
would aid in the ability of immature/tolerogenic host splenic APCs to re-process and re-present
the coupled Ag in a tolerance-inducing manner.

Another interesting aspect of Ag-SP tolerance is the finding that multiple peptides can be
coupled to a donor cell, allowing for the simultaneous targeting of multiple T cell specificities.
This may be critical for directed tolerance therapy of chronic autoimmune diseases, in which
responses to multiple tissue Ags, activated by epitope spreading, are likely important in
sustaining the destruction of self-tissue (Smith and Miller, 2006). T cells removed from the
CNS of mice with ongoing EAE that were tolerized at the peak of the acute clinical stage of
disease with Ag-SP also make increased amounts of the anti-inflammatory cytokines IL-10
and TGFβ, compared with control mice, although the levels of these cytokines in the periphery
remain roughly equivalent to control mice (Smith and Miller, 2006). This pattern of increased
regulatory cytokine production is suggestive of an increase in natural Treg function in ongoing
EAE. Tregs appear to have a role in Ag-SP tolerance and are required for the long-term
maintenance of tolerance, but are not necessary for tolerance induction (E. Feeny, S. D. Miller,
unpublished observations). However the opposite was found in the allogeneic-coupled-cell
tolerance in islet transplant survival, Tregs were found to be required for tolerance induction
(X. Lou, et al., submitted). Additionally, the necessity of Treg cells in adoptively transferred
tolerance also suggests that a regulatory population of cells is either induced, activated and/or
expanded by the administration of Ag-SP (C. Smith and S. D. Miller, unpublished observations)
and necessary for the transfer of tolerance. Based on the current success of Ag-SP cell tolerance
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in treating EAE, this therapy is in the final stages of toxicity testing for an initial Phase I/IIa
clinical trial designed to test the safety and efficacy of this therapy in treating new-onset RRMS
patients. It is proposed to intravenously re-infuse autologous peripheral blood leukocytes
(PBLs), collected from patients using leukocytapharesis, ECDI-coupled with a cocktail of 5–
7 previously identified immunodominant myelin peptides including MBP13–32, MBP111–129,
MBP83–99, MBP146–170, MOG1–20, MOG35–55 and PLP139–154 which cause T cell expansion
in peripheral blood T cells of MS patients (Bielekova et al., 2004). The goal is to induce long-
term tolerance in effector autoreactive T cells as well as to prevent future relapses by tolerizing
naïve T cells specific for potential endogenously released myelin epitopes without
compromising immune responses to foreign pathogens. Our data demonstrating the use of
RBCs as efficient donor ECDI-fixed carrier cells to induce tolerance lends support to the
clinical efficacy of Ag-SP tolerance induction for the treatment of human autoimmune disease.

1.4 Conclusions
When moving research studies from the lab to the clinic, it is necessary to keep in mind that a
contributing factor to the variable results gained from Ag-specific tolerance approaches which
are initially used for treatment of disease models in inbred mice and those observed to date in
humans in the clinical setting is likely the effect of the diverse nature of human MHC
polymorphisms. Continued research to better understand the underlying molecular
mechanisms of tolerance and to enhance the specificity and efficacy of each of these treatment
strategies, perhaps using combinatorial approaches, is thus necessary to deal with the
complexity of the human immune system.

The development/identification of therapeutics that either inhibit signalling intermediates
necessary for T cell activation or activate T cell anergy-associated signalling intermediates,
when used in combination with therapies such as Ag-SP presents a possible combinatorial
strategy that may increase therapeutic efficacy. Therefore, continued research to enhance
specificity and efficacy of treatment in Ag-SP as well as the other aforementioned antigen-
specific strategies is necessary in both animal models as well as in the clinic with advanced
patient screening using modern genomic and pharmacogenomic techniques. The use of these
tolerogenic approaches in combination with non-Ag-specific therapies also has the potential
to one day provide ‘tailored therapy’ to deal with the complexity of the human immune system.
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Fig. 1. Potential Mechanisms of ECDI-fixed Ag-coupled cell (Ag-SP) Tolerance
(A) Schematic representation of Ag-SP formation. Donor cells [bulk splenocytes or red blood
cells (RBCs)] are fixed with ethylene carbodiimide (ECDI) in the presence of peptide for 1
hour at 4°C to generate Ag-SP. (B–D) Possible mechanisms of Ag-SP-induced tolerance: Ag-
SP can induce tolerance by direct (B) or indirect mechanisms (C, D). (B) Donor Ag-SP can
directly interact with host antigen-specific T cells delivering signal 1 (MHC/peptide:TCR)
without signal 2 (co-stimulation; B7-1,-2/CD28; CD40/CD40L), rendering the cells anergic.
(C) Alternatively Ag-SP can induce indirect or cross-tolerance as the donor Ag-SP undergo
apoptosis, leading to phagocytic uptake by host splenic antigen presenting cells (APCs), which
then can present peptide fragments to host T cells inducing anergy. (D) Another possible
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mechanism for Ag-SP tolerance is the indirect generation/expansion of a Th2 or regulatory T
cell (Treg) population, which through bystander suppression can also render antigen-specific
CD4+ T cells tolerant.
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