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Summary

The naive CD4 T cell is a multipotential precursor with

defined antigen recognition specificity but substantial
plasticity for development down distinct effector or reg-

ulatory lineages, contingent upon signals from cells of
the innate immune system. The range of identified ef-

fector CD4 T cell lineages has recently expanded with
description of an IL-17-producing subset, called Th17,

which develops via cytokine signals distinct from,
and antagonized by, products of the Th1 and Th2 line-

ages. Remarkably, Th17 development depends on the
pleiotropic cytokine TGF-b, which is also linked to reg-

ulatory T cell development and function, providing
a unique mechanism for matching CD4 T cell effector

and regulatory lineage specification. Here, we review
Th17 lineage development, emphasizing similarities

and differences with established effector and regula-
tory T cell developmental programs that have important

implications for immune regulation, immune pathogen-
esis, and host defense.

The directed development of CD4 effector T cells by
cytokines elicited from pathogen-activated cells of the
innate immune system is a hallmark of adaptive immu-
nity. Until recently, the known universe of adaptive CD4
T cell responses has been encompassed by the Th1-
Th2 paradigm (Mosmann and Coffman, 1989; Murphy
and Reiner, 2002). Development of T helper 1 (Th1) cells,
which evolved to enhance clearance of certain intracellu-
lar pathogens, is coupled to the sequential actions of in-
terferon-g (IFN-g) and interleukin-12 (IL-12) (Hsieh et al.,
1993; Scharton and Scott, 1993). The development of
Th2 cells, which evolved to enhance the clearance of par-
asites, is coupled to IL-4 (Min et al., 2004; Shinkai et al.,
2002). The divergence of Th1 and Th2 differentiation is
largely due to crossregulatory effects of these polarizing
cytokines, providing a mechanism whereby first-line in-
nate immune defenses guide appropriate effector T cell
responses that, in turn, orchestrate the host response
to efficiently clear pathogens and establish long-lived
memory for enhanced recall responses. The benefits of
adaptive CD4 T cell responses, however, come at
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a cost. Inappropriate or poorly controlled effector T cells
can cause host pathology and are particularly deleteri-
ous when directed against self or ubiquitous environ-
mental or commensal floral antigens, which, unlike
most pathogens, cannot be effectively cleared. In this
setting, persistent effector T cell responses drive chronic
inflammatory disorders such as autoimmunity and al-
lergy, or atopy. Effector T cell responses are therefore
normally under stringent regulatory control.

Although a key mechanism whereby dysregulated
effector responses are avoided is through intrathymic
deletion of self-reactive clones, postthymic mechanisms
are also critical because many antigens are developmen-
tally or physically sequestered from developing thymo-
cytes and because the recombinatorial capacity of anti-
gen-recognition receptors in lymphocytes is so robust.
Hence, evolutionary pressure to match the development
of adaptive effector T cell responses with corresponding
regulatory T cell programs has probably been critical to
the successful emergence of adaptive immunity. Several
subsets of regulatory T cells, or Tregs, have been de-
scribed, albeit with incompletely defined lineage rela-
tionships and functions at present (Figure 1). At least
one class of Tregs, so-called natural Tregs (nTregs), is
the product of a developmental lineage distinct from
Th1 and Th2 lineages and therefore represents the
first well-defined expansion of the CD4 T cell functional
repertoire.

In this review, we highlight yet another lineage of CD4 T
cells, the newly described Th17 lineage. The Th17 lineage
represents the only additional effector CD4 T cell arm to
be described since the original discovery of Th1 and
Th2 two decades ago. Th17 cells are characterized by
the production of a distinct profile of effector cytokines,
including IL-17 (or IL-17A), IL-17F, and IL-6, and have
probably evolved to enhance host clearance of a range
of pathogens distinct from those targeted by Th1 and
Th2. Th17 cells develop via a pathway separate from
Th1 and Th2, but with several notable parallels to the
Th1 lineage that have led to some confusion over the
role of the Th1 cells in autoimmunity. The development
of Th17 effectors also shares with some Tregs a require-
ment for TGF-b, establishing an important link between
Th17 and Treg development. As a basis for understand-
ing recent advances in Th17 development and function,
we first highlight features of Th1, Th2, and Treg develop-
ment and function for comparison.

Th1 and Th2 Development: Mechanisms for Lineage

Specification
Since the advent of T cell receptor (TCR) transgenic
mouse models, it has been established that naive T cells
of identical antigenic specificity can develop into distinct
functional effectors, e.g., Th1 and Th2, contingent upon
early signals received in concert with antigen (Hsieh
et al., 1992; Seder et al., 1992). There has been extensive
investigation of the factors and signaling pathways that
distinguish differentiation of Th1 and Th2 cells (see Mur-
phy and Reiner, 2002 for review), and although there is
now general consensus on many features that control

https://core.ac.uk/display/82828464?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:cweaver@uab.edu


Immunity
678
Figure 1. Diversification of CD4 T Cell Lineages

Although functional CD4 T cell development has been dominated by the Th1-Th2 paradigm for nearly two decades, the number of defined

lineages has now increased. The cytokines associated with arrows indicate dominant cytokines involved in specification of each of the indicated

lineages. The cytokines listed below each cell type indicate key effector or regulatory cytokines produced by differentiated cells of that lineage

or, in the case of nTreg, a contact-dependent mechanism of suppression. Tn: naive, postthymic CD4 T cell precursors; Tp: thymic precursors.

Dotted lines represent less well-defined lineage relationships.
these developmental programs, certain details remain
contentious (Berenson et al., 2004). An important facet
of the Th1-Th2 developmental paradigm, which is shared
with many developmental strategies, is the presence of
reiterative feedback mechanisms that propagate early
lineage decisions once initiated. Th1 differentiation is
initiated by coordinate signaling through the TCR and
STAT1-associated cytokine receptors. Both type I and
type II interferons can activate STAT1 via their respective
receptors (Hibbert et al., 2003; Lucas et al., 2003; Pflanz
et al., 2002), as can the IL-12 family member IL-27
(Hunter, 2005). Receptors for each of these cytokines
are expressed on naive T cell precursors and are acti-
vated by products of pathogen-stimulated cells of the
innate immune system. NK cells are a major source of
IFN-g, whereas plasmacytoid dendritic cells (DCs) are
the primary source of IFN-a. STAT1 signaling down-
stream of IFNs in antigen-activated naive precursors up-
regulates the transcription factor T-bet, which is thought
to be a ‘‘master regulator’’ of Th1 differentiation (Mullen
et al., 2001; Szabo et al., 2000). The homeobox transcrip-
tion factor Hlx is selectively expressed by Th1 cells by
virtue of its being a target of T-bet (Mullen et al., 2002)
and may complement T-bet as a Th1-maintenance factor
(Zheng et al., 2004). T-bet potentiates expression of the
Ifng gene and upregulates the inducible chain of the
IL-12 receptor (IL-12Rb2) while suppressing Th2-associ-
ated factors. Induction of a competent IL-12 receptor on
developing Th1 cells licenses IL-12 signaling through
STAT4, which further potentiates IFN-g production and
induces expression of IL-18Ra, thereby conferring re-
sponsiveness to IL-18 by mature Th1 cells. The IL-12-
driven component of Th1 development results in mature
effector cells that can produce IFN-g through either TCR-
dependent or -independent (IL-12 plus IL-18) pathways
(Robinson et al., 1997; Yang et al., 1999). Thus, the later
stage of Th1 differentiation induced by IL-12 enables ma-
ture Th1 cells to produce IFN-g in an antigen-indepen-
dent mode, not unlike cells of the innate immune system
such as NK cells.

Although a T-bet-dependent pathway to Th1 develop-
ment has been well described, alternative pathways ap-
pear to exist. For example, the innate phase of the IFN-g
response during Listeria monocytogenes (LM) infection
is unaffected in the absence of T-bet (Way and Wilson,
2004). The adaptive immune response to LM showed
only a modest reduction in the numbers of Th1 cells or
IFN-g secretion by CD4 T cells, suggesting that alterna-
tive pathways can independently contribute to Th1 de-
velopment. Whether these include known pathways,
such as IL-12 and IL-18, or unknown pathways is un-
clear. Nevertheless, there may be greater plasticity in
pathways to effector cytokine gene expression than pre-
viously appreciated.

Th2 differentiation is initiated by TCR signaling in con-
cert with IL-4 receptor signaling via STAT6. Signals that
emanate from the TCR and IL-4 receptors act coopera-
tively to upregulate low expression of GATA-3, a master
regulator of Th2 differentiation (Ouyang et al., 1998,
2000; Zheng and Flavell, 1997). GATA-3 autoactivates
its own expression and drives epigenetic changes in
the Th2 cytokine cluster (Il4, Il5, and Il13 genes) while
suppressing factors critical to the Th1 pathway, such
as STAT4 and the IL-12Rb2 chain. In addition, IL-4 sig-
naling prevents the colocalization of the TCR with IFN-g
receptors at the immunologic synapse of naive T cells
activated by APCs, suggesting another way in which IL-4
may inhibit Th1 development (Maldonado et al., 2004).
Thus, early IL-4 signaling rapidly initiates positive and
negative feedback loops that operate at a number of
levels to reinforce early commitment to Th2 develop-
ment while blocking Th1 development.
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Importantly, cytokines produced by mature effector
cells themselves can reinforce their own developmental
program through positive and negative feedback, acting
both on naive T cells and innate immune cells. Thus, IFN-g
produced by mature Th1 cells or innate immune cells
induces STAT1 signaling and T-bet expression in anti-
gen-activated, naive CD4 T cells, leading to upregulation
of the IL-12 receptor on developing Th1 cells and sup-
pression of GATA-3. Similarly, IL-4 produced by mature
Th2 cells initiates Th2 development through its upregu-
lation of GATA-3 via STAT6 and suppresses Th1 devel-
opment by blocking IL-12Rb2 expression. The action
of GATA-3 to promote its own transcription through
a cell-intrinsic positive feedback loop represents a po-
tent mechanism for rapidly stabilizing Th2 development.
Remarkably, a further layer of counterregulation may re-
side at the level of physical interactions between chro-
matin domains that contain Th1- or Th2-specific cyto-
kine genes. Direct contacts exist between juxtaposed
regulatory regions in the Th2 cytokine gene cluster on
chromosome 11 and the Ifng promoter on chromosome
10 in the mouse, providing the first demonstration of in-
terchromosomal interactions that could reciprocally
regulate genes involved in divergent lineages (Spiliana-
kis et al., 2005). As a result of such robust counterregu-
latory pathways, Th1 and Th2 development diverge rap-
idly after antigen priming to produce mature effectors
with stable, mutually exclusive expression of IFN-g or
IL-4, respectively.

Regulatory T Cells: Strategies for Controlling

the Effectors
Besides effector subsets, CD4 T cells can differentiate
into distinct regulatory subsets characterized by their
ability to suppress adaptive T cell responses and prevent
autoimmunity (Sakaguchi, 2000). While at least one class
of regulatory T cells, nTregs, develops intrathymically,
mounting evidence indicates that other Tregs develop
from naive CD4 T cell precursors in the periphery, so-
called induced, or adaptive, Tregs (aTregs). nTregs ap-
pear to act preferentially in T cell zones of secondary
lymphoid tissues to preempt effector T cell development
from naive precursors, thereby terminating effector CD4
T cell development before it begins. Obviously, if com-
pletely dominant, this mechanism would prevent adap-
tive responses to pathogens and risk destruction of
self by preventing the anti-pathogen response in favor
of the anti-self response. aTregs are distinguished by
their differentiation from naive CD4 T cells in peripheral
lymphoid tissues, where they may develop in parallel to
effector T cells and track them to sites of inflammation
to quell effector T cell-driven inflammation as patho-
gen-associated antigens are cleared. At least two types
of aTregs have been described. One, called Tr1, de-
velops under control of IL-10-conditioned DCs and is
marked by high amounts of IL-10 production; as dis-
cussed below, it does not express the transcription fac-
tor Foxp3 (Groux et al., 1997; Wakkach et al., 2003). An-
other is induced from naive precursors under the
influence of TGF-b; these cells are Foxp3+ and display
suppressive activities that are indistinguishable from
nTregs, although they develop extrathymically (Chen
et al., 2003; Fantini et al., 2004). Additional types of
CD4 Tregs have been described but are less well charac-
terized. There has been generous debate as to whether
these subsets represent truly distinct lineages or over-
lapping and flexible activation states, although recent
evidence that has emerged in parallel with new findings
on the differentiation of Th17 cells (considered below)
may provide some answers.

Following the original functional and phenotypic char-
acterization of Tregs by Sakaguchi and coworkers (re-
viewed in Sakaguchi, 2004), which linked suppressive
activity to a small subset of circulating T cells that stably
express the high-affinity component of the IL-2 receptor
CD25, insights into the developmental lineage of
CD4+CD25+ nTregs have come from several studies
showing that the forkhead-winged helix transcription
factor Foxp3 (or Scurfin) is uniquely expressed by nTregs
and is required for their development (Akbari et al., 2003;
Coffer and Burgering, 2004; Fontenot et al., 2003; Gavin
and Rudensky, 2003; Hori et al., 2003; Khattri et al., 2003).
Foxp3 was reported initially as specific to Treg in mice
(Fontenot et al., 2003; Hori et al., 2003; Khattri et al.,
2003) and soon thereafter in humans (Walker et al.,
2003b). Foxp3 appears to be a master regulator of nTreg
development in mice and humans (Fontenot et al., 2003;
Hori et al., 2003; Khattri et al., 2003) insofar as all nTregs
express Foxp3 and enforced expression of Foxp3 in con-
ventional, CD4+CD252 T cells induces Treg function and
phenotypic features, including the expression of CD25,
the glucocorticoid-induced tumor necrosis factor recep-
tor-related (GITR) protein, and CTLA4 (Fontenot et al.,
2003; Hori et al., 2003; Khattri et al., 2003; Walker et al.,
2003b). As in Scurfy mice, which have a frameshift muta-
tion in the Foxp3 gene, mice with a targeted deficiency of
Foxp3 develop a lymphoproliferative autoinflammatory
disease caused by an absence of nTreg (Fontenot
et al., 2003; Khattri et al., 2003). A similar syndrome
was reported in humans with mutations in Foxp3 (Walker
et al., 2003b).

Subsequent identification of a subset of Foxp3+ thy-
mocytes led to the identification of an intrathymic devel-
opmental program for Foxp3+ Tregs. Although the pre-
cise mechanisms by which nTregs develop in the
thymus are unknown, results from TCR transgenic sys-
tems generally favor an ‘‘altered selection’’ model in
which development of nTregs requires higher-affinity
TCR interactions during positive selection that are not
so high affinity as to induce negative selection (Aposto-
lou et al., 2002; Bensinger et al., 2001; Jordan et al.,
2001; von Boehmer et al., 2003). Although nTreg devel-
opment was originally thought to require IL-2 and IL-2
signaling (Malek et al., 2002), recent studies indicate
that induction of Foxp3 expression and suppressive
function do not require IL-2 or CD25; rather, both are re-
quired for maintenance of nTreg homeostasis and func-
tion following thymic export (D’Cruz and Klein, 2005;
Fontenot et al., 2005). Thus, autoimmune disease that
is associated with the loss of Tregs in mice deficient for
IL-2, IL-2Ra, or IL-2Rb (Wolf et al., 2001; Almeida et al.,
2002; Malek et al., 2002) is due to poor maintenance of
peripheral nTregs, not a defect in intrathymic Treg devel-
opment. Notably, an important effect of deficient IL-2
signaling in peripheral Tregs was decreased expression
of TGF-b1 (Fontenot et al., 2005), which appears to be
necessary for maintenance of Foxp3 expression by this
population (Marie et al., 2005). Accordingly, it would
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appear that at least one critical function for IL-2 signaling
is the TGF-b1-dependent maintenance of Foxp3 expres-
sion by nTregs in the extrathymic environment.

Although programming for Foxp3 expression was ini-
tially associated with thymic selection, recent studies es-
tablish the potential for extrathymic development of
Foxp3+ Tregs from naive, CD4+CD252 T cell precursors.
Activation of naive murine CD4 T cells in the presence of
TGF-b in vitro induced Foxp3, producing cells with sup-
pressive action in vivo (Chen et al., 2003). Similarly, TGF-
b reportedly induced Foxp3 expression in conventional
human CD4 T cells (Fantini et al., 2004). This study also
suggested an autoregulatory loop because TGF-b-in-
duced Foxp3 appeared to inhibit expression of Smad7,
an inhibitor of TGF-b signaling, thus augmenting TGF-
b signaling. The use of Foxp3 reporter mice, in which de-
velopment of Foxp3+ Tregs from Foxp32 precursors was
shown, clearly establish that this is not due to outgrowth
of contaminating Foxp3+ cells within the CD4+CD252

fraction (Wan and Flavell, 2005). Additional studies
have extended these findings in vivo, particularly in set-
tings of chronic antigen exposure or antigen-specific tol-
erance induction. Cells functionally and phenotypically
indistinguishable from nTregs developed from RAG-
deficient, Foxp32 TCR transgenic precursors after con-
tinuous, low-dose administration of specific peptide
(Apostolou and von Boehmer, 2004), and induction of
Dby-specific transplantation tolerance resulting from in
vivo T cell coreceptor blockade was associated with
the TGF-b-dependent generation of Foxp3-expressing
T cells (Cobbold et al., 2004). In studies of oral tolerance
induction, the development of antigen-specific Foxp3+

Tregs in the absence of nTregs was demonstrated (Cura-
tto de Lafaille et al., 2004). Finally, Foxp3+ cells with Treg
activity also develop from RAG-deficient, monospecific
naive T cell precursors following homeostatic prolif-
eration after transfer into lymphopenic hosts (Curatto
de Lafaille et al., 2004). Thus, although the association
between Foxp3 expression and Treg functional activity
remains valid, it appears that the induction of T cell
expression of Foxp3 may not be limited to the thymus.
In many cases, this appears to be dependent on the ac-
tions of TGF-b, although this has not been rigorously
tested in all settings.

Interestingly, although TGF-b can induce Foxp3 ex-
pression by naive, peripheral CD4 T cells, it does not ap-
pear to be required for intrathymic development of
nTregs. Using transgenic mice that express a domi-
nant-negative TGF-b type II receptor (dnTGF-bRII) under
control of the CD4 promoter, CD4+CD25+ Tregs develop
and function normally, suggesting that TGF-b signaling
is not required for their intrathymic development (Fahlen
et al., 2005). A caveat here is the timing of ablation of
TGF-b signaling by dnTGF-bRII during thymic develop-
ment. However, normal numbers of Foxp3+ nTregs are
found in thymuses of TGF-b1-deficient mice despite re-
duced numbers in the periphery (Marie et al., 2005),
again arguing against a requisite role for TGF-b in nTreg
development. Thus, current data indicate that although
TGF-b is dispensable for intrathymic expression of
Foxp3 and nTreg development, TGF-b is required for
the maintenance of Foxp3 expression and Treg fitness
in the extrathymic environment, and TGF-b can induce
the development of Foxp3+ Tregs from naive CD4 precur-
sors. Accordingly, administration of TGF-b expands the
in vivo pool of antigen-specific CD25+ Foxp3-express-
ing Treg cells (Peng et al., 2004), and transgenic overex-
pression of TGF-b1 increases the frequency of Treg cells
in mice (Schramm et al., 2004).

In addition to its role in induction of adaptive Treg de-
velopment, TGF-b is involved in at least some aspects of
Treg function, although this is an area of considerable
controversy. The contact-dependent suppressor activ-
ity of CD4+CD25+ T cells could be abrogated by incuba-
tion with TGF-b1 antibody in both mouse and human
Tregs (Nakamura et al., 2001, 2004). This finding could
be explained by the observation that activation of
CD4+CD25+ T cells resulted in the expression of high
amounts of membrane bound TGF-b, mostly in latent
form. Since then, it has been reported that the activation
of CD4+CD25+ T cells leads to the upregulation of TGF-
bRII and induces the secretion of TGF-b. Furthermore, it
has been shown that the administration of the TGF-b1-
blocking molecule recombinant latency-associated
peptide of TGF-b1 (rLAP) inhibits the suppressive activ-
ity of human and mouse CD4+CD25+ T cells (Nakamura
et al., 2004). In a murine model of diabetes mediated
by CD8 T cells, TGF-b1-expressing Foxp3+ Treg cells
selectively accumulated in pancreatic lymph nodes
and islets (Green et al., 2003) and suppressed patho-
genic CD8 T cells via a TGF-b-dependent mechanism.
Thus, adoptive transfers of CD4+CD25+ Treg cells did
not suppress naive or activated islet-reactive CD8 T
cells bearing dnTGF-bRII. Similarly, the inhibition of
CD45RBhi CD4 T cells by Treg in an adoptive model of
colitis required TGF-b signaling (Fahlen et al., 2005). In-
terestingly, however, neither intact TGF-b signaling nor
TGF-b production was required by Treg for their ability
to suppress the CD45RBhi population, suggesting that,
at least in this model, Treg may act instead to induce
or process TGF-b production by other cells.

Given the dominance of Tregs in suppressing naive
and effector T cell functions in many experimental set-
tings, how is the effector T cell response recruited to
enhance pathogen clearance, or, how are the Tregs
themselves suppressed to allow protective effector
responses? Pasare and Medzhitov found that Treg
suppression was reversed in the setting of TLR-induced
activation of DCs, thereby linking pathogen-associated
molecular patterns, or PAMPs, to abrogation of Treg
dominance (Pasare and Medzhitov, 2003). Furthermore,
reversal of Treg suppression required TLR-induced,
MyD88-dependent production of IL-6 and an unidenti-
fied cofactor by DCs. This finding provided a vital link
between pathogen-induced activation of innate immune
cells and the release of Treg dominance to permit initia-
tion of an effector response by adaptive immune cells. In
an extension of these studies, we found that IL-1 syner-
gized with IL-6 to subvert Treg suppression through
a mechanism dependent on potentiation of Treg respon-
siveness to IL-2 (Kubo et al., 2004). In these and other
studies (Yamazaki et al., 2003), TLR activation of DCs
also reversed the anergic state of Tregs, permitting their
robust proliferation while retaining their suppressive
function once proinflammatory cytokine production
subsided. Additional studies (Klein et al., 2003; Walker
et al., 2003a) showed that Tregs can proliferate in vivo
similarly to naive T cells after immunization without
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losing suppressive function either in vivo or in vitro.
Thus, Treg suppression is reversed in the context of
pathogen-elicited activation of DCs through TLR-stimu-
lated production of IL-6 and IL-1, permitting linked re-
versal of Treg dominance to pathogen-induced activa-
tion of innate immune cells. Furthermore, the active
recruitment of Treg proliferation in the same setting pro-
vides a mechanism whereby the effector T cell response
is accompanied by an expanded pool of Tregs, which
are poised to reassert dominant suppression once the
inciting pathogen is cleared and ongoing development
of effector T cells ceases.

Th17: Effector T Cells with Immunopathogenic

Potential
The breakthrough leading to discovery of the Th17 line-
age came from murine models of autoimmunity. Experi-
mental autoimmune encephalitis (EAE) and collagen-
induced arthritis (CIA), two prototypical autoimmune
mouse models, have historically been associated with
unchecked Th1 responses, based largely on studies in
which disease development was ablated by treatment
with neutralizing antibodies specific for IL-12p40 or
gene-targeted mice deficient in the p40 subunit of IL-12
(Constantinescu et al., 1998; Leonard et al., 1995; Segal
et al., 1998). However, the link with IL-12 in these diseases
came into question with the discovery by Oppmann et al.
that a new IL-12 family member, IL-23, shares with IL-12
the p40 subunit (Oppmann et al., 2000). The IL-12 hetero-
dimer is composed of IL-12p40 and IL-12p35, whereas
the IL-23 heterodimer is composed of the IL-12p40 chain
paired with IL-23p19. Given that key experimental data
linking EAE and CIA to Th1 autoimmunity were based
on protection associated with manipulations that tar-
geted the IL-12p40 subunit, it became unclear whether
protective effects were truly due to inhibition of IL-12 or
might involve IL-23. Indeed, data from a number of stud-
ies were inconsistent with a simple Th1 or IL-12–IFN-g
cytokine axis link, as micedeficient in IFN-g were suscep-
tible to EAE and CIA, as were mice deficient in IFN-gR sig-
naling (Bettelli et al., 2004; Ferber et al., 1996; Kageyama
et al., 1998; Matthys et al., 1998, 1999; Willenborg et al.,
1996).

In an elegant series of studies, Cua and coworkers
resolved this paradox when they revisited the immuno-
pathologic basis for EAE and CIA using mice deficient
in IL-12, IL-23, or both (Cua et al., 2003; Murphy et al.,
2003). Strikingly, it was found that disease development
was ablated in mice deficient in IL-23, but not IL-12.
Thus, mice deficient in the IL-23p19 subunit (lacking
IL-23 only) or the IL-12p40 subunit (lacking both IL-23
and IL-12) were resistant to EAE and CIA, whereas
IL-12p35-deficient mice (lacking IL-12 only) remained
susceptible. These findings were consistent with another
study that found that mice lacking the IL-12 receptor
complex also succumbed to EAE (Zhang et al., 2003).
Thus, it appears that IL-23, not IL-12, is critically linked
to autoimmunity in these models.

Clues to the pathogenic role for IL-23 came from anal-
yses of the cytokine phenotypes of effector CD4 T cells
primed with type II collagen in the CIA studies by Murphy
et al. (Murphy et al., 2003). In previous studies, it had been
found that IL-23 elicited production of the proinflamma-
tory cytokine IL-17 from CD4 T cells of the effector and
memory phenotype (Aggarwal et al., 2003). IL-17, or IL-
17A, is the founding member of a six-member family of
cytokines (IL-17A–F; reviewed by Kolls and Lindén,
2004) that was initially described as a product of human
CD4 T cells and has been linked to a number of T cell-
driven inflammatory conditions. Notably, diminished fre-
quencies of IL-17+, but not IFN-g+, T cells were recovered
from the draining lymph nodes of collagen-immunized,
IL-23p19-deficient mice that were protected from arthri-
tis development; a reciprocal pattern of IFN-g+ and
IL-17+ cells was found in IL-12p35-deficient mice that de-
veloped exacerbated disease compared to wild-type
controls. Thus, a positive correlation was established
between the availability of IL-23 and IL-17-producing
effector T cells and disease development, and a negative
correlation was established between IL-12 and IFN-g-
producing Th1 cells and disease development. In accord
with these findings, impaired joint inflammation was
reported in IL-17-deficient mice after type II collagen im-
munization (Nakae etal., 2003), andneutralization of IL-17
also decreased disease severity (Koenders et al., 2005a;
Lubberts et al., 2001, 2004). Furthermore, overexpression
of IL-17 in the joints exacerbated disease (Koenders
et al., 2005b; Lubberts et al., 2001). Collectively, these
data strongly implicated a role for the IL-23-induced
development of IL-17-producing effector T cells in auto-
immune inflammation; the production of classical Th1
cells alone did not induce disease.

More direct proof of a link between IL-17-producing T
cell effectors and immune pathogenesis came with data
showing that proteolipid protein peptide (PLP) primed
CD4 T cells enriched for production of IL-17 by culture
in IL-23 induced severe EAE in recipient mice after pas-
sive transfers, whereas Th1 cells enriched by culture in
IL-12 did not (Langrish et al., 2005). This study further de-
fined functional and phenotypic differences between so-
called ThIL-17, or Th17, cells and Th1 cells, demonstrating
that gene-expression profiles of these two subsets were
quite distinct. Thus, although IL-12-polarized cells, i.e.,
prototypic Th1 cells, preferentially expressed genes as-
sociated with cytotoxicity (IFN-g, FasL, and granzymes),
IL-23-polarized cells expressed genes associated with
chronic inflammation (IL-17, IL-17F, IL-6, TNF-a, and
proinflammatory chemokines). These results therefore
confirmed a new role for Th17 cells in immunopatho-
genesis and strongly suggested that Th1 and Th17 cells
represent distinct effector subsets that develop under
differential IL-12 or IL-23 conditioning.

Th17 Differentiation: A Distinct Developmental
Pathway and New Role for TGF-b in Adaptive

Immunity
Although many of the characteristics that identified Th17
as a unique effector T cell subset were defined in the
foregoing studies, the pathway leading to Th17 differen-
tiation has begun to emerge only more recently and has
held some interesting surprises. Two distinct models of
Th17 differentiation were proposed after establishment
of the central role for Th17 cells in EAE and CIA (Bettelli
and Kuchroo, 2005; McKenzie et al., 2006). In one model,
it was proposed that the early differentiation of Th1 and
Th17 from naive CD4 T cell precursors was shared, and
thus Th1 and Th17 diverged contingent upon selective
availability of IL-12 and IL-23 acting on a common
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‘‘Th1 precursor’’ or ‘‘pre-Th1’’ intermediate that coex-
pressed IL-12 and IL-23 receptors. In the second model,
it was proposed that Th1 and Th17 differentiation were
nonoverlapping and represented distinct lineages. In
view of the fact that intact T-bet and STAT4 are strictly
required for disease development in EAE and CIA,
whereas IL-12, IFN-g, and STAT1 are not, a corollary of
the latter model predicts that T-bet and STAT4 contrib-
ute to disease development through Th17-independent
mechanisms.

In a pair of reports (Harrington et al., 2005; Park et al.,
2005), direct support for a Th1-independent pathway of
Th17 differentiation was established (Figure 2). In our
studies, we found that IL-23 failed to induce IL-17 pro-
duction from Th1-polarized cells, indicating that Th1
cells are not IL-23 responsive. Furthermore, both type
II and type I interferons, which activate STAT1-induced
expression of T-bet and Th1 commitment, strongly in-
hibited Th17 development. Together, these findings in-
dicated that not only was the Th1 pathway nonpermis-
sive to Th17 development, but the Th1 product IFN-g
actively suppressed development of Th17 development.
Parallel findings were made for the Th2 lineage: Th2-po-
larized cells were unresponsive to IL-23, and IL-4 po-
tently inhibited Th17 development. Indeed, neutraliza-
tion of IFN-g and IL-4—whether by blocking antibodies
or genetic deficiency—was required to induce apprecia-
ble IL-17-producing effectors under the conditions ex-
amined. Accordingly, we found that key signaling com-
ponents of Th1 and Th2 differentiation—STAT1, T-bet,
STAT4, and STAT6—were each dispensable for Th17
development. Park et al. extended these studies
in vivo, showing that immunization of mice deficient in
IFN-g or T-bet led to unimpaired Th17 development
(Park et al., 2005). In sum, these data established that
IL-17-producing effectors develop via a lineage that is
distinct from, and antagonized by, the Th1 and Th2 line-
ages. These findings provide potential explanations for
a number of the paradoxical effects observed in the de-
velopment of EAE and CIA in mice with Th1-lineage de-
fects. In view of the pathogenic potential of Th17 cells
and the potent suppressive effects of IFN-g on Th17 de-
velopment, it is now not surprising that mice with tar-
geted deficiencies of IFN-g, IFN-gR, IL-12, and STAT1
display exacerbated disease development. With respect
to the observed disease resistance of T-bet-deficient
mice, it is now apparent that this is probably not due
to a defect in Th17 development, implicating T cell-inde-
pendent mechanisms by which T-bet contributes to
pathology.

Although IL-23 appears to be required for Th17-medi-
ated immunopathology, three new reports indicate that
IL-23 is not required for Th17 commitment (Bettelli
et al., 2006; Mangan et al., 2006; Veldhoen et al., 2006).
In each of these studies, the development of IL-17-pro-
ducing effectors in a primary response in vitro was rela-
tively undiminished under conditions of IL-23 deficiency,
and Th17 development was not enhanced by addition of
exogenous IL-23. In our own studies, differential upregu-
lationof IL-12Rb2 and IL-23R was associated with signals
that induced Th1 and Th17 differentiation, respectively
(Harrington et al., 2005). Thus, in striking parallel to Th1
development, Th17 development is initiated indepen-
dently of a requirement for signaling by an IL-12 family
member; in analogous fashion to the induced expression
of the variable component of the IL-12 receptor, IL-
12Rb2, the variable component of the IL-23 receptor,
IL-23R, is upregulated downstream of signals that initiate
Th17 differentiation, thereby conferring IL-23 responsive-
ness. IL-23 signaling is therefore not required for Th17
commitment and early IL-17 production but instead ap-
pears to be important for amplifying and/or stabilizing
the Th17 phenotype. This is in agreement with early re-
ports that found that IL-23 was shown to augment IL-17
production from the memory pool of CD4 T cells, but
not from naive cells (Aggarwal et al., 2003). In this regard,
it is notable that IL-12 actions in Th1 development are
linked to additional differentiation events, and it is not
unlikely that this is paralleled for Th17. Specifically, IL-12
induces expression of the IL-18Ra chain, resulting in an
alternative pathway for IFN-g expression that is TCR
independent. Assuming that a similar pathway exists
downstream of IL-23 signaling in developing Th17 cells,
this could provide an important mechanism by which
Th17 effector function is augmented. In this regard, pre-
liminary studies from our lab indicate that both IL-1,
whose receptor shares signaling components with the
IL-18R, and IL-18 may act in concert with IL-23 to acti-
vate a TCR-independent pathway of IL-17 expression
(Y. Lee and C.T.W., unpublished data). Thus, in another
parallel with the Th1 lineage, Th17 cells appear to have
TCR-dependent and -independent mechanisms for ex-
pression of effector cytokines.

If IL-23 is not required for Th17 commitment, what is?
Remarkably, three independent groups that addressed
this question from different initial premises arrived at
the same conclusion: TGF-b is necessary for initiation
of Th17 differentiation (Bettelli et al., 2006; Mangan
et al., 2006; Veldhoen et al., 2006). Keying off the observa-
tion that LPS-activated dendritic cells stimulate naive
T cell proliferation by subverting the suppressive activity
of Tregs (Kubo et al., 2004; Pasare and Medzhitov, 2003),
Veldhoen et al. showed that naive T cells activated in the
presence of CD4+CD25+ Tregs exhibited suppressed
amounts of IFN-g and IL-2 production but expressed
high amounts of IL-17. Antibody blockade of TGF-b in
cultures of LPS-activated DCs, Tregs, and naive CD4
T cells identified TGF-b as a critical factor for Th17 devel-
opment. Importantly, in addition to TGF-b, differentiation
of IL-17-producing effector cells required soluble den-
dritic cell factors elicited by TLR- and MyD88-dependent
signaling. In addition to TLR4, TLR3 and TLR9 signals
(elicited by LPS, polyI:C, and CpG, respectively) were ef-
fective at inducing DC factors that could act in concert
with TGF-b to differentiate Th17 cells. Strikingly, analysis
of DC-derived factors that acted in concert with TGF-b
led to the identification of IL-6 as a critical cofactor.
Thus, the same inflammatory cytokine previously identi-
fied as a signal for reversal of Treg suppression was now
shown to participate in development of the Th17 lineage.
Using an APC-free culture system, it was shown that
Th17 development could be reconstituted by TGF-b and
IL-6 alone, indicating that other DC-drive factors (e.g.,
costimulators) were not required. IL-1b and TNF-a were
found to amplify the Th17 response induced by TGF-b and
IL-6 but could not substitute for either of these cytokines.
Finally, an analysis of transcription-factor expression
by IL-17-producing T cells showed that Th17 effectors
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Figure 2. Model of Branching Th17 and

Adaptive Treg Lineage Development

This model emphasizes distinct pathways

leading to mature Th17 effector cells or

Foxp3+ adaptive Tregs (aTreg), induced by

a common requirement for TGF-b but differen-

tial effects of IL-6 and IL-23. Naive CD4 T cells

(Tn) activated by antigen presented on imma-

ture DCs that do not produce IL-6 production

are induced by TGF-b to express Foxp3 and

develop into aTregs (top panel). Tns activated

bymature,TLR-activatedDCsthatproduce IL-

6 are induced by TGF-b to upregulate IL-23R

and become competent for IL-17 production

and IL-23 signaling. IL-23 signaling induces re-

sponsiveness to IL-18 and IL-1, which can act

synergistically with IL-23 to induce Th17 cyto-

kineproduction independently ofTCR stimula-

tion. Alternatively, TCR stimulation by antigen

can induce Th17 cytokine production directly,

without a requirement for IL-23, IL-1, or IL-18.

Dotted lines indicate possible positive feed-

back loops by which cytokine products of

Th17 (IL-6) or aTreg cells (TGF-b1) may rein-

force lineage development.
lacked expression of T-bet and Hlx in comparison to Th1-
polarized cells and GATA-3 compared to Th2-polarized
cells, supporting and extending previous findings that
identified the Th17 cell as a product of an effector lineage
distinct from Th1 and Th2 (Harrington et al., 2005; Park
et al., 2005).

We independently identified TGF-b as a critical factor
for Th17 commitment (Mangan et al., 2006). Following
the identification of IFN-g and IL-4 as potent inhibitors
of Th17 development, we reasoned thatTGF-b might pro-
mote Th17 development through its effects to inhibit Th1
and Th2 development and the cytokines driving Th1 and
Th2 specification. The addition of exogenous TGF-b1 to
primary cultures of naive CD4 T cells induced a modest
but appreciable population of Th17 effectors, which
was markedly enhanced in the presence of neutralizing
antibodies to IL-4 and IFN-g. Using IFN-g-deficient
APCs and T cells, or IFN-gR-deficient T cells, exogenous
TGF-b induced even greater Th17 development, inde-
pendently of IL-23. Importantly, TGF-b upregulated the
IL-23R component of the IL-23 receptor, in contrast to
the effects of IFN-g, which upregulated the IL-12Rb2
component of the IL-12 receptor but not IL-23R. Accord-
ingly, the antagonistic effects of TGF-b versus IFN-g sig-
naling early in the activation of naive T cells deviates
lineage development toward Th17 or Th1, with concom-
itant upregulation of the inducible components of the
IL-23 or IL-12 receptor, respectively.

Because TGF-b had been previously linked to the de-
velopment of Foxp3+ Tregs, we examined the pheno-
types of T cell populations generated by exogenous
TGF-b addition; we found that an appreciable fraction
of Foxp3+ T cells were induced, albeit minor in compar-
ison to the numbers of IL-17-positive cells. Notably, ex-
pression of IL-17 or Foxp3 was restricted to separate
subsets; thus, TGF-b-driven Th17 and Treg develop-
ment from naive precursors were mutually exclusive.
Importantly, we found that under conditions where IL-6
was supplemented, development of Foxp3+ cells was
eliminated. Conversely, blockade of IL-6 permitted en-
hanced development of the Foxp3+ subpopulation, sug-
gesting that IL-6 blocked Treg development while en-
hancing Th17 development.

To examine the requirement for TGF-b in Th17 devel-
opment in vivo, we explored TGF-b1-deficient mice.
Mice homozygous for TGF-b1 deficiency were essen-
tially devoid of Th17 cells, which are normally enriched
in the lamina propria of the intestine and in mesenteric
lymph nodes (unpublished data; Stark et al., 2005).
Mice hemizygous for TGF-b1 deficiency showed an
intermediate phenotype compared to controls, and
circulating amounts of IL-17 correlated with these
phenotypes. Thus, although not directly establishing
an in vivo link between TGF-b and Th17 development,
these studies support a critical role for TGF-b1 in the
development of Th17 cells.

In a final, independent set of studies, Kuchroo and co-
workersconfirmedthatTh17developmentwasTGF-b de-
pendent and also showed that the addition of IL-6 con-
trolled the relative frequency of Th17 versus Tregs that
developed in the presence of TGF-b (Bettelli et al.,
2006). Using Foxp3-EGFP knockin reporter mice to track
Treg development, it was found that naive, Foxp32 CD4 T
cells were induced to express Foxp3 upon activation in
the presence of TGF-b. In a survey that examined the ef-
fects of proinflammatory cytokines on the development
of Foxp3+ T cells, only IL-6 potently suppressed the fre-
quency of cells expressing Foxp3; cocultures of TGF-b
with IL-7, IL-10, IL-11, IL-12, IL-13, IL-15, IL-18, and
TNF-a did not appreciably suppress the frequency of
Foxp3+ T cells that developed from naive precursors.
When the phenotype of the cells cultured with TGF-b plus
IL-6 was examined, a majority were IL-17+. Thus, in agree-
ment with our own studies, IL-6 appeared to divert the
development of Foxp3+ regulatory cells towards the
Th17 lineage, an effect that was independent of IL-23.
The addition of IL-6 therefore suppressed the TGF-b-
induced generation Foxp3+ Tregs, while reciprocally pro-
moting the generation of Th17 cells. These in vitro studies
were supplemented by the finding that resistance of EAE
development in IL-6-deficient mice was correlated with
a deficiency of IL-17+ cells in EAE infiltrates.
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The foregoing studies identified a critical role for TGF-
b, and IL-6, in Th17 development and suggested that IL-
23 likely functioned subsequent to Th17 commitment,
perhaps to expand committed Th17 effectors or main-
tain and extend their function. In view of the in vitro find-
ings that IL-17 effectors could develop independently of
IL-23, we reexamined the requirements for IL-23 in vivo
using an infectious model based on sublethal challenge
with the intestinal bacterial pathogen Citrobacter roden-
tium, for which we had found an intact IL-23–IL-17 axis
essential for host protection (Mangan et al., 2006). In
wild-type mice, challenge with C. rodentium stimulated
a rapid, robust CD4 T cell effector response in the distal
colon and draining lymph nodes that was dominated by
Th17 cells. Notably, upon inoculation of IL-23p19-defi-
cient mice with this pathogen, comparable, robust
Th17 responses were identified despite the absence of
IL-23. However, unlike the wild-type controls, which
cleared the infection and resolved the colonic inflamma-
tion, IL-23-deficient animals had a markedly impaired
inflammatory response in the colonic tissues, failed to
clear the pathogen, and rapidly succumbed to infection,
indicating that induction of IL-17-producing effectors
alone was inadequate for host protection. Thus, while
IL-23 is dispensable for the differentiation of IL-17-com-
petent T cells in vitro and in vivo, it is indispensable for
a fully protective Th17 response. This could be due to
limitations of a positive feedback loop that upregulates
proinflammatory cytokines induced by Th17 cells (Fig-
ure 2), especially IL-6, IL-1, and TNF-a.

Concluding Remarks

The remarkable balancing act of adaptive immunity—
how to facilitate the targeted destruction of pathogens
without excessive collateral damage to self—is nowhere
better exemplified than in the shared use of TGF-b in
controlling the newly described Th17 effector lineage
and adaptive Treg development. It is perhaps fitting
that TGF-b should be central to this yin/yang interplay,
given its complex and often apparently inconsistent bi-
ology (Wahl, 1994). We now have a glimpse of an elegant
and self-correcting or homeostatic mechanism, wherein
the same factor driving one response drives a compen-
satory response that controls or terminates the initial re-
sponse. Thus, in a setting of pathogen-driven inflamma-
tion, naive T cells that recognize foreign antigen may
receive signals from regulatory T cells themselves
(TGF-b) to initiate Th17 development, while the patho-
gen-induced signal that acts in concert with TGF-b to
switch the response to a protective Th17 response (IL-
6) also subverts Treg dominance and drives expansion
of Tregs that could be poised to terminate further T ef-
fector differentiation as the pathogen responsible for ini-
tiating the inflammatory response is cleared. Alterna-
tively, the production of TGF-b, contributed perhaps
by the turnover of effete, apoptotic host cells under nor-
mal, nonpathogenic states (Chen et al., 2001), may initi-
ate the development of Tregs that could maintain dom-
inant suppressive function in the absence of pathogenic
challenges but contribute to Th17 effector development
when necessary. The unique role of TGF-b is made all
the more intriguing by the fact that it is also required
for the maintenance of Foxp3+ Tregs in the periphery,
induced through the actions of IL-2 (Fontenot et al.,
2005; Marie et al., 2005).

Although the complexities of TFG-b biology remain
a formidable challenge, the newly identified links be-
tween TGF-b and Th17 development promise the solu-
tion of many conundrums that have precluded a com-
plete understanding of autoimmune pathogenesis.
They also raise many intriguing questions. First, elucida-
tion of this new effector lineage and the description of
cytokine factors driving its development beg the ques-
tion of which transcription factor (or factors) controls
Th17 lineage specification. For Th1, Th2, and Treg line-
ages, key transcription factors have been identified
that specify the genotypic and phenotypic characteris-
tics of these lineages. Thus, T-bet specifies Th1,
GATA-3 specifies Th2, and Foxp3 specifies Treg devel-
opment. Is there an analogous factor that links TGF-
b and IL-6 signaling to Th17 development? Related to
this, how do TGF-b and IL-6 signaling cooperate to
specify Th17 commitment, whereas the absence of IL-
6 induces Foxp3, thereby specifying Treg development?
Given the abundance of existing data on signaling path-
ways that TGF-b and IL-6 recruit and the target-gene re-
sponses they elicit, answers to these questions are likely
to be answered soon. Our current understanding of
competitive inhibition of the TGF-b and IFN-g signaling
cascades offers good predictions as to how IFN-g acts
on the naive T cell to inhibit Th17 development (Ulloa
et al., 1999) and vice versa (Lin et al., 2005). It is likely
that similar considerations of intersections of the
STAT3-mediated IL-6 signaling pathway with the
Smad2-, Smad3-, and Smad4-mediated TGF-b signaling
pathway will contribute additional new insights.

Although discovery of the Th17 lineage originated in
revisionist studies of autoimmune mechanisms, its true
origins no doubt lie in the evolutionary pressures to pro-
tect vertebrates from certain classes of microbial patho-
gens (McKenzie et al., 2006). In retrospect, it is apparent
that the Th1-Th2 paradigm was insufficient to encom-
pass the entire spectrum of pathogenic challenges. As
the classes of pathogens for which Th1 and Th2 are pro-
tective became better defined—primarily those adapted
for intracellular survival in phagocytes for at least a por-
tion of their life cycle, or parasites such as helminths, re-
spectively—it became increasingly apparent that Th1
and Th2 cells offer protection against only a portion of
the pathogen landscape, implying the existence of addi-
tional effector lineages. Almost certainly, therefore, the
Th17 lineage evolved to control certain classes of path-
ogens not covered by Th1 and Th2. Given the growing
association of IL-23 and/or IL-17 to host protection in
a number of bacterial infection models (e.g., Klebsiella
pneumoniae, Borrelia burgdorferi, Bordetella pertussis,
and Citrobacter rodentium), it is likely that Th17 cells
evolved to cope with a range of extracellular bacterial
pathogens (Fedele et al., 2005; Happel et al., 2005; In-
fante-Duarte et al., 2000; Mangan et al., 2006) as well
as to contribute to homeostatic maintenance of mucosal
tissues such as the gut, which are colonized by abun-
dant commensal bacterial species. Th17 cells may
also play an important role in the clearance of fungi, al-
though more studies will be needed to define the range
of pathogens linked to this lineage. In this regard, our
own recent studies have found that mice deficient in
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IL-6 fail to develop a protective Th17 response upon
challenge with C. rodentium, establishing a critical role
for this cytokine in Th17 development induced by infec-
tion (D. O’Quinn, P.R.M., and C.T.W., unpublished data).
The links between IL-6, Th17 development, and host
protection offer new possibilities for improved vaccine
development that were previously unappreciated.

If TGF-b and IL-6 can induce IL-17-producing effec-
tors independently of IL-23, what is the precise role of
IL-23 in amplifying or maintaining Th17 responses in
vivo, and where does it act? The studies of Cua and co-
workers clearly identify a requirement for IL-23 in Th17-
dependent autoimmune pathogenesis, and there are
now equally compelling data indicating a similar require-
ment in at least some bacterial infections. Hence, Th17
lineage commitment is independent of IL-23, although
host protection and autoimmunity linked to Th17 devel-
opment are not. This indicates that IL-23 signaling in
developing Th17 cells is necessary in vivo for critical
downstream actions on Th17 precursors; whether this
is related to Th17 survival, cell number amplification,
or enhanced functional properties is yet to be defined.
Direct effects on non-T cells are also possible. In this re-
gard, it will be important to define at what anatomic sites
IL-23 actions on Th17 precursors occur. While it has
been assumed that IL-23 actions are exerted at sites
of T effector cell induction—i.e., T cell zones of second-
ary lymphoid tissues—in fact, we have very little infor-
mation regarding the temporal and spatial effects of
IL-12 family-member actions in situ. The principal site
of IL-23 production in normal mice was limited to the dis-
tal ileum of the intestines (Becker et al., 2003), consistent
with an important role for IL-23 in homeostasis to the in-
testinal flora but also raising the possibility that IL-23
acts primarily at effector sites, rather than inductive
sites, whether to recruit Th17 cells, enhance their func-
tion, or prevent their death. Given the finding that IL-1
and IL-18 can synergize with IL-23 to induce potent
IL-17 production from Th17-polarized effectors inde-
pendently of TCR stimulation (Y. Lee and C.T.W., unpub-
lished data), a potent positive feedback loop with IL-23
at its epicenter exists at sites of inflammation.

Finally, what are the implications for the other arm of
the adaptive response, the B cell? The connection be-
tween Th17 and host protection against extracellular
bacteria has important implications for immunoglobulin
isotype switching. Because opsonizing antibodies rep-
resent a fundamental component of the adaptive re-
sponse for enhancing phagocytic clearance of extracel-
lular bacteria, it stands to reason that Th17 cells enhance
immunoglobulin class switching that favors targeting to
activating Fc receptors on phagocytic cells. In this re-
gard, it is notable that TGF-b has long been recognized
as a cytokine favoring class switching of IgA and
IgG2b, Ig subclasses important in mucosal barrier func-
tion and antibacterial protection. This is contrasted with
the propensity for IgG2a and IgG3 class switching by the
Th1 cytokine IFN-g and IgG1 and IgE class switching by
the Th2 cytokine IL-4 (Stavnezer, 1996). IL-6 is also a po-
tent B cell growth and differentiation factor. Thus, TGF-
b and IL-6, the cytokines critical for Th17 development,
have symmetrical links with B cell maturation and
class-switching functions aimed at blocking mucosal
colonization by commensal bacteria and clearing inva-
sive extracellular bacteria. Accordingly, B cell responses
in IL-23- and IL-17A-deficient mice are defective (Ghi-
lardi et al., 2004; Nakae et al., 2002), although detailed
pathogen challenge studies have not yet been reported.
Clearly, a great deal is yet to be learned, but, with the dis-
covery of this unique pathway and its intimate relation-
ship to T regulatory cell and B cell pathways, the foun-
dation has been laid for a new era in understanding
adaptive immune regulation, with its attendant opportu-
nities for improved therapies for host defense and
autoimmunity.
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