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Abstract
T cell-directed therapies have become mainstays in the management of various autoimmune diseases
and organ transplantation. The understanding of T cell biology has expanded greatly since the
development of most agents currently in use. Here we discuss important recent discoveries pertaining
to T helper cell differentiation, lineage commitment, and function. Within this context, we examine
existing T cell-directed therapies, including new agents being evaluated in clinical and preclinical
studies. We also use recent findings to speculate on novel targets.
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Introduction
T cells have been implicated in the pathogenesis of a variety of immune and inflammatory
disorders and recent gene-association studies have strengthened this link. Polymorphisms in
T cell expressed genes, including signaling molecules and cytokine receptors, are now
recognized to confer increased risk for various autoimmune diseases. These data in addition
to abundant data from mouse models firmly support the notion that targeting T cells is a logical
strategy for treating autoimmunity. Additionally, recent advances in our understanding of T
cell biology have revealed surprising complexities in the heterogeneity and flexibility of T
cells; these insights provide many new opportunities for intervention. In the present review,
we will start by summarizing some of the important recent discoveries pertaining to T helper
cell differentiation, lineage commitment, and function. We will then discuss existing T cell-
directed therapies within this context, and then speculate on new opportunities.
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T cell differentiation and function – the classic view
The diversity and complexity of microbial pathogens require equally diverse and sophisticated
mechanisms for host defense. One mechanism by which immune responses are tailored to
combat offending pathogens is through the differentiation of distinct subsets of CD4+ T helper
cells. Through the selective production of cytokines, helper T cells coordinate the responses
of other cellular components of the immune system. Classically, naïve CD4+ cells have been
thought to differentiate into two possible lineages, T helper 1 (Th1) or T helper 2 (Th2) cells
(Figure 1), which are defined by the cytokines these cells secrete when activated.1–5 Th1 cells
produce interferon (IFN)-γ, which in turn activates phagocytic cells. This response confers
protection against intracellular pathogens such as viruses, Mycobacteria, and protozoa. Th1
differentiation is promoted by a cytokine, interleukin (IL)-12, produced by antigen presenting
cells (macrophages and dendritic cells), which activates the signal transducer and activator of
transcription 4 (Stat4). Stat4-dependent signaling in conjunction with T cell receptor (TCR)-
dependent signals, induces the expression of transcription factor T-box-expressed-in-T-cells
(T-bet).5 Recently, in humans, it has been shown that STAT4 polymorphisms are associated
with rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and Sjogren's syndrome.
6, 7 IFN-γ also activates Stat1 which further induces T-bet in an autocrine loop. This enforces
IFN-γ production and Th1 differentiation and inhibits Th2 differentiation.

On the other hand, Th2 cells selectively produce IL-4, IL-5, and IL-13. Th2 differentiation is
promoted by IL-4 activation of Stat6, which up-regulates the expression of the transcription
factor GATA-binding protein 3 (GATA-3).8 Sources of IL-4 that initiate Th2 differentiation
include NK T cells, mast cells and basophils.9 Th2 cytokines are potent activators of B-cell
IgE production, eosinophil recruitment, and mucosal expulsion mechanisms, and are essential
for promoting host defense against helminths and other parasites. In addition, Th2 cells have
been shown to mediate allergic diseases such as asthma, rhinitis, and atopic dermatitis. Th2
cytokines also inhibit Th1 differentiation.

The Th1/Th2 paradigm explained a great deal about the immune response to model pathogens.
Moreover, understanding the rules that govern lineage commitment in differentiating T cells
has provided many insights into the molecular basis of transcriptional control of lineage-
specific T cell cytokines. However, this model also has a number of weaknesses, not the least
of which is its ability to explain the pathogenesis of autoimmune disease.10

Th17 cells – the real bad boys
Classically, autoimmune diseases had been assumed to be associated with dysregulated Th1
responses. The demonstration that anti-IL-12p40 antibody was effective in the treatment of
Crohn's disease (CD) and psoriasis was interpreted as supporting the notion that IL-12-
dependent IFN-γ production and Th1 responses underlie the pathogenesis of autoimmunity.
11, 12 However, it was subsequently shown in a number of models that IFN-γ deficiency
exacerbated rather than ameliorated autoimmunity. The discovery of a new cytokine, IL-23,
which comprises the IL-23p19 and the IL-12p40 subunits, began to clarify this paradox.13

Notably, IL-23p19-deficient mice or IL-12p40-deficient (IL-12/IL-23-deficient) mice were
found to be resistant in models of autoimmune disease whereas IL-12p35-deficient mice had
increased severity of disease.14 Next, it was recognized that IL-23 selectively induces the
production of IL-17 in T cells and this in turn led to the notion that IL-17-producing T cells
represent a new lineage of helper T cells, which are the major drivers of autoimmune disease
and inflammation.15–17 Subsequently, polymorphisms in the IL-23 receptor gene have been
linked to several autoimmune diseases.18–20

IL-17 is now recognized as the prototype of a family of proinflammatory cytokines including:
IL-17 (IL-17A), IL-17B, IL-17C, IL-17D, IL-17E (also known as IL-25), and IL-17F.21 Th17
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cells selectively produce IL-17A and IL-17F, which induce the production of various
proinflammatory cytokines such as tumor necrosis factor α (TNF-α, IL-1β, IL-6, granulocyte-
macrophage colony stimulating factor and various chemokines. As such, IL-17A and IL-17F
are critical for inducing the recruitment of myeloid cells to sites of inflammation; though each
appear to have selective importance in different tissues.22, 23. IL-17 is important in host defense
against gram negative extracellular bacteria such as Klebsiella pneumonia and Bacteroides
fragilis.24

It has subsequently become clear that the initial differentiation of Th17 cells requires more
than just IL-23. Initially, it was puzzling that naïve CD4+ T cells did not express IL-23R. This
led to the search for factors that initiate Th17 differentiation. We now know that the
combination of IL-1, IL-6, and transforming growth factor-β1 (TGF-β1) in conjunction with
TCR occupancy optimally induces Th17 differentiation in mice (Figure 1).25–27 As noted, in
the classic Th1/Th2 paradigm, T cell subsets produce factors that promote their differentiation
and constrain the differentiation to other fates. Interestingly, Th17 cells were found to
selectively produce IL-21. Autocrine production of IL-21 by Th17 cells is now recognized to
be an important factor that promotes Th17 differentiation and inhibits Th1 differentiation.
Meanwhile, IL-23 function has been shown to be critical for expansion and pathogenicity of
Th17 cells in vivo. In the absence of IL-23R, Th17 cells failed to generate large numbers of
IL-17-producing progeny, accumulate in high numbers in tissue, or successfully initiate
inflammation.28 The conditions required for human Th17 cell differentiation have been
somewhat perplexing, but this may reflect in part differing dose response requirements for
TGFβ-1 in mouse and man.29–32

Of note, IL-6, IL-21, and IL-23 all activate the transcription factor Stat3.33–35 Accordingly
Th17 differentiation is abrogated in Stat3-deficient T cells and deletion of Stat3 in T cells
abrogates models of autoimmunity.34–38 Humans with hyperimmunoglobulin E or Job's
syndrome are for heterozygous mutations of Stat3, which produce a dominant negative protein
that can block binding of the wild type Stat3 to candidate DNA binding sites; one consequence
of this is the failure to generate Th17 cells.39–41 Stat3 regulation of Th17 differentiation appears
to be remarkably direct – i.e Stat3 binds to the Il17 and Il21 loci, as detected by using chromatin
immunoprecipitation assays. IL-6 and IL-23 promote IL-23R expression and this too appears
to be Stat3-dependent.30, 42, 43

Like other T cell subsets, Th17 cells also have a lineage-specific transcription factor, namely
the retinoic acid-related orphan receptor-γt (RORγt).31, 44 Mice lacking this transcription factor
have reduced severity in models of autoimmune disease. A related retinoic acid related nuclear
receptor, RORα also contributes to Th17 differentiation.45 As discussed below, Th17 cells also
express another transcription factor in the steroid receptor superfamily – the aryl hydrocarbon
receptor (AHR).46 This recent discovery is a fascinating insight as it provides a mechanism by
which environmental stimuli and toxins can modulate T cell responses. Other transcription
factors shown to play a positive role in Th17 differentiation include interferon regulatory factor
(IRF)4 and Runx1.47, 48

Given their highly inflammatory nature, it should come as no surprise that there are many
mechanisms in place to constrain the differentiation of Th17 cells. Remarkably, IL-2, IFN-
γ17, IL-449, 50 and IL-27 all inhibit IL-17 production.51 In addition, retinoic acid, a Vitamin A
metabolite and product of gut dendritic cells inhibits Th17 cells (discussed below).52–56

It should also be noted that recent work has suggested that CD4+ T cells, which preferentially
produce IL-21, may represent a lineage distinct from Th17 cells. Specifically, it was reported
that the conditions that drive optimal IL-21 and IL-17 production are different.57 Some reports
label the selective IL-21 producers as follicular helper T (Tfh) cells, or T helper cells that

Steward-Tharp et al. Page 3

Ann N Y Acad Sci. Author manuscript; available in PMC 2010 October 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



regulate the step-wise development of antigen-specific B cell immunity in vivo.58 This fits
with our increasing understanding of the importance of IL-21 in Tfh cell function. However,
the designation of Tfh as a distinct lineage that aids B cell responses implies that only one
lineage of Th cells has this capacity. It can be argued that multiple types of T cells with different
capacities to selectively produce cytokines can take up residence in the follicular regions and
regulate a spectrum of B cell immunity.59 In some respects, these notions get to the heart of
what constitutes a T cell lineage (see below).

Regulatory T cells – the good guys and the bad boys are related!
CD4+ T cells have another critical fate, namely CD4+CD25+ regulatory T (Treg) cells, which
we now know are critical for the maintenance of peripheral tolerance. CD4+CD25+ Treg cells
express the transcription factor forkhead box protein 3 (Foxp3) and classic studies have amply
demonstrated that the absence of Treg cells results in fatal autoimmunity in mouse and in man.
60–64 Treg cells suppress proliferation of effector T cells and maintain self tolerance by down-
regulation of immune responses. The mechanisms by which Tregs preserve peripheral
tolerance are still controversial; however they preferentially express Cytotoxic T-Lymphocyte
Antigen 4 (CTLA-4), and the critical immunosuppressive cytokines TGFβ–1, IL-10 and
IL-35.65

Naturally arising Treg (nTreg) cells are generated in the thymus, whereas naive T cells are
converted in the periphery to become inducible Tregs (iTregs), especially in the gut. Common
gamma chain cytokines are critical for nTreg development, and in vitro, IL-2 and TGF-β1 can
convert CD4+CD25− naïve T cells into CD4+ CD25+ Foxp3+ Treg cells. IL-2 activates Stat5,
which is essential for Treg cell development and in vitro conversion and appears to directly
regulate the FOXP3 gene.66, 67 Of note, IL-2-, IL-2 receptor- and Stat5- deficient mice show
enhanced T cell lympho-proliferation and severe autoimmunity, likely caused at least in part
by a lack of Tregs.68, 69

The fact that TGF-β1 is important for the differentiation of both Treg and Th17 cells led to the
idea that these lineages were related. Whereas, IL-2 in the context of TGFβ-1 promotes iTreg
differentiation, this combination of cytokines inhibits Th17 differentiation.25–27, 37

Conversely, IL-6 and TGFβ-1 inhibit Foxp3 expression and enhance IL-17 production.25

Moreover, recent data also supports the idea that, depending on its local concentration,
TGFβ–1 can promote either Th17 or Treg cell differentiation.70 As noted above, retinoic acid
inhibits IL-17 but this factor enhances Foxp3 expression.52–56 More complex is the effect of
arylhdrocarbon ligands. Remarkably, some ligands enhance Foxp3 expression; whereas other
ligands promote IL-17 secretion. Equally surprising is that Foxp3 and RORγt appear to interact
and can modulate each other's activity on target genes.70 Taken together, these data support
the notion that Th17 and Treg cells are clearly related. This is a remarkable notion given the
opposing functions of these cells.

Complexity and heterogeneity of T cells
Although some cytokines are clearly lineage restricted, other cytokines are made by multiple
subsets of T cells. One example is IL-10, which was initially found in Th2 cells, but was
subsequently linked with Treg cells. In fact, recent studies show that IL-10 can be made by
virtually any CD4+ T cell subset including Th17 cells71.71 Interestingly, IL-27 not only
downregulates IL-17, it also promotes IL-10 production.72 This might be viewed as a good
example of the “lineage” vs. “flexible” view of T cell differentiation. What does one call a
Th17 cell that has been exposed to IL-27? In contrast to the combination of TGF-β1 and IL-6,
which both induces IL-17 and IL-10, IL-23 enhances IL-17 production alone in Th17 cells,
promoting the pathogenicity of these cells.73
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Another example of a cytokine that might not strictly fit with the “lineage” view of CD4+ helper
cells is IL-22. IL-22 is a critical cytokine for host defense and has been proposed as a key
mediator in psoriasis models, but also has important anti-inflammatory properties.74–78

Although IL-22 was also originally described as a Th1 cytokine, IL-22 has been reported to
be preferentially produced by Th17 cells79; however, other data indicate that the cytokines that
regulate optimal IL-22 production are distinct from those that generate IL-17.42 Yet, it is clear
that IL-23 is a critical in vivo regulator of both IL-22 and IL-17.74, 77

Providing support for a more “flexible” view of Th cell differentiation is a recent study in which
genome-wide epigenetic modifications were mapped in polarized Th1, Th2, Th17, & Treg cells
and compared to unpolarized “naïve” CD4+ cells. Surprisingly, patterns of modification
indicative of “poised” expression were noted in the loci of the “master regulators” Gata3 and
T-bet, providing a potential mechanism for plasticity in Th17 and Treg cells.80 Supporting this
notion were recent studies indicating that IL-17 producing cells have the propensity to become
IFN-γ producers, but not the reverse.81, 82

Further blurring the classic Th1/Th2 dichotomy was a recent report of polarized Th2 cells being
converted into stable IL-9 producers when cultured in the presence of the Th17/iTreg important
cytokine TGF-β1.83 Clearly, there is still much to learn about T cell heterogeneity and plasticity
within existing lineages.

Targeting T cells
Given their central role in modulating immune responses, it is logical to conclude that targeting
T cells would be an effective means of accomplishing therapeutic immunosuppression. There
are ample examples of existing therapies that support this contention. The ultimate goal is to
refine therapies to improve efficacy and to minimize toxicity. In the next sections, we will
consider present and potential strategies. Conceptually, we have divided these strategies into
five different approaches, namely (1) therapies that deplete T cells, (2) therapies that alter T
cell trafficking or adhesion, (3) therapies that block T cell receptor (TCR) function, (4) therapies
that interfere with costimulatory signals and finally (5) therapies that interfere with cytokines
that act on, or are produced by T cells.

Depletion of T cells using antibodies
An obvious approach for therapeutic immunsuppression, which has been in use for many years,
is to simply deplete T cells. At first, polyclonal antibodies against thymocytes were used.84

Raised in either horses (ATGAM) or rabbits (Thymoglobulin), these polyclonal antibodies
bind various T cell surface molecules and produce depletion of T cells through Fc receptor–
mediated phagocytosis and complement-mediated lysis. Unfortunately, the polyclonal nature
of such preparations affects many cell types and results in a nonspecific immunosuppression
that leads to substantial infectious morbidity. Additionally, the repeated use of these agents
can result in the formation of neutralizing antibodies to horse or rabbit immunoglobulin.
Despite these problems, these agents are still used in certain high-risk transplant rejection cases
and autoimmune diseases.

Next onto the scene, were the monoclonal antibodies (mAbs), which allowed for enhanced
selectivity in depletion. The first of these to see substantial clinic use was OKT3, a mouse mAb
to human CD3ε. It was the first Food and Drug Administration (FDA) approved monoclonal
antibody for treatment in transplantation and remains one of the most potent
immunosuppressive drugs available.85 Unfortunately, besides the usual risk of opportunistic
infections and malignancy associated with immunosuppressants, OKT3 usage can also result
in a sepsis-like syndrome referred to as “cytokine storm”. This severe complication occurs
because anti-CD3 antibodies activate T cells, inducing rapid release of tumor necrosis factor
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(TNF) and other T cell-derived cytokines, which can lead to organ failure and even death.86

This risk has effectively limited OKT3's usage to the acute transplant rejection setting. In the
treatment of less life-threatening autoimmune diseases, such as multiple sclerosis (MS),
minimal efficacy was seen with considerable morbidity.87 To reduce this toxicity, modified
anti-CD3 mabs have been engineered that produce an attenuated activating signal (Teplizumab,
Otelixizumab, Visiluzimab).88 These agents produce milder T cell depletion. Additionally,
they may induce apoptosis, promote tolerance, expand regulatory cells and produce anti-
inflammatory cytokines like IL-10.89 These agents have shown promise in psoriatic arthritis,
90 renal transplantation91 and recent onset type 1 diabetes.92–94 Oral administration of anti-
CD3 antibodies has also been reported to induce regulatory T cells and ameliorate disease in
autoimmune disease models.95, 96

CD52 is expressed on a variety of leukocytes and a mAb against CD52, alemtuzumab
(Campath-1H), also very effectively depletes both B and T lymphocytes. This drug is
efficacious in both solid-organ and hematological transplants, as well as refractory vasculitis,
MS, and RA.97–101 Alemtuzumab's effects in RA appear to be transient, whereas its utility in
early MS treatment are more durable; phase III clinical trials in the latter disease have been
initiated.102 It has been argued that anti-CD52 could provide a costimulatory signal for
CD4+ T cells. This phenomenon appears to lead to an induction of Tregs in vitro103 and
CD4+ CD25high T cells are reportedly detected in relative abundance during the early
reconstitution phase of alemtuxumab-treated patients. Curiously, a complication associated
with alemtuzumab use is autoimmune thyroiditis.98

The paradoxical association of autoimmune disease induced by immunosupressives is not
limited to alemtuxumab and is also seen in patients with inherited immunodeficiencies.104,
105 It should also be emphasized that CD52 is widely expressed, being found on lymphocytes,
monocytes, macrophages, NK cells, certain granulocyte subpopulations, a proportion of bone
marrow cells, and some CD34+ cells. Consequently, the depleting effect is not limited to T
cells and pancytopenia is a common side effect.98

CD2 is a cell adhesion molecule expressed on mature T cells and most NK cells. Due to its
ability to mediate interactions with antigen presenting cells, CD2 has mostly been a target for
costimulation blockade (see below), however, several depleting anti-CD2 mAbs have also been
developed.106, 107 Among these, BTI-322 has shown efficacy in acute kidney transplants108

and siplizumab (a humanized version of BTI-322) is being studied in nonmyeloablative stem
cell transplantation, lymphoproliferative disorders, and psoriasis.109 In psoriasis, this drug
resulted in a >75% reduction in severity in more than half of psoriasis patients. Adverse effects
included flu-like symptoms and lymphopenia.110

In principle, depleting a specific subsets of T cells would be advantageous, especially if one
could target surface molecules that did not trigger lymphocyte activation and production of
cytokines. Disappointingly though, a variety of mAbs to at least three different epitopes of
CD4 have failed to provide consistent efficacy in RA, despite substantial depletion of T cells.
111, 112 This was initially thought to indicate a T cell-independent component of RA; however,
we now know that targeting co-stimulatory molecules on T cells is efficacious (see below).
One hypothesis is that the CD4 mAbs deplete beneficial regulatory subsets as well as
pathogenic ones.113 Additionally, with the recognition of new T cell subsets, it is becoming
increasingly obvious that further selective depletional strategies might be considered. Th1,
Th2, Th17 and Treg cells have all been proposed to have distinctive surface receptors. Th1
cells express CCR5, CXCR3, and CXCR6,114–117 whereas Th2 cells express CCR4 and
Spr44.114, 118–120 Th17 cells have been proposed to express CCR6, CCR4, and CCR2, but not
CXCR3 or CCR5, although recent reports suggest increased heterogeneity within the Th17
lineage.121 Targeting of these chemokine receptors with mAbs is of great interest, but
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expression in multiple lineages, such as CCR4, CCR5, and more recently CCR6, significantly
complicates matters.

Another alternative method to target autoreactive T cells is by promoting programmed cell
death following restimulation.122, 123 CD95 (Fas) is responsible for TCR-induced apoptosis
in CD4+ T cells and was an obvious early target for mAb therapy. Unfortunately, administration
of the anti-Fas mAb Jo2 resulted in fulminant hepatitis, hemorrhage and death in mice due to
Fas crosslinking on hepatocytes.124 Efforts are being made to eliminate Fc-mediated antibody
crosslinking in the hopes of reducing this severe complication.125 Other strategies are being
also being considered, such as, conjugating anti-Fas mAb to beads along with anti-HLA
antibody molecules to generate “artificial killer antigen presenting cells” that could deplete
antigen-specific T cells in a Fas/Fas ligand dependent fashion.126

Targeting lymphocyte trafficking and adhesion
A major means of regulating lymphocyte trafficking is through the action of chemokines, which
have discrete effects on different lymphocyte populations. Chemokines signal through seven-
transmembrane G protein-coupled receptors, which is a class of receptors that is highly
“drugable”. As a result, interfering chemotaxis of immune cells seems like a reasonable
therapeutic strategy. Theoretically, depending upon the chemokine receptor targeted, one could
generate compounds that might affect a variety of leukocytes or have restricted effects on
specific subsets.127 Work in this area is still very much ongoing, as investigators continue to
elucidate the role of each chemokine in different subsets.

Thus far, the most well characterized immunosuppressant in this class is FTY720 (fingolimod),
which interferes with the trafficking of all subsets of T cells. Sphingosine 1-phosphate (S1P)
is abundant in plasma and lymph and promotes egress of lymphocytes from the thymus and
lymphoid tissues via binding to the S1P type 1 receptor. FTY720 is a S1P analog and serves
as a functional receptor antagonist by binding, and down-regulating S1P receptors, thus
preventing migration of lymphocytes into blood and lymph.128 Human trials have shown that
the drug reduces circulating lymphocyte counts by 85% and prevents acute rejection in
transplant cases.129 It has also shown effectiveness in autoimmune disorders such as MS.130

Worth noting, is that signaling through the S1P type 1 receptor enhances IL-17 production.
131, 132 FTY720 has also been reported to inhibit Th1 cells and enhance Treg activity.133

Though lymphocyte sequestration likely remains the primary mechanism by which FTY720
improves autoimmune pathology, inhibition of Th1 and Th17 cells also remains a possible
contributory mechanism.

With FTY720 establishing the “proof of concept” in targeting of chemokine receptors, other
agents are being developed and tested in the setting of autoimmune disease.127 Since Th1, Th2,
Th17, and Treg cells may distinct chemokine receptor usage, selective chemokine receptor
antagonists might be an effective way to target specific populations. A CCR5 antagonist,
maraviroc, has been developed as an antiretroviral in HIV treatment and is safe and effective
in the disease.134 In contrast, another CCR5 antagonists, vicriviroc and aplaviroc, have had
unacceptable toxicities.135 In principle, CCR5 antagonists could also be useful based on their
immunoregulatory properties and are effective in preclinical models.136 CCL25-CCR9
interaction are important in homing of T cells to the small intestine,137 and a small-molecule
antagonist is being tested in CD.138 Likewise, CCL27-CCR10 and CCL17- or CCL22-CCR4
interactions play an important role in skin homing and therefore represent attractive targets for
psoriasis and atopic dermatitis.139 Antagonists of CCR4 are also being tested,140 although
expression of CCR4 expression on Tregs may be a complicating factor.141

Adhesion molecules are also essential for proper lymphocyte trafficking to areas of
inflammation, and targeting such molecules has been another successful immunosuppressive
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strategy. Natalizumab, a mAb to α4 integrin, interferes with the adhesion of leukocytes to
vascular endothelial cells through effects on CD49d (α4β1) and LPAM-1 (α4β7). Clinical trials
in MS and CD have documented efficacy;142 however, in 2005, its use has been associated
with progressive multifocal leukoencephalopathy (PML). This opportunistic viral infection of
the brain, which is often fatal, was only noted when natalizumab therapy was accompanied
with other immunosuppressive regimens. After initially withdrawing the drug, the FDA has
allowed the drug to be used in MS with a “black box” warning, however further reports of
PML have recently surfaced. Th1 and Th17 cells express high levels of α4β1, whereas Th17
cells alone expressed high levels of α4β7 in vivo.143 Specifically targeting α4β7 may be
advantageous.144, 145

Another strategy is disrupting ICAM-1 (CD54)/LFA-1 (CD11a/CD18) interactions. LFA-1 is
found on all T cells and is involved in recruitment to sites of inflammation. LFA-1 initially
binds weakly to ICAM-1, but TCR signals change the conformation and increase binding
affinity. Enlimomab, a murine mAb to human ICAM-1, showed limited efficacy in a small
population of RA patients in phase I/II trials.146 However, subsequent trials in transplantion
showed no efficacy.147 This drug was also associated with increased mortality rates among
stroke patients on the drug. In contrast, efalizumab, a humanized mAb to human CD11a is
efficacious for the treatment of psoriasis and severe atopic dermatitis.148–150. It is now FDA
approved and appears to be effective in patients with severe atopic dermatitis as well.151

However, several recent reports of PML have arisen and the drug has been pulled from the
market.

An anti-sense inhibitor of ICAM-1 synthesis, alicaforsen, may have some efficacy in CD152,
but its utility is still being assessed153–157. Another important receptor/co-receptor pair that
mediates adhesion is CD2 and LFA-3. Alefacept is an Fc-fusion protein comprising the
extracellular portion of LFA-3, approved for the treatment of psoriasis and reported efficacious
in atopic dermatitis and pyoderma gangrinosum.158–160 It is also being studied in graft versus
host disease (GVHD) and renal transplantation.

Interfering with TCR-mediated signaling
Thanks to the efforts of many investigators, we know a great deal about the biochemistry of T
cell activation.161–164 Activation of the transcription factor, nuclear factor of activated T cells
(NFAT) is a key step in T cell activation and the production of cytokines. Interestingly,
cyclosporin A and tacrolimus (FK506), highly successful immunosuppressive drugs that were
generated empirically, were subsequently found to inhibit calcineurin-dependant
dephosphorylation of NFAT proteins.165 Their usage has revolutionized solid organ transplant;
in 2005 nearly 70% of kidney transplant recipients received tacrolimus as a component of their
maintenance immunosuppression.166 Unfortunately, despite their clinical efficacy, use of
calcineurin inhibitors is limited by toxicity due to the ubiquitous nature of their target. In
addition to the usual enhanced risk of infection and malignancy, calcineurin inhibitors are
associated with nephrotoxicity, neurotoxicity, hypertension, lipid abnormalities, glucose
intolerance, hyperkalemia, hypomagnesemia and gastrointestinal disturbances.166 Such
toxicities limit the application of these drugs in the treatment of autoimmune disease, despite
their showing efficacy in atopic dermatitis, RA, cutaneous lupus erythematosus, MS,
myasthenia gravis, and type I diabetes mellitus.

Despite these issues, the effectiveness of the calcineurin inhibitors strongly supports the idea
that interference with TCR signaling is an effective immunosuppressive strategy.
Conceptually, targeting molecules that have key functions only in lymphocytes should provide
similar benefit with less toxicity. Early events in TCR signaling include the activation of the
Src family kinases Lck and Zap-70, as well as Tec family protein tyrosine kinases. Three Tec
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family kinsases, Itk, Rlk, and Tec are all expressed in T cells. Itk knockout mice show defects
in Th2 development and are resistant to asthma induction, whereas Rlk-deficient mice have a
Th1 developmental abnormality.167 Of special interest in the Src family is Zap-70 which is
only expressed in T and NK cells and whose deficiency results in severe combined
immunodeficiency. Although a truly selective inhibitor has not yet been generated, it remains
a very attractive target.168, 169 Also a possibility is targeting adaptor proteins (CARMA1,
Bcl-10, and MALT1) that link TCR-induced signaling to NF-κB. Additionally, the novel PKC
isoform, PKC theta, has become a target of increasing interest based on the phenotype of knock-
out mice. Unlike the majority of PKCs, which are ubiquitous in distribution, PKC theta has
restricted expression in skeletal muscle and T cells.170 Following TCR engagement, PKC theta
is recruited into a membrane-proximal signaling complex and serves as an essential signaling
intermediary in the pathway to IL-2 expression, affecting NF-κB, NFAT, and AP-1 signals.
171, 172 PKC theta knock-out mice are resistant to mouse models of IBD and MS, possibly due
to an impairment in Th17 differentiation.173; as such this enzyme appears to be an attractive
target.

The inherent complication in general TCR signaling blockade, as well as in most of the other
targeting strategies discussed in this review, is that both helpful and pathogenic responses are
blocked, resulting in alleviation of symptoms at the cost of increased chance of infection and
malignancy. The “Holy Grail” of treatment modalities would of course be to block pathogenic
responses in an antigen-dependant manner. It has been long argued that TCR stimulation in
the absence of costimulation, T cells results in anergy.174 An attractive targeting strategy is
thus to provide T cells with their specific MHC-peptide complex to induce non-responsiveness.
With this in mind, a single-chain two-domain (α1β1) MHC class II molecule capable of binding
and forming stable complexes with antigenic peptide was generated. When loaded with cognate
peptide, this recombinant T cell ligand (RTL), was able to selectively inhibit CD4+ T cells with
this specificity.175 Subsequently, it has been shown to be effective in several animal models
of MS and a phase I trial for MS has started with one of the RTL's, RTL1000.176, 177 One
obvious problem with such acute specificity is that targeting of the wrong T cell set eliminates
the efficacy of the treatment. For such a treatment strategy to be effective, it will be critical to
define the specific autoreactive T cell population(s) in each autoimmune disease.

Targeting costimulatory and accessory molecules
An important co-stimulatory molecule on T cells is CD28, which binds the B7 family surface
molecules CD80 and CD86 expressed on activated antigen presenting cells. CTLA-4 (CD152)
is a CD28-related molecule upregulated in activated T cells, which competes with CD28 for
CD80 and CD86 binding and effectively terminates costimulation. A fusion protein comprising
the extracellular domain of CTLA-4 and the human IgG1 constant region (abatacept) is
approved for use in RA and is currently being studied in many other autoimmune conditions,
including inflammatory bowel disease (IBD), SLE, type I diabetes and MS.178 Curiously,
abatacept is not an effective immunosuppressive drug for transplant rejection. However,
mutagenesis was used to produce a molecule with tenfold higher affinity for B7 molecules,
belatacept, which is currently being studied in the setting of allotransplantation. While this
drug appears to be effective, post-transplant lymphoproliferative disease has been associated
with its use.179 Galiximab is a mAb directed against CD80, which has shown efficacy in
psoriasis but was associated with increased infections.180

Considering the relative success of abatacept in RA, direct targeting of CD28 with mAbs has
also been attempted. Based on the logic that CD28 is important for the generation of Treg cells
in mice, investigators used a superagonist anti-CD28 mAb TGN1412 in healthy human
volunteers in hopes of selectively expanding this population of T cells. Unfortunately, the
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treatment resulted in a cytokine storm and multiorgan failure.181 Despite the abysmal failure
of TGN1412, use of an antagonist antibody may still be a rationale strategy.

Additionally, attempts have been made to generate nondepleting antibodies against CD4.
Zanolimumab has been studied in psoriasis, but had no significant effect on disease.182

Additionally, a phase II/III trial on patients with active RA who failed MTX and TNF blocking
therapy has also been completed.183 It should be noted that zanolimumab does have some
depleting activity and has been utilized in the treatment of T cell lymphomas.184

Blockade of costimulation through TNFR family members
A number of receptors in the TNF-receptor superfamily (TNFR) function as T cell
costimulators in parallel with CD28.185 These include HVEM, GITR, 4-1BB, CD30, CD27,
OX40, and DR3 and their TNF-family ligands. Although all of these receptors signal through
TRAF adapter proteins to activate common signaling pathways such as NF-κB and MAP
kinases, each receptor functions in vivo to boost specific T cell subsets at different phases of
the T cell response. Like CD28, HVEM and CD27 function in T cell priming, whereas OX40,
4-1BB and DR3 share the property of specifically costimulating effector T cells, which predicts
that blocking their action could be particularly important in reducing T-cell mediated
immunopathology. OX40 sustains T cell effector responses through promoting the long-term
survival of these cells, and functions more prominently in CD4+ responses, while 4-1BB has
a similar role, but primarily in CD8+ T cell responses. DR3, another TNF receptor expressed
specifically on T cells functions to enhance accumulation and function of CD4+ T cells at the
site of inflammation in a variety of autoimmune disease models and has very little effect on
primary T cell responses.186 This specificity predicts that blockade of individual TNF receptors
may produce less generalized immunosuppression, allowing a targeted approach to alter T cell
responses. In fact, agents blocking a number of TNF-TNFR family interactions critical in T
cell biology have shown promise in pre-clinical studies and clinical trial settings. For instance,
blocking anti-OX40-ligand antibodies are effective in treating EAE and an asthma model.187,
188 A humanized anti-CD70 monoclonal antibody has been engineered and may also be suitable
for use in treatment trials of autoimmune disease.189

The TNF-family CD154 (CD40 ligand), is upregulated on activated T cells, and engages CD40
on antigen producing cells to produce various cytokines. Mutations of CD40 or CD40L underlie
a primary immunodeficiency syndrome termed hyperimmunoglobulin M syndrome. As such,
CD154 has also been suggested to be a potential therapeutic target. Preclinical transplantation
model studies showed anti-CD154 to be very effective.190 However, the much anticipated trial
of hu5C8, a humanized anti-CD154, in primary renal allografts was stopped prematurely due
to the unexpected complication of thrombotic events. This has resulted in the cessation of the
clinical development of anti-CD154 in both transplantation and autoimmunity.191 However,
anti-CD40 has proven beneficial in mouse models of lupus192 and a new humanized anti-CD40
mAb, 4D11, is effective in kidney transplantation models.192, 193

Targeting cytokines and cytokine signaling
Both cytokines and their receptors are either expressed on the surface of cells or are secreted
into the extracellular environment, making them prime targets for inhibition via mAbs and
soluble receptor-Ig fusion proteins. However, there were several reasons why cytokine
therapies might not be effective. Cytokines have redundant and complex actions and their
effects include both proinflammatory and anti-inflammatory actions. Cytokines induce other
cytokines and in many cases we do not fully understand the hierarchy of cytokine action in
human diseases. However, despite these complexities, the success of TNF blocking therapies
(etanercept, infliximab, adalimumab) are notable. These agents revolutionized the treatment
of RA and other diseases including psoriatic arthritis, ankylosing spondylitis, psoriasis, and

Steward-Tharp et al. Page 10

Ann N Y Acad Sci. Author manuscript; available in PMC 2010 October 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CD. Similarly, inhibition of IL-1 with recombinant IL-1 receptor antagonist, anakinra, is highly
effective in diseases such as neonatal-onset multisystem inflammatory disease (NOMID) and
adult-onset Still's disease, but is only modestly effective in RA.194, 195 Of interest, is that
combined therapy with IL-1 and TNFα blockade in RA patients does not enhance efficacy and
is associated with an increased incidence of serious infections, and the two treatments are not
recommended for co-administration as a result.

Targeting T cell-derived cytokines or cytokines that act on T cells has already shown some
measure of success. The mAbs daclizumab and basiliximab bind the IL-2 receptor α-subunit
(CD25), blocking IL-2's autocrine growth signal. Both drugs seem to be well tolerated clinically
and reduce the frequency of acute rejection in solid-organ transplantation.196, 197 Additionally,
daclizumab has been shown to reduce disease severity in animal models of arthritis, and is
being tested in uveitis, aplastic anemia and MS.198 However, IL-2's role in promoting
differentiation of Treg cells and inhibiting differentiation of Th17 cells complicates matters.
In both mice and humans, absence of one of the IL-2 receptor subunits results in autoimmune
disease. Consequently, one might expect that interference with IL-2 signaling could precipitate
autoimmunity. As of yet, this has not been seen with these drugs, but will need to be monitored
in the future as a potential complication.

Also being targeted is the IL-2 receptor-β (CD122), which would ameliorate both IL-2 and
IL-15 signaling. In a phase I trial for large granular lymphocyte leukemia, the murine
monoclonal antibody for CD122, Mikβ1, did not improve clinical symptoms despite the
effective inhibition of both IL-15 and IL-2 signaling in T cells.199 The treatment was not
associated with autoimmunity, opening the door for further trials in autoimmune diseases.
IL-15's proposed role in the maintenance of memory T cells and in the recruitment of T cells
to sites of inflammation makes it a particularly attractive target and clinical trials in RA and
psoriasis are underway.

Another important T cell-derived cytokine is IFN-γ. One approach for blunting Th1 mediated
pathology has been the targeting of IFN-γ with the mAb fontolizumab. In a phase I–II trial, it
was well tolerated and doubled the clinical response rate in patients with CD.200 However, a
phase II trial in RA was recently terminated.183 Care is warranted in the blockade of IL-12/
IFN-γ signaling however, as human mutations in this pathway escalate opportunistic infections.
201 Also being evaluated as potential targets are the type I interferons; there is ample evidence
that IFN-α plays a pivotal role in a number of autoimmune diseases, including SLE, thyroiditis,
and diabetes.202 Type I IFNs are normally produced by plasmacytoid dendritic cells (pDC) in
response to viral infections, but in certain autoimmune conditions such as SLE, these cells are
also induced to synthesize IFN-α via Toll-like receptor (TLR) ligation by endogenous derived
nucleic acids. Within this context, IFN-α leads to activation of autoreactive T cells.203

Neutralizing mAbs against anti-IFN-α have been developed and a recent phase I clinical trial
using a single injection of MEDI-545 in patients with SLE reported a dose-dependent inhibition
of type I IFN–inducible genes, as well a reduction in clinical disease activity. No safety
problems appeared during this short-term study.204 Phase II studies in SLE are currently
underway, as well as phase I studies in dermatomyositis and polymyositis.

As opposed to blocking discrete cytokines or their receptors, an alternative approach has been
to target select functional components of their intracellular signaling pathways. Binding of
interferons and many interleukins results in phosporylation of the Janus kinases (Jak1, Jak2,
Jak3 and Tyk2) and the cytokine receptor subunits; this phosphorylation step is critical for the
initiation of downstream signaling.205, 206 Of the Jaks, Jak3 seems to have the most discrete
function, as it associates with only one cytokine receptor - the common gamma chain or γc.
This is a shared receptor subunit that pairs with other ligand-specific subunits to form the
receptors for IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21. Severe combined immunodeficiency,
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characterized by the absence of T cells and NK cells and impaired B cell function, can be
caused by mutation of the gene encoding either γc or Jak3.207 Notably, no non-lymphoid tissue
or organ is affected by the defect, suggesting that actions are restricted to hematopoietic cells.
All of this very compelling data led to the development of an orally available, Jak3 antagonist,
CP690,550, with nanomolar potency.208 The therapeutic effects of CP 690,550 have been
evaluated in clinical trials in CD, psoriasis, RA and kidney transplantation.209 Overall, the
results show that the compound appears to be an effective immunosuppressant. The toxicities
that appear to be related to this compound include anemia and neutropenia, which might be
the result of inhibiting other members of the Jak family.210

The discovery of a subset of myeloproliferative disorders (MPDs) associated with Jak2
mutations has stimulated the consideration of Jak2 as a reasonable therapeutic target. At
present, there are at least fifteen clinical trials in MPDs using various inhibitors that target Jak2,
only some of them selectively. One potent Jak1/2 inhibitor, INCB18424 (Incyte) has been
studied in Phase I and II trials in patients with myeloproliferative disorders, but is also being
tested in RA and psoriasis. Generation of a selective Tyk2 inhibitor is also of potential interest,
given its importance in IL-12 and IL-23 signaling. In fact, mice with a mutation in Tyk2 have
been shown to possess considerable resistance to the development of collagen-induced arthritis.
211 One potential downfall of such a scheme is that Tyk2 is known to be important in IFN
signaling and its blockade could lead to problems with viral infection, as observed in patients
with Tyk2 deficiency.212 Just downstream of the Jaks, the STAT family of proteins might also
serve as good potential targets and could theoretically be inhibited by phosphorylated
peptidomimetics and “decoy” oligonucleotides.213 Additionally, the endogenous feedback
inhibitors of the STATs, the SOCS family of proteins have been considered as a potential target.

mTOR (mammalian target of rapamycin) is a critical link in coupling cell growth stimuli with
cell cycle progression downstream of cytokine receptors.214 Rapamycin, also known as
sirolimus, is approved for use in allograft rejection, but in addition, there are currently three
rapamycin derivatives undergoing clinical trials: temsirolimus, everolimus, and AP23573.
Beyond benefits in transplant rejection, temsirolimus has shown effectiveness in RA and phase
II MS trials.215 Some of these effects may be mediated by the recent finding that mTOR
blockade promotes the differentiation of regulatory T cells while inhibiting the Th17
population.216 However, the ubiquitous nature of mTor means that targeting this molecule can
result in a host of side-effects.

Tregs as a therapeutic modality
In both humans and mice, the importance of Foxp3-expressing Treg cells is well-established.
61–64 Furthermore, transfer of isolated murine Treg cells routinely inhibits disease in models
of autoimmune disease including: IBD, RA, MS, diabetes mellitus, SLE, and IPEX.217, 218

While administration of Tregs is straightforward in mice, there are a number of issues that must
be addressed in human trials. The first is how to select pure populations of human Tregs. Tregs
are defined as CD4+CD25+ cells; however, CD25 is also a marker of activated T cells, making
it difficult to ascertain whether one is enriching Treg or effector cells. The second issue is that
Foxp3 expression correlates less well with immunosuppressive activity in human cells than it
does in the mouse, as activated human T cells also express Foxp3. Much effort at present is
being devoted to finding other markers that reliably enrich Treg vs effector cells. One candidate
is the IL-7 receptor (CD127) which has been proposed as a negative marker for Treg cells.219

In principle, one could also imagine inducing Treg cells from naïve precursors with the
appropriate cytokine cocktail (e.g. TGFβ-1 and IL-2); however, this raises the issue of the
stability of the Treg cell phenotype. Recent studies show that Treg cells have the capacity to
differentiate into pro-inflammatory Th17 cells.220 Furthermore, their ability to produce
TGFβ-1 can promote naïve cells to become either Treg or Th17 cells depending upon the
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cytokine milieu.27 The potential for flexibility and plasticity within the Treg and Th17 lineages
is a fascinating issue, but certainly complicates the therapeutic use of Tregs. Such findings
raise the disturbing possibility that administration of Tregs into a host with inflammation and
high levels of IL-6 levels could backfire and enhance rather than alleviate pathology.

To avoid the issues of cell transfer, one might speculate that a logical approach to expand Tregs
in vivo would be the administration of IL-2, given the role of IL-2 in Treg differentiation and
the fact that IL-2 knockout mice develop severe autoimmunity221. However, it needs to be
borne in mind that IL-2 is the prototypic T cell growth factor. It is a critical positive regulator
of immune responses, having an essential role in T cell memory.222 It also is a potent inducer
of proinflammatory cytokines. Based on this activity, IL-2 is an FDA approved drug for use
in patients with renal cell carcinoma; however its use is limited by a sepsis-like, cytokine release
syndrome, not exactly what one would expect to be beneficial for the treatment of autoimmune
disease. Whether it will be possible to balance the pro- vs. anti-inflammatory actions of IL-2
in a therapeutically useful manner remains to be determined. Administration of TGFβ-1 has
also been considered, but like IL-2, it too has pro-inflammatory actions, as well as profibrotic
effects.223 As discussed below, retinoic acid and arylhydrocarbon receptor agonists can also
regulate Foxp3 expression and affect the balance between Treg and Th17 differentiation.46,
55, 224, 225 As indicated, modified anti-CD3 antibodies may also exert their effect by promoting
the production of Tregs and IL-10 from CD4+CD25− T cell precursors.226, 227 The suppressive
action of these cells is thought to be TGF-β1 dependant and they express low levels of
Foxp3.89

However, all of these therapies hinge on the assumption that an increase in the number of Treg
cells would be beneficial for the treatment of autoimmune disease. The preclinical studies
discussed above certainly suggest that Tregs can prevent autoimmunity, but few have shown
that an enhancement of Treg numbers can be used in a therapeutic setting. In fact, Tregs have
been shown to be present in high numbers at sites of local inflammation, suggesting that simply
increasing their numbers may not prove therapeutic.228 Additionally, nonspecific
immunosuppression and predisposition to infection or malignant disease is a huge concern
with Treg therapies, especially if antigen specificity cannot be assured. This holds particularly
true in autoimmunity due to the chronic nature of therapies for these diseases.

Given the complexities associated with administration or expansion of Tregs, it might be argued
that it would be beneficial to simply administer Treg products. Recombinant human IL-10 was
tried initially in patients with psoriasis, with some benefit.229 However, when used in patients
with RA in a small study, it failed to show any clinical improvement.230 Studies in Wegener's
granulomatosus patients (phase I) and psoriasis patients (phase II) have been completed, but
the results have yet to be reported. Recently, it has been reported that IL-35, a heterodimeric
cytokine comprising p35 and EBI3, is preferentially produced by Treg cells and has
immunosuppressive actions.65 Interestingly, administration of IL-35 in an arthritis model
expanded Tregs and decreased disease severity.231 However, because the suppressive effects
of Tregs are thought to be multifactorial, involving both contact-dependant and –independent
mechanisms, recapitulation of all of the effects of Treg suppression by administration of a
single cytokine is likely to prove difficult.

Strategies for targeting Th17 cells
Because of the critical role of IL-17 in autoimmunity, much thought is presently being given
to targeting Th17 cells. Ironically, before we even understood the differentiation of Th17 cells,
an apparently effective therapy had been generated. Specifically, targeting the p40 subunit of
IL-12 has been shown to be effective in the treatment of IBD and psoriasis.11, 12 However, we
now know that p40 is a subunit of IL-12 and IL-23 and the salutary effects of this drug are
more likely to be due to interference with the latter. Two recent phase III trials with an anti-
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p40 mAb, ustekinumab, showed significant improvement in psoriasis symptoms, with side-
effects comparable to placebo treated groups.232, 233 Ustekinumab also provided significant
improvement in a phase II psoriatic arthritis trial, but failed to demonstrate efficacy in an MS
trial.234, 235 Clearly the utility of anti-p40 mAb in the treatment of a variety of other
autoimmune diseases will be an intense area of investigation. In addition, it will be important
to ascertain the relative benefit of targeting IL-23 selectively (anti-p19 mab) versus IL-12 and
IL-23 jointly (anti-p40).

IL-6 is one of the most prominent cytokines found within inflamed joints. It has long been
recognized as a critical proinflammatory cytokine and inducer of the acute phase response.
More recently, we have learned that IL-6 is also a critical differentiation factor for Th17 cells.
This new data has increased excitement over tocilizumab, a humanized mAb against IL-6
receptor α subunit. Very recent studies indicate that tocilizumab appears to be as efficacious
as anti-TNF therapies in RA, both in terms of reducing symptoms and in inhibiting joint
destruction.236–239 Additionally, this treatment has also been shown to be quite useful in the
treatment of systemic-onset juvenile arthritis.240 This drug is approved for use in Japan and
Europe in adult patients with moderate to severe RA who respond inadequately to other
treatments.241. Because of the seemingly critical role of Th17 cells in murine models, MS
would seem to be a very logical target for further study with this agent; however, the lack of
efficacy of ustekinumab this setting gives one pause. It will also be interesting to see if
tocilizumab has efficacy in SLE. Phase II trials of a subcutaneously administered mAb against
IL-6 (CNTO 136) have also been initiated.183 With the demonstrated utility of tocilizumab in
Th17 associated diseases, IL-21 might also be a good target, given its role as an autocrine
positive regulator of Th17 differentiation.34, 42, 43, 242 In addition, IL-21 has critical functions
in regulating B cells.243 Because Jak3 is essential for IL-21 signaling, capitalizing on this one
aspect of Jak3 inhibitors might be the logical first choice for IL-21 signaling blockade.

More recently, retinoic acids have been shown to regulate Th17/Treg differentiation.
Specifically, the production of endogenous retinoic acids by gut dendritic cells, or
macrophages, promotes the expression of Foxp3 and inhibits IL-17 production.55, 224 All-trans
retinoic acid (ATRA), commonly used topically for the treatment of acne vulgaris and keratosis
pilaris, as well as systemically for the treatment of acute promyelocytic leukemia (APML), has
effects both in vitro and in vivo – limiting IL-17 production and enhancing Foxp3 expression.
54 However, it is a known teratogen and it is unknown whether ATRA has effects on fully
polarized IL-17 producing memory cells or just undifferentiated effectors. At present, it is
uncertain whether selective blockade of the lineage specific transcription factor, RORγt, or
activators of retinoic acid receptors will be better clinical candidates for Th17 inhibition.

Another exciting development in the reciprocal regulation of Th17 and Treg cells has been the
very recent finding that AHR ligands selectively influence the differentiation of both fates.
Two separate studies showed that administration of 6-formylindolo[3,2-b]carbazole (FICZ),
an endogenous ligand for AHR, enhanced Th17 differentiation in vitro and enhanced the
disease severity in mouse models of MS.46, 225 However, the administration of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), another AHR ligand derived from Agent Orange,
instead induced Foxp3 and suppressed disease in the same models. It should be noted that these
differences were certainly not “black and white” but more moderate in nature, with AHR
knock-out mice still being susceptible to disease. Clinical translation of these findings could
thus be quite challenging, especially considering that compounds like TCDD are extremely
toxic. Blockade of the endogenous FICZ could be efficacious, but the effect is not likely to be
dramatic and all of the downstream targets of FICZ are not known. Additionally, direct
targeting of AHR itself is likely to be even less efficacious, as evidenced by the knock-out
studies discussed above. Despite these potential therapeutic pitfalls, these findings are also of
interest in that they provide a direct link between environmental toxins and immunoregulation.
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Rather than inhibiting Th17 differentiation, another obvious strategy is the direct blockade of
the Th17 signature cytokine, IL-17, through the use of a mAb. AIN457, an IL-17A mAb, has
completed a phase I/II trial for psoriasis and phase I/II trials in RA and CD are underway.183

One complicating factor to this strategy is that two forms of IL-17 are secreted from T cells,
e.g. IL-17A and IL-17F, and their respective functions have not yet been fully elucidated. Such
complications can perhaps be avoided through the alternative targeting of the common receptor
for both IL-17A and IL-17F, IL-17R. In fact, AMG 827, a fully human monoclonal antibody
that binds to and blocks signaling via IL-17R, is currently undergoing phase I trials in psoriasis
and phase I/II trials in RA are soon to recruit.183 However, all IL-17 signaling blocking
strategies ignore the possibility that other Th17-associated cytokines may also be critical for
autoimmunity, a hypothesis that is supported by the susceptibility of mice in certain disease
models when IL-17 signaling is blocked.14, 244–247 IL-22 is one such Th17-associated
cytokine, its blockade being shown to be curative in mouse models of psoriasis.75 While
targeting IL-22 seems logical, this is another cytokine with complex and sometimes
contradictory actions. In some settings, IL-22 has critical anti-inflammatory properties.
Additionally, IL-22 plays a critical role in host-defense within the gut.74, 77

One final proposed target for the inhibition of Th17 cells is the chemokine receptor(s)
selectively expressed by this subset. Chemokine receptor expression identifies subgroups of
human memory CD4+ T cells: specifically, CCR6 and CCR4 positive cells are thought to be
IL-17 producers.248 Joint targeting of these receptors has been given some consideration.
Unfortunately, CCR6 is not a very selective marker, being expressed on approximately 50%
of CD4+ memory PBLs.249 Additionally, CCR6 and CCR4 coexpression has been recently
reported to also occur in Treg subsets.121 Interestingly, the ligand for CCR6, CCL20, has also
been shown to be produced by Th17 cells and the CCR6/CCL20 signaling axis has been
proposed as a paracrine signaling mechanism for recruitment of Th17 cells.31, 250 In support
of this hypothesis, CCR6 deficiency or blockade protected against the development of arthritis
and experimental autoimmune encephalomyelitis in mouse models.251 Especially in the CNS,
CCR6+ T cells serve as “pioneers” that initiate inflammation, allowing other pathogenic T cells
to follow.252 Taken together, the current data suggests that more work and characterization
needs to be completed before definitive therapeutic targets can be developed.

Summary
The last few years have witnessed extraordinary advances in our understanding of the
heterogeneity of T cells. In addition to Th1 and Th2 cells, we now know that T cells have other
fates including Th17 and Treg; remarkably, these two new fates appear to be related with
respect to the factors that control their differentiation. Furthermore, T cells also appear to have
more flexibility in terms of cytokine production than initial models would have predicted. At
present, there are many effective T cell-directed therapies both approved and in development.
Moreover, recent advances reveal numerous opportunities for new therapeutic targets. The
hope is that our improved understanding of the complexities of T cell differentiation and
function will lead to the generation of effective new drugs with improved safety.
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Fig 1. Naïve CD4+ T helper cell differentiation, expression of lineage defining transcription factors
and effecter cytokines
Pathways to established lineages are represented with solid arrows; more controversial lineage
pathways are represented with dashed arrows. Transcription factors are labeled in gray. Factors
currently being therapeutically targeted for T cells (phase III & above) appear in bold with an
asterisk. `Plasticity' and established pathways of interconversion between lineages have not
been diagrammed for simplicity. Select abbreviations: FICZ(6-formylindolo[3,2-b]carbazole/
endogenous aryl hydrocarbon receptor ligand); RA(all-trans retinoic acid); TCDD(2,3,7,8-
tetrachlorodibenzo-p-dioxin/synthetic aryl hydrocarbon receptor ligand)
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Fig 2. Therapeutic targets of T cells in autoimmunity and immunosuppresion
A CD4+ T cell is activated by an APC through TCR binding of MHC bound antigen. CD28
and CTLA-4 compete for binding with B7 family members to result in costimulation or anergy,
respectively. Downstream TCR signaling pathways, adhesion molecules, trafficking and
cytokine receptors are also diagrammed. Factors currently being therapeutically targeted for
T cells (phase III & above) appear in bold with an asterisk. Listing of relevant signaling
pathways and factors is not exhaustive.
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Table 1

Drugs currently approved by the FDA or undergoing/completed Phase III trials, arranged according to the
mechanism of action. Phase I–II trials are not listed.

Name Brand name Mechanism of action Target disease: FDA
status

T cell depleting agents:

Lymphocyte Immune Globulin (horse), Anti-
thymocyte Globulin (rabbit)

Atgam® (horse) Thymoglobulin®
(rabbit)

Depleting horse/rabbit
polyclonal anti-thymocyte
antibody

renal transplant:
approved
aplastic anemia:
approved (Atgam)

Muronomab (OKT3) Orthoclone OKT® 3 Mouse anti-human CD3ε
mAb

acute transplant
rejection, GVHD:
approved

Teplizumab (hOKT3γ1(Ala-Ala), MGA031)) humanized OKT3 T1DM: phase III

Visilizumab Nuvion® humanized non-FcR-binding
anti-CD3ε mAb

UC: phase III

Otelixizumab(TRX 4) Tolerx® humanized anti-CD3ε mAb T1DM: phase III

Alemtuzumab Campath® humanized anti-CD52 mAb B cell CLL: approved
MS: phase III

Targeting trafficking/adhesion:

Fingolimod (FTY720) S1P receptor agonist relapsing-remitting
MS, renal transplant:
phase III

CCX282-B Traficet-EN® CCR9 inhibitor CD: phase II/III

Natalizumab Tysabri® humanized anti-α4 integrin
mAb

relapsing-remitting
MS: approved
(TOUCH™ program)
CD: phase III

Efalizumab Raptiva® humanized anti-CD11a mAb,
blocks LFA-1

chronic mod-severe
plaque psoriasis:
approved (pulled from
market)

Alefacept Amevive® Fc fusion protein with
extracellular portion of
LFA-3, blocks CD2

chronic mod-severe
plaque psoriasis:
approved
GVHD: phase III

Alicaforsen(ISIS 2302) anti-sense ICAM-1 inhibitor CD: phase III

Targeting T cell receptor signaling:

Cyclosporine A Gengraf®,Neoral®,Sandimmune® calcineurin inhibitor transplant, severe
active RA, severe
plaque psoriasis:
approved

Tacrolimus (FK506) Prograf® (systemic) Protopic®
(topical)

calcineurin inhibitor transplant: approved
mod-severe atopic
dermatitis: approved
(topical)
UC, RA, myasthenia
gravis, GVHD: phase
III

Targeting costimulatory and accessory molecules:

Abatacept (BMS-188667) Orencia® Fc fusion protein with
extracellular domain of
CTLA-4, blocks CD28–
CD80/86 interaction

mod-severe RA:
approved (2nd line
agent)
early RA, lupus
nephritis, IBD, JIA:
phase III
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Name Brand name Mechanism of action Target disease: FDA
status

Belatacept (BMS-224818, LEA29Y) same as Abatacept, higher
affinity

transplant: phase II/III

Zanolimumab (HuMax-CD4) human anti-CD4 mAb,
partially depleting

RA: phase II/III

Targeting cytokines/cytokine signaling:

Daclizumab (HAT) Zenapax® humanized anti-Tac mAb:
binds to the α-chain (CD25)of
IL-2R

renal transplant:
approved
GVHD, lung
transplant: phase III

Basiliximab Simulect® chimeric mAb which blocks
the α-chain of the IL-2R

renal transplant:
approved
lung/liver transplant:
phase III

CP690,550 Jak3 inhibitor RA: phase III

Sirolimus Rapamune® mTOR inhibitor renal transplant:
approved
GVHD: phase III

Everolimus (RAD001) Certican® mTOR inhibitor renal/heart transplant:
approved in Europe
and Canada, filed in the
US

Ustekinumab (CNTO1275) Stelara® human anti-p40 mAb, blocks
IL-12/IL-23

psoriasis: approved in
Europe and Canada,
filed in the US

Tocilizumab (MRA) Actemra® humanized anti-IL-6 receptor
mAb

RA: approved in
Europe and Japan, filed
in US
JIA: approved Japan,
Phase III US

Select abbreviations: CLL(chronic lymphocytic leukemia); CD (Crohn's disease); FcR(Fc receptor); GVHD(graft versus host disease); IBD
(inflammatory bowel disease); JIA(juvenile idiopathic arthritis); mAb(monoclonal antibody); MS(multiple sclerosis); RA(rheumatoid arthritis);
T1DM(type 1 diabetes mellitus); UC(ulcerative colitis)
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