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Restoring the balance: immunotherapeutic combinations for
autoimmune disease
Dawn E. Smilek1,*, Mario R. Ehlers1 and Gerald T. Nepom1,2

ABSTRACT
Autoimmunity occurs when T cells, B cells or both are inappropriately
activated, resulting in damage to one or more organ systems.
Normally, high-affinity self-reactive T and B cells are eliminated in the
thymus and bone marrow through a process known as central
immune tolerance. However, low-affinity self-reactive T and B cells
escape central tolerance and enter the blood and tissues, where they
are kept in check by complex and non-redundant peripheral
tolerance mechanisms. Dysfunction or imbalance of the immune
system can lead to autoimmunity, and thus elucidation of normal
tolerance mechanisms has led to identification of therapeutic targets
for treating autoimmune disease. In the past 15 years, a number of
disease-modifying monoclonal antibodies and genetically engineered
biologic agents targeting the immune system have been approved,
notably for the treatment of rheumatoid arthritis, inflammatory bowel
disease and psoriasis. Although these agents represent a major
advance, effective therapy for other autoimmune conditions, such as
type 1 diabetes, remain elusive and will likely require intervention
aimed at multiple components of the immune system. To this end,
approaches that manipulate cells ex vivo and harness their complex
behaviors are being tested in preclinical and clinical settings. In
addition, approved biologic agents are being examined in
combination with one another and with cell-based therapies.
Substantial development and regulatory hurdles must be overcome
in order to successfully combine immunotherapeutic biologic agents.
Nevertheless, such combinations might ultimately be necessary to
control autoimmune disease manifestations and restore the tolerant
state.

distinguish components of self from foreign invaders that need to
be destroyed. A combination of genetic factors and environmental
triggers can lead to disruption of immune tolerance. The
underlying mechanisms are only partially understood, but could
involve loss of balance between effector and regulatory
components of the immune system (Bluestone, 2011). Restoration
of the tolerant state is an important goal in the treatment of
autoimmune diseases (Nepom et al., 2011). In this context,
tolerance can be operationally defined as ongoing control of the
manifestations of autoimmune disease following therapeutic
intervention, without the need for chronic immunosuppressive
medications.
Years of research in both animals and humans have led to the
elucidation of many cellular and molecular mechanisms by which
normal immune tolerance operates to prevent the onset of
autoimmunity. A detailed discussion of tolerance mechanisms is
beyond the scope of this article: these mechanisms have been
reviewed in detail previously (Goodnow et al., 2005; Bluestone,
2011), and only a general overview of the elements of immune
tolerance will be provided below. The results and conclusions of
these studies have led to the identification of a large number of
potential therapeutic targets, many of which are currently being
explored in the preclinical or clinical trial setting. This Review will
highlight selected examples, and will describe how combining these
agents could more effectively restore the tolerant state in
autoimmune disease.
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Our contemporary understanding of the normal development of
immune tolerance can be dated to the 1940s, when hematopoietic
chimerism was observed in fraternal cattle twins that shared a
common circulatory system in utero (Owen, 1945). These cattle
twins did not reject one another’s grafted skin, and subsequent work
experimentally reproduced these findings in mice (Billingham et al.,
1953). Extensive work in the intervening decades has shown that
immune tolerance normally occurs by both central and peripheral
mechanisms (Fig. 1). Central tolerance involves a complex
developmental process whereby antigen-specific T and B cells
(components of the adaptive immune system) are eliminated if they
express high-affinity receptors for self-components. As detailed
below, this occurs in the thymus (for T cells) and bone marrow (for
B cells), and affects newly developing lymphocytes. Peripheral
tolerance mechanisms come into play to suppress autoreactive T and
B cells that have escaped into the periphery. Numerous mechanisms
operate to maintain immune tolerance, involving multiple cell types
and pathways that are designed to balance the need to avoid
unwanted immune activation with the important need to maintain a
diverse immune system. Indeed, pathogens frequently evolve
virulence factors that take advantage of tolerogenic immune
pathways specifically to evade immunity, providing selective

1
The Immune Tolerance Network, 185 Berry Street #3515, San Francisco,
CA 94107, USA. 2The Benaroya Institute, 1201 Ninth Avenue, Seattle, WA 98101,
USA.

*Author for correspondence (dsmilek@immunetolerance.org)
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted
use, distribution and reproduction in any medium provided that the original work is properly
attributed.

503

Disease Models & Mechanisms

Introduction

Autoimmune diseases, such as rheumatoid arthritis (RA) and type
1 diabetes (T1D), have been defined as clinical syndromes that
result from inappropriate activation of T cells, B cells or both, such
that damage to one or more organ systems occurs (Davidson and
Diamond, 2001). The immune system normally functions to
recognize and defend against foreign pathogens by utilizing a
highly diverse repertoire of specific immune receptors. A large
number of these immune receptors recognize self-components, and
must be eliminated or silenced by a process known as immune
tolerance. The immune system, therefore, develops the ability to

Mechanisms of immune tolerance and disruption in
autoimmunity
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Fig. 1. Tolerance mechanisms in T
cells and B cells. Central tolerance
occurs when high-affinity self-reactive T
cells and B cells are eliminated in the
thymus and bone marrow, respectively.
Low-affinity self-reactive T cells and B
cells escape central tolerance and
enter the periphery, where they are
kept in check by complementary and
non-redundant peripheral tolerance
mechanisms.
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Negative selection

Negative selection of early developing autoreactive T cells occurs
in the thymus and is dependent on the autoimmune regulator Aire,
a transcription factor that promotes ectopic expression of tissuespecific antigens on medullary thymic epithelial cells (Anderson et
al., 2002; Anderson and Su, 2011). This central tolerance
mechanism allows T cells to encounter tissue-specific antigens in
the thymus and undergo deletion. Defects in Aire are associated with
the development of multi-organ autoimmune syndromes in both
mice and humans (Nagamine et al., 1997; Aaltonen et al., 1997;
Anderson et al., 2002; Ramsey et al., 2002; Anderson and Su, 2011).
T cells that express low-affinity receptors for self-components
escape negative selection, and join the mature T-cell repertoire.
Thus, immune tolerance must be reinforced and maintained in the
periphery by a number of additional mechanisms, including anergy,
exhaustion and immune regulation (Goodnow et al., 2005;
Bluestone, 2011). Each of these mechanisms has been studied in
detail, leading to the identification of checkpoints that could be
defective in autoimmunity (Fig. 2) and thus represent targets for
immunotherapeutic intervention.
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T-cell anergy

T-cell anergy refers to the inactivation of lymphocytes, which
undergo intrinsic molecular changes that prevent them from
mediating effector functions (Jenkins and Schwartz, 1987; Choi and
Schwartz, 2007). Specific recognition of antigen by T cells is
generally understood to be necessary but not sufficient for T-cell
activation, and additional co-stimulatory signals are required for T
cells to develop effector status. A two-signal model for immune
activation was proposed in 1970 (Bretscher and Cohn, 1970), and
co-stimulatory molecular families required for activation of T cells
were later identified and their functions characterized. Costimulatory signals are mediated by families of cell surface proteins
such as CD28, and T-cell activation signals that occur in the absence
of CD28 co-stimulation can result in T-cell anergy (Harding et al.,
1992; Bour-Jordan et al., 2011).
Inhibitory immunoregulatory signals

Cell surface molecules such as CTLA-4 and PD-1 deliver inhibitory
immunoregulatory signals that are thought to be crucial to the
maintenance of normal immune tolerance (Linsley et al., 1991;
Krummel and Allison, 1995; Freeman et al., 2000; Carter et al.,
2002; Watanabe and Nakajima, 2012; Okazaki et al., 2013). Cancer
immunotherapy with antibodies against PD-1 and the corresponding
PD-L1 ligand has recently been shown to be effective in treating
certain types of cancer, presumably by potentiating the immune
response to tumor antigens (Brahmer et al., 2012; Topalian et al.,
2012; Wolchok et al., 2013). Successful interference in these
inhibitory pathways in cancer trials is frequently accompanied by
adverse autoimmune syndromes, however, such as inflammatory
bowel disease or thyroiditis. This indicates a role for the CTLA-4
and PD-1 inhibitory molecules in normal tolerance mechanisms.
Disruption of PD-1 in mice results in the development of a lupus-
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pressures that could explain the evolution of so many complex and
non-redundant tolerance mechanisms.
Within the immunological framework, there are several key points
where functional balance is poised between a tolerant state and
undesired immune reactivity, and that provide a guide to the variety
of immune components that could be therapeutically targeted to
restore a state of immune tolerance. T and B cells undergo tolerance
by related but distinct mechanisms, which will be discussed
separately. In addition, the important contribution to immune
tolerance of innate immune cells, which lack antigen-specific
receptors, will be discussed.
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Fig. 2. Tolerance pathways are targets for immune intervention in
autoimmune states. A variety of mechanisms influence the balance of the
regulatory and effector arms of the immune system. Strategies for treating
autoimmunity target these pathways, such that insufficient regulatory
mechanisms are enhanced and inappropriate activation mechanisms are
diminished.

like autoimmune syndrome, and defects in PD-1 have been
implicated in a number of other animal models of autoimmunity
(Nishimura et al., 1999; Fife et al., 2006; Gianchecchi et al., 2013).
The sustained expression of PD-1 is associated with T-cell
exhaustion in the setting of chronic viral infection (Wherry et al.,
2007; Virgin et al., 2009; Wherry, 2011), and exhaustion associated
with PD-1 might support the maintenance of tolerance in lowaffinity autoreactive T cells that escape deletion in the thymus and
are chronically exposed to components of self in the periphery.

predominantly regulatory effects in the context of inflammation and
might be beneficial in maintaining tolerance and preventing
autoimmunity (Surh and Sprent, 2012; Ng et al., 2013). IL-6 is a key
cytokine that has been implicated in autoimmune disease; it supports
the development of IL-17-producing T effector cells (Th17) and
antagonizes the development of Tregs. This makes IL-6 a potentially
powerful target for tolerance-generating therapies (Bettelli et al.,
2006; Korn et al., 2008).
A number of other cytokines also have major roles in regulating
immune function. T-effector and Treg survival and function are
both dependent on IL-2, and the balance of the two opposing cell
types could be influenced by the relative concentration of IL-2 or
by an IL-2 signaling threshold effect that can lead to autoimmunity
if disrupted (Tang et al., 2008; Boyman and Sprent, 2012). The
homeostatic cytokine IL-7 supports T-cell survival under normal
conditions (Schluns et al., 2000; Tan et al., 2001; Barthlott et al.,
2003; Fry and Mackall, 2005). However, in the setting of
lymphodepletion (loss of lymphocytes), IL-7 levels rise and could
allow low-affinity autoreactive T cells to survive and proliferate
when they otherwise would not (Kassiotis et al., 2003; Kieper et
al., 2004; Goodnow et al., 2005; Tchao and Turka, 2012).
Lymphodepletion and homeostatic expansion have been implicated
in mouse and rat models of diabetes (Hornum et al., 2002;
MacMurray et al., 2002; King et al., 2004), and could explain the
association between autoimmunity and certain viral infections
that can cause lymphopenia (abnormally low levels of
lymphocytes).

Regulatory T cells

Cytokines

Soluble factors or cytokines also play a role in the induction and
maintenance of immune tolerance. IL-17 and interferon-γ have both
inflammatory and homeostatic activities, and, when dysregulated,
can promote autoimmunity. In contrast, IL-10 and TGF-β have

B cells: deletion or receptor editing

Developing B cells that express immunoglobulin receptors with
high affinity for self-components also undergo negative selection,
and are eliminated in the bone marrow through one of two central
tolerance mechanisms: deletion or receptor editing (Nossal and
Pike, 1975; Nemazee and Buerki, 1989; Gay et al., 1993).
Receptor editing is a central tolerance mechanism by which the
genes encoding the immunoglobulin receptors on developing highaffinity self-reactive B cells undergo recombination, such that the
newly edited receptors lack high-affinity reactivity for selfcomponents. However, B cells expressing immunoglobulin
receptors with low affinity for self-components can escape deletion
and receptor editing, and enter the peripheral circulation and
lymphoid organs. An increased proportion of autoreactive B cells
has been reported in T1D and other autoimmune conditions, as
well as in healthy individuals who possess the PTPN22
autoimmune susceptibility gene (Yurasov et al., 2005; Menard et
al., 2011; Kinnunen et al., 2013a). Autoreactive B cells accumulate
in the absence of functional Tregs in the IPEX autoimmunity
syndrome (Kinnunen et al., 2013b), indicating that tolerance in the
T- and B-cell compartments is interrelated.
B-cell anergy

B cells with low-affinity receptors for self-components undergo B
cell anergy, resulting in downregulation of surface IgM (Hartley et
al., 1991). Anergic B cells display a high degree of autoreactivity,
account for a large proportion of mature naïve B cells and seem to
be abnormally activated in systemic lupus erythematosus (Quách et
al., 2011). B-cell anergy is thought to result from chronic antigenreceptor occupancy (Gauld et al., 2005), which could occur in the
presence of self-components that bind low-affinity B-cell antigen
receptors. Defective regulation of B-cell receptor signaling has been
implicated as a mechanism by which B-cell anergy fails in
autoimmunity (Cambier, 2013; Dai et al., 2013).
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Regulatory T cells (Tregs) are another crucial component of
peripheral tolerance mechanisms (Brusko et al., 2008; Sakaguchi et
al., 2008; Rudensky, 2011). Many types of Tregs have been
described, including ‘natural Tregs’, which develop in the thymus,
and ‘induced Tregs’, which arise in the periphery. Natural Tregs
express forkhead box protein 3 (Foxp3) and represent a distinct Tcell lineage that plays a major role in preventing autoimmunity. This
is highlighted by the severe multi-organ autoimmune syndromes that
develop when Foxp3 is deficient, such as the ‘scurfy’ phenotype in
mice and the IPEX syndrome (immune dysregulation,
polyendocrinopathy, enteropathy, X-linked) in humans (Bennett et
al., 2001; Brunkow et al., 2001; Barzaghi et al., 2012). Foxp3expressing Tregs usually represent a stable cell population that is
crucial in maintaining immune tolerance but, under some conditions,
these cells can undergo pathogenic conversion into T effector cells
(Lal et al., 2009; Zhou et al., 2009; Bailey-Bucktrout et al., 2013;
Komatsu et al., 2014). Although the clinical significance of Treg
phenotypic instability in humans is uncertain (Bailey-Bucktrout and
Bluestone, 2011; Sakaguchi et al., 2013), interleukin (IL)-17producing Foxp3-expressing T cells have been observed in the
synovium of individuals with RA, suggesting that these cells could
be important contributors to the pathogenic autoimmune process
(Joller and Kuchroo, 2014; Komatsu et al., 2014). Moreover, many
immunosuppressive drugs that are used in clinical practice have the
unintended effect of blocking Tregs as well as inhibiting effector
components of the immune system, and there is a need to be more
selective in order to fully exploit regulatory pathways in the
maintenance of tolerance.

B-cell activating factor

The B-cell activating factor [BAFF; also known as B lymphocyte
stimulator (BLyS)] family of cytokines contributes to B-cell
tolerance by regulating B-cell development, selection and
homeostasis (Cancro et al., 2009; Oropallo et al., 2011). Immature
B cells can be more or less reliant for survival on BAFF, depending
on the antigen-binding strength of their immunoglobulin receptor.
By this mechanism, B cells expressing low-affinity receptors for
self-components can be inappropriately preserved by the excess
levels of BAFF present in autoimmune conditions such as systemic
lupus erythematosus (Thien et al., 2004). BAFF could also influence
homeostasis and tolerance in mature B cells, which can upregulate
BAFF receptors in response to stimulation via Toll-like receptors
(TLRs) (Groom et al., 2007; Treml et al., 2007). TLRs and B-cell
immunoglobulin antigen receptors control activation of B cells
through integrated signaling pathways, and TLRs have been linked
to autoimmunity (Green and Marshak-Rothstein, 2011; Rawlings et
al., 2012). It has been suggested that B-cell activation by the TLR
pathway could allow pre-existing low-affinity autoreactive B cells
to become effectors, and BAFF might be involved in this process
(Oropallo et al., 2011).
Innate immune system

Leukocytes that do not express antigen-specific receptors, such as
dendritic cells, are components of the innate immune system.
Immature dendritic cells recognize and become activated by
pathogen- or damage-associated molecular patterns known as
‘danger’ signals via TLRs and other pattern-recognition receptors
(Maldonado and von Andrian, 2010; Bao and Liu, 2013). These
activated dendritic cells then stimulate the adaptive immune
response by acting as co-stimulatory antigen-presenting cells for T
cells (Bour-Jordan et al., 2011), and they also produce the
inflammatory cytokines IL-1 and tumor necrosis factor (TNF).
Immature dendritic cells, in contrast, can induce tolerance because
they lack co-stimulatory cell surface markers and do not secrete the
cytokines needed for T-effector-cell activation. Autoimmune
syndromes develop in mice that lack immature dendritic cells
(Ohnmacht et al., 2009; Bar-On and Jung, 2010). In addition, some
subsets of dendritic cells, especially plasmacytoid dendritic cells,
have been shown to induce Tregs (Liu, 2005; Maldonado and von
Andrian, 2010).
Innate immune cells influence the development and maintenance
of immune tolerance through direct or indirect interactions with T
cells and B cells, and all three compartments can be involved in the
autoimmune process. This point is illustrated by the protein tyrosine
kinase Lyn-deficient mouse model, which develops a lupus-like
autoimmune syndrome. In this model, T-cell-dependent autoimmune
manifestations are controlled by altered dendritic cell signaling in
combination with a defect in B-cell tolerance (Hua et al., 2014).
Interaction between T cells, B cells and innate immune cells is likely
to be the rule rather than the exception in autoimmune disease
pathogenesis.
Therapy for autoimmune disease

With so many elements of the immune system balanced between
regulation and activation, successful restoration of tolerance in
autoimmunity is likely to require intervention at a number of levels.
These include dampening the innate immune response, deleting or
disabling antigen-specific effector cells, and restoring or enhancing
regulatory components of the immune system. As summarized
below, the preponderance of prior therapeutic approaches have
attempted to intervene by general immunosuppression or by
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targeting single molecules. Nonetheless, it is likely that more
deliberate combinations of pathway-focused therapies will be
needed to restore tolerance.
For many years, standard intervention in autoimmune disease
consisted of diminishing autoimmune pathology by treatment with
general immunosuppressive agents, anti-proliferative drugs (for
example, mycophenolate mofetil) and corticosteroids. These
traditional immunosuppressive agents continue to be first-line
therapy for a number of autoimmune conditions such as lupus
nephritis (Hahn et al., 2012); however, they are associated with high
toxicity and incomplete efficacy. The introduction of diseasemodifying monoclonal antibodies and genetically engineered
biologic products, such as the TNF antagonist infliximab for RA and
Crohn’s disease (Kornbluth, 1998; Lipsky et al., 2000), represented
a major advance in the treatment of autoimmunity, because these
agents generally act with greater specificity and lower toxicity than
corticosteroids and other general immunosuppressive agents (St
Clair, 2009).
Monoclonal antibodies and engineered fusion proteins are
generally referred to as ‘biologic agents’, or simply ‘biologics’, and
have become standard treatments in autoimmunity (Chan and Carter,
2010; Rosman et al., 2013; Yao et al., 2013), particularly when
traditional disease-modifying drugs fail to control disease. For
example, at least nine biologics are FDA-approved for the treatment
of RA (Malviya et al., 2013), and several biologics are also
approved for the treatment of psoriasis and inflammatory bowel
disease, among others (Table 1). In addition, the approved biologic
agents are sometimes utilized ‘off label’ for non-approved
indications when autoimmune disease proves refractory to standard
therapy (Hahn et al., 2012), or in autoimmune diseases for which no
effective approved therapy exists (Greenberg et al., 2012). Biologic
agents intervene in autoimmunity by a variety of mechanisms,
including cytokine blockade, depletion of T or B cells and
immunomodulation. In addition to the agents listed in Table 1, many
new biologic agents are currently in development (Chan and
Behrens, 2013; Reichert, 2013; Yao et al., 2013). In addition, a
number of novel small molecules have been discovered that target
the immune system. One notable example is tofacitinib, an inhibitor
of the Janus kinase (JAK)-receptor-associated signaling pathway,
which is involved in cytokine-mediated activation of the immune
system and is potentially a central contributor to autoimmune
pathogenesis (Furumoto and Gadina, 2013).
Even relatively specific biologic agents can be associated with
negative consequences, such as vulnerability to infection, and it is a
challenge to intervene in autoimmune disease without overly
compromising the normal immune response. Moreover, none of the
biologics have been shown to restore immune tolerance to the extent
that disease remains quiescent after therapy is withdrawn. The
immune system is a complex network of cellular pathways and
cytokine interactions, and the therapeutic approach with biologics
has been to inhibit one immune pathway based on a rational
understanding of disease pathogenesis. But, in many cases, this has
proven insufficient to fully control autoimmunity and thus additional
strategies are needed.
As an example, T1D is a disease in which the underlying
autoimmune pathogenesis has been extensively explored in both
mice and humans. This understanding has led to interventional trials
with biologic agents aimed at preserving insulin-secreting β-cells
early in the course of the disease (Bluestone et al., 2010). Treatment
of T1D with teplizumab or otelixizumab – monoclonal antibodies to
CD3, which is present on T cells – transiently preserved insulinsecreting function in some subjects (Herold et al., 2005; Keymeulen
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Table 1. Biologic agents approved for autoimmune indications in the United States
Biologic agent

Target and mechanism

Autoimmune indications

Infliximab (Remicade)
Etanercept (Enbrel)
Adalimumab (Humira)
Golimumab (Simponi)
Certolizumab pegol (Cimzia)
Rituximab (Rituxan)
Abatacept (Orencia)
Anakinra (Kineret)
Tocilizumab (Actemra)
Belimumab (Benlysta)
Natalizumab (Tysabri)
Ustekinumab (Stelara)
Alefacept (Amevive)*

TNFα (antibody to pro-inflammatory cytokine)
TNFα (pro-inflammatory cytokine-blocking fusion protein)
TNFα (antibody to pro-inflammatory cytokine)
TNFα (antibody to pro-inflammatory cytokine)
TNFα (antibody to pro-inflammatory cytokine)
CD20 (B-cell-depleting antibody)
CD80/86 (co-stimulatory blockade by CTLA-4 fusion protein)
IL-1R (pro-inflammatory cytokine receptor antagonist)
IL-6R (antibody to proinflammatory cytokine receptor)
BAFF (antibody to B-cell homeostatic cytokine)
Alpha 4 integrin (antibody to lymphocyte migration receptor)
IL-12 and IL-23 (antibody to pro-inflammatory cytokines)
CD2 (co-stimulatory blockade by LFA-3-Ig fusion protein)

RA, CD, UC, AS, PsA, PsO
RA, JIA, AS, PsA, PsO
RA, JIA, CD, UC, AS, PsA, PsO
RA, CD, AS, PsA
RA, CD, AS, PsA
RA, AAV
RA, JIA
RA
RA, JIA
SLE
MS, CD
PsA, PsO
PsO

et al., 2010; Herold et al., 2013b). Similarly, preservation of insulin
secretion in T1D has been observed following B-cell depletion with
an anti-CD20 monoclonal antibody, rituximab (Pescovitz et al.,
2009), and also following co-stimulatory blockade with a CTLA-4
fusion protein, abatacept (Orban et al., 2011). However, in each of
these studies, most participants experienced a recurrence of
progressive β-cell loss, indicating that tolerance was not achieved.
Thus, insulin replacement therapy remains the central feature of
T1D management, as it has been for decades.
New therapeutic strategies for treating T1D are being considered,
including biologic agents that target the cytokines IL-1, TNF, IL12p40, IL-17 and IL-6 (Herold et al., 2013a; Nepom et al., 2013).
Preclinical experiments in animal models and early clinical studies
support further evaluation of these agents in clinical trials. For
example, experiments in mice indicate that IL-6 induces methylation
of Foxp3 in Tregs, resulting in a loss of regulatory function (Lal et
al., 2009). Pathogenic ‘exTreg’ populations have been identified in
association with autoimmune responses in mice (Zhou et al., 2009;
Bailey-Bucktrout et al., 2013), and recent studies in a murine
arthritis model provide further evidence that Tregs can undergo
pathogenic conversion to Th17 cells (Komatsu et al., 2014).
Together, the results suggest that a monoclonal antibody that targets
the IL-6 receptor might prevent pathogenic conversion of Tregs and
re-establish regulatory function in T1D, thereby interrupting
immune-mediated destruction of insulin-secreting β-cells.
Using another approach, promising results were recently obtained
in a T1D trial with alefacept, a fusion protein that targets CD2
expressed on effector memory T cells and central memory T cells
(Rigby et al., 2013a). Key clinical end points were met in this study,
and accompanying mechanistic studies demonstrated depletion of
effector and memory T cells, without elimination of Tregs. This
study supports the concept that restoring the proper balance of
regulatory- and effector-cell compartments can be an effective
strategy for treating autoimmune disease. One potential approach to
achieving this goal could be a combination of two agents: one that
enhances Tregs by interfering with the IL-6 pathway, and the other
agent targeting effector and memory T cells.
Cell-based therapy for autoimmune disease

Although biologics are a solidly established component of the
pharmaceutical armamentarium, novel cell-based therapeutic
approaches are also being developed for the treatment of
autoimmune disease. Cells can be highly specific, self-perpetuating

and subject to intrinsic regulatory mechanisms, unlike traditional
immunosuppressives and the newer biologic agents. The
pharmaceutical development pathway for cell-based therapeutics is
not straightforward because it will require individualized expansion
and manipulation of autologous cells under good manufacturing
practice (GMP) conditions. Moreover, the function of these cell
populations will need to be predictable once administered. Extensive
translational research is still required. Nevertheless, cells are capable
of complex sets of behaviors and, in some cases, have proven
amenable to the type of cellular engineering required to achieve the
desired therapeutic effect (Fischbach et al., 2013; Kalos and June,
2013).
As discussed above, Tregs and other regulatory immune cell
compartments are central to immune tolerance (Brusko et al., 2008;
Murphy et al., 2011; Rudensky, 2011; Kalampokis et al., 2013). The
ONE Study, a large-scale international collaboration, is evaluating
the use of Tregs, dendritic cells, macrophages and other regulatory
cell types for their potential use in solid organ transplantation
tolerance (Geissler, 2012; Riquelme et al., 2012). Manipulation of
T cells, B cells or the innate immune compartment is also a potential
approach for treating autoimmune disease, and has been
demonstrated in several animal models of autoimmunity. Ex vivo
expansion and transfer of Tregs into diabetes-susceptible NOD mice
prevented and reversed diabetes (Bluestone and Tang, 2004; Tang et
al., 2004; Jaeckel et al., 2005), and suppressed renal disease in
lupus-prone NZB/NZW mice (Scalapino et al., 2006). In a murine
model of myelin-peptide-induced experimental autoimmune
encephalomyelitis (EAE), adoptive transfer of Tregs conferred
protection against the development of central nervous system
inflammation and clinical signs of disease (Kohm et al., 2002). Treg
transfer also reversed established lamina propria infiltrates and
restored normal intestinal architecture in an experimental murine
model of inflammatory bowel disease (Mottet et al., 2003).
In humans, purified Tregs from patients with recent-onset T1D
and from healthy individuals have been successfully expanded ex
vivo using IL-2 and microbeads coated with anti-CD3 and antiCD28 (Putnam et al., 2009). The resulting population of Tregs
displayed functional properties and showed stable expression of
regulatory-cell markers and cytokines. These results represent an
important first step in developing a personalized therapeutic Treg
product for T1D, and potentially other autoimmune diseases
(Esensten et al., 2009; Thompson et al., 2012; Herold et al., 2013a).
Nonetheless, further information is needed regarding the persistence
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*Voluntary market withdrawal in 2011. Abbreviations: RA (rheumatoid arthritis), CD (Crohn’s disease), UC (ulcerative colitis), AS (ankylosing spondylitis), PsA
(psoriatic arthritis), PsO (psoriaisis vulgaris), JIA (juvenile idiopathic arthritis), AAV (ANCA-associated vasculitis), SLE (systemic lupus erythematosus), MS
(multiple sclerosis). For the biologic agents, the trade name is shown in brackets.

of ex vivo expanded Tregs and their capacity to maintain their
regulatory phenotype following transfer (Putnam et al., 2009;
Bailey-Bucktrout and Bluestone, 2011; Joller and Kuchroo, 2014).
Antigen-specific immunotherapy for autoimmune disease

Antigen-specific tolerance can be induced when antigen is
introduced under tolerogenic rather than immunogenic conditions.
In practical terms, antigen introduced by the oral route or in soluble
form tends to diminish rather than potentiate subsequent immune
responses to that antigen. Antigen-specific tolerance is the basis for
immunotherapy with allergen extracts to treat allergic disease, and
has been advanced as a potential approach to treating autoimmune
disease. An antigen-specific immunotherapeutic approach would
allow protective immune cells to remain intact and maintain their
normal immune surveillance functions, while specifically targeting
the cells thought to be responsible for disease pathogenesis. This
concept has been explored in T1D, in which the candidate
autoantigens glutamic acid decarboxylase and insulin are effective
in treating diabetes in NOD mice (Zhang et al., 1991; Tian et al.,
1996; Tisch et al., 1999). Administration of these candidate
autoantigens has so far failed to prevent or reverse T1D in humans
(Peakman and von Herrath, 2010; Coppieters et al., 2013), although
modest improvement in insulin C-peptide levels was observed
following administration of a proinsulin-encoding plasmid in T1D
(Roep et al., 2013).
Identification and disarming of pathogenic disease-specific cells
is challenging when the precise antigenic target of the pathogenic
cells is not known. For this reason, murine models of induced
disease have been crucial in understanding and modeling
intervention in the pathogenic process. Antigen-specific tolerance
has been extensively explored in murine EAE, in which mice
develop a relapsing demyelinating syndrome following
immunization with purified myelin components. In the EAE model,
administration of soluble myelin peptide prevents and reverses
disease in mice when the therapeutic peptides correspond to myelin
protein sequences that are most responsible for disease (Wraith et
al., 1989; Smilek et al., 1991; Gaur et al., 1992; Metzler and Wraith,
1993; Samson and Smilek, 1995). Although some encouraging
results have been reported in humans (Warren et al., 2006), overall
this strategy has not been successful in clinical trials (Bielekova et
al., 2000; Kappos et al., 2000; Garren et al., 2008; Freedman et al.,
2011), and has been associated with hypersensitivity and
anaphylactic reactions in some circumstances (Kappos et al., 2000;
Smith et al., 2005). There are a number of possible explanations for
why promising results with antigen-specific therapy in mice have
not led to demonstration of efficacy in clinical trials (Box 1).
An alternative cell-based approach for treating autoimmune
disease involves antigen-specific tolerance induction with
chemically fixed cells to which self-peptides have been coupled.
Administration of myelin peptides that have been chemically
coupled to leukocytes with ethylene carbodiimide (EDCI) is both
safe and effective in treating EAE in mice (Turley and Miller, 2007;
Getts et al., 2011). The mechanism by which peptide-coupled EDCIfixed cells induces tolerance involves uptake of the apoptotic fixed
cells by macrophages, IL-10 production, regulation of the negative
co-stimulatory molecule PD-L1, and induction of Tregs (Turley and
Miller, 2007; Getts et al., 2011). An early-stage trial in multiple
sclerosis has shown this strategy to be safe in humans, and reduction
in T-cell responses to myelin peptides has been demonstrated using
this approach, an important first proof-of-concept step in
demonstrating that a therapeutic result can be achieved using
myelin-peptide-coupled cells (Lutterotti et al., 2013).
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Box 1. The mouse trap – using mice as a preclinical
testing ground for immunotherapies
Animal models, particularly mouse models, have been crucial to our
understanding of immunology and immune tolerance, as evidenced by
the many mouse model studies that are highlighted in this Review.
Development of all of the biologics listed in Table 1 has depended on
invaluable basic research conducted in mice. Mice are small,
inexpensive, easy to maintain, and reproduce rapidly. The commercial
availability of many inbred mouse strains has ensured a ready supply of
individual mice that are genetically identical to one another, yet distinct
from other mouse strains. The power of such a resource in the study of
immune tolerance cannot be underestimated. Moreover, mice have
proven amenable to genetic manipulation, allowing immunologists to
create their own lines of transgenic mice and knockout mice deficient in
specific genes, using procedures that have become standard.
Nevertheless, there is a limit to what can be accomplished in mice in
terms of predicting a therapeutic result in human autoimmune disease.
Promising results with antigen-specific immunotherapy in diabetic NOD
mice and myelin-induced murine experimental autoimmune
encephalomyelitis (EAE) so far have not been translated into effective
therapies for T1D or multiple sclerosis in humans. A number of
explanations for these disappointing results have been discussed
previously, and serve as a guide to what we can reasonably expect to
learn from mice (von Herrath and Nepom, 2005; Davis, 2008; CouzinFrankel, 2013). Mouse strains are highly inbred, each an essentially
identical genetic copy of the next, and therefore their greatest strength
for the study of basic immunology is also their greatest drawback as a
model for clinical trials, which must be conducted in genetically diverse
human beings. Exploratory studies in small numbers of mice are
conducted in single laboratories rather than multiple centers, with few
exceptions (Sarikonda et al., 2013). These experiments generally are
unblinded, and utilize animals which have not undergone proper
randomization. Moreover, translation of promising results in mice might
fail owing to the challenges inherent in optimizing dose, frequency,
route of administration and vehicle or adjuvant in the clinic. In summary,
mice contribute to our understanding of autoimmunity and the
development of potential interventions for autoimmune disease, but
cannot be solely relied upon to predict the outcome of clinical trials in
humans.

Although promising, the practicality of individualized production
of antigen-coupled isologous leukocytes under GMP conditions
limits broad clinical application of cell-based antigen-specific
tolerance. This problem would be reduced by coupling tolerogenic
peptides to inert nanoparticles (Tyner and Sadrieh, 2011; Getts et al.,
2012). In the EAE model, peptide-coupled microparticles were
effective in preventing and treating disease by targeting a natural
apoptotic clearance pathway that requires the scavenger receptor
MARCO, and which leads to activation of Tregs, abortive T-cell
activation and T-cell anergy (Getts et al., 2012). These cell-based
and nanoparticle approaches are potentially applicable to other
autoimmune conditions in which pathogenic self-antigens have been
identified.
Combination therapy for autoimmune disease

As discussed above, multiple disease-modifying monoclonal
antibodies and biologic agents have been developed and approved
for the treatment of autoimmune disease, with many more currently
in development. Furthermore, cell- and nanoparticle-based therapies
for autoimmune disease might be available in the future. Because a
variety of non-redundant mechanisms contribute to the maintenance
of normal immune tolerance, the next logical step is to combine
therapies in order to potentiate efficacy in autoimmune disease.
Thorough understanding of the mechanism of action of each agent
is crucial to choosing rational combinations, and it is equally
important to formulate hypotheses about why a particular biologic
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Fig. 3. Examples of combination therapy for autoimmunity. Successful
treatment of autoimmune disease is likely to require novel combinations of
pathway-targeted cell-based therapies and biologic agents.
(A) Manifestations of autoimmune disease could be reduced with an antiinflammatory cytokine, and recurrence prevented by co-stimulatory blockade.
(B) Pathogenic T or B cells could be depleted, and re-emergence of
autoreactive cells during homeostatic proliferation could be prevented by an
antibody that targets a homeostatic cytokine. (C) Tregs that have been
expanded ex vivo could be infused with a cytokine that prevents their
pathogenic conversion to an inflammatory phenotype. (D) Manifestations of
autoimmune disease could be reduced with an anti-inflammatory cytokine, in
combination with antigen-specific tolerance induction using antigencontaining nanoparticles.

and single biologic agents, might require a more complex approach
using combinations that target multiple immune pathways.
Combinations could be selected that: (1) eliminate effector T and B
cells, (2) target antigen-specific cells, (3) expand Tregs, and (4)
dampen the innate immune response and inflammation. Moreover,
agents that are effective early in the course of disease might not be
as useful later, when the disease process is fully established. Immune
intervention prior to the onset of overt autoimmune disease is being
explored in T1D, for example, but depends on the ability to predict
the risk of developing this disease with a high degree of certainty.
Although promising for the successful treatment of autoimmune
disease, combining biologic agents and cell-based or antigenspecific therapies involves addressing a number of special
challenges, some of which have been discussed previously
(Matthews et al., 2010; Nepom et al., 2013). With these challenges
in mind, an outline of feasible combination immunotherapies for
T1D has been developed and published (Matthews et al., 2010).
Identifying the correct combination of agents is not straightforward.
In some cases, the particular combination might be required to
achieve the intended biologic effect, even if the individual agents
have no demonstrated efficacy signal when used alone. Ideally,
however, therapies with proven individual safety and efficacy
profiles would be chosen for a combination. Even so, the clinical
development and regulatory pathway for combinations will be
complex if separate pharmaceutical companies are required to
partner in order to obtain an approved indication for the
combination.
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agent fails to adequately treat disease when used alone. Two or more
complementary and non-redundant pathways could be targeted in
sequence, to first induce autoimmune disease remission, and then
restore a state of immune tolerance and prevent reactivation of the
disease process.
Once the autoimmune process has been triggered, a detrimental
cascade of events occurs, leading to the downstream activation of
pathogenic cell populations and the production of pro-inflammatory
cytokines. Monoclonal antibodies and recombinant fusion proteins
that target pro-inflammatory cytokines such as TNF, IL-1, IL-6, IL12 and IL-23 are extremely effective for some autoimmune
indications (Table 1), and agents that target IL-17 are in
development. However, the immune cells that produce these proinflammatory cytokines, as well as cells that are responsive to them,
are not eliminated by the anti-cytokine treatment, so can be
reactivated when the biologic agents are removed, resulting in
recurrent disease (Leonardi et al., 2008). In other cases, monoclonal
antibodies that eliminate presumed pathogenic immune cells exert
their effect for a limited period of time. Eventual reconstitution of
the pathogenic cell compartment also results in recurrent disease
(Lazarus et al., 2012).
One strategy for solving the problem of recurrent autoimmune
manifestations is to add a second biologic agent that induces
tolerance in effector cells undergoing reactivation or reconstitution.
Examples of this strategy are illustrated in Fig. 3. Choice of the
second biologic agent should be based on an understanding of
normal mechanisms of immune tolerance. T-cell tolerance via
induction of anergy can be induced in murine models by blockade
of the co-stimulatory CD28 pathway, so a co-stimulation blocking
agent would be a logical second biologic (Fig. 3A) in diseases in
which a T-cell component is thought to be important, such as
psoriasis (Mueller et al., 1989; Kremer et al., 2005; Bour-Jordan et
al., 2011). The B-cell tolerance threshold is influenced by BAFF,
such that higher levels of BAFF allow the persistence of
autoreactive B cells. Therefore, an agent that blocks BAFF could be
a second biologic (Fig. 3B) in diseases in which B cells are thought
to contribute, such as systemic lupus erythematosus (Thien et al.,
2004; Cancro et al., 2009; Navarra et al., 2011). In both these
examples, autoimmune disease remission would be induced by first
depleting or antagonizing the relevant pathogenic cell population or
pro-inflammatory cytokine pathway. Once the inflammatory
immune process has been interrupted, the second biologic would
then be introduced to prevent reactivation of the autoimmune
disease process such that the pathogenic cascade does not recur.
Another possibility would be to combine a cell-based Treg
therapy with a biologic agent that maintains the desired functional
state of Tregs (Tang et al., 2008), or which antagonizes the
development of T-effector cells, perhaps by interfering with the IL6 pathway (Fig. 3C). Finally, monoclonal antibodies and other
biologic agents could be combined with an antigen-specific
approach, a concept that has been proposed for T1D because of the
potential to reduce toxicity associated with the former (Matthews et
al., 2010). For example, an anti-inflammatory biologic agent could
be added to antigen-containing nanoparticles, potentiating their
tolerogenic effects (Fig. 3D) (Fraser, 2010; Getts et al., 2012). Many
other rational combinations are possible beyond those illustrated in
Fig. 3.
It should be noted that more than two agents might be needed to
fully control autoimmune disease, because T cells, B cells and innate
immune cells all contribute to the autoimmune process, as described
above. Diseases such as T1D and lupus nephritis, which have
proven refractory to treatment with standard immunosuppression
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REVIEW

Conclusions

Significant advances have been made in the treatment of
autoimmunity using disease-modifying drugs and biologics in
conditions such as RA, inflammatory bowel disease, psoriasis and
multiple sclerosis. However, therapeutic responses associated with
these approaches are not durable, and require long-term continuation
of therapy. Moreover, most subjects with T1D who have been
treated with immunomodulation have shown a transient rather than
sustained response. Potent general immunosuppression, which is
associated with toxicity and is not fully effective, remains the
standard of care for other conditions, such as lupus nephritis.
Substantial unmet medical need exists for these conditions.
Successful restoration of immune tolerance will require innovative
approaches utilizing rational targeting of multiple immunological
pathways.
Acknowledgements
The authors thank their colleagues at the Immune Tolerance Network, and their
collaborators who contribute in many capacities to Immune Tolerance Network
projects and perspectives.

510

Competing interests
The authors declare no competing financial interests.

Funding
The Immune Tolerance Network is supported by the National Institutes of Health
N01 AI015416/AI/NIAID.

References
Anderson, M. S. and Su, M. A. (2011). Aire and T cell development. Curr. Opin.
Immunol. 23, 198-206.
Anderson, M. S., Venanzi, E. S., Klein, L., Chen, Z., Berzins, S. P., Turley, S. J.,
von Boehmer, H., Bronson, R., Dierich, A., Benoist, C. et al. (2002). Projection of
an immunological self shadow within the thymus by the aire protein. Science 298,
1395-1401.
Bailey-Bucktrout, S. L. and Bluestone, J. A. (2011). Regulatory T cells: stability
revisited. Trends Immunol. 32, 301-306.
Bailey-Bucktrout, S. L., Martinez-Llordella, M., Zhou, X., Anthony, B., Rosenthal,
W., Luche, H., Fehling, H. J. and Bluestone, J. A. (2013). Self-antigen-driven
activation induces instability of regulatory T cells during an inflammatory
autoimmune response. Immunity 39, 949-962.
Bao, M. and Liu, Y. J. (2013). Regulation of TLR7/9 signaling in plasmacytoid dendritic
cells. Protein Cell 4, 40-52.
Bar-On, L. and Jung, S. (2010). Defining dendritic cells by conditional and constitutive
cell ablation. Immunol. Rev. 234, 76-89.
Barthlott, T., Kassiotis, G. and Stockinger, B. (2003). T cell regulation as a side
effect of homeostasis and competition. J. Exp. Med. 197, 451-460.
Barzaghi, F., Passerini, L. and Bacchetta, R. (2012). Immune dysregulation,
polyendocrinopathy, enteropathy, x-linked syndrome: a paradigm of
immunodeficiency with autoimmunity. Front. Immunol. 3, 211.
Bennett, C. L., Christie, J., Ramsdell, F., Brunkow, M. E., Ferguson, P. J.,
Whitesell, L., Kelly, T. E., Saulsbury, F. T., Chance, P. F. and Ochs, H. D. (2001).
The immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome
(IPEX) is caused by mutations of FOXP3. Nat. Genet. 27, 20-21.
Bettelli, E., Carrier, Y., Gao, W., Korn, T., Strom, T. B., Oukka, M., Weiner, H. L. and
Kuchroo, V. K. (2006). Reciprocal developmental pathways for the generation of
pathogenic effector TH17 and regulatory T cells. Nature 441, 235-238.
Bielekova, B., Goodwin, B., Richert, N., Cortese, I., Kondo, T., Afshar, G., Gran,
B., Eaton, J., Antel, J., Frank, J. A. et al. (2000). Encephalitogenic potential of the
myelin basic protein peptide (amino acids 83-99) in multiple sclerosis: results of a
phase II clinical trial with an altered peptide ligand. Nat. Med. 6, 1167-1175.
Billingham, R. E., Brent, L. and Medawar, P. B. (1953). Actively acquired tolerance of
foreign cells. Nature 172, 603-606.
Bluestone, J. A. (2011). Mechanisms of tolerance. Immunol. Rev. 241, 5-19.
Bluestone, J. A. and Tang, Q. (2004). Therapeutic vaccination using CD4+CD25+
antigen-specific regulatory T cells. Proc. Natl. Acad. Sci. USA 101 Suppl. 2, 1462214626.
Bluestone, J. A., Herold, K. and Eisenbarth, G. (2010). Genetics, pathogenesis and
clinical interventions in type 1 diabetes. Nature 464, 1293-1300.
Bour-Jordan, H., Esensten, J. H., Martinez-Llordella, M., Penaranda, C., Stumpf,
M. and Bluestone, J. A. (2011). Intrinsic and extrinsic control of peripheral T-cell
tolerance by costimulatory molecules of the CD28/ B7 family. Immunol. Rev. 241,
180-205.
Boyman, O. and Sprent, J. (2012). The role of interleukin-2 during homeostasis and
activation of the immune system. Nat. Rev. Immunol. 12, 180-190.
Brahmer, J. R., Tykodi, S. S., Chow, L. Q., Hwu, W. J., Topalian, S. L., Hwu, P.,
Drake, C. G., Camacho, L. H., Kauh, J., Odunsi, K. et al. (2012). Safety and
activity of anti-PD-L1 antibody in patients with advanced cancer. N. Engl. J. Med.
366, 2455-2465.
Bretscher, P. and Cohn, M. (1970). A theory of self-nonself discrimination. Science
169, 1042-1049.
Brunkow, M. E., Jeffery, E. W., Hjerrild, K. A., Paeper, B., Clark, L. B., Yasayko, S.
A., Wilkinson, J. E., Galas, D., Ziegler, S. F. and Ramsdell, F. (2001). Disruption of
a new forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative
disorder of the scurfy mouse. Nat. Genet. 27, 68-73.
Brusko, T. M., Putnam, A. L. and Bluestone, J. A. (2008). Human regulatory T cells:
role in autoimmune disease and therapeutic opportunities. Immunol. Rev. 223, 371390.
Cambier, J. C. (2013). Autoimmunity risk alleles: hotspots in B cell regulatory signaling
pathways. J. Clin. Invest. 123, 1928-1931.
Cancro, M. P., D’Cruz, D. P. and Khamashta, M. A. (2009). The role of B lymphocyte
stimulator (BLyS) in systemic lupus erythematosus. J. Clin. Invest. 119, 1066-1073.
Carter, L., Fouser, L. A., Jussif, J., Fitz, L., Deng, B., Wood, C. R., Collins, M.,
Honjo, T., Freeman, G. J. and Carreno, B. M. (2002). PD-1:PD-L inhibitory
pathway affects both CD4(+) and CD8(+) T cells and is overcome by IL-2. Eur. J.
Immunol. 32, 634-643.
Chan, A. C. and Behrens, T. W. (2013). Personalizing medicine for autoimmune and
inflammatory diseases. Nat. Immunol. 14, 106-109.
Chan, A. C. and Carter, P. J. (2010). Therapeutic antibodies for autoimmunity and
inflammation. Nat. Rev. Immunol. 10, 301-316.
Choi, S. and Schwartz, R. H. (2007). Molecular mechanisms for adaptive tolerance
and other T cell anergy models. Semin. Immunol. 19, 140-152.
Coppieters, K. T., Harrison, L. C. and von Herrath, M. G. (2013). Trials in type 1
diabetes: Antigen-specific therapies. Clin. Immunol. 149, 345-355.

Disease Models & Mechanisms

Of primary concern is the safety of combining two biologics that
target complementary and non-redundant immune pathways. Even
if two agents with well-established safety profiles are combined,
the potential still exists for additive or synergistic deleterious
effects. In a recent study, the safety profile of the B-cell-depleting
monoclonal antibody rituximab added to other biologics in RA was
similar to the standard prescribed combination of rituximab and
methotrexate (Rigby et al., 2013b), indicating that some
combinations of biologics have an acceptable safety profile.
However, an increase in serious infections was observed when the
IL-1-receptor antagonist anakinra was added to the anti-TNF agent
etanercept in RA (Genovese et al., 2004), and also when other
biologics were added to the CTLA-4 co-stimulatory blocking
agent abatacept (Weinblatt et al., 2006). In contrast, the ARRIVE
trial showed that participants with RA could be safely switched
from TNF antagonists to abatacept without a washout period, i.e.
an interceding period of no treatment (Schiff et al., 2009;
Genovese et al., 2012). Similarly, in psoriasis, individuals can be
safely switched without a washout period from the TNF agent
etanercept to ustekinumab, a monoclonal antibody that targets IL12 and IL-23 (Griffiths et al., 2010). These later study results
support the safety of sequential combinations of two biologics.
Another issue is the variability in responsiveness of individual
patients to biologic agents. Baseline levels of interferon gene
expression are associated with responsiveness to β-interferon in
multiple sclerosis (Verweij and Vosslamber, 2013), and an interferon
signature has also been associated with responsiveness to rituximab
in RA (Raterman et al., 2012). In T1D, baseline hemoglobin A1C
and insulin usage predicted relative insulin C-peptide preservation
in response to the anti-CD3 monoclonal antibody teplizumab in a
subpopulation of treated participants (Herold et al., 2013b). This
variability in individual responsiveness can be foreseen when
biomarkers allow personalized targeting of therapeutic agents to
appropriate individuals, such as the use of periostin as a marker for
asthma in individuals who are likely to respond to anti-IL-13
(lebrikizumab) (Corren et al., 2011; Chan and Behrens, 2013). When
biologics are combined, the complexity of response patterns is likely
to be increased, and biomarkers that predict responsiveness are
lacking in most circumstances. Sufficient numbers of participants
will need to be enrolled to adequately power these complex clinical
trials, and special attention to mechanistic studies will be required
so that relevant biomarkers can be identified.

Disease Models & Mechanisms (2014) doi:10.1242/dmm.015099

Corren, J., Lemanske, R. F., Hanania, N. A., Korenblat, P. E., Parsey, M. V., Arron,
J. R., Harris, J. M., Scheerens, H., Wu, L. C., Su, Z. et al. (2011). Lebrikizumab
treatment in adults with asthma. N. Engl. J. Med. 365, 1088-1098.
Couzin-Frankel, J. (2013). When mice mislead. Science 342, 922-925.
Dai, X., James, R. G., Habib, T., Singh, S., Jackson, S., Khim, S., Moon, R. T.,
Liggitt, D., Wolf-Yadlin, A., Buckner, J. H. et al. (2013). A disease-associated
PTPN22 variant promotes systemic autoimmunity in murine models. J. Clin. Invest.
123, 2024-2036.
Davidson, A. and Diamond, B. (2001). Autoimmune diseases. N. Engl. J. Med. 345,
340-350.
Davis, M. M. (2008). A prescription for human immunology. Immunity 29, 835-838.
Esensten, J. H., Wofsy, D. and Bluestone, J. A. (2009). Regulatory T cells as
therapeutic targets in rheumatoid arthritis. Nat. Rev. Rheumatol. 5, 560-565.
Fife, B. T., Guleria, I., Gubbels Bupp, M., Eagar, T. N., Tang, Q., Bour-Jordan, H.,
Yagita, H., Azuma, M., Sayegh, M. H. and Bluestone, J. A. (2006). Insulin-induced
remission in new-onset NOD mice is maintained by the PD-1-PD-L1 pathway. J.
Exp. Med. 203, 2737-2747.
Aaltonen, J., Björses, P., Perheentupa, J., Horelli-Kuitunen, N., Palotie, A.,
Peltonen, L., Lee, Y. S., Francis, F., Henning, S., Thiel, C. et al.; Finnish-German
APECED Consortium (1997). An autoimmune disease, APECED, caused by
mutations in a novel gene featuring two PHD-type zinc-finger domains. Nat. Genet.
17, 399-403.
Fischbach, M. A., Bluestone, J. A. and Lim, W. A. (2013). Cell-based therapeutics:
the next pillar of medicine. Sci. Transl. Med. 5, 179ps7.
Fraser, C. (2010). Nanoparticle therapy for allergic and inflammatory disease.
Antinflamm. Antiallergy Agents Med. Chem. 9, 54-70.
Freedman, M. S., Bar-Or, A., Oger, J., Traboulsee, A., Patry, D., Young, C., Olsson,
T., Li, D., Hartung, H. P., Krantz, M. et al.; MAESTRO-01 Investigators (2011). A
phase III study evaluating the efficacy and safety of MBP8298 in secondary
progressive MS. Neurology 77, 1551-1560.
Freeman, G. J., Long, A. J., Iwai, Y., Bourque, K., Chernova, T., Nishimura, H.,
Fitz, L. J., Malenkovich, N., Okazaki, T., Byrne, M. C. et al. (2000). Engagement of
the PD-1 immunoinhibitory receptor by a novel B7 family member leads to negative
regulation of lymphocyte activation. J. Exp. Med. 192, 1027-1034.
Fry, T. J. and Mackall, C. L. (2005). The many faces of IL-7: from lymphopoiesis to
peripheral T cell maintenance. J. Immunol. 174, 6571-6576.
Furumoto, Y. and Gadina, M. (2013). The arrival of JAK inhibitors: advancing the
treatment of immune and hematologic disorders. BioDrugs 27, 431-438.
Garren, H., Robinson, W. H., Krasulová, E., Havrdová, E., Nadj, C., Selmaj, K.,
Losy, J., Nadj, I., Radue, E. W., Kidd, B. A. et al.; BHT-3009 Study Group (2008).
Phase 2 trial of a DNA vaccine encoding myelin basic protein for multiple sclerosis.
Ann. Neurol. 63, 611-620.
Gauld, S. B., Benschop, R. J., Merrell, K. T. and Cambier, J. C. (2005). Maintenance
of B cell anergy requires constant antigen receptor occupancy and signaling. Nat.
Immunol. 6, 1160-1167.
Gaur, A., Wiers, B., Liu, A., Rothbard, J. and Fathman, C. G. (1992). Amelioration of
autoimmune encephalomyelitis by myelin basic protein synthetic peptide-induced
anergy. Science 258, 1491-1494.
Gay, D., Saunders, T., Camper, S. and Weigert, M. (1993). Receptor editing: an
approach by autoreactive B cells to escape tolerance. J. Exp. Med. 177, 999-1008.
Geissler, E. K. (2012). The ONE Study compares cell therapy products in organ
transplantation: introduction to a review series on suppressive monocyte-derived
cells. Transplant. Res. 1, 11.
Genovese, M. C., Cohen, S., Moreland, L., Lium, D., Robbins, S., Newmark, R.,
Bekker, P.; 20000223 Study Group (2004). Combination therapy with etanercept
and anakinra in the treatment of patients with rheumatoid arthritis who have been
treated unsuccessfully with methotrexate. Arthritis Rheum. 50, 1412-1419.
Genovese, M. C., Schiff, M., Luggen, M., Le Bars, M., Aranda, R., Elegbe, A. and
Dougados, M. (2012). Longterm safety and efficacy of abatacept through 5 years of
treatment in patients with rheumatoid arthritis and an inadequate response to tumor
necrosis factor inhibitor therapy. J. Rheumatol. 39, 1546-1554.
Getts, D. R., Turley, D. M., Smith, C. E., Harp, C. T., McCarthy, D., Feeney, E. M.,
Getts, M. T., Martin, A. J., Luo, X., Terry, R. L. et al. (2011). Tolerance induced by
apoptotic antigen-coupled leukocytes is induced by PD-L1+ and IL-10-producing
splenic macrophages and maintained by T regulatory cells. J. Immunol. 187, 24052417.
Getts, D. R., Martin, A. J., McCarthy, D. P., Terry, R. L., Hunter, Z. N., Yap, W. T.,
Getts, M. T., Pleiss, M., Luo, X., King, N. J. et al. (2012). Microparticles bearing
encephalitogenic peptides induce T-cell tolerance and ameliorate experimental
autoimmune encephalomyelitis. Nat. Biotechnol. 30, 1217-1224.
Gianchecchi, E., Delfino, D. V. and Fierabracci, A. (2013). Recent insights into the
role of the PD-1/PD-L1 pathway in immunological tolerance and autoimmunity.
Autoimmun. Rev. 12, 1091-1100.
Goodnow, C. C., Sprent, J., Fazekas de St Groth, B. and Vinuesa, C. G. (2005).
Cellular and genetic mechanisms of self tolerance and autoimmunity. Nature 435,
590-597.
Green, N. M. and Marshak-Rothstein, A. (2011). Toll-like receptor driven B cell
activation in the induction of systemic autoimmunity. Semin. Immunol. 23, 106-112.
Greenberg, B. M., Graves, D., Remington, G., Hardeman, P., Mann, M., Karandikar,
N., Stuve, O., Monson, N. and Frohman, E. (2012). Rituximab dosing and
monitoring strategies in neuromyelitis optica patients: creating strategies for
therapeutic success. Mult. Scler. 18, 1022-1026.
Griffiths, C. E., Strober, B. E., van de Kerkhof, P., Ho, V., Fidelus-Gort, R.,
Yeilding, N., Guzzo, C., Xia, Y., Zhou, B., Li, S. et al.; ACCEPT Study Group

Disease Models & Mechanisms (2014) doi:10.1242/dmm.015099

(2010). Comparison of ustekinumab and etanercept for moderate-to-severe
psoriasis. N. Engl. J. Med. 362, 118-128.
Groom, J. R., Fletcher, C. A., Walters, S. N., Grey, S. T., Watt, S. V., Sweet, M. J.,
Smyth, M. J., Mackay, C. R. and Mackay, F. (2007). BAFF and MyD88 signals
promote a lupuslike disease independent of T cells. J. Exp. Med. 204, 1959-1971.
Hahn, B. H., McMahon, M. A., Wilkinson, A., Wallace, W. D., Daikh, D. I.,
Fitzgerald, J. D., Karpouzas, G. A., Merrill, J. T., Wallace, D. J., Yazdany, J. et
al.; American College of Rheumatology (2012). American College of
Rheumatology guidelines for screening, treatment, and management of lupus
nephritis. Arthritis Care Res. (Hoboken) 64, 797-808.
Harding, F. A., McArthur, J. G., Gross, J. A., Raulet, D. H. and Allison, J. P. (1992).
CD28-mediated signalling co-stimulates murine T cells and prevents induction of
anergy in T-cell clones. Nature 356, 607-609.
Hartley, S. B., Crosbie, J., Brink, R., Kantor, A. B., Basten, A. and Goodnow, C. C.
(1991). Elimination from peripheral lymphoid tissues of self-reactive B lymphocytes
recognizing membrane-bound antigens. Nature 353, 765-769.
Herold, K. C., Gitelman, S. E., Masharani, U., Hagopian, W., Bisikirska, B.,
Donaldson, D., Rother, K., Diamond, B., Harlan, D. M. and Bluestone, J. A.
(2005). A single course of anti-CD3 monoclonal antibody hOKT3gamma1(Ala-Ala)
results in improvement in C-peptide responses and clinical parameters for at least 2
years after onset of type 1 diabetes. Diabetes 54, 1763-1769.
Herold, K. C., Vignali, D. A., Cooke, A. and Bluestone, J. A. (2013a). Type 1
diabetes: translating mechanistic observations into effective clinical outcomes. Nat.
Rev. Immunol. 13, 243-256.
Herold, K. C., Gitelman, S. E., Ehlers, M. R., Gottlieb, P. A., Greenbaum, C. J.,
Hagopian, W., Boyle, K. D., Keyes-Elstein, L., Aggarwal, S., Phippard, D. et al.;
AbATE Study Team (2013b). Teplizumab (anti-CD3 mAb) treatment preserves Cpeptide responses in patients with new-onset type 1 diabetes in a randomized
controlled trial: metabolic and immunologic features at baseline identify a subgroup
of responders. Diabetes 62, 3766-3774.
Hornum, L., Rømer, J. and Markholst, H. (2002). The diabetes-prone BB rat carries a
frameshift mutation in Ian4, a positional candidate of Iddm1. Diabetes 51, 19721979.
Hua, Z., Gross, A. J., Lamagna, C., Ramos-Hernández, N., Scapini, P., Ji, M.,
Shao, H., Lowell, C. A., Hou, B. and DeFranco, A. L. (2014). Requirement for
MyD88 signaling in B cells and dendritic cells for germinal center anti-nuclear
antibody production in Lyn-deficient mice. J. Immunol. 192, 875-885.
Jaeckel, E., von Boehmer, H. and Manns, M. P. (2005). Antigen-specific FoxP3transduced T-cells can control established type 1 diabetes. Diabetes 54, 306-310.
Jenkins, M. K. and Schwartz, R. H. (1987). Antigen presentation by chemically
modified splenocytes induces antigen-specific T cell unresponsiveness in vitro and in
vivo. J. Exp. Med. 165, 302-319.
Joller, N. and Kuchroo, V. K. (2014). Good guys gone bad: exTreg cells promote
autoimmune arthritis. Nat. Med. 20, 15-17.
Kalampokis, I., Yoshizaki, A. and Tedder, T. F. (2013). IL-10-producing regulatory B
cells (B10 cells) in autoimmune disease. Arthritis Res. Ther. 15 Suppl. 1, S1.
Kalos, M. and June, C. H. (2013). Adoptive T cell transfer for cancer immunotherapy
in the era of synthetic biology. Immunity 39, 49-60.
Kappos, L., Comi, G., Panitch, H., Oger, J., Antel, J., Conlon, P., Steinman, L.; The
Altered Peptide Ligand in Relapsing MS Study Group (2000). Induction of a nonencephalitogenic type 2 T helper-cell autoimmune response in multiple sclerosis
after administration of an altered peptide ligand in a placebo-controlled, randomized
phase II trial. Nat. Med. 6, 1176-1182.
Kassiotis, G., Zamoyska, R. and Stockinger, B. (2003). Involvement of avidity for
major histocompatibility complex in homeostasis of naive and memory T cells. J.
Exp. Med. 197, 1007-1016.
Keymeulen, B., Walter, M., Mathieu, C., Kaufman, L., Gorus, F., Hilbrands, R.,
Vandemeulebroucke, E., Van de Velde, U., Crenier, L., De Block, C. et al. (2010).
Four-year metabolic outcome of a randomised controlled CD3-antibody trial in
recent-onset type 1 diabetic patients depends on their age and baseline residual
beta cell mass. Diabetologia 53, 614-623.
Kieper, W. C., Burghardt, J. T. and Surh, C. D. (2004). A role for TCR affinity in
regulating naive T cell homeostasis. J. Immunol. 172, 40-44.
King, C., Ilic, A., Koelsch, K. and Sarvetnick, N. (2004). Homeostatic expansion of T
cells during immune insufficiency generates autoimmunity. Cell 117, 265-277.
Kinnunen, T., Chamberlain, N., Morbach, H., Cantaert, T., Lynch, M., PrestonHurlburt, P., Herold, K. C., Hafler, D. A., O’Connor, K. C. and Meffre, E. (2013a).
Specific peripheral B cell tolerance defects in patients with multiple sclerosis. J. Clin.
Invest. 123, 2737-2741.
Kinnunen, T., Chamberlain, N., Morbach, H., Choi, J., Kim, S., Craft, J., Mayer, L.,
Cancrini, C., Passerini, L., Bacchetta, R. et al. (2013b). Accumulation of
peripheral autoreactive B cells in the absence of functional human regulatory T cells.
Blood 121, 1595-1603.
Kohm, A. P., Carpentier, P. A., Anger, H. A. and Miller, S. D. (2002). Cutting edge:
CD4+CD25+ regulatory T cells suppress antigen-specific autoreactive immune
responses and central nervous system inflammation during active experimental
autoimmune encephalomyelitis. J. Immunol. 169, 4712-4716.
Komatsu, N., Okamoto, K., Sawa, S., Nakashima, T., Oh-hora, M., Kodama, T.,
Tanaka, S., Bluestone, J. A. and Takayanagi, H. (2014). Pathogenic conversion of
Foxp3+ T cells into TH17 cells in autoimmune arthritis. Nat. Med. 20, 62-68.
Korn, T., Mitsdoerffer, M., Croxford, A. L., Awasthi, A., Dardalhon, V. A., Galileos,
G., Vollmar, P., Stritesky, G. L., Kaplan, M. H., Waisman, A. et al. (2008). IL-6
controls Th17 immunity in vivo by inhibiting the conversion of conventional T cells
into Foxp3+ regulatory T cells. Proc. Natl. Acad. Sci. USA 105, 18460-18465.

511

Disease Models & Mechanisms

REVIEW

Kornbluth, A. (1998). Infliximab approved for use in Crohn’s disease: a report on the
FDA GI Advisory Committee conference. Inflamm. Bowel Dis. 4, 328-329.
Kremer, J. M., Dougados, M., Emery, P., Durez, P., Sibilia, J., Shergy, W., Steinfeld,
S., Tindall, E., Becker, J. C., Li, T. et al. (2005). Treatment of rheumatoid arthritis
with the selective costimulation modulator abatacept: twelve-month results of a
phase iib, double-blind, randomized, placebo-controlled trial. Arthritis Rheum. 52,
2263-2271.
Krummel, M. F. and Allison, J. P. (1995). CD28 and CTLA-4 have opposing effects on
the response of T cells to stimulation. J. Exp. Med. 182, 459-465.
Lal, G., Zhang, N., van der Touw, W., Ding, Y., Ju, W., Bottinger, E. P., Reid, S. P.,
Levy, D. E. and Bromberg, J. S. (2009). Epigenetic regulation of Foxp3 expression
in regulatory T cells by DNA methylation. J. Immunol. 182, 259-273.
Lazarus, M. N., Turner-Stokes, T., Chavele, K. M., Isenberg, D. A. and Ehrenstein,
M. R. (2012). B-cell numbers and phenotype at clinical relapse following rituximab
therapy differ in SLE patients according to anti-dsDNA antibody levels.
Rheumatology (Oxford) 51, 1208-1215.
Leonardi, C. L., Kimball, A. B., Papp, K. A., Yeilding, N., Guzzo, C., Wang, Y., Li,
S., Dooley, L. T., Gordon, K. B.; PHOENIX 1 study investigators (2008). Efficacy
and safety of ustekinumab, a human interleukin-12/23 monoclonal antibody, in
patients with psoriasis: 76-week results from a randomised, double-blind, placebocontrolled trial (PHOENIX 1). Lancet 371, 1665-1674.
Linsley, P. S., Brady, W., Urnes, M., Grosmaire, L. S., Damle, N. K. and Ledbetter,
J. A. (1991). CTLA-4 is a second receptor for the B cell activation antigen B7. J.
Exp. Med. 174, 561-569.
Lipsky, P. E., van der Heijde, D. M., St Clair, E. W., Furst, D. E., Breedveld, F. C.,
Kalden, J. R., Smolen, J. S., Weisman, M., Emery, P., Feldmann, M. et al.; AntiTumor Necrosis Factor Trial in Rheumatoid Arthritis with Concomitant Therapy
Study Group (2000). Infliximab and methotrexate in the treatment of rheumatoid
arthritis. N. Engl. J. Med. 343, 1594-1602.
Liu, Y. J. (2005). IPC: professional type 1 interferon-producing cells and plasmacytoid
dendritic cell precursors. Annu. Rev. Immunol. 23, 275-306.
Lutterotti, A., Yousef, S., Sputtek, A., Sturner, K. H., Stellmann, J. P., Breiden, P.,
Reinhardt, S., Schulze, C., Bester, M., Heesen, C. et al. (2013). Antigen-specific
tolerance by autologous myelin peptide-coupled cells: a phase 1 trial in multiple
sclerosis. Sci. Transl. Med. 5, 188ra175.
MacMurray, A. J., Moralejo, D. H., Kwitek, A. E., Rutledge, E. A., Van Yserloo, B.,
Gohlke, P., Speros, S. J., Snyder, B., Schaefer, J., Bieg, S. et al. (2002).
Lymphopenia in the BB rat model of type 1 diabetes is due to a mutation in a novel
immune-associated nucleotide (Ian)-related gene. Genome Res. 12, 1029-1039.
Maldonado, R. A. and von Andrian, U. H. (2010). How tolerogenic dendritic cells
induce regulatory T cells. Adv. Immunol. 108, 111-165.
Malviya, G., Salemi, S., Lagana, B., Diamanti, A. P., D’Amelio, R. and Signore, A.
(2013). Biological therapies for rheumatoid arthritis: progress to date. BioDrugs 27,
329-345.
Matthews, J. B., Staeva, T. P., Bernstein, P. L., Peakman, M., von Herrath, M.; ITNJDRF Type 1 Diabetes Combination Therapy Assessment Group (2010).
Developing combination immunotherapies for type 1 diabetes: recommendations
from the ITN-JDRF Type 1 Diabetes Combination Therapy Assessment Group. Clin.
Exp. Immunol. 160, 176-184.
Menard, L., Saadoun, D., Isnardi, I., Ng, Y. S., Meyers, G., Massad, C., Price, C.,
Abraham, C., Motaghedi, R., Buckner, J. H. et al. (2011). The PTPN22 allele
encoding an R620W variant interferes with the removal of developing autoreactive B
cells in humans. J. Clin. Invest. 121, 3635-3644.
Metzler, B. and Wraith, D. C. (1993). Inhibition of experimental autoimmune
encephalomyelitis by inhalation but not oral administration of the encephalitogenic
peptide: influence of MHC binding affinity. Int. Immunol. 5, 1159-1165.
Mottet, C., Uhlig, H. H. and Powrie, F. (2003). Cutting edge: cure of colitis by
CD4+CD25+ regulatory T cells. J. Immunol. 170, 3939-3943.
Mueller, D. L., Jenkins, M. K. and Schwartz, R. H. (1989). Clonal expansion versus
functional clonal inactivation: a costimulatory signalling pathway determines the
outcome of T cell antigen receptor occupancy. Annu. Rev. Immunol. 7, 445-480.
Murphy, S. P., Porrett, P. M. and Turka, L. A. (2011). Innate immunity in transplant
tolerance and rejection. Immunol. Rev. 241, 39-48.
Nagamine, K., Peterson, P., Scott, H. S., Kudoh, J., Minoshima, S., Heino, M.,
Krohn, K. J., Lalioti, M. D., Mullis, P. E., Antonarakis, S. E. et al. (1997).
Positional cloning of the APECED gene. Nat. Genet. 17, 393-398.
Navarra, S. V., Guzmán, R. M., Gallacher, A. E., Hall, S., Levy, R. A., Jimenez, R.
E., Li, E. K., Thomas, M., Kim, H. Y., León, M. G. et al.; BLISS-52 Study Group
(2011). Efficacy and safety of belimumab in patients with active systemic lupus
erythematosus: a randomised, placebo-controlled, phase 3 trial. Lancet 377, 721731.
Nemazee, D. and Buerki, K. (1989). Clonal deletion of autoreactive B lymphocytes in
bone marrow chimeras. Proc. Natl. Acad. Sci. USA 86, 8039-8043.
Nepom, G. T., St Clair, E. W. and Turka, L. A. (2011). Challenges in the pursuit of
immune tolerance. Immunol. Rev. 241, 49-62.
Nepom, G. T., Ehlers, M. and Mandrup-Poulsen, T. (2013). Anti-cytokine therapies in
T1D: Concepts and strategies. Clin. Immunol. 149, 279-285.
Ng, T. H., Britton, G. J., Hill, E. V., Verhagen, J., Burton, B. R. and Wraith, D. C.
(2013). Regulation of adaptive immunity; the role of interleukin-10. Front. Immunol.
4, 129.
Nishimura, H., Nose, M., Hiai, H., Minato, N. and Honjo, T. (1999). Development of
lupus-like autoimmune diseases by disruption of the PD-1 gene encoding an ITIM
motif-carrying immunoreceptor. Immunity 11, 141-151.
Nossal, G. J. and Pike, B. L. (1975). Evidence for the clonal abortion theory of Blymphocyte tolerance. J. Exp. Med. 141, 904-917.

512

Disease Models & Mechanisms (2014) doi:10.1242/dmm.015099

Ohnmacht, C., Pullner, A., King, S. B., Drexler, I., Meier, S., Brocker, T. and
Voehringer, D. (2009). Constitutive ablation of dendritic cells breaks self-tolerance of
CD4 T cells and results in spontaneous fatal autoimmunity. J. Exp. Med. 206, 549559.
Okazaki, T., Chikuma, S., Iwai, Y., Fagarasan, S. and Honjo, T. (2013). A rheostat for
immune responses: the unique properties of PD-1 and their advantages for clinical
application. Nat. Immunol. 14, 1212-1218.
Orban, T., Bundy, B., Becker, D. J., DiMeglio, L. A., Gitelman, S. E., Goland, R.,
Gottlieb, P. A., Greenbaum, C. J., Marks, J. B., Monzavi, R. et al.; Type 1
Diabetes TrialNet Abatacept Study Group (2011). Co-stimulation modulation with
abatacept in patients with recent-onset type 1 diabetes: a randomised, double-blind,
placebo-controlled trial. Lancet 378, 412-419.
Oropallo, M. A., Kiefer, K., Marshak-Rothstein, A. and Cancro, M. P. (2011).
Beyond transitional selection: New roles for BLyS in peripheral tolerance. Drug Dev.
Res. 72, 779-787.
Owen, R. D. (1945). Immunogenetic consequences of vascular anastomoses between
bovine twins. Science 102, 400-401.
Peakman, M. and von Herrath, M. (2010). Antigen-specific immunotherapy for type 1
diabetes: maximizing the potential. Diabetes 59, 2087-2093.
Pescovitz, M. D., Greenbaum, C. J., Krause-Steinrauf, H., Becker, D. J., Gitelman,
S. E., Goland, R., Gottlieb, P. A., Marks, J. B., McGee, P. F., Moran, A. M. et al.;
Type 1 Diabetes TrialNet Anti-CD20 Study Group (2009). Rituximab, Blymphocyte depletion, and preservation of beta-cell function. N. Engl. J. Med. 361,
2143-2152.
Putnam, A. L., Brusko, T. M., Lee, M. R., Liu, W., Szot, G. L., Ghosh, T., Atkinson,
M. A. and Bluestone, J. A. (2009). Expansion of human regulatory T-cells from
patients with type 1 diabetes. Diabetes 58, 652-662.
Quách, T. D., Manjarrez-Orduño, N., Adlowitz, D. G., Silver, L., Yang, H., Wei, C.,
Milner, E. C. and Sanz, I. (2011). Anergic responses characterize a large fraction of
human autoreactive naive B cells expressing low levels of surface IgM. J. Immunol.
186, 4640-4648.
Ramsey, C., Winqvist, O., Puhakka, L., Halonen, M., Moro, A., Kämpe, O., Eskelin,
P., Pelto-Huikko, M. and Peltonen, L. (2002). Aire deficient mice develop multiple
features of APECED phenotype and show altered immune response. Hum. Mol.
Genet. 11, 397-409.
Raterman, H. G., Vosslamber, S., de Ridder, S., Nurmohamed, M. T., Lems, W. F.,
Boers, M., van de Wiel, M., Dijkmans, B. A., Verweij, C. L. and Voskuyl, A. E.
(2012). The interferon type I signature towards prediction of non-response to
rituximab in rheumatoid arthritis patients. Arthritis Res. Ther. 14, R95.
Rawlings, D. J., Schwartz, M. A., Jackson, S. W. and Meyer-Bahlburg, A. (2012).
Integration of B cell responses through Toll-like receptors and antigen receptors. Nat.
Rev. Immunol. 12, 282-294.
Reichert, J. M. (2013). Antibodies to watch in 2013: Mid-year update. MAbs 5, 513-517.
Rigby, M. R., DiMeglio, L. A., Rendell, M. S., Felner, E. I., Dostou, J. M., Gitelman,
S. E., Patel, C. M., Griffin, K. J., Tsalikian, E., Gottlieb et al.; T1DAL Study Team
(2013a). Targeting of memory T cells with alefacept in new-onset type 1 diabetes
(T1DAL study): 12 month results of a randomised, double-blind, placebo-controlled
phase 2 trial. Lancet Diabetes Endocrinol. 1, 284-294.
Rigby, W. F., Mease, P. J., Olech, E., Ashby, M. and Tole, S. (2013b). Safety of
rituximab in combination with other biologic disease-modifying antirheumatic drugs in
rheumatoid arthritis: an open-label study. J. Rheumatol. 40, 599-604.
Riquelme, P., Geissler, E. K. and Hutchinson, J. A. (2012). Alternative approaches
to myeloid suppressor cell therapy in transplantation: comparing regulatory
macrophages to tolerogenic DCs and MDSCs. Transplant. Res. 1, 17.
Roep, B. O., Solvason, N., Gottlieb, P. A., Abreu, J. R., Harrison, L. C., Eisenbarth,
G. S., Yu, L., Leviten, M., Hagopian, W. A., Buse, J. B. et al. (2013). Plasmidencoded proinsulin preserves C-peptide while specifically reducing proinsulinspecific CD8(+) T cells in type 1 diabetes. Sci. Transl. Med. 5, 191ra182.
Rosman, Z., Shoenfeld, Y. and Zandman-Goddard, G. (2013). Biologic therapy for
autoimmune diseases: an update. BMC Med. 11, 88.
Rudensky, A. Y. (2011). Regulatory T cells and Foxp3. Immunol. Rev. 241, 260-268.
Sakaguchi, S., Yamaguchi, T., Nomura, T. and Ono, M. (2008). Regulatory T cells
and immune tolerance. Cell 133, 775-787.
Sakaguchi, S., Vignali, D. A., Rudensky, A. Y., Niec, R. E. and Waldmann, H. (2013).
The plasticity and stability of regulatory T cells. Nat. Rev. Immunol. 13, 461-467.
Samson, M. F. and Smilek, D. E. (1995). Reversal of acute experimental autoimmune
encephalomyelitis and prevention of relapses by treatment with a myelin basic
protein peptide analogue modified to form long-lived peptide-MHC complexes. J.
Immunol. 155, 2737-2746.
Sarikonda, G., Sachithanantham, S., Manenkova, Y., Kupfer, T., Posgai, A.,
Wasserfall, C., Bernstein, P., Straub, L., Pagni, P. P., Schneider, D. et al. (2013).
Transient B-cell depletion with anti-CD20 in combination with proinsulin DNA vaccine
or oral insulin: immunologic effects and efficacy in NOD mice. PLoS ONE 8, e54712.
Scalapino, K. J., Tang, Q., Bluestone, J. A., Bonyhadi, M. L. and Daikh, D. I.
(2006). Suppression of disease in New Zealand Black/New Zealand White lupusprone mice by adoptive transfer of ex vivo expanded regulatory T cells. J. Immunol.
177, 1451-1459.
Schiff, M., Pritchard, C., Huffstutter, J. E., Rodriguez-Valverde, V., Durez, P., Zhou,
X., Li, T., Bahrt, K., Kelly, S., Le Bars, M. et al. (2009). The 6-month safety and
efficacy of abatacept in patients with rheumatoid arthritis who underwent a washout
after anti-tumour necrosis factor therapy or were directly switched to abatacept: the
ARRIVE trial. Ann. Rheum. Dis. 68, 1708-1714.
Schluns, K. S., Kieper, W. C., Jameson, S. C. and Lefrançois, L. (2000). Interleukin7 mediates the homeostasis of naïve and memory CD8 T cells in vivo. Nat. Immunol.
1, 426-432.

Disease Models & Mechanisms

REVIEW

Smilek, D. E., Wraith, D. C., Hodgkinson, S., Dwivedy, S., Steinman, L. and
McDevitt, H. O. (1991). A single amino acid change in a myelin basic protein peptide
confers the capacity to prevent rather than induce experimental autoimmune
encephalomyelitis. Proc. Natl. Acad. Sci. USA 88, 9633-9637.
Smith, C. E., Eagar, T. N., Strominger, J. L. and Miller, S. D. (2005). Differential
induction of IgE-mediated anaphylaxis after soluble vs. cell-bound tolerogenic
peptide therapy of autoimmune encephalomyelitis. Proc. Natl. Acad. Sci. USA 102,
9595-9600.
St Clair, E. W. (2009). Novel targeted therapies for autoimmunity. Curr. Opin. Immunol.
21, 648-657.
Surh, C. D. and Sprent, J. (2012). TGF-β puts the brakes on homeostatic proliferation.
Nat. Immunol. 13, 628-630.
Tan, J. T., Dudl, E., LeRoy, E., Murray, R., Sprent, J., Weinberg, K. I. and Surh, C.
D. (2001). IL-7 is critical for homeostatic proliferation and survival of naive T cells.
Proc. Natl. Acad. Sci. USA 98, 8732-8737.
Tang, Q., Henriksen, K. J., Bi, M., Finger, E. B., Szot, G., Ye, J., Masteller, E. L.,
McDevitt, H., Bonyhadi, M. and Bluestone, J. A. (2004). In vitro-expanded
antigen-specific regulatory T cells suppress autoimmune diabetes. J. Exp. Med. 199,
1455-1465.
Tang, Q., Adams, J. Y., Penaranda, C., Melli, K., Piaggio, E., Sgouroudis, E.,
Piccirillo, C. A., Salomon, B. L. and Bluestone, J. A. (2008). Central role of
defective interleukin-2 production in the triggering of islet autoimmune destruction.
Immunity 28, 687-697.
Tchao, N. K. and Turka, L. A. (2012). Lymphodepletion and homeostatic proliferation:
implications for transplantation. Am. J. Transplant. 12, 1079-1090.
Thien, M., Phan, T. G., Gardam, S., Amesbury, M., Basten, A., Mackay, F. and
Brink, R. (2004). Excess BAFF rescues self-reactive B cells from peripheral deletion
and allows them to enter forbidden follicular and marginal zone niches. Immunity 20,
785-798.
Thompson, J. A., Perry, D. and Brusko, T. M. (2012). Autologous regulatory T cells
for the treatment of type 1 diabetes. Curr. Diab. Rep. 12, 623-632.
Tian, J., Clare-Salzler, M., Herschenfeld, A., Middleton, B., Newman, D., Mueller,
R., Arita, S., Evans, C., Atkinson, M. A., Mullen, Y. et al. (1996). Modulating
autoimmune responses to GAD inhibits disease progression and prolongs islet graft
survival in diabetes-prone mice. Nat. Med. 2, 1348-1353.
Tisch, R., Wang, B. and Serreze, D. V. (1999). Induction of glutamic acid
decarboxylase 65-specific Th2 cells and suppression of autoimmune diabetes at late
stages of disease is epitope dependent. J. Immunol. 163, 1178-1187.
Topalian, S. L., Hodi, F. S., Brahmer, J. R., Gettinger, S. N., Smith, D. C.,
McDermott, D. F., Powderly, J. D., Carvajal, R. D., Sosman, J. A., Atkins, M. B.
et al. (2012). Safety, activity, and immune correlates of anti-PD-1 antibody in cancer.
N. Engl. J. Med. 366, 2443-2454.
Treml, L. S., Carlesso, G., Hoek, K. L., Stadanlick, J. E., Kambayashi, T., Bram, R.
J., Cancro, M. P. and Khan, W. N. (2007). TLR stimulation modifies BLyS receptor
expression in follicular and marginal zone B cells. J. Immunol. 178, 7531-7539.
Turley, D. M. and Miller, S. D. (2007). Peripheral tolerance induction using
ethylenecarbodiimide-fixed APCs uses both direct and indirect mechanisms of

Disease Models & Mechanisms (2014) doi:10.1242/dmm.015099

antigen presentation for prevention of experimental autoimmune encephalomyelitis.
J. Immunol. 178, 2212-2220.
Tyner, K. and Sadrieh, N. (2011). Considerations when submitting nanotherapeutics
to FDA/CDER for regulatory review. Methods Mol. Biol. 697, 17-31.
Verweij, C. L. and Vosslamber, S. (2013). Relevance of the type I interferon signature
in multiple sclerosis towards a personalized medicine approach for interferon-beta
therapy. Discov. Med. 15, 51-60.
Virgin, H. W., Wherry, E. J. and Ahmed, R. (2009). Redefining chronic viral infection.
Cell 138, 30-50.
von Herrath, M. G. and Nepom, G. T. (2005). Lost in translation: barriers to
implementing clinical immunotherapeutics for autoimmunity. J. Exp. Med. 202, 11591162.
Warren, K. G., Catz, I., Ferenczi, L. Z. and Krantz, M. J. (2006). Intravenous
synthetic peptide MBP8298 delayed disease progression in an HLA Class II-defined
cohort of patients with progressive multiple sclerosis: results of a 24-month doubleblind placebo-controlled clinical trial and 5 years of follow-up treatment. Eur. J.
Neurol. 13, 887-895.
Watanabe, N. and Nakajima, H. (2012). Coinhibitory molecules in autoimmune
diseases. Clin. Dev. Immunol. 2012, 269756.
Weinblatt, M., Combe, B., Covucci, A., Aranda, R., Becker, J. C. and Keystone, E.
(2006). Safety of the selective costimulation modulator abatacept in rheumatoid
arthritis patients receiving background biologic and nonbiologic disease-modifying
antirheumatic drugs: A one-year randomized, placebo-controlled study. Arthritis
Rheum. 54, 2807-2816.
Wherry, E. J. (2011). T cell exhaustion. Nat. Immunol. 12, 492-499.
Wherry, E. J., Ha, S. J., Kaech, S. M., Haining, W. N., Sarkar, S., Kalia, V.,
Subramaniam, S., Blattman, J. N., Barber, D. L. and Ahmed, R. (2007). Molecular
signature of CD8+ T cell exhaustion during chronic viral infection. Immunity 27, 670684.
Wolchok, J. D., Kluger, H., Callahan, M. K., Postow, M. A., Rizvi, N. A., Lesokhin,
A. M., Segal, N. H., Ariyan, C. E., Gordon, R. A., Reed, K. et al. (2013). Nivolumab
plus ipilimumab in advanced melanoma. N. Engl. J. Med. 369, 122-133.
Wraith, D. C., Smilek, D. E., Mitchell, D. J., Steinman, L. and McDevitt, H. O.
(1989). Antigen recognition in autoimmune encephalomyelitis and the potential for
peptide-mediated immunotherapy. Cell 59, 247-255.
Yao, S., Zhu, Y. and Chen, L. (2013). Advances in targeting cell surface signalling
molecules for immune modulation. Nat. Rev. Drug Discov. 12, 130-146.
Yurasov, S., Wardemann, H., Hammersen, J., Tsuiji, M., Meffre, E., Pascual, V. and
Nussenzweig, M. C. (2005). Defective B cell tolerance checkpoints in systemic
lupus erythematosus. J. Exp. Med. 201, 703-711.
Zhang, Z. J., Davidson, L., Eisenbarth, G. and Weiner, H. L. (1991). Suppression of
diabetes in nonobese diabetic mice by oral administration of porcine insulin. Proc.
Natl. Acad. Sci. USA 88, 10252-10256.
Zhou, X., Bailey-Bucktrout, S. L., Jeker, L. T., Penaranda, C., Martínez-Llordella,
M., Ashby, M., Nakayama, M., Rosenthal, W. and Bluestone, J. A. (2009).
Instability of the transcription factor Foxp3 leads to the generation of pathogenic
memory T cells in vivo. Nat. Immunol. 10, 1000-1007.

Disease Models & Mechanisms

REVIEW

513

