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Summary

Accumulating evidence from murine and human studies supports a key role for interleukin-17
(IL-17) and IL-21 in the pathogenesis of inflammatory arthritis. The pathways and molecular
mechanisms that underlie the production of IL-17 and IL-21 are being rapidly elucidated. This
review focuses on interferon regulatory factor 4 (IRF4), a member of the IRF family of
transcription factors, which has emerged as a crucial controller of both I1L-17 and IL-21
production. We first outline the complex role of IRF4 in the function of CD4" T cells and then
discuss recent studies from our laboratory that have revealed a surprising role for components of
Rho guanosine triphosphatase-mediated pathways in controlling the activity of IRF4. A better
understanding of these novel pathways will hopefully provide new insights into mechanisms
responsible for the development of inflammatory arthritis and potentially guide the design of novel
therapeutic approaches.
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Introduction

While activation of CD4* T helper (Th) cells is critical for an individual's ability to
eliminate a wide array of pathogens, profound pathophysiological consequences can arise if
the activation of CD4* T cells is erroneously directed against self-antigens. Extensive
investigations have provided crucial insights into the myriad defects in immunoregulatory
mechanisms, which are presumed responsible for the development of autoimmune responses
(1,2). One of the major mechanisms employed by the immune system to avoid autoreactivity
is to precisely gauge the strength of interactions between the antigen receptors and the
antigens (3). Indeed, the avidity of the T-cell receptor (TCR) for self-major
histocompatibility complex (MHC) ligands in the thymus is a key determinant of shaping
the normal T-cell repertoire (4,5). An accurate read-out of the strength of the TCR
interaction with self-ligands is also crucial for the maintenance of T-cell tolerance in the
periphery. The sensing of the potency of TCR engagement is dependent on a complex
cascade of biochemical events initiated upon TCR triggering (6). Antigen recognition by T
cells also results in a profound reorganization of the actin cytoskeleton, which is essential
for the formation of the immunological synapse (IS) and other structures that facilitate the
appropriate delivery of TCR-induced signals (7).
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In addition to accurately sensing the strength of their interaction with peptide-MHC (pMHC)
complexes, CD4* T cells also need to precisely regulate their effector functions. Indeed
there is mounting evidence that inappropriate regulation of Th17 cells, a novel Th effector
subset, can play an important role in the pathogenesis of inflammatory arthritides such as
rheumatoid arthritis (RA) (8-10). One of the crucial mechanisms by which Th17 cells exert
their pathogenic effects is via production of cytokines like interleukin-17 (IL-17) and 1L-21
that can drive both inflammatory and autoantibody responses.

Features and functions of IL-17 and IL-21

The IL-17 cytokine family

IL-17 cytokines constitute a unique family of cytokines, which are gaining increasing
attention because of their powerful pro-inflammatory effects. The central role of this family
of cytokines in inflammatory responses and the growing complexity of their biology has
been the subject of excellent reviews (11-13). In addition to IL-17A (previously referred to
as IL-17), which was the first member of this family to be identified, the family consists of
five other members, IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F. IL-17A and IL-17F are
the best-characterized members. Although both IL-17A and IL-17F have been implicated in
promoting inflammatory responses, they can exert distinct biological functions (14,15). In
particular, IL-17A has been shown to have a more potent role than IL-17F in driving
autoimmune responses in various mouse models including models of arthritis (14,15).
Although IL-17B and IL-17C have not been fully characterized, they may also exert a
proinflammatory role as evidenced by the finding that transfer of CD4* T cells transduced
with IL-17B or IL-17C exacerbated collagen-induced arthritis (16).

The IL-17R family (reviewed in 11) comprises of five receptor subunits, IL-17RA,
IL-17RB, IL-17RC, IL-17RD, and IL-17RE. Although the precise composition of the
receptor complexes has not been fully defined, interactions between IL-17RA and IL-17RC
appear to mediate many of the biological effects of IL-17A and IL-17F. While the
expression of IL-17RA is ubiquitous, IL-17RC is preferentially expressed in non-
hematopoietic cells including synovial cells (17,18). Consistent with the finding that the
cytoplasmic domain of IL-17RA contains a region termed the SEFIR domain, which is
homologous to the Toll/IL-1R (TIR) domain (19), one of the major signaling events
triggered by engagement of IL-17RA is the activation of nuclear factor-xB (NF-xB) (20).
Members of the CCAAT/enhancer-binding protein (C/EBP) family of transcription factors
are also important downstream components of the signal transduction cascade activated by
IL-17RA engagement (21,22). IL-17RA signaling also leads to the activation of mitogen-
activated protein kinase (MAPK) pathways (23). Although IL-17RC pairs with IL-17RA
and plays an important role in IL-17A and IL-17F signaling, little is known about the
mechanistic basis by which it participates in IL-17-mediated signaling. An important
function may be to recruit critical signaling molecules to the receptor complex (11).

As outlined in detail in previous reviews (24-26), IL-17 exerts diverse effects on the
development of the inflammatory lesions in RA, which are characterized by inflammatory
cell infiltrates in the synovium, cartilage degradation, and bone erosions. Importantly, IL-17
stimulates the recruitment of inflammatory cells by inducing the production of chemokines
and enhances inflammation by promoting the production of proinflammatory cytokines such
as tumor necrosis factor-a (TNF-a), IL-6, and IL-1. IL-17 can furthermore mediate cartilage
destruction and bone erosions by upregulating the expression of RANK ligand, and by
inducing nitric oxide production and expression of matrix metalloproteinases. Consistent
with the idea that IL-17 can mediate functions relevant to the pathophysiology of RA,
elevated production of 1L-17 has been observed in murine models of RA as well as in
patients affected by this disorder (27-29). Increased levels of IL-17 also correlate with more
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severe joint damage (30). Importantly, mice deficient in IL-17 are protected from the
development of collagen-induced arthritis (CIA), a mouse model of inflammatory arthritis,
and blockade of IL-17 via either antibodies or soluble IL-17 receptor can ameliorate
symptoms in CIA even after arthritis is established (31-33).

IL-21 is a member of the common receptor y-chain (yc) family of cytokines, whose
involvement in the pathophysiology of various diseases is becoming increasingly recognized
(reviewed in 34, 35). Like other members of this family, which also includes IL-2, IL-4,
IL-7, IL-9, and IL-15, IL-21 binds to a receptor complex composed of the yc subunit and a
unique receptor chain, the IL-21R (reviewed in 36, 37). IL-21R is broadly expressed by both
immune and non-immune cells and its expression can be regulated by the state of activation
and/or differentiation of the cell. Similarly to other yc family members, engagement of the
IL-21R leads to activation of the Janus kinase (JAK)-signal transducer and activator of
transcription (STAT) signaling cascade, specifically, of Jakl and Jak3. While activation of
these kinases leads to the subsequent phosphorylation of various STAT proteins including
Statl, Stat3, and Stat5, activation of Stat3, as discussed later, plays a major role in mediating
the biological effects of 1L-21. Activation of MAPKSs and phosphoinositide 3-kinase (PI3K)
is also believed to contribute to 1L-21 signaling.

IL-21 exerts a broad range of biological effects many of which are relevant to RA
pathophysiology. One of the earliest recognized functions of IL-21 was to be a major
regulator of B-cell responses and immunoglobulin G (1gG) production (reviewed in 36-38).
IL-21 is thus believed to play an important role in the aberrant humoral responses that
develop in RA patients, characterized by the presence of autoantibodies like rheumatoid
factor (RF) and anti-cyclic citrullinated peptide (CCP) antibodies (39). IL-21 can also
contribute to the development of inflammatory lesions in arthritis via its ability to augment
Th17 differentiation (as discussed later), upregulate the expression of RANK ligand and fuel
the homeostatic expansion of autoreactive T cells (40). Consistent with the idea that IL-21
production plays a fundamental role in RA, blockade of the 1L-21/IL-21R pathway has
recently been reported to be efficacious in ameliorating disease in CIA (41). Furthermore,
spontaneous development of arthritis in K/BxN mice is completely abrogated by knocking
out the IL-21R (40). In addition to IL-21, IL-17 may also participate in driving autoantibody
production by promoting the formation of autoreactive germinal centers and the survival and
differentiation of B cells (42,43). Given the importance of IL-17 and IL-21 in the
pathogenesis of inflammatory arthritis, a detailed understanding of the mechanisms required
for the proper control of the production of these potentially pathogenic cytokines will
provide crucial information on the molecular networks that become deregulated in
inflammatory arthritis.

Signaling and molecular pathways controlling the production of IL-17 and
IL-21 by CD4* T cells
Signaling pathways regulating the development of IL-17 and IL-21 producing CD4* T cells

The cytokine environment of CD4* T cells during the initial antigenic encounter can
profoundly alter their ability to acquire specific effector functions (44). In the absence of a
strong polarizing cytokine milieu, activation of a naive Th cell results in its differentiation
into a ThO cell, which produces low-levels of a broad range of cytokines. The presence of
specific ‘polarizing’ cytokines, instead, leads to the development of effector T-cell subsets,
termed Thl and Th2 cells, that produce high-levels of restricted sets of cytokines and
orchestrate different types of immune responses. In particular, presence of 1L-12 will drive
the differentiation of Th cells into Th1 cells, which secrete IFN-y and have been implicated
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in the regulation of delayed type hypersensitivity responses. Exposure to IL-4, in contrast,
will drive the development of Th2 cells, which produce IL-4, IL-5, and 1L-13 and can direct
B cells to mount strong humoral responses. Although IL-4 was initially believed to be the
major cytokine responsible for the ability of Th2 cells to promote humoral responses, Th2
cells were later also found to secrete IL-21, which, as discussed above, was discovered by
genetic studies to be a key regulator of B-cell expansion, differentiation, and 1gG production
(36,37).

Differentiation of a Th cell toward either a Th1 or a Th2 phenotype in response to different
types of pathogens (e.g. tuberculosis versus parasites) was deemed important for effectively
combating these organisms. However, excessive or uncontrolled polarization of Th cells into
Th1 or Th2 cells in response to self-antigens or allergens was believed to underlie the
development, respectively, of autoimmune disorders like RA or of allergic responses. The
paradigm that Th1 cells played an essential role in the development of autoimmunity was,
however, challenged when mice deficient in the expression of components of the IL-12 and
IFN-vy signaling pathways were found to still develop significant and, at times, even
exacerbated autoimmune responses (45,46). These findings coupled with the recognition
that the expression of IL-17 could be detected in a variety of autoimmune diseases led to the
realization that other effector Th subsets might exist. This notion was soon supported by
elegant work demonstrating that 1L-17 producing CD4* T cells represented a subset of
effector Th cells distinct from Thl and Th2 cells and thus these cells became termed Th17
cells (47-49).

The cytokines regulating the development of Th17 cells were rapidly identified and found to
be different from those controlling the differentiation of Th1 and Th2 cells. This topic has
been the subject of extensive reviews (13,46,50,51) and thus is only briefly outlined here. In
the murine system, the critical cytokines regulating the initial commitment of a CD4* Th
cell to become a Th17 cell are TGF-B and IL-6. Since presence of TGF-f also regulates the
development of Foxp3* regulatory T cells (Tregs), there is a reciprocal relationship between
Th17 cells and Tregs whereby, in the setting of a proinflammatory environment (i.e. IL-6),
TGFp will drive the development of an inflammatory Th cell subset (Th17 cells) rather than
promote the generation of an immunosuppressive subset (Tregs). The dose of TGFp appears
to be important in this lineage decision, since lower doses of TGFf favor commitment of Th
cells toward the Th17 lineage, while higher doses of TGFp skew differentiation of Th cells
toward a regulatory fate (52). The cytokine milieu favoring the generation of human Th17
cells has been the subject of some controversy possibly due to confounding effects of cell
culture conditions. It does, however, appear that TGFp together with other inflammatory
mediators, is also required for the generation of human Th17 cells (53-55).

While exposure to TGFf and IL-6 initiates the commitment of a naive Th cell to become a
Th17 cell, additional stimuli are required for the full acquisition of the Th17 cell program.
An important step in this process is the ability of a developing Th17 cell to attain the
capacity of producing IL-21 (56-58). The acquisition of 1L-21 production plays a key role in
amplifying the generation of Th17 cells since IL-21 functions in an autocrine manner to
reinforce the commitment of the newly differentiating Th17 cell towards the Th17 cell fate.
Interestingly, although both Th2 and Th17 cells can produce IL-21, Th17 cells produce
much higher levels of IL-21 than Th2 cells (57). IL-21 can also substitute for IL-6 in
promoting the initial differentiation of murine Th17 cells (via what has been termed an
alternative pathway) as well as in driving the differentiation of human Th17 cells (55).
Another cytokine, IL-23, a member of the 1L-12 family of cytokines, subsequently plays a
crucial role in the expansion and terminal differentiation of Th17 cells (59,60). Whereas
IL-23 was originally thought to participate early in the process of Th cell differentiation

Immunol Rev. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Biswas et al.

Page 5

toward the Th17 lineage, it was later found that naive T cells are unresponsive to IL-23 and
upregulate the expression of the IL-23R only during later stages of Th17 development.

Although IL-6 plays a unique role in the commitment of a naive Th cell to become a Th17
cell, the presence of other proinflammatory cytokines, like TNF-o and IL-1, also aids in the
differentiation of Th17 cells (61). In particular, it was recently shown that developing Th17
cells upregulate IL-1R1 and that, under certain stimulatory conditions, IL-1 responsiveness
by T cells is critical for early Th17 differentiation and the maintenance of polarized effector
Th17 cells (62). Some of the Th17 promoting effects of IL-1 may be related to its ability to
enhance the proliferation and survival of activated CD4* T cells, an effect that, interestingly,
is not restricted to Th17 cells but can also be observed in Th2 cells (63). Consistent with
these findings, neutralization of IL-1 in IL-1 receptor antagonist-deficient mice, a
spontaneous mouse model of inflammatory arthritis due to excessive IL-1 signaling,
significantly reduces the expansion of Th17 cells in these mice (64).

In addition to cytokines, recent studies have also highlighted an important role for TCR
signaling in the development of I1L-17-producing CD4* T cells. Indeed, high antigen
concentrations enable naive CD4" T cells to undergo a modest degree of Th17
differentiation even in the absence of polarizing cytokines (65). Strong TCR engagement
furthermore synergizes with TGF-$ and IL-6 in driving optimal Th17 differentiation. These
effects have been ascribed to the induction of CD40L expression on T cells by strong
antigenic stimulation, which, in turn, can promote CD40-induced IL-6 production by
dendritic cells. It is, however, also possible that differences in the strength of TCR
engagement can affect Th17 differentiation in a T-cell intrinsic manner. Indeed, raftlin, a
lipid raft constituent, was recently shown to regulate the ability of CD4* T cells to produce
IL-17 via its effects on TCR signaling (66).

The generation of Th17 cells can be inhibited by several factors (13,46,50,51). Importantly,
cytokines produced by Thl and Th2 cells, IFNy and IL-4, respectively, interfere with the
development of Th17 cells. IL-2 also blocks Th17 differentiation and instead favors the
generation of a regulatory T-cell phenotype (67). Development of Th17 cells can also be
suppressed by the presence of IL-27, a member of the IL-12 family of cytokines (68,69).
Consistent with these effects, administration of IL-27 in vivo attenuates pathology of CIA
(70). Retinoic acid also inhibits Th17 development while promoting differentiation of
regulatory T cells and it can provide beneficial effects in CIA (71-75). The ability of Th17
cells to mediate pathogenic effects can also be restrained after Th17 cells have already been
generated. Indeed TGF-f and IL-6 upregulate not only the production of IL-17 but also that
of IL-10, which can exert potent anti-inflammatory effects and thus can temper the
pathogenic functions of IL-17 (76). Exposure to IL-23, however, inhibits the production of
IL-10 by Th17 cells and fully unleashes their pathogenic potential.

Whereas Th17 cells were initially deemed to represent a completely distinct lineage from
Th1 and Th2 cells, recent work has uncovered an increasingly complex relationship between
Th17 cells and other T cell subsets. Indeed Th17 cells can convert to Thl cells and
simultaneous production of IL-17 and IFNy by Th cells is frequently detected in
inflammatory conditions (77,78). Furthermore, Tregs stimulated with inflammatory
cytokines can become IL-17 producing CD4* T cells (79,80). New effector Th subsets, such
as follicular T helper cells (Tgy), which are powerful mediators of humoral responses, have
also been recently characterized (81). Tgp cells produce high levels of IL-21 but have also
been reported to produce I1L-17 (82-84). These recent findings have led to the suggestion
that there is an unanticipated plasticity in the system, which may enable CD4" T cells to
properly tailor their effector function in response to a dynamic and unpredictable
environment (85). Importantly, these findings indicate that IL-17- and IL-21-producing
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CD4* T cells consist of a heterogeneous group of effector Th cells, which may have attained
this capability thru different routes and may not necessarily express identical transcriptional
programs.

Molecular mechanisms controlling the development of CD4* T cells producing IL-17 and

IL-21

Rapid progress has been made in elucidating the molecular mechanisms that control Th17
differentiation and the production of 1L-17 and 1L-21 (13,46,50,51). Here we will briefly
outline the major factors that regulate the production of these cytokines focusing, in
particular, on transcriptional regulators that, as will be discussed later, may be relevant to the
role of IRF4 in this process.

STAT proteins

Activation of STAT proteins is a critical initiating event in the signaling cascades of many
cytokines (86). It is thus not surprising that these transcription factors play a crucial role in
the differentiation of Th cells (87). Since distinct cytokines activate different STAT proteins,
Th differentiation towards the various phenotypes is controlled by different STATSs. Thus
activation of Stat4 upon IL-12 stimulation will skew Th cells toward the Th1 phenotype
while activation of Stat6 in response to IL-4 is critical for the generation of Th2 responses
(87). In line with the finding that IL-6 plays a pivotal role in Th17 differentiation, Stat3, the
major STAT protein activated in response to IL-6, plays a key role in the generation of Th17
cells and in the production of both IL-17 and IL-21 (67,88,89). Interestingly, IL-21 itself
activates Stat3, and this effect is likely to play a major role in the ability of IL-21 to augment
the commitment of a developing Th17 cell toward the Th17 phenotype or to substitute for
IL-6 in the initial differentiation of Th17 cells (58,88). Activation of Stat3 by 1L-23
similarly plays an important role in the later stages of Th17 differentiation (89,90). In
contrast to Stat3, STAT proteins that are activated in response to IL-2 and IFNy (Stat5 and
Statl, respectively) are crucial mediators of the inhibitory effects of these cytokines on Th17
differentiation (47,67). Statl has also been implicated in the ability of IL-27 to suppress
Th17 differentiation (68,69).

Lineage-specific transcriptional regulators

Although activation of STATS is essential for the initial commitment toward specific Th
effector subsets, full implementation of the transcriptional programs associated with each Th
effector phenotype relies on the upregulation of specific lineage-specific transcriptional
regulators like T-bet for Th1l and GATAS3 for Th2 cells (91,92). In the case of Th17 cells,
this role is fulfilled by members of the retinoic-acid-receptor-related orphan nuclear
hormone receptor family, RORyt, and, to a lesser extent, RORa (93,94). Expression of both
RORyt and RORa is upregulated upon exposure of naive Th cells to TGF and I1L-6 (or
TGFp and IL-21) in a Stat3-dependent manner (67,89,94). Overexpression of RORyt is
sufficient to drive IL-17 production in TCR-stimulated cells while its deficiency results in
impaired Th17 differentiation (93). Whereas the absence of RORyt by itself leads to
profound impairments in IL-17 production, combined deficiencies in RORyt and RORa are
required for a reduction in IL-21 synthesis indicating that RORa can compensate for RORyt
in this process (94). Interestingly, recent studies have shown that the functions of RORyt can
be inhibited by Foxp3 (52), the key master regulator of the transcriptional program of
regulatory T cells suggesting that the balance between RORyt and Foxp3 plays a major role
in the commitment of Th cells to become either a Th17 cell or a regulatory T cell.
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Other transcription factors

An increasing number of transcription factors have been recently linked to the regulation of
IL-17 and IL-21 production. In particular, nuclear factor of activated T cells (NFAT)
proteins have been implicated in the TCR-mediated stimulation of these cytokines. Indeed,
the human IL-17 promoter contains NFAT-binding sites, to which both NFATc1 and
NFATc2 can bind (95). Consistent with these results the production of IL-17 can be
inhibited by cyclosporine A (29). NFAT proteins can also regulate the production of 1L-21.
NFATc2 can bind to and transactivate the IL-21 promoter and, similarly to the case of
IL-17, the production of IL-21 can also be inhibited by cyclosporine A (96,97). Conflicting
results have, however, been obtained regarding the ability of T cells deficient in NFATc2 to
produce IL-21 (96,97). Furthermore, recent studies have found that c-Maf, a transcription
factor previously linked to Th2 differentiation and IL-10 production is expressed at high
levels in both Th17 and Ty cells and participates in the regulation of IL-21 production (82).
No effects of c-Maf on IL-17 production and the early stages of Th17 differentiation have,
however, been observed. An AP-1 family member, BATF, was also recently shown to be a
key regulator of Th17 differentiation (98). In addition to positive regulators of Th17
differentiation, inhibitors of this process have also been identified. For instance, growth
factor independent 1 (Gfi-1), a transcriptional repressor whose presence is required for
optimal Th2 expansion, was recently shown to inhibit IL-17 production (99). Interestingly
TGF-B can repress Gfi-1 expression, suggesting that downregulation of Gfi-1 is an important
step for the acquisition of the capability to produce IL-17 (99).

IRF4: a crucial controller of both IL-17 and IL-21 production

Among the newly identified transcription factors that participate in the regulation of IL-17
and IL-21, IRF4 (also known as Pip, MUML1, LSIRF, NFEMS5, and ICSAT), plays a unique
and integral role in the control of these two cytokines since it is absolutely required for the
production of both IL-17 and IL-21 (100-102). Despite its fundamental role in the function
of mature CD4* T cells, IRF4 has not been the subject of extensive reviews. We thus first
provide a broad overview of the essential features of IRF4 and later discuss its role in
mature CD4* T-cell function and, specifically, in the regulation of IL-17 and 1L-21
production.

Structure and transcriptional activity

As its name implies, IRF4 belongs to the IRF family of transcription factors, which in mice
and humans consists of nine members, IRF1 through IRF9 (103,104). Like all members of
the IRF family of transcription factors, IRF4 contains a highly conserved N-terminal DNA-
binding domain (DBD) of ~120 amino acids (Fig. 1). This DBD is characterized by 5
conserved tryptophan residues separated by 10-18 amino acids and forms a helix-turn-helix
motif. The carboxy-terminal portion of IRF4 contains an IRF-association domain (IAD),
which is also found in IRF3 thru IRF9 and regulates the transcriptional activity of IRFs by
mediating protein-protein interactions. Structural studies of IRF3 and IRF5 have
demonstrated that the IAD forms a B-sandwich core, which is flanked by N- and C-terminal
a-helical regions (105-107). These a-helical regions can block access to the IAD and serve
an autoinhibitory function. Serine phosphorylation of the C-terminal autoinhibitory region in
IRF5 has been shown to trigger a conformational rearrangement that relieves the
autoinhibition and enables the |AD to mediate dimerization and interaction with coactivators
(105). Interestingly, despite sharing structural similarities, the C-terminal regions of
different IRFs exhibit very low sequence similarity suggesting that autoinhibition in distinct
IRFs is relieved by different mechanisms and that relief of this autoinhibition may lead to
distinct functional outcomes.
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Although the DBD of all IRFs recognizes 5'-GAAA-3' as the core recognition sequence, the
ability of IRFs to bind DNA can be further modulated by sequences flanking the core motif,
by the capacity of distinct IRFs to homodimerize or heterodimerize, or by their interaction
with other transcriptional comodulators. These additional interactions can have profound
functional implications. Indeed IRF4 can function as an activator or a repressor depending
on the regulatory region that it targets and the presence/absence of cofactors. For instance,
IRF4 can cooperate with ETS proteins and act as a transactivator of the immunoglobulin
light-chain enhancer (108). In this case IRF4 binds to a composite DNA element containing
an IRF4 binding site adjacent to an ETS binding motif. Recruitment of IRF4 to this site is
dependent on its interaction with the DNA bound ETS protein, which leads to a
conformational change in IRF4 that relieves an intramolecular autoinhibitory interaction
between the N-terminal DNA binding domain and the C-terminal regulatory region
(109,110). Binding of IRF4 to DNA can also occur independently of its interacting partner,
as in the case of its cooperation with Stat6 in the regulation of CD23b (111). Presence of
both IRF4 and Stat6 is, however, needed for optimal transactivation of this gene (111).
IRF4, either by itself or in a complex with IRF8, can also bind to interferon-stimulated
response elements (ISREs) and repress IRF1 mediated gene transcription and the expression
of interferon-inducible genes (112-114). In B cells, IRF4 has also been shown to act as a
repressor of BCL-6 gene expression (115). IRF4 is thus the quintessential ‘context-
dependent’ transcription factor whose activity can be profoundly shaped by the precise
molecular milieu of a cell.

In contrast to other members of the IRF family, the expression of IRF4 in both T and B cells
is primarily regulated by pathways known to drive lymphocyte activation and not by type |
or type Il interferons (111,116). Indeed, stimulation of T cells with either anti-CD3
antibodies or T-cell mitogens leads to a robust induction of IRF4 expression (116-119).
Kinetic experiments have demonstrated that induction of murine IRF4 in response to TCR
stimulation can be detected within a couple of hours, peaks at 6-9 h, then declines to much
lower levels by 12-16 h (116). Interestingly, the kinetics and levels of IRF4 expression
induced by TCR stimulation were recently shown to differ in naive versus effector/memory
CD4* T cells with naive CD4" T cells exhibiting higher but more transient expression of
IRF4 (120). Consistent with the upregulation of IRF4 expression upon T-cell activation,
constitutive expression of IRF4 can be detected in HTLVI-transformed T cells (119). Since
TCR engagement is the major pathway controlling the expression of IRF4, its expression is
not restricted to a specific Th effector subset but can be detected in Th1, Th2, and Th17 cells
as well as in Tregs (100,121). Subtle differences in the precise patterns of IRF4 expression
amongst different Th effector subsets, however, are beginning to be uncovered. Indeed,
although all Th effector subsets upregulate IRF4 to a similar extent upon stimulation, the
levels of IRF4 in resting Th2 cells are higher than those observed in resting Thl or Th17
cells (100). Furthermore, a recent study has demonstrated that IL-1 signaling in T cells helps
maintain high levels of IRF4 expression after stimulation and that this effect is critical for
the differentiation of Th17 cells (62). Interestingly, the expression of IRF4 in CD4* T cells
cultured under Th17-skewing conditions can be decreased by exposure to retinoic acid (74).

The molecular mechanisms regulating the induction of IRF4 in response to TCR stimulation
have been shown to involve the activation of NF-xB family members. c-Rel appears to play
a particularly important role, since c-Rel-containing complexes can bind to NF-xB elements
within the IRF4 promoter upon T-cell stimulation and c-Rel-deficient lymphocytes fail to
upregulate IRF4 in response to various mitogenic stimuli (118). Activation of NF-«xB also
participates in the HTLVI-mediated upregulation of IRF4 (119). Activation of NFAT
proteins has also been implicated in the regulation of IRF4 expression and consistent with
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this idea, the TCR-mediated upregulation of IRF4 can be blocked by cyclosporine A
(116,119). The IRF4 promoter also contains GAS elements, which can be bound by STAT
proteins including Stat4 and Stat6 (122). While the role of STAT proteins in the regulation
of IRF4 in T cells has not been directly investigated, it is intriguing to speculate that the
enhanced expression of IRF4 in resting Th2 cells may be related to the presence of IL-4 in
these cultures and may occur in a Stat6-dependent manner. IRF4 may also be able to
regulate its own expression since the IRF4 promoter contains an IRF/Ets response element,
which can be targeted by IRF4 containing complexes (122). Whether such autoregulation
plays a role in controlling the expression of IRF4 in CD4* T cells is, however, not known.
Of interest, it has recently been shown that Foxp3 can also bind to the IRF4 promoter and
regulate the expression of IRF4 (121).

Role in the function of mature CD4" T cells

No significant effects of IRF4 deficiency on T-cell development have been observed, but
IRF4 plays a major role in mature CD4* T-cell function (123). Early studies, conducted on
total T-cell populations, indicated that IRF4 is required for the optimal proliferation of CD4*
T cells in response to mitogenic stimuli as well as for the production of IL-2, IL-4, and IFN-
v (123). Follow-up studies confirmed that IRF4 plays an important role in the production of
IL-2 and IFN-y by naive cells and that it is also required for optimal production of IL-2 by
effector/memory T cells (120). Investigations of the role of IRF4 in the production of I1L-4
and in the differentiation of specific Th subsets, however, has revealed a much more
intricate role for IRF4 in the effector function of Th cells. Since most of this information has
emerged from studies on the role of IRF4 in the regulation of Th2 responses, we will first
review its role in this lineage and then discuss more recent findings that implicate IRF4 as a
key regulator of Th17 differentiation. Given that IRF4 does not appear to exert significant
effects on Thl differentiation (124,125), its role in this subset will not be addressed.
Although Tgy cells are major producers of IL-21 and IRF4 is expressed in germinal center
CD4* T cells (126), the effects of IRF4 in Ty cells have not been specifically investigated,
and thus this subset will also not be discussed.

Roles in IL-4 production and Th2 responses

IRF4 plays a diverse and complex role in the regulation of Th2 responses. Its effects have
been shown to be highly dependent on the precise stage of differentiation of CD4* T cells.
Under neutral conditions, IRF4 inhibits the production of I1L-4 by naive CD4* T cells but
promotes the production of IL-4 by effector/memory CD4* T cells (120). When CD4* T
cells are exposed to Th2 skewing conditions, lack of IRF4 profoundly impairs the ability of
CD4* T cells to differentiate toward the Th2 cell lineage and produce IL-4, IL-5, 1L-13, and
IL-21 (102,124,125,127). Consistent with in vitro findings, the development of Th2
responses in vivo is critically dependent on the presence of IRF4 (120,125,127).
Interestingly, a lack of IRF4 results in enhanced IFN-y production under Th2 conditions
suggesting that IRF4 is critical for blocking the differentiation of developing Th2 cells
toward the Th1 phenotype (124,125). It is furthermore important to remember that IRF4 also
plays a key role in non-T cells, especially in B cells (128,129), and that its functions in these
compartments could also impact its overall ability to control Th2 immune responses.

At the molecular level, IRF4 employs both direct and indirect mechanisms to control the
production of IL-4 and the development of Th2 responses. Lack of IRF4 does not alter the
early signaling events that occur in response to either TCR engagement or IL-4 stimulation,
such as the activation of Stat6 (125,127). Instead, we and others have shown that IRF4 can
directly bind to and transactivate the 1L-4 promoter (124,130). Critical to this effect is its
ability to cooperate with NFAT family members. Indeed the IL-4 promoter contains multiple
IRF4 binding sites that are located adjacent to known NFAT binding sites and both NFATc1
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and NFATc2 have been shown to cooperate with IRF4 in transactivating reporter constructs
driven by the IL-4 promoter (124,130). A physical interaction between NFATc2 and IRF4
has also been observed (124). Studies have also revealed that IRF4 and NFATc2 potently
synergize with another Th2 transcription factor, c-Maf, in maximally inducing IL-4
expression (124). These studies are indicative of an important regulatory role of IRF4 in
IL-4 synthesis after the initial activation events. IRF4 also controls the expression of
GATAB3, the master regulator of Th2 differentiation, and can thus further amplify the
commitment of Th cells toward the Th2 lineage (125,127). IRF4 can furthermore regulate
the expression of Gfi-1 and thus control the expansion of committed Th2 cells (125).

The understanding of the role of IRF4 in the regulation of Th2 responses recently took an
unexpected turn when Zheng et al. (121) employed a conditional approach to selectively
delete IRF4 within the regulatory T-cell compartment. Surprisingly, these mice
spontaneously develop a disorder marked by high levels of Th2 cytokines, by elevated levels
of 1IgG1 and IgE, and by plasma cell infiltration of the pancreas, stomach, and kidneys. Since
Foxp3 can upregulate the expression of IRF4, these findings led the authors to propose that,
once upregulated, IRF4 controls the expression of a subset of Foxp3 target genes that
function to restrain excessive Th2 responses. A couple of key IRF4 targets in Tregs have
been identified (121). One of these targets is inducible costimulator (ICOS), which is
required by Tregs for optimal suppressive activity. Interestingly, while IRF4 is necessary for
ICOS expression in Tregs, our group has found that the induction of high levels of ICOS
expression upon TCR stimulation in Th cells does not require the presence of IRF4 (102).
Since the IRF4-binding site in the ICOS promoter colocalizes with a Foxp3-binding site and
Foxp3 and IRF4 can physically interact, this differential regulation suggests that presence of
Foxp3 may be necessary for the recruitment of IRF4 to the ICOS promoter. In addition,
IL-10, another key effector of Treg suppressive ability, is also regulated by IRF4.
Interestingly, similarly to the IL-4 promoter, the IL-10 promoter contains clustered NFAT
and IRF4-binding motifs, and cooperation between NFAT and IRF4 has been shown to be
important for the control of IL-10 gene expression (130,131). Given that c-Maf is also an
IRF4 target (121) and that lack of c-Maf leads to impaired I1L-10 synthesis (132,133), IRF4
may also regulate 1L-10 production indirectly by inducing c-Maf expression. Production of
IL-10 by Th2 cells has also recently been shown to be regulated by IRF4 (134).

Roles in Th17 responses

In addition to being a major regulator of Th2 responses, recent work has brought to light a
fundamental role for IRF4 in the control of Th17 differentiation. Indeed CD4* T cells from
mice deficient in IRF4 are completely defective in their ability to differentiate into Th17
cells and to produce IL-17 whether they are cultured under classical (i.e. TGF-B plus IL-6)
or alternative (i.e. TGF-p plus IL-21) Th17-inducing conditions (100-102). This defect is
intrinsic to CD4* T cells and is not secondary to any developmental alterations. The ability
of IRF4 to act as an essential controller of Th17 differentiation has profound consequences
in vivo. Indeed, IRF4-deficient mice are totally resistant to the development of a Th17-
mediated disease [experimental autoimmune encephalomyelitis (EAE), a mouse model of
multiple sclerosis] (100). The degree of protection conferred by an absence of IRF4 is even
greater than that imparted by the lack of RORyt, which is considered the master regulator of
Th17 differentiation (93). Although the effects of IRF4 deficiency in mouse models of
inflammatory arthritis have not yet been investigated, given the complete absence of Th17
differentiation in these mice, it is reasonable to expect that a similar protective effect will be
observed.

The central role of IRF4 in the regulation of IL-17-producing CD4" T cells is due to the
ability of IRF4 to control multiple processes. The absence of IRF4 does not affect the early
signaling events known to be critical for Th17 differentiation (100,101). IRF4-deficient T
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cells indeed can activate Stat3 normally in response to IL-6 or IL-21 stimulation.
Furthermore, upregulation of a subset of Stat3-dependent genes like SOCS3 is unaffected by
the absence of IRF4. IRF4, however, is required for the induction of the Th17 lineage-
specific regulators RORyt and RORa upon exposure to either TGFf and IL-6 or TGF-$ and
IL-21 (100,101). Interestingly, reintroduction of RORyt and RORa into IRF4-deficient
CD4* T cells only partially rescues the defects in IL-17 production, supporting the idea that
IRF4 exert additional effects that are important for Th17 differentiation. Consistent with this
notion, our laboratory has found that IRF4 has the potential to target the IL-17 promoter,
which suggests that IRF4 might directly transactivate the IL-17 gene (102). IRF4 is also
necessary for the 1L-6- and IL-21-mediated suppression of Foxp3 expression since IRF4-
deficient T cells are unable to downregulate Foxp3 upon exposure to either TGFp and IL-6
or TGF-p and IL-21 (100,101). Given that Foxp3 can interfere with the function of RORyt
(52), the sustained expression of Foxp3 in IRF4-deficient T cells could also contribute to
their inability of to produce IL-17. Upon exposure to Th17-skewing conditions, the lack of
IRF4 also results in enhanced IFN-y production (100,102), an effect that can further inhibit
differentiation toward the Th17 phenotype. Thus, similarly to its role in Th2 cells, one of the
key functions of IRF4 in the differentiation of Th17 cells may be to block the development
of alternative Th fates via its ability to interfere with Th1 and/or Treg commitment.

IRF4 is not only essential for the initial production of IL-17, but it is also absolutely required
for the autocrine production of 1L-21 by Th17 cells. Indeed, whether cultured under classical
or alternative Th17-inducing conditions, IRF4-deficient CD4* T cells fail to produce 1L-21
and thus lack a critical amplification step for the development of Th17 cells (101,102).
Again multiple mechanisms underlie this profound defect. As mentioned above, IRF4
deficiency impairs the upregulation not only of RORyt but also of RORa whose expression
is known to compensate for RORyt in the regulation of IL-21 (101). IRF4 can furthermore
directly bind and transactivate the IL-21 promoter (102). As in the case of the IL-4
promoter, the IL-21 promoter contains clusters of potential IRF4 binding sites. Our
laboratory has identified a functionally important IRF4 binding site within the 1L-21
promoter, which is located adjacent to an NFAT-binding site and optimal transactivation of
this promoter requires the presence of both NFAT and IRF4 (102). It is intriguing to
speculate that IRF4 and NFAT may also cooperate with c-Maf in the regulation of IL-21,
since c-Maf has been shown to be an important regulator of the late phases of 1L-21
production (82). Since c-Maf is a potential IRF4 target, a plausible scenario is that IRF4 is
not only a key regulator of the early IL-21 transcription but also upregulates the expression
of additional regulators with which it needs to cooperate during the later stages of the
production of this cytokine. Although an absence of IRF4 does not affect the expression of
the IL-21R, IRF4-deficient T cells also fail to upregulate the expression of IL-23R in
response to 1L-21, indicating that a lack of IRF4 will impact the expansion and terminal
differentiation of Th17 cells (101). The precise mechanisms by which IRF4 regulates the
expression of IL-23R are, however, not known.

Summary and perspectives

IRF4 thus appears to function as a critical molecular link between pathways triggered by
TCR engagement and those induced by environmental clues such as cytokines (Fig. 2). In
the absence of cytokine exposure, IRF4 acts as a central mediator of TCR signals and plays
a key role in controlling the expression, albeit at a low-level, of a broad array of cytokines,
likely via its ability to cooperate with NFAT and to directly target various cytokine
promoters. In the presence of IL-4 or IL-6, instead, IRF4 acquires the ability to upregulate
the expression of lineage-specific regulators such as GATA3 and RORyt/RORa, enabling
the production of high-levels of selected cytokines as well as a whole array of additional
lineage-specific functions. Given the known ability of IRF4 to cooperate with STATs in B
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cells, it is tempting to speculate that cooperation of IRF4 with either Stat6 or Stat3 is critical
for the lineage-specific effects of IRF4 and contributes to the differential ability of IRF4 to
regulate the differentiation of Th2 and Th17 cells, respectively. Cooperation with Foxp3
would instead enable IRF4 to function in a Treg-specific manner. The specific levels/
kinetics of IRF4 expression coupled with the presence/absence of additional cofactors are
also likely to participate in the precise regulation of the gamut of IRF4 targets. We
previously proposed that IRF4 serves more as a ‘master integrator’ of lymphocyte responses
rather than a *master regulator’ of specific differentiation programs (135). We believe that
recent data further supports the contention that IRF4 functions as a molecular hub that can
enable T cells to integrate the information provided to them by different pathways and fine-
tune their effector functions in response to a complex and changing environment.

Novel pathways regulating IRF4

As we have outlined above, the expression of IRF4 is upregulated upon TCR engagement
and IRF4 has the potential to control a wide-range of effector Th responses. Regulatory
mechanisms must, therefore, be in place to ensure that its function is tightly controlled and
that the production of potentially pathogenic cytokines, like IL-17 and IL-21, only occurs in
response to the appropriate antigen and in the setting of the proper inflammatory milieu. In
this section, we describe our studies that have led us to uncover an unexpected link between
IRF4 and Rho GTPase-mediated pathways as one of the key mechanisms that restrains the
function of IRF4 under neutral conditions. We first briefly outline the basic scheme of Rho
GTPase-mediated pathways and then focus our discussion on Def6, a novel component of
these pathways, which plays a major role in the control of IRF4 function and the production
of IL-17 and IL-21.

Rho GTPase-mediated pathways: the basic scheme

The Rho family of GTPases is a large family of proteins, which, in hematopoietic cells,
includes RhoA, Racl, Rac2, and Cdc42 (136-138). Like other small GTPases, Rho GTPases
behave like ‘molecular switches’ that cycle between an inactive, GDP-bound, and an active,
GTP-bound, state. Once they become activated, Rho GTPases control cytoskeletal dynamics
as well as numerous signaling pathways such as the activation of MAPKSs due to their
capacity to bind to and activate a large number of downstream effector molecules, which
include serine/threonine kinases, lipid kinases, and adapters. Rac and Cdc42 can bind to
many of the same effectors such as the PAK kinases. In contrast, RhoA usually targets a
different set of effectors, such as the Rho-associated coiled-coil-containing protein kinases.
The activation of Rho GTPases is primarily controlled by a class of proteins termed guanine
nucleotide exchange factors (GEFs) (139), which catalyze the release of GDP leading to the
formation of active GTP-bound Rho GTPases. Most GEFs belong to the Dbl family of
proteins, which are characterized by the presence of a catalytic Dbl-homology (DH) domain
followed by a C-terminal PH domain necessary for proper intracellular localization and
function. The ability of GEFs to activate Rho GTPases is itself strictly regulated since GEFs
normally exist in an inactive state and become activated in response to extracellular stimuli
via phosphorylation, changes in subcellular localization, or interaction with cofactors.

All the major classes of Rho GTPases are expressed in CD4* T cells, and TCR engagement
has been shown to lead to the activation of Racl and Rac2, Cdc42, and RhoA (140-144).
TCR-induced activation of Rac proteins has been implicated in the activation of MAPKSs and
in the regulation of cytoskeletal processes essential for immunological synapse (IS)
assembly, migration, and even apoptosis (145-148). Interestingly, CD4* T cells from
Rac2~~ mice have been found to exhibit defective TCR-mediated proliferation and
diminished IL-2 and IFN-y production (149,150). The activation of Cdc42 has also been
implicated in IS formation (143,151), while activation of RhoA has been linked to ERK1/2
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activation, calcium responses, and I1L-2 production (140). It is, however, important to note
that a precise understanding of the role of Rho GTPases in mature CD4" T cells has not yet
been attained due to the fact that many of these GTPases (e.g. Racl and Rac2) have
redundant functions and that the loss of some of these GTPases leads to profound T-cell
developmental defects (136).

Def6 (IRF-4 binding protein/SWAP-70 homologous T-cell adapter)

Although the best-characterized GEFs that mediate the activation of Rac proteins in
response to TCR stimulation are the Vav proteins (152,153), additional classes of Rac
activators exist in CD4* T cells. Here we focus on Def6, a novel type of Rac activator that
has emerged as a critical controller of T-cell activation. Since Def6 is a relative newcomer in
the world of T-cell biology, we first provide some background on this molecule and then
discuss its role in T cells and its ability to act as a multifunctional protein that not only
activates Rac but also regulates IRF4.

Nomenclature and expression

Structure

Def6 was first cloned during a search for genes that are downregulated during differentiation
of a murine progenitor cell line toward either a myeloid or erythroid lineage (154). Our
group independently cloned the human homologue of Def6 during a yeast two-hybrid screen
aimed at identifying proteins interacting with IRF4, and hence we named it IRF4-binding
protein (IBP) (155). Another group also independently cloned this molecule during a search
for Th2-specific genes and termed it SWAP-70 homologous T-cell adapter (SLAT) (156).
To simplify the terminology, we henceforth refer to this protein as Def6 according to the
current official name of the gene. The human and murine Def6 cDNA sequences are highly
homologous suggesting that Def6 is conserved evolutionarily (155). Def6 exhibits
significant sequence homology to only one other molecule, SWAP-70, a novel type of Rac
activator (157). The expression of Def6 in lymphoid tissues is broader and more abundant
than that of SWAP-70 (155). Importantly, however, mature CD4* T cells express only Def6
but not SWAP-70 (155,158). Def6 is highly expressed in most T cells and equivalent levels
of Def6 can be detected in all Th effector subsets (155, and unpublished observations)
although upregulation of Def6 expression in Th2 cells after 4 days of culture has been
reported (156). Interestingly, in B cells, Def6 expression appears to be confined to specific
stages of B-cell differentiation, since Def6 is present in coronal or mantle zone B cells but
largely absent in germinal center B cells, which instead strongly express SWAP-70
(155,158). The human Def6 gene is located on chromosome 6p21.31, centromeric to the
MHC complex (155).

Def6 and SWAP-70 share a similar molecular structure, which includes a putative N-
terminal EF-hand motif and a central PH domain (Fig. 3). Between these two modules Def6
contains a series of tyrosine phosphorylation sites, which have been shown to be a target for
Lck (159,160). The C-terminal region of both proteins contains an a-helical region, which
displays limited sequence homology to the Dbl-homology (DH) domain of classical GEFs
and has thus been termed a DH-like (DHL) domain (157,161). The unusual location of the
DHL module at the C-terminus, rather than at the N-terminus, of the PH domain in both
SWAP-70 and Def6 molecules, coupled with their low-degree of homology with other DH
domain-containing proteins support the notion that these two proteins represent a distinctive
class of activators for Rho GTPases. The DHL domain has been shown to be essential for
the ability of Def6 to activate Rac and Cdc42 (160,161). Interestingly, Def6 can also bind
activated forms of Rho GTPases (162). This binding is mediated by the amino-terminus of
Def6 rather than its C-terminus suggesting a complex interplay between Def6 and Rho
GTPases. Def6 and SWAP-70 contain nuclear localization signals and both proteins can be
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detected not only in the cytoplasm but also in the nucleus (102,163). As will be discussed
below, Def6 not only acts as an activator for Rac but also physically interacts with IRF4
(102). This interaction primarily occurs in the nucleus and involves binding of the carboxy-
terminus of Def6 to a region of IRF4 containing most of the IAD.

Similarly to what has been described for many classical GEFs, the activity of Def6 is under
tight regulation. Indeed full-length Def6 does not exhibit any GEF activity due to an
autoinhibitory interaction, which likely occurs between its N-terminus and its C-terminus.
TCR engagement, via the activation of Lck, leads to the tyrosine phosphorylation of the N-
terminus of Def6 (159,160). This phosphorylation event is believed to disrupt this
autoinhibitory interaction and enables Def6 to be recruited to the immunological synapse
and to activate specific Rac- and Cdc42-mediated pathways (156,159,160). In addition to
phosphorylation events, the Def6 PH domain has been shown to bind PI(3,4,5)P3 (160,162)
and this interaction may also participate in the recruitment of Def6 to the immunological
synapse and in the control of its GEF activity although the requirement for this step is more
variable (159,160). These data are thus consistent with a model whereby Def6 normally
exists in an “inactive” or dormant conformation, which is rendered active in response to
TCR-mediated signals. Whether similar or different sets of regulatory conditions controls its
nuclear function and/or its ability to interact with IRF4 is currently not known.

Spontaneous development of autoimmunity in the absence of Def6—The first
clue that Def6 might play an important and unique immunoregulatory role in vivo came
from studies of mice deficient in Def6 (164). Def6 deficient mice are viable and fertile and
do not exhibit any major T or B cell developmental abnormalities except for a modest defect
in the proliferation of DN thymocytes (164,165). Beginning at 5 months of age, however,
~60% of the Def6 deficient female mice on a mixed 129/BL6 background develop a lupus-
like syndrome characterized by multiple enlarged lymph nodes, splenomegaly,
hypergammaglobulinemia, anti-dsDNA autoantibodies, and glomerulonephritis (164). As
observed in other spontaneous models of lupus, the lymphoproliferative disorder that
develops in the absence of Def6 is characterized by a marked accumulation of effector CD4*
T cells, IgG1* B cells, and plasma cells (164).

Surprisingly, when Def6 deficient mice are backcrossed onto the Balb/c background and
then crossed to DO11.10 mice, which carry a transgenic T cell receptor for ovalbumin (166),
absence of Def6 leads to the spontaneous development of a disorder that clinically resembles
RA (102). Indeed beginning at about 2 months of age, Def6 deficient DO11.10 mice
spontaneously develop symmetrical joint swelling with hyperemia. The symptoms are
chronic and progressive and often lead to impaired mobility upon aging. Female mice tend
to develop more severe symptoms than male mice indicating a sex bias in the development
of this disorder albeit not to the same degree as that observed in the development of the
lupus-like disorder. Histopathologically the lesions are characterized by severe synovitis
with a striking accumulation of neutrophils, macrophages, lymphocytes, and plasma cells.
Pannus formation with destruction of the adjacent cartilage and the subchondral bone is
clearly evident. The serologic abnormalities in Def6 deficient DO11.10 mice are
characterized by elevated titers of Rheumatoid Factor and anti-CCP antibodies, also highly
reminiscent of the findings in RA patients. Interestingly, many Def6 deficient DO11.10 mice
also develop severe inflammation of the large- and medium-sized elastic arteries and exhibit
early mortality. Analysis of the lymphoid organs of these mice demonstrates a marked
accumulation of effector CD4* T cells that express the DO11.10 TCR transgene as well as
high levels of ICOS and other activation markers. These results thus indicate that, in the
absence of exposure to ovalbumin, the lack of Def6 leads DO11.10 TCR CD4* T cells to
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become spontaneously activated likely in response to self-peptides derived from the
connective tissue/extracellular matrix of the joints and blood vessels.

Molecular pathways controlled by Def6

Our laboratory has conducted an extensive analysis to delineate the mechanisms by which
absence of Def6 leads to such pathophysiology. Given that transfer experiments supported
the idea that CD4* T cells play a key role in this pathophysiology (102), we focused our
studies on this cellular compartment. We have found that the lack of Def6 does not affect
central tolerance or the development/function of regulatory T cells (102). The absence of
Def6, instead, profoundly affects two major aspects of peripheral CD4* T-cell biology, their
ability to properly respond to an antigenic encounter and their capacity to produce IL-17 and
IL-21. Here we review the present knowledge regarding the role of Def6 in each of these
two processes. Whereas Def6 also controls the elimination of activated T cells (164), much
less is known about this aspect of Def6 function and thus a detailed discussion of the role of
Def6 in T-cell apoptosis is not be included (although this effect also likely contributes to the
emergence of autoimmunity in Def6-deficient mice).

Def6 and TCR responsiveness

Def6 plays a complex role in the regulation of TCR responsiveness. Consistent with their
spontaneous activation in vivo, Def6-deficient DO11.10 T cells display enhanced
proliferative responses in vitro in response to low levels of antigenic stimulation (102). In
unpublished studies, we have observed, furthermore, that absence of Def6 leads to
exaggerated homeostatic proliferation of T cells in response to lymphopenia, a process
driven by interaction of the TCR with self-pMHC complexes (167-171). The
immunopathology observed in Def6-deficient DO11.10, which occurs in the absence of any
exposure to the exogenous antigen ovalbumin, is thus likely to be driven by a heightened
recognition of the DO11.10 TCR for self-peptides, which might be expressed in the tissues
where the inflammatory response is occurring. In support of this notion, immunoblot
analysis with serum derived from Def6-deficient DO11.10 but not with serum from control
mice revealed strong recognition of a 66 kDa band present in extracts from joints and elastic
arteries but not in extracts obtained from spleens or lymph nodes (unpublished
observations).

While Def6-deficient CD4* T cells become hyperresponsive to low levels of antigenic
stimulation, the lack of Def6 also renders CD4™ T cells less responsive to strong stimuli as
evidenced by the defective proliferation of Def6-deficient DO11.10 CD4* T cells to high
doses of ovalbumin (102). In line with these findings, nontransgenic Def6-deficient CD4* T
cells exhibit impaired proliferative responses upon stimulation with aCD3 and aCD28
(164,165). These studies thus raise the possibility that absence of Def6, while predisposing
to autoimmunity, may also impair the ability of an individual to effectively clear infections.
Thus Def6 may be a critical component of the machinery that enables CD4* T cells to
properly discriminate between low affinity interactions with self-peptides, which are
required for their maintenance in the periphery, and high affinity interactions with foreign
peptides that result in T-cell activation.

The mechanisms by which Def6 controls TCR responsiveness are still being investigated.
Many of the early TCR-induced signaling events, such as the phosphorylation of Lck,
ZAP-70, and AKT, are not affected by the absence of Def6 (164,165). The lack of Def6,
however, leads to abnormalities in TCR-mediated ERK1/2 activation, IS formation, and
TCR-mediated actin polymerization (164,165). The latter defect can be rescued by a
constitutively active form of Rac or by wildtype Def6 but not by a Def6 mutant lacking the
DHL domain (164). Given that Rho GTPases are critical regulators of both MAPK

Immunol Rev. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Biswas et al.

Page 16

activation and IS assembly, and that these processes have previously been shown to underlie
the ability of a T cell to properly sense the potency of TCR engagement (172,173) these
findings support the idea that the ability of Def6 to activate Rac and Cdc42 plays a critical
role in its capacity to control TCR responsiveness. More work, however, is needed to fully
define the molecular orchestration conducted by Def6 to control this process.

Def6 and CD4* T-cell effector function

Def6 also controls the effector function of CD4* T cells independently of its effects on TCR
responsiveness. Importantly, Def6 regulates the production of IL-17 and 1L-21 (102).
Indeed, we have found that naive Def6-deficient CD4* T cells stimulated under neutral
conditions exhibit an increased ability to produce IL-17 and IL-21 when compared to wt
CD4™* T cells. Repeated stimulation of Def6-deficient T cells in vitro leads to even higher
levels of IL-17 and 1L-21 production (unpublished observations), suggesting amplification
of this circuit upon chronic stimulation of these cells. The increased production of IL-17 is
associated with enhanced expression of RORyt. Consistent with these findings increased
levels of IL-17 and I1L-21 can be observed in the sera, lymphoid organs, and joints of the
Def6-deficient mice that develop RA-like arthritis (102, authors' unpublished observations).
Interestingly, the absence of Def6 is also accompanied by a profound disorganization of the
lymphoid architecture characterized by the accumulation of plasma cells within the T-cell
zone suggesting that the deregulated Th effector function observed in the absence of Def6
might lead to aberrant T-cell interactions with B cells (102). Our laboratory has found that a
key mechanism by which Def6 controls the production of IL-17 and IL-21 is to directly
interact with IRF4 and prevent IRF4 from targeting and transactivating the regulatory
regions of IL-17 and IL-21 (102). The deregulated production of IL-17 and IL-21 observed
in the absence of Def6, indeed, is abolished by the concurrent lack of IRF4. Interestingly,
the lack of Def6 does not lead to increased production of IL-17 and IL-21 when CD4* T
cells are cultured under Th17-skewing conditions (unpublished observations), indicating that
the ability of Def6 to inhibit IRF4 function and the production of IL-17 and IL-21 is
dependent on the presence/absence of an inflammatory milieu. While absence of Def6 leads
to deregulated I1L-17 and 1L-21 production in vitro by CD4* T cells derived from various
strains (unpublished observations), the development of pathophysiology in vivo exhibits
strain-dependent effects suggesting that, similarly to what is observed in human autoimmune
disorders, the full enactment of the pathogenic potential of Def6-deficient CD4* T cells is
shaped by additional genetic and environmental interactions.

Def6 also controls the production of other cytokines, in particular IL-2 and IFN-y (164,165).
In this case, however, the absence of Def6 leads to a decrease, rather than an increase, in the
production of these cytokines. Effects on IL-4 production have also been reported although
they tend to be more variable (164, 165, authors' unpublished observations). Thl and Th2
responses in vivo upon immunization with either OVA-CFA or OVA-alum also appear to be
affected by the absence of Def6 (165). The mechanism responsible for the effects of Def6 on
the production of these other cytokines does not appear to be related to the Def6-1RF4
interaction but has instead been found to be due to the ability of Def6 to control calcium
mobilization and NFAT translocation in a GEF-dependent manner (159,165). Defective
activation of AP-1 complexes may also contribute to these abnormalities (164).
Interestingly, while the lack of Def6 in vivo leads to a marked upregulation of ICOS
expression, no effects of Def6 deficiency can be observed on the TCR-mediated induction of
ICOS in vitro, suggesting that this effect is not intrinsic to T cells but is likely regulated in
vivo by interactions with other cellular compartments.
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Summary and perspectives

The described studies thus support a model whereby Def6, via its dual capacity to control
TCR responsiveness and Th effector functions, is an important component of the molecular
machinery that links TCR sensing to the accurate acquisition of Th effector functions thus
enabling Def6 to play a key role in the prevention of T-cell-mediated autoimmunity (Fig. 4).
Importantly, Def6 seems to function as a critical ‘brake’ that, under neutral conditions,
restrains the ability of IRF4 to access a gene expression program (which includes RORyt,
IL-17, and IL-21) that should be executed only under selected inflammatory conditions. One
therefore would expect that when CD4* T cells are exposed to the appropriate inflammatory
milieu, this brake is released so that IRF4 can now implement this transcriptional program.
The finding that, under Th17 skewing conditions, the absence of Def6 does not significantly
affect Th17 differentiation indeed supports this idea. We have not detected any differences
in the expression and/or nuclear localization of Def6 under ThO versus Th17 condition,
leading us to suspect that the assembly/disassembly of the Def6-IRF4 complex may be
regulated via posttranslational modifications. We have furthermore recently observed that
Def6 can also control the function of IRF4 in a manner dependent on its ability to influence
the activation of Rho GTPases. Thus, both aspects of Def6 biology eventually converge in
regulating IRF4 function.

This novel spontaneous model of arthritis can provide insights into the multiple pathways by
which arthritogenic T cells may arise. Unlike induced models of arthritis like CIA, where
the development of pathogenic Th17 cells is driven by providing strong inflammatory
stimuli (i.e. CFA), spontaneous models like the Def6-deficient DO11.10 mice suggest that
arthritogenic Th17-like cells can also arise in the absence of such strong inflammatory
milieu. We favor a scenario whereby the enhanced responsiveness of Def6-deficient
DO11.10 T cells to self-peptides derived from the connective tissue/extracellular matrix of
the joints and blood vessels leads to a low-level of activation of these T cells, which is
accompanied by the aberrant production of modest levels of IL-17 and IL-21. Due to the
pervasive presence of these self-peptides we envision that repetitive stimulation of these
cells will occur eventually leading to the production of sufficient levels of IL-17 and IL-21
to mediate pathogenic effects. Transient lymphopenic states may hasten the expansion of
these arthritogenic T cells. It is intriguing to speculate that the IL-17 and IL-21-producing T
cells that develop in the absence of strong inflammatory conditions may not fully complete
the Th17 differentiation program and may instead represent only partially differentiated
Th17-like cells. Since the transcriptional programs expressed by such partially differentiated
Th17 cells may be different from those of fully differentiated Th17 cells, understanding the
function and consequence of these heterogeneous IL-17 producing arthritogenic T-cell
populations will have important clinical and therapeutic implications.
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Fig. 1. Schematic diagram of interferon regulatory factor 4 (IRF4)
DBD, DNA-binding domain; IAD, IRF-association domain.
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