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Abstract
Long-term resistance to many infections depends on the innate abil-
ity of the immune system to coordinate the development of antigen-
specific adaptive responses. Deficiencies in these events can result in
increased susceptibility to pathogens, whereas an inability to regulate
an appropriate response can lead to devastating pathological condi-
tions. For over a decade, interleukin (IL)-12 has been recognized as
the canonical cytokine that links innate and adaptive immunity, and
with the discovery of IL-23 and IL-27 as cytokines related to IL-12,
there has been a concerted effort to understand the relationship be-
tween these factors. The results emerging from these studies have
provided fundamental new insights into the developmental pathways
that promote the differentiation and function of CD4+ T helper cells
and offer a dramatically altered perspective on the cause and preven-
tion of autoimmune disease. In this review, we aim to highlight the
discoveries that have led to our current understanding of the biol-
ogy of IL-23 and IL-27 in the context of their role in resistance to
infection, immune-mediated inflammation, and cancer.
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INTRODUCTION

In higher eukaryotes, exposure to pathogens
induces a series of events that engages the in-
nate immune system and subsequena adaptive
responses. These mechanisms of resistance
operate together to efficiently eradicate or
control pathogens and to establish long-lived
immunological memory. There is growing
recognition that the ability of innate cells
to recognize conserved molecular patterns
shared among large classes of pathogens pro-
vides specific information required to tai-
lor the development of appropriate adaptive
responses. Thus, the inflammatory environ-
ment established by the innate response in-
fluences the activation, expansion, and selec-
tion of pathogen- (antigen-) specific T and B
cells. Although these latter events can be ini-
tiated rapidly, an effective adaptive response is
usually not established for days to weeks after
primary challenge. Many of these same events
are involved in the development of chronic
inflammatory conditions, whether resulting
from a failure to mount a protective response
or an inability to regulate these activities ap-
propriately. An understanding of the factors
that coordinate these events offers the oppor-
tunity to design therapies for infectious or
atopic diseases. As a consequence, this topic
remains among the most compelling issues in
immunology today.

In the past 15 years, researchers have
learned much about the innate signals that
coordinate subsequent adaptive responses.
Besides cell-cell contacts that provide activa-
tion signals via peptide-MHC/TCR and clas-
sical costimulatory interactions (B7/CD28),
antigen-presenting cells communicate with
T cells via cytokine production. As a conse-
quence of interacting with various microbial
products, antigen-presenting dendritic cells
(DCs) and macrophages, as well as other cell
types, produce a variety of these soluble fac-
tors that are responsible for the expansion and
differentiation of naive T cells to generate ma-
ture phenotypes such as Th1 and Th2 cells,
effective against intracellular and extracellular

pathogens, respectively. IL-12, discovered in
1989, is recognized as the signature cytokine
produced by cells of the innate system that
influences adaptive cell-mediated immunity.
IL-12 has a central role in promoting the dif-
ferentiation of naive CD4+ T cells into ma-
ture Th1 effector cells and is a potent stimu-
lus for natural killer (NK) cells and CD8+ T
cells to produce interferon (IFN)-γ. Numer-
ous murine model studies illustrate the im-
portance of this pathway by establishing that
IL-12 is required for the development of pro-
tective innate and adaptive responses to many
intracellular pathogens.

Given the central role of this factor in the
development of cell-mediated immunity, it is
not surprising that IL-12 has also been im-
plicated in the development of various au-
toimmune inflammatory conditions. The dis-
covery of two IL-12-related cytokines in our
laboratory, which we have named IL-23 and
IL-27, has dramatically altered our perspec-
tives on the cause and prevention of au-
toimmune disease. Although these discoveries
initially set us on a path to reexamine the im-
mune regulatory role of IL-12 and in particu-
lar its role in autoimmunity, the identification
of these molecules has now clearly opened the
door to a much deeper understanding of how
our immune system responds to pathogenic
challenges.

IL-12: THE PROTOTYPE OF A
SMALL FAMILY OF
HETERODIMERIC CYTOKINES

The type I cytokines are a superfamily of im-
mune modulators defined by the structural
motifs common to these ligands and their re-
ceptors, such as the common four-helix bun-
dle and the hematopoietin receptor domain,
respectively. Many of these factors are in-
volved in the development and regulation
of immune responses. For instance, IL-6 is
closely associated with the regulation of in-
nate and adaptive immunity. The receptor
for IL-6 contains a unique IL-6Rα chain as
well as gp130, a shared component of the
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Figure 1
The IL-6/IL-12 family of cytokines.

receptors for several other family mem-
bers, including IL-11, LIF (leukemia in-
hibitory factor), G-CSF (granulocyte colony-
stimulating factor), and oncostatin M. IL-12,
a product of phagocytic cells and DCs in re-
sponse to microbial stimulation, is a mem-
ber of this family (see Figure 1). It differs
from cytokines such as IL-6 and G-CSF in
that it is a heterodimeric complex, comprising
two disulfide-linked proteins. The IL-12p35
component is homologous to type I cytokines,
such as IL-6, and the IL-12p40 component is
related to the soluble IL-6R and the extra-
cellular domains of other hematopoietic cy-
tokine receptors. This structural relationship
implies that IL-12 evolved from a soluble cy-
tokine/cytokine receptor complex.

Coexpression of both subunits of IL-12
in one cell is required to generate biologi-
cally active IL-12 (1). When p35 is expressed
without p40, it is not secreted. In contrast, in
the absence of p35, p40 can be secreted as a
disulfide-linked homodimer or as a monomer.
Because p35 is present in many cell types at
low levels and p40 expression is usually much
higher and restricted to cells that produce
the biologically active dimer, p35 expression
likely determines the amount of heterodimer
produced. Because p40 is expressed in 10- to
1000-fold excess over p35, secretion of IL-12

by activated macrophages and DCs is always
accompanied by the secretion of free p40. The
biological effects of IL-12 are mediated by a
high-affinity IL-12 receptor comprising two
subunits, IL-12Rβ1 and IL-12Rβ2, that ac-
tivate the Jak/Stat pathway of signal trans-
duction, a common feature of this class of
receptors. Structurally, both receptors resem-
ble members of the class I cytokine recep-
tor family and within this family are most
closely related to the signal-transducing re-
ceptors gp130 and the receptor for G-CSF.
The IL-12 receptor chains are coexpressed
primarily on activated T cells and NK cells,
but they can also be found on DCs. Consistent
with the biology of this family of cytokines,
IL-12 prominently activates the Jak/Stat path-
way, and the effects of this cytokine have been
largely attributed to Stat4 (signal transducer
and activator of transcription 4).

DISCOVERY OF IL-23: A
HETERODIMERIC CYTOKINE
THAT SHARES ITS p40 SUBUNIT
WITH IL-12

In the late 1990s, advances in the ability
to search sequence databases with structure-
based alignment tools led to the identification
of a number of novel sequences that were
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related to the IL-6 family of cytokines, in
the laboratory of Fernando Bazan and Robert
Kastelein at DNAX Research Institute. One
of these sequences was a novel four-helix bun-
dle cytokine, which we named p19, with an
overall sequence identity of approximately
40% to the p35 subunit of IL-12. Initial at-
tempts to purify p19 from the supernatant
of transiently transfected cells were unsuc-
cessful. This observation, combined with the
knowledge that IL-12p35 requires IL-12p40
for secretion, led to studies that revealed
that secretion of p19 depends on its abil-
ity to partner with IL-12p40 (2). The result-
ing heterodimeric cytokine was named IL-23.
Similar to IL-12, IL-23 is expressed predomi-
nantly by activated DCs and phagocytic cells,
and natural IL-23 was purified as a disulfide-
linked heterodimer from activated mouse and
human peripheral blood–derived DCs.

Given the structural similarities between
IL-12 and IL-23, it was not surprising that
this close relationship was also apparent in
the composition of their receptors. The p40
subunit of IL-12 binds to IL-12Rβ1, and we
demonstrated that this receptor is also a com-
ponent of the receptor for IL-23. Identifica-
tion of a second, unique IL-23 receptor sub-
unit, which we named IL-23R, followed when
we used a functional cloning strategy to isolate
a cDNA that encoded a novel member of the
IL-6/IL-12 cytokine receptor family (3). Al-
though structurally this transmembrane pro-
tein belongs to the class I cytokine receptor
family, it lacks the three membrane-proximal
fibronectin type III–like domains character-
istic of the tall subclass that includes gp130,
as well as both IL-12 receptor subunits. The
human IL-23 receptor chains are predomi-
nantly coexpressed on activated/memory T
cells, T cell clones, and NK cell lines, but
also at low levels on monocytes, macrophages,
and DC populations. Mouse IL-23 receptor
subunits are coexpressed on activated T cells,
bone marrow–derived DCs, and activated and
inflammatory macrophages. IL-23R signal-
transduction studies indicate a constitutive as-
sociation with Jak2 (Janus kinase 2) and the ac-

tivation predominantly of Stat3 with limited
Stat4 phosphorylation.

DISCOVERY OF IL-27: A THIRD
IL-12-RELATED
HETERODIMERIC CYTOKINE

At the time of p19’s discovery, we identified
an additional member of the long-chain four-
helix bundle cytokines, which we named p28,
according to its apparent molar mass as deter-
mined by SDS-PAGE. p28 aligns well with
the IL-6/IL-12 family, with the exception of
a unique stretch of 13 glutamic-acid residues
present in human and mouse p28, which in
mice is interrupted by a DK dipeptide. Be-
cause it is predicted to be part of the loop
region between helix C and D, this highly
charged stretch of amino acids is not likely
to interfere with the overall helical fold of the
protein. Similar to our experience with IL-
23p19, we were unsuccessful with our initial
attempts to purify p28 from the supernatant
of transiently transfected cells. This experi-
ence led us to search for potential partners
among the small family of secreted type I cy-
tokine receptors, which include p40, CLF-1,
and Epstein-Barr virus–induced molecule 3
(EBI3). Of these candidates, only coexpres-
sion of EBI3 and p28 led to secretion of a
stable heterodimeric protein complex that we
designated IL-27 (4). Subsequent work re-
vealed that WSX-1, an orphan type I cytokine
receptor expressed by lymphocytes, partnered
with gp130 to form a heterodimer required for
IL-27 signaling (5).

IL-12, IL-23, AND IL-27: ARE
THERE ADDITIONAL FAMILY
MEMBERS?

Why did it take more than 10 years after
the initial description of IL-12 before IL-23
and IL-27 were identified? This is a partic-
ularly intriguing question for IL-23 because
this cytokine shares p40 and one of its re-
ceptor components with IL-12. Because all
three cytokines are heterodimeric complexes,
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the traditional route of functional cloning was
not practical. In the case of IL-12, biochem-
istry led to its identification, whereas for IL-
23 and IL-27, the advent of genomics and the
development of bioinformatics tools allowed
our description of IL-23p19 and IL-27p28.
With these sequences in hand and an ap-
preciation of the relationships and structural
make-up of this cytokine family, we identified
these new family members through the mix-
ing and matching of ligands with receptors.
It is possible that additional heterodimeric
complexes exist. For example, combinations
of EBI3 and IL-12p35, as well as EBI3 and
IL-23p19, have been described (6; S. Pflanz
& R.A. Kastelein, unpublished observation).
However, it remains unclear if these com-
plexes are formed in vivo.

TRIGGERS FOR EXPRESSION OF
IL-12, IL-23, AND IL-27

As highlighted above, the innate ability to dis-
tinguish different classes of pathogens is crit-
ical to establishing inflammatory conditions
that influence the adaptive response. We now
recognize that IL-12, IL-23, and IL-27 sit at
the apex of the regulatory mechanisms that
shape these responses. They are produced by
skin and mucosal DCs, as well as resident
macrophages that act as sentinels of the im-
mune system. Indeed, many pathogens and
Toll-like receptor agonists (including LPS,
CpG, and PolyI:C) enhance expression of the
p40, p35, and p19 subunits, resulting in the
release of bioactive IL-12, IL-23, or IL-27.
The production of these cytokines can be fur-
ther augmented by T cell CD40L/CD40 in-
teractions that drive potent positive feedback
responses for DC activation.

However, although it was unclear initially
whether there was specificity to these activ-
ities, more recent studies have begun to un-
cover differential regulators of IL-12 versus
IL-23 production. For example, Smits et al.
(7) found that intact gram-positive bacteria
preferentially stimulated IL-12 over IL-23.
Investigators have also noted differences in

IL-12/IL-23 responses when using purified
bacterial products, along with whole bacteria.
An important unanswered question is whether
p35 and p19 can be coexpressed by the same
activated DC. Expression of these two genes
possibly is reciprocally regulated, just as IFN-
γ and IL-4 are in CD4 T cells. The implica-
tion is that there may be distinct populations
of DCs expressing either IL-12 or IL-23.

Additional insights into the differential
regulation of IL-12 versus IL-23 produc-
tion have come from the study of Gαi-
linked G protein–coupled receptors that bind
prostaglandin E2 (PGE2) and ATP. PGE2

appears to be a strong differential regula-
tor of IL-23 production in mouse DCs. This
finding has recently been confirmed and ex-
tended using human monocyte-derived DCs.
Schnurr and coworkers (8) found that, similar
to PGE2, other cyclic adenosine monophos-
phate (cAMP)-elevating pathways, including
the P2 receptors for ATP, also preferentially
enhance IL-23 production. With this find-
ing in mind, it is interesting that pertussis
toxin (a virulence factor of Bordetella pertussis)
blocks Gαi-linked G protein–coupled recep-
tors, leading to an increase in cAMP. This may
account for the ability of B. pertussis to pref-
erentially enhance IL-23 expression. These
types of studies provide a more comprehen-
sive picture of the factors whereby nonself-
(microbial products) and self-signals (CD40,
PGE2, ATP) for danger or injury can reg-
ulate the balance between IL-12 and IL-23
production. Understanding these early reg-
ulatory mechanisms is of paramount impor-
tance to delineate the downstream effects of
the immune pathway initiated by these key
regulatory cytokines.

IL-23 PROMOTES THE
DEVELOPMENT OF A NOVEL T
HELPER SUBSET DISTINCT
FROM THE CLASSICAL Th1
AND Th2 LINEAGES

In 1986, Mosmann and colleagues (9) de-
scribed the presence of two types of CD4+
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T helper (Th) cell clones that had distinct
profiles of cytokine production. The signa-
ture cytokine of the Th1 subset was IFN-γ,
whereas Th2 cells secreted a variety of solu-
ble factors now recognized as IL-4, IL-5, and
IL-13. This seminal observation provided an
explanation for the distinct immune responses
broadly associated with cell-mediated (Th1)
or humoral (Th2) immunity during infection
or vaccination. At that time, the authors pre-
dicted there would likely be additional Th cell
subsets important for driving immune effec-
tor functions.

Since then, researchers have identified reg-
ulatory populations of T cells (10–12) that
suppress the function of Th1 and Th2 cells.
However, no additional effector T cell sub-
set was discovered until the recent finding
that IL-23 rather than IL-12 is essential
for the pathogenesis of autoimmune dis-
eases, including experimental autoimmune
encephalomyelitis (EAE), collagen-induced
arthritis (CIA), inflammatory colitis, and au-
toimmune uveitis. For many years, the IL-
12-dependent Th1 cells were thought to be
essential for the induction of autoimmunity,
based on the use of neutralizing p40 anti-
bodies or p40-deficient mice. However, al-
though the inflammatory responses associ-
ated with these autoimmune diseases were
characterized by IFN-γ production, its con-
tribution to inflammation was less certain.
This is illustrated by the importance of p40
for the development of central nervous sys-
tem (CNS) inflammation during EAE, but
animals that lack IFN-γ-mediated signaling
(ifn-, ifnr-, and stat1-deficient mice) remain
susceptible to this condition and actually de-
velop more severe pathology (13). Similarly,
during CIA, treatment with p40-specific an-
tibodies prevented disease, but the absence of
the IFN-γ signaling pathway resulted in in-
creased arthritic disease.

Furthermore, the use of p40- or IFN-
γ-specific antibodies could antagonize the
development of spontaneous inflammatory
bowel disease (IBD) in IL-10-deficient mice,
but only neutralization of p40, not IFN-γ,

ameliorated established colitis. The realiza-
tion that p40 is shared between IL-12 and IL-
23 suggested that the latter cytokine might ac-
count for this disparity. Moreover, the finding
that stimulation of activated and/or memory
T cells in the presence of IL-23 (but not IL-
12) led to the production of IL-17, but not
IFN-γ or IL-4, provided the first evidence of
a unique role for IL-23 in the regulation of a
T cell effector function (14, 15).

This discovery suggested that there is
indeed an additional T cell subset that
has unique functions, and it led to gene-
expression studies that revealed that the IL-
23-dependent CD4+ T cell population dis-
played a profile distinct from Th1 cells. For
example, IL-12 activated cells expressed in-
creased levels of transcripts for many genes
involved in host defense, including IFN-γ,
granzyme, TRAIL, FasL, and CCL5, whereas
those stimulated with IL-23 expressed IL-
17A, IL-17F, IL-6, IL-22, TNF, CXCL1, and
α3 integrin. Thus, the IL-12/IFN-γ pathway
predominantly induces cytotoxic factors im-
portant for the direct killing of microbes or
infected cells. Conversely, the IL-23/IL-17
pathway is associated with local tissue inflam-
mation that produces swelling, heat, and pain,
and sets up an environment with heightened
immune responses (see Evolutionary Signif-
icance of IL-23/IL-17 Immune Axis, below).
In this sense, the IL-12/IFN-γ and IL-23/IL-
17 immune responses may work together to
control microbial infections.

After the initial recognition that IL-23
promoted T cell production of IL-17, a se-
ries of in vivo studies established their con-
tribution to the development of autoimmune
inflammation. Langrish and colleagues (15)
demonstrated that the IL-23-driven IL-17-
producing cells are highly potent at induc-
ing CNS immune pathology. They induced
EAE with as few as 1 × 105 CNS antigen-
specific IL-17-producing CD4+ T cells adop-
tively transferred to naive SJL mice (15). Simi-
larly, CIA studies revealed that the absence of
IL-12p35 leads to exacerbated arthritis, and
the IL-23-deficient mice are resistant to the
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development of bone and joint pathology (16).
These latter findings correlated with an ab-
sence of CD4+ T cells that make IL-17, a cy-
tokine with a major role in the development of
arthritic disease. Finally, the development of
spontaneous IBD in IL-10-deficient mice was
completely prevented by crossing these mice
to IL-23p19-deficient mice, demonstrating
that IL-23 also plays an obligatory role in the
induction of colitis (17). Although these re-
sults clarify the role of the IL-23/IL-17 path-
way in autoimmune inflammation, they do not
directly explain the enhanced disease associ-
ated with the absence of IFN-γ or IFN-γ-
mediated signaling in EAE and CIA. These
observations led to the idea that IFN-γ is part
of a regulatory system that counterbalances
the effects of IL-23, consistent with the idea
that Th cells can crossregulate each other.

As IL-17 is the signature Th17 effector
cytokine, it is important to consider its bi-
ological activities. It was initially discovered
as a potent proinflammatory cytokine pro-
duced by activated CD4+ memory T cells.
It is a locally produced cytokine that acts
on stromal, epithelial, and endothelial cells
and a subset of monocytes to induce secre-
tion of proinflammatory mediators such as
IL-8, CXCL1, TNF, and G-CSF that pro-
mote rapid neutrophil recruitment, which is
important for the control of acute infection
(see Evolutionary Significance of IL-23/IL-
17 Immune Axis, below). In support of this
idea, recent data have also identified a role for
IL-17 in the induction of a number of small
antimicrobial peptides from keratinocytes (E.
Bowman, personal communication). In addi-
tion, IL-17 protein has been associated with
the regulation of tight junction formation of
the intestinal barrier (18), and under normal
homeostatic conditions, IL-17 mRNA is con-
stitutively expressed at low levels in the gut
(19). During homeostasis, when expressed at
low levels, IL-17 likely promotes health of the
host and resistance to damage via the mech-
anisms described above. However, dysregu-
lated production of IL-17 in local organ tis-
sues is pathological and can result in chronic

immune-mediated tissue destruction. Indeed,
elevated levels of IL-17 are present in the tar-
get organ of several human autoimmune dis-
eases, including multiple sclerosis, rheuma-
toid arthritis, and psoriasis.

LINEAGE ORIGIN OF Th1 AND
Th17 CELLS

Over the past 15 years, the developmental
pathways that promote the differentiation and
function of CD4+ Th cells have been a topic
of intense investigation. It is well established
that IL-12 activation of Stat4 is necessary for
optimal differentiation of naive T cells into
IFN-γ-producing Th1 cells. IFN-γ then ac-
tivates the Stat1 transcription factor and sub-
sequent T-bet expression, which are essential
for Th1 development (20, 21). Similarly, IL-4
activation of Stat6 is required for naive T cell
differentiation into Th2 cells. Stat6 activates
GATA-3, which stabilizes and reinforces the
Th2 developmental program (22, 23). Given
the unique cytokine profile found in the Th17
cells, it is not surprising that these cells do
not utilize the classical Th1- or Th2-specific
Stat1, Stat4, Stat6, T-bet, and GATA-3 signal-
ing elements. In fact, activation of these tran-
scription factors strongly suppressed Th17
development and function (24, 25).

Since IL-23’s initial discovery, Oppmann
et al. (2) recognized that this cytokine acts
on memory-effector but not naive T cells.
This contrasts with IL-12, which can stim-
ulate both naive and activated T lympho-
cytes. It is well recognized that TCR stim-
ulation of naive T cells is sufficient to induce
IL-12Rβ2 but not IL-23R expression; conse-
quently, naive T cells are unresponsive to IL-
23 stimulation. This observation suggests that
additional cytokines, likely produced by DCs
in response to Toll-like receptor signaling, are
required to induce the naive T cell expres-
sion of IL-23R and subsequent Th17 devel-
opment. Indeed, three recent reports showed
that TGF-β and IL-6 are required for the
differentiation of naive T cells into IL-23R-
positive IL-17-producing T cells (19, 26, 27).
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Although the Th17 cells develop in the
absence of IL-23, these cells are not fully
committed to the IL-17 production pheno-
type. When naive T cells are cultured with
TGF-β plus IL-6 and the IL-17-producing
cells are then restimulated for 3 days with
either IL-2 or IL-23, IL-2 converts the TGF-
β/IL-6-driven IL-17-producing cells to be-
come IFN-γ-producing Th1 cells. Restim-
ulation with IL-23 and IL-1 is required for
further differentiation and maintenance of the
IL-17 production phenotype (26, 28). There-
fore, although TGF-β and IL-6 are required
for lineage commitment of Th17 cells, subse-
quent exposure to IL-23 and IL-1 is necessary
for full effector differentiation and function of
Th17 cells.

To search for the immune regulatory fac-
tors that control Th17 responses, we per-
formed Affymetrix gene-array analysis of
Th17 versus Th1 cells. These studies re-
vealed that Ctla8 (IL-17A) was the highest
elevated gene (>34-fold increase) in cells cul-
tured under Th17 compared with Th1 con-
ditions. Cells grown in Th1 conditions had
higher levels of IFN-γ and T-bet. When we
queried the Affymetrix data set (containing
60,000 genes and expressed sequence tags) for
putative DNA binding proteins, we found a
number of potential Th17 cell–specific tran-
scription factors. Of these candidate DNA
sequences, the most abundantly expressed
Th17-specific gene (>30-fold increase) en-
coded the orphan nuclear receptor rorγ. Us-
ing quantitative mRNA expression analysis,
we confirmed that the T cell–specific iso-
form of rorγ, RORγt, is highly expressed in
Th17 but not Th1 cells (29; B.S. McKenzie,
M. McGeachy, N.J. Wison, K.S. Bak-Jensen,
C.L. Langrish, J.D. Mattson, B. Basham, R.
de Waal Malefyt, T. McClanaha, and D.J.
Cua, manuscript submitted). In a collabora-
tion with Littman and colleagues (29), we
demonstrated that TCR, TGF-β, and IL-6
stimulation of naive T cells induced RORγt
while repressing T-bet expression. Remark-
ably, RORγt-deficient mice are unable to pro-

duce IL-17A and IL-17F in response to TGF-
β, IL-6, and IL-23 stimulation.

RORγ is a member of the retinoic acid–
related orphan nuclear hormone receptor
family that includes RORα and RORβ.
RORγt was initially identified in the thymus
and is required for the expression of the anti-
apoptotic protein Bcl-xL, which promotes the
survival of CD4/CD8 double-positive thy-
mocytes (30). As RORγt expression has not
been reported in mature peripheral T cells,
little is known about the role of this iso-
form in T cell activation and effector func-
tion. To explore the function of RORγt in
T lymphocytes, we induced ectopic expres-
sion of RORγt using retroviral vectors. We
found that enforced RORγt expression in-
duced a proinflammatory Th17 signature that
included IL-17A, IL-17F, IL-22, IL-1R1, IL-
23R, CCL1 (TCA-3), CXCL1 (GRO-α, KC),
XCL1 (lymphotactin), CCR6, and CCL20
(MIP3-α) (B.S. McKenzie, M. McGeachy,
N.J. Wison, K.S. Bak-Jensen, C.L. Langrish,
J.D. Mattson, B. Basham, R. de Waal Male-
fyt, T. McClanaha, and D.J. Cua, manuscript
submitted). RORγt also induced several fam-
ily members of TGF-related genes (TGFβ2,
TGFβ1i4, TGFα), further implicating the
importance of TGF-β signaling in Th17 cell
development.

RORγt has important in vivo func-
tions, as illustrated by our EAE experi-
ments in rorγ-deficient mice (29) and human-
gene-expression studies (B.S. McKenzie, M.
McGeachy, N.J. Wison, K.S. Bak-Jensen,
C.L. Langrish, J.D. Mattson, B. Basham, R.
de Waal Malefyt, T. McClanaha, and D.J.
Cua, manuscript submitted). Similar to IL-
17-deficient and antibody neutralization stud-
ies (15, 31), RORγt-deficient animals dis-
played only minor clinical signs of EAE.
TGF-β and IL-6 were unable to induce IL-
17 responses in rorγ−/− mice; consequently,
there are no Th17 cells in the CNS, despite a
normal induction of Th1 effector cells.

In the human system, we also found that
the levels of RORγt mRNA are higher in
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peripheral blood mononuclear cell–derived
Th17 cells compared with Th1 cells. In ad-
dition, analysis of human psoriatic skin sam-
ples showed that both IL-17 and RORγt
are significantly elevated in lesional skin tis-
sues, further implicating the Th17 immune
pathway in human diseases (B.S. McKenzie,
M. McGeachy, N.J. Wison, K.S. Bak-Jensen,
C.L. Langrish, J.D. Mattson, B. Basham, R.
de Waal Malefyt, T. McClanaha, and D.J.
Cua, manuscript submitted). On the basis of
these findings, we propose a model for Th17
development in which IL-6 and TGF-β in-
duce RORγt expression, which is essential
for Th17 differentiation and lineage commit-
ment. RORγt is necessary for the induction
of IL-1R1 and for IL-23R expression. IL-
1- and IL-23-mediated Stat and NF-κB sig-
naling promote further Th17 development
and functional maturation. This model ranks
RORγt with other master regulators of CD4+

T cell responses, including T-bet, GATA-3,
and Foxp3 (forkhead box P3).

EVOLUTIONARY
SIGNIFICANCE OF THE
IL-23/IL-17 IMMUNE AXIS

If the price of a dysregulated IL-23/IL-17 im-
mune axis is immunopathology and autoim-
mune inflammation, there must be strong
evolutionary pressures to conserve this im-
mune pathway. This raises several questions
about the benefit of the IL-23/IL-17 path-
way to the host. Have Th17 cells evolved to
provide adaptive immunity tailored to spe-
cific classes of pathogens, functions ascribed
to the Th1 and Th2 lineages? How impor-
tant are the innate activities of IL-23 com-
pared with its role in shaping adaptive Th17
responses? IL-23 is produced by sentinel DCs
and macrophages within a few hours after ex-
posure to microbial products or endogenous
danger signals. This in turn triggers rapid IL-
17 responses from tissue-resident T cells—
including αβ, γδ, and natural killer T (NKT)
lymphocytes—as well as the release of TNF-
α and IL-1β from myeloid cells. As high-

lighted above, IL-17 promotes stromal, ep-
ithelial, and endothelial cells and a subset of
monocytes to produce a combination of cy-
tokines and chemokines that leads to the rapid
recruitment of neutrophils to the site of infec-
tion and injury. Thus, IL-23 may play a critical
role in driving an early inflammatory immune
response to pathogens or injury by directly in-
ducing IL-17 production and early neutrophil
recruitment.

Recent work in our laboratory has ex-
tended this early work and shown that when
delivered intradermally in mice, IL-23 es-
sentially triggers what amounts to a wound-
healing response (32). Daily injection of IL-23
in wild-type mice leads to a psoriasis-like
phenotype with visually apparent erythema
and induration and is associated with promi-
nent dermal papillary blood vessel forma-
tion and possibly vasodilation as soon as 2
days after starting treatment. Histological and
immunohistochemical examination of IL-23-
treated skin show epidermal hyperplasia and
a mixed dermal infiltrate consisting of neu-
trophils, F4/80+ macrophages, CD11c+ DCs,
and CD4+ T cells as early as 1 day after IL-
23 treatment. Importantly, these activities are
unique to IL-23, as neither IL-12 nor TNF-α
induces changes in epidermal thickness when
injected into skin. The molecular mechanism
by which IL-23 induces these responses ap-
pears to involve a number of independent in-
nate pathways.

The immediate production of IL-17 from
resident CD4+ T cells, as well as other cells,
supports the recruitment of neutrophils and
may contribute to the antimicrobial response
seen in psoriatic lesions. IL-23 also induces
the immediate expression of IL-19 and IL-
24, which can play a role in the epider-
mal hyperplasia. This work suggests that IL-
23 may have evolved as an innate response
to danger—a unique function that has im-
portant evolutionary significance. The in-
nate pathways activated by tissue-restricted
expression of IL-23 seem aimed at creating
an inflammatory environment that provides
acute protection from the environment via the
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mobilization of innate antimicrobial compo-
nents and the proliferation of the epidermis,
but that also prepares the injured site for
heightened immune surveillance.

IL-12 AND IL-23 AS EFFECTOR
CYTOKINES WITHIN THE
INNATE IMMUNE SYSTEM

Receptors for IL-12 and IL-23 can be found
on non-T cells. In a recent collaboration
with Powrie and colleagues, we have studied
the relative contributions of IL-12 and IL-
23 to innate immune responses in a model
of IBD (33). In this IBD model, an ago-
nistic anti-CD40 antibody replaces the need
for CD40L-expressing activated T cells. Ac-
tivated CD40 functions on myeloid cells are,
without further T cell help, sufficient to in-
duce a pathogenic systemic and intestinal in-
flammatory response. To our surprise, the
CD40-induced colitis was completely depen-
dent on the presence of IL-23, but not IL-12.
Treatment of mice with either an IL-23p19-
specific antibody or crossing RAG (recom-
bination activating gene)-deficient mice with
p19-deficient mice inhibited the mucosal im-
munopathology but not the systemic immune
pathology. Despite the absence of T cells,
the IL-23-dependent intestinal inflammation
was associated with IL-23-producing intesti-
nal DCs and IL-17 expression within the in-
testine. Likely local producers of IL-17 in the
intestine include neutrophils, macrophages,
and lymphocytes. In striking contrast, the sys-
temic inflammatory response as measured by
weight loss and by serum proinflammatory cy-
tokine production, but not the mucosal im-
munopathology, was entirely dependent on
the presence of IL-12.

These results highlight several remark-
able aspects of the role of IL-12 and IL-
23 in the innate immune system. First, the
innate immune system represents a potent
immune effector arm that can drive pathol-
ogy independent of the adaptive immune sys-
tem, and IL-12 and IL-23 are key regulators
of this innate pathway. It is likely, however,

that inflammation in immune-privileged or-
gans such as the brain and eye still requires
infiltration of IL-23-dependent Th17 cells.
Second, this work also revealed a striking di-
chotomy in the regulation of innate systemic
and local inflammation, in which IL-23 di-
rects local inflammation and IL-12 promotes
systemic responses. These findings have pro-
found therapeutic implications.

THE ROLE OF THE IL-23/Th17
IMMUNE AXIS IN ADAPTIVE
IMMUNITY

Have Th17 cells evolved to provide adap-
tive immunity tailored to specific classes of
pathogens? To answer this question, we point
out that human clinical data are available on
patients with IL-12/IL-23 pathway defects.
Humans who either do not make or do not re-
spond to IL-12 and IL-23 owing to mutations
in p40 or IL-12Rβ1 have no increased infec-
tion risk to gram-positive and gram-negative
bacteria, fungi, protozoa, or viruses (34, 35).
Originally, these patients were identified as a
result of their susceptibility to only two classes
of pathogens, nonvirulent mycobacteria and
salmonella infections. Because patients with
IFN-γ-pathway mutations have mostly over-
lapping susceptibilities to these pathogens,
the IL-12/IFN-γ axis likely is responsible for
mediating protection to these pathogens.

In contrast to IL-12/IL-23-deficient hu-
mans, p40-deficient mice are highly suscep-
tible to numerous pathogens, including Lis-
teria, Mycobacterium, Salmonella, Toxoplasma,
Citrobacter, Klebsiella, Cryptococcus, Leishmania,
and Francisella. For most of these pathogens,
the IL-12/IFN-γ axis is the dominant path-
way in providing protection. In several mod-
els, IL-23 provided a limited mechanism of
resistance, but its contribution was only de-
tected in the absence of IL-12 (36, 37, 38). A
few infection models have shown a significant
role for the IL-23/IL-17 axis, including Kleb-
siella infection in the lung (39), intravenous
Candida albicans infection (40), and infection
of the natural rodent pathogen Citrobacter
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rodentium in the gut (19). The Klebsiella study
directly compared the infection risk in p40-
deficient, IL-12p35-deficient, and IL-23p19-
deficient mice, as well as IL-17R-deficient
mice, following a 50% lethal dose intranasal
infection (39). The results demonstrated inde-
pendent requirements for IL-12 and IL-23, as
well as IL-23-dependent IL-17 in pulmonary
host defense against Klebsiella pneumoniae. The
p19-deficient strain showed substantial mor-
tality from a sublethal dose of bacteria, de-
spite normal IFN-γ induction, and bacterial
control was restored in these mice by the ad-
ministration of IL-17. However, Klebsiella in-
fections are not prevalent in patients with IL-
12/IL-23 deficiencies.

Similar results were obtained using the
natural rodent pathogen C. rodentium (19).
Whereas wild-type mice were able to clear
the bacteria, IL-23p19-deficient mice failed to
do so and died within 12 days postinfection.
These authors conclude that IL-23 is indis-
pensable for a protective Th17 response, al-
though there is a protective contribution from
the IL-12/IFN-γ axis in this model (41).

Presently, it is not clear whether the com-
bination of IL-23 and Th17 is designed to
provide protection against unique classes of
pathogens. The molecular signature induced
by IL-23-responsive cells suggests that the
IL-23/IL-17 axis has a limited role in long-
term protection against microbial infection.
In contrast, as discussed above, the molec-
ular signature induced by IL-12-responsive
cells in peripheral tissues is different. IL-12
induces IFN-γ, granzymes, FasL, and a set of
chemokines (e.g., MIG, IP-10) that promote
antigen-specific cellular immunity against in-
vading pathogens. These two immune path-
ways likely have evolved to work in synergy
with each other to control microbial infec-
tions. The initial inflammatory response in an
infected or injured peripheral tissue is likely
dominated by IL-23. Only later, once the
initial danger signal has been processed, is
the initial inflammatory response followed by
the appropriate immune effector functions,
including an influx of activated CD4+ and

CD8+ T cells. Depending on the invading
pathogen, the IL-12/IFN-γ axis may become
the more prominent pathway at this time.

This scenario is consistent with the ob-
served dominance of Th1 or Th2 responsive-
ness over the IL-23/IL-17 immune pathway,
and this dominance may play a role in ensur-
ing that the inflammatory response does not
lead to breakdown of tissue-specific immune
tolerance leading to autoimmune pathology.
A key remaining question is why these regu-
latory mechanisms fail to shut down the IL-
23/Th17 pathway in autoimmune diseases.
Additional mechanisms to downregulate IL-
23-induced tissue inflammation likely will be
identified, and these may be an important
function of IL-27.

ANTAGONISTIC ROLES OF
IL-12 AND IL-23 IN CANCER

Both IL-12 and IL-23 have essential roles in
the interaction between the innate and adap-
tive arms of immunity. They both are key
regulators of inflammatory responses, innate
resistance to infection, and adaptive immu-
nity, yet IL-12 and IL-23 drive divergent im-
munological pathways. Nowhere is this dif-
ference more evident—and the consequences
perhaps more significant—than in the role
each of these cytokines plays in tumor im-
munity. In preclinical tumor models, IL-12
treatment has a dramatic effect. It vigorously
promotes immune surveillance and antitumor
responses by inducing IFN-γ-producing Th1
cells and the proliferation and cytotoxic ac-
tivity of CD8+ T cells and NK cells. As dis-
cussed above, IL-23 induces a pathway that
leads to the recruitment of a range of inflam-
matory cells as well as Th17 cells. Under con-
ditions in which the host needs to protect itself
against pathogen infections or other forms of
insult, IL-23-induced inflammatory processes
such as induction of angiogenesis and neu-
trophil or macrophage infiltration are criti-
cal defense mechanisms. However, these same
mechanisms can provide a tumor-promoting
environment for nascent malignancies.

www.annualreviews.org • Discovery and Biology of IL-23 and IL-27 231



ANRV306-IY25-09 ARI 20 November 2006 21:47

Because a causal relationship between
chronic inflammation and cancer has long
been proposed (42), we have recently initiated
studies to investigate the role of IL-23 in can-
cer. Indeed, we show that IL-23 is significantly
upregulated in the overwhelming majority of
human carcinoma samples (43). Using tumor
models in IL-12p35- and IL-23p19-deficient
mice, we demonstrate that expression of IL-
23 increases inflammatory infiltration in the
tumor environment. We also show that an in-
crease in IL-23-dependent inflammatory pro-
cesses is coupled to suppression of CD8+ T
cell infiltration. Thus, although IL-12 pro-
motes tumor infiltration of cytotoxic T cells,
local expression of IL-23 in tumor tissue re-
sults in exactly the opposite. Because infiltra-
tion of cytotoxic effector cells into the tumor
tissue is often the stumbling block in tumor
therapy, it will be fascinating to pursue the
concept that neutralization of IL-23 will result
in suppression of tumor-associated inflamma-
tion and improved tumor penetration. Re-
gardless of whether IL-23 neutralization or
IL-12 treatment protocols ultimately are of
clinical benefit in cancer therapy, it is remark-
able how these two immune regulators and
the immune processes they control have been
used either to promote or inhibit tumor inci-
dence and growth.

IL-27: A ROLE IN PROMOTING
T CELL ACTIVITY

Prior to the identification of all the compo-
nents of the IL-27/IL-27R system, there was
evidence that implicated the unique IL-27R
(TCCR, WSX-1) and EBI3 in the regulation
of immunity. As part of the initial cloning of
WSX-1, expression studies revealed that high
levels of RNA transcripts for this type I recep-
tor were present in CD4+ and CD8+ T cells
(44). Subsequent reports that mice lacking the
IL-27R had reduced Th1-type responses in a
variety of in vitro and in vivo assays suggested
this receptor was directly involved in Th cell
differentiation (45, 46). Moreover the dele-
tion of EBI3 revealed that these mice were

more resistant to oxazalone-induced colitis
(47). With the recognition that the pairing
of EBI3 and p28 signaled through the IL-
27R, Pflanz et al. (4) demonstrated that IL-27,
when used in various combinations with IL-
2 and/or IL-12, enhanced the production of
IFN-γ by naive CD4+ T cells and NK cells.
A molecular basis for some of these events
was provided by studies showing that signal-
ing through the IL-27R activated Stat1 and
promoted expression of T-bet, a transcription
factor whose target genes include IL-12Rβ2
and IFN-γ (48, 49).

Together with reports that T cell stimu-
lation resulted in the downregulation of the
IL-27R (46), these findings suggest a model
in which IL-27 sensitizes naive CD4+ T cells
to the Th1 polarizing effects of IL-12 and in-
dicate a critical role for this cytokine in the
early events that influence T cell activation.
Consistent with this notion, there are reports
that the severity of adjuvant-induced arthri-
tis in rats and EAE in mice can be amelio-
rated by antibodies specific for IL-27 (50, 51).
In the latter model, treatment of CD4+ T
cells specific for the autoantigen myelin oligo-
dendrocyte protein with their cognate lig-
and plus the IL-27p28 component resulted in
marked increases in the production of IFN-γ
and TNF-α, and increased proliferative re-
sponses. However, as discussed below, other
studies with EAE have found that IL-27R
knockout (KO) mice are more susceptible
to disease (52), and initial reports with p28
note that it did not stimulate significant T
cell proliferation or IFN-γ production (4).
Furthermore, unpublished reports from other
groups indicate that blockade of IL-27 wors-
ens CIA (C. Saris, personal communication),
and treatment with IL-27 ameliorates this dis-
ease (E. Liew, personal communication).

Whereas the role of endogenous IL-27
in the development of autoimmunity is un-
clear, transgenic overexpression of a hyper-
linked form of EBI3 and p28 during viral
hepatitis or by immunogenic murine carcino-
mas leads to increased CD8+ T cell IFN-γ
production, cytotoxicity, and tumor clearance
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(53–56). This transgenic overexpression also
led to the idea that the anticancer effects of
IL-27 resulted from its ability to enhance ef-
fector function of the immune cells. More re-
cent work in which poorly immunogenic tu-
mor cells were transduced to express IL-27
revealed that they suppressed tumor-induced
neovascularization, and this factor could act
directly on endothelial cells to induce the pro-
duction of the antiangiogenic chemokines IP-
10 and MIG (57). These studies prompt a re-
assessment of the mechanisms whereby IL-27
promotes resistance to cancer but also high-
light that no studies have assessed the role
of endogenous IL-27 in tumor surveillance
and control. Indeed, although mice in which
the gp130 component of the IL-27R has been
modified to allow sustained Stat signaling de-
velop gastric cancer (58), it remains unclear
whether the absence of p28, EBI3, or WSX-1
renders mice more likely to develop sponta-
neous tumors as they age or following treat-
ment with mutagens.

IL-27 AS AN INHIBITOR OF Th1
RESPONSES ASSOCIATED WITH
INTRACELLULAR INFECTIONS

Although the early work described above fo-
cused on the proinflammatory activities of IL-
27, the general availability of the IL-27R-
deficient mice prompted experiments with a
range of pathogens that provided unexpected
insights into the role of this cytokine in limit-
ing inflammation. For example, resistance to
the intracellular parasite Toxoplasma gondii de-
pends on IL-12’s ability to drive the devel-
opment of a parasite-specific response dom-
inated by the T cell production of IFN-γ,
which is essential for the control of repli-
cation of this systemic infection (59). How-
ever, rather than having defective Th1 im-
munity, infected IL-27R−/− mice generated
normal CD4+ and CD8+ T cell IFN-γ re-
sponses that are sufficient to control para-
site replication, but they proceeded to develop
a lethal CD4+ T cell–dependent inflamma-
tory disease (60). This pathological response

was intrinsic to the T cells and was charac-
terized by enhanced T cell proliferation, in-
creased production of IFN-γ and IL-2, and
the maintenance of a population of highly ac-
tivated (CD62Llow, CD25+) CD4+ and CD8+

T cells.
Similarly, investigators have also observed

exaggerated T cell responses coupled with
the elevated production of inflammatory cy-
tokines that include IL-6, TNF-α, and IFN-
γ following challenge with Trypanosoma cruzi
(61) and Leishmania donovani (62), two intra-
cellular pathogens that also cause systemic
disease. Similarly, IL-27R-deficient mice in-
fected with Mycobacterium tuberculosis have a
lower bacterial burden than wild-type coun-
terparts, develop more severe lung pathology,
and succumb to this infection, presumably a
consequence of immune-mediated pathology
(63). For some of the systemic infections dis-
cussed above, in the absence of the IL-27R the
liver was the site most prominently affected by
the development of severe necrosis (60–62).
Yamanaka et al. (64) have made a similar ob-
servation in a noninfectious model in which
IL-27R−/− mice display enhanced sensitivity
to concanavalin A–induced hepatitis that cor-
relates with the elevated production of IL-4
and IFN-γ by NKT cells.

IL-27 AS AN INHIBITOR OF
Th2-TYPE ACTIVITIES

Although the reports discussed above identi-
fied a role for IL-27R signaling in limiting
infection-induced Th1 effector cells, there
is also evidence that IL-27 has a similar ef-
fect on Th2 cells. The immune response to
Leishmania major is characterized by an early
burst of IL-4 that allows parasite replication
but that in resistant strains of mice is sup-
planted by a protective IFN-γ response. Ini-
tial studies examining how IL-27R KO mice
responded to this localized infection revealed
that these mice displayed an early susceptibil-
ity to L. major associated with enhanced Th2
responses and reduced generation of Th1 cells
(45). These results were consistent with the
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prevailing idea that the IL-27R would pro-
mote Th1 activities, but at later time points
after infection mice that lack IL-27R or EBI3
develop Leishmania-specific Th1 cells and
control this infection (45, 65, 66).

One interpretation of these findings is
that rather than being required for protective
Th1-type immunity to Leishmania, IL-27 lim-
its early Th2 activity, and in its absence this
primary response is exaggerated. Thus, pre-
treatment of WSX-1-deficient mice with IL-
4-specific antibodies reverses this early sus-
ceptibility (66). Further support for this idea
came from studies with Trichuris muris; resis-
tance to this gut-dwelling nematode depends
on CD4+ T cell production of the Th2 cy-
tokines IL-4/IL-13. Following infection with
this parasite, IL-27R−/− mice develop accel-
erated Th2 responses and exhibit early ex-
pulsion of larval worms (67, 68). Moreover,
IL-27R−/− CD4+ T cells produce more IL-5
and IL-13 than wild-type counterparts dur-
ing in vitro Th2 differentiation, and IL-27
can directly inhibit the CD4+ T cell produc-
tion of IL-4 (66). Similarly, in the absence of
the IL-27R, mice develop more severe disease
in models of asthma and glomerulonephritis
associated with enhanced Th2 responses (69,
70). Therefore, IL-27 appears to have a direct
inhibitory effect on Th2 response generation
that is independent of its ability to enhance
IFN-γ production, and this inhibitory effect
may result in part from its ability to suppress
GATA-3 expression (71), a transcription fac-
tor that promotes Th2 lineage commitment.

Whereas infection with T. muris provided
insights into the role of IL-27 in mucosal
responses, other noninfectious experimental
systems have also identified a role for IL-
27/IL-27R in the regulation of inflamma-
tion in the gut. As mentioned above, the ini-
tial studies with mice lacking EBI3 revealed
they are resistant to oxazalone-induced col-
itis, a form of inflammation associated with
type 2 responses (47). That report attributed
the lack of disease to an absence of invari-
ant NKT cells, but other groups have found
that invariant NKT cell populations are nor-

mal in the absence of EBI3 or the IL-27R (H.
Yoshida, unpublished observations). In subse-
quent work, for mice fed a low dose of dextran
sulphate sodium (a compound that leads to a
loss-of-barrier function and the development
of local inflammation), the loss of the IL-27R
leads to decreased inflammation (72).

Similarly, with this phenotype IL-10 KO
mice develop spontaneous colitis, but in the
absence of the IL-27R this pathology is sig-
nificantly delayed (73). In the former case, the
resistance of the IL-27R KO mice has been at-
tributed to the inability of IL-27 to promote a
pathological Th1 response, a concept more in
line with the original idea that IL-27 was re-
quired for Th1 cell activation. However, based
on IL-27’s ability to inhibit Th2 responses and
enhance resistance to T. muris, an alternative
explanation is that the absence of the IL-27R
in the gut allows the establishment of a more
Th2-like environment that naturally antago-
nizes the development of immune pathology.
Given some of the paradoxical properties of
IL-27, additional experiments are needed to
distinguish the types of situations in which the
inhibitory versus the stimulatory effects of this
cytokine dominate and to determine whether
there are tissue-specific effects.

UNDERSTANDING THE
INHIBITORY EFFECTS OF IL-27
ON T CELLS

The studies with intracellular pathogens (Tox-
oplasma, T. cruzi, Leishmania donovani, and
Mycobacteria) described in the sections above
imply that, in the presence of strongly polar-
izing stimuli, IL-27’s ability to promote Th1
responses becomes secondary to its role as
a suppressor of effector T cell proliferation
and cytokine production. The studies with
Trichuris and asthma suggest that these effects
are not restricted to a particular Th cell subset
and that IL-27 could act as a general antago-
nist of T cell activity. This idea is supported
by the finding that IL-27 has a profound sup-
pressive effect on the CD4+ T cell production
of IL-2 (74). Although the biology of IL-2 is
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complex, this cytokine is a potent growth fac-
tor for T cells and promotes the development
of Th1 and Th2 cells. Thus, this observation
provided the first insight into a property of
IL-27 that may explain its broad suppressive
effects on T cell responses in multiple models.

Because IL-27 can activate T-bet and be-
cause this transcription factor can inhibit IL-2
production (75), one possible mechanism for
the inhibitory effects of IL-27 was that it acted
through this pathway. However, the ability of
T-bet KO T cells to produce IL-2 is still an-
tagonized by IL-27 (74), indicating that other
pathways are involved in these events. As a re-
sult, the basis for this inhibitory activity is un-
certain, and one report suggests that IL-27’s
ability to activate Stat1 and thereby upregu-
late SOCS3 (suppressor of cytokine signaling
3) is required for this activity (76). In contrast,
we have found that IL-27’s ability to suppress
IL-2 is Stat1 independent (74), and more re-
cent unpublished observations using SOCS3
KO mice indicate that IL-27 can still antag-
onize IL-2 production in the absence of this
regulatory protein.

IL-27 AND OTHER T CELL AND
IMMUNE LINEAGES

Although the initial cloning reports demon-
strated the highest level of the IL-27R mRNA
in T cells, we are still learning more about the
biology of this receptor, knowledge that can
provide insights into the cell types affected by
IL-27. Early studies led to a model in which
resting T cells expressed the highest levels of
the IL-27R (46), but detailed analysis revealed
that naive T cells have low levels of this sub-
unit and that the highest levels are found on
antigen-experienced T cells (77). Indeed, the
IL-27R is also expressed on other lympho-
cytes (including NK and NKT cells, T reg-
ulatory cells, and memory populations), and
this observation implies that IL-27 will influ-
ence the function of these subsets. However,
no published studies have identified a biolog-
ical effect of IL-27 on these last two T cell
subsets. Resting NK and NKT cells also ex-

press high levels of IL-27R, and NK1.1+ cells
from concanavalin A–challenged or T. cruzi–
infected IL-27R-deficient mice produce ele-
vated levels of IL-4, IFN-γ, and TNF-α (61,
64).

In addition, B cells also express the IL-27R,
and IL-27 has diverse effects on these cells,
such as promoting proliferation of naive cells
(78). Similarly, macrophages and mast cells ex-
press the IL-27R. Whereas IL-27 can directly
induce mast cells and monocytes to produce
IL-1 and TNF-α (5), IL-27 is also a negative
regulator of mast cell (66) and macrophage
function (63). Together, these latter data sug-
gest that IL-27 can suppress effector functions
of a range of immune cell types involved in in-
nate and adaptive immunity, and recent work
links IL-27 to the inhibition of macrophage
and neutrophil functions during a model of
sepsis (79). Even so, the mechanistic basis for
these anti-inflammatory activities remains to
be explored.

CLOSING THE LOOP: THE
RELATIONSHIP BETWEEN IL-23
AND IL-27

Although the initial aim of this review was to
highlight the biology of IL-23 and IL-27, re-
cent work has provided new insights into the
interactions between them and their family
members IL-6 and IL-12. There is already
a literature highlighting that many of these
members share similar properties. For exam-
ple, IL-12 is a dominant inducer of IFN-γ, but
under certain circumstances IL-23 and IL-27
can also promote IFN-γ (80); IL-6 and IL-27
can both antagonize the production of IFN-γ
(60, 81); and IL-12 and IL-27 are both able to
downregulate IL-2 production (74, 82). Al-
though these shared properties are likely a
consequence of shared signaling pathways, the
more unique activities may indicate the major
function of these individual members. Thus,
the major property of IL-12 appears to be its
ability to promote Th1-like activities, whereas
IL-23 is involved in the regulation of Th17
cells, and IL-6 can support this latter activity.
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The complex biology of these cytokines is
further illustrated by recent studies identify-
ing a role for IL-27 in antagonizing the devel-
opment and/or function of Th17 responses.
Two of these reports focus on the develop-
ment of enhanced CNS inflammation in IL-
27R KO mice infected with T. gondii or used
for EAE (52, 83). In both of these systems, the
absence of the IL-27R led to elevated Th17
activity within the brain and more severe clin-
ical disease, and implied that IL-27 was an an-
tagonist of IL-17 production. IL-27 was also
able to directly antagonize the development
of Th17 cells in vitro, and this inhibitory ef-
fect was shown to be Stat1 dependent but
independent of T-bet. This work also high-
lighted the role of SOCS3 in limiting IL-6-
induced IL-17, but although some of IL-27’s
effects have been attributed to the induction of
SOCS3 (84), this inhibitory protein was not
required for the ability of IL-27 to antago-
nize this inflammatory pathway. These find-
ings highlight the close relationship of the IL-
6/IL-23-driven events and the use of a closely
related cytokine (IL-27) to temper this poten-
tially damaging pathway.

CONCLUSIONS

With the initial description of IL-23 and
IL-27 as IL-12-like heterodimeric cytokines,
there was an expectation that these might
have similar effects on the development of
Th1-type responses. Indeed, as highlighted
above, all three cytokines can enhance IFN-
γ production. However, there has been rapid
progress in distinguishing the novel or major
activities that can be ascribed to these different
factors. In particular, the discovery that cer-
tain autoimmune disorders are mediated by a
novel Th cell subset associated with dysregu-
lated IL-23/IL-17 responses has extended the
idea initially proposed by Coffman and Moss-
man that there were likely to be additional T
cell subsets.

Although this finding has opened a new
chapter in T cell biology, it has important
implications for developing novel therapies

to treat organ-specific autoimmune patholo-
gies. Indeed, this is likely a viable target for
treatment, given that levels of IL-23p19 and
IL-17 are elevated in diseases such as multi-
ple sclerosis, Crohn’s disease, psoriasis, ulcer-
ative colitis, cystic fibrosis, asthma, chronic
obstructive pulmonary disease, and rheuma-
toid arthritis. This is illustrated by clinical tri-
als in which administration of a p40-specific
human monoclonal antibody resulted in re-
duced clinical disease, associated with im-
proved mucosal histology and decreased pro-
duction of cytokines by mononuclear cells
isolated from the lamina propria (85, 86).
But, as noted by these authors, it is not clear
if the therapeutic effects of this treatment
result from the neutralization of IL-12 or
IL-23.

One general concern of the use of im-
mune modulators is that such approaches may
leave patients immunocompromised. For in-
stance, TNF-α blockade as a treatment for
rheumatoid arthritis can leave these individ-
uals susceptible to a variety of opportunis-
tic infections. However, although the use of
antagonists of IL-12p40 in a clinical situa-
tion is in its infancy, early studies have not
identified any major side effects. Neverthe-
less, the loss of the IL-12/IFN-γ pathway in
humans is associated with increased suscepti-
bility to viruses, as well as mycobacterial and
Salmonella species. Therefore, antagonists of
IL-23p19 represent good candidates to ame-
liorate inflammation but would also leave the
IL-12/IFN-γ axis intact and thereby would be
less likely to compromise immunity to these
opportunists. Nevertheless, we are still faced
with the question of what is the major func-
tion of the IL-23/IL-17 axis in humans. As
highlighted above for anti-TNF treatments,
efficient immunosuppressive therapies can be
associated at some level with adverse events
that inform us about how the immune system
functions. Perhaps it is only with clinical tri-
als that target IL-23 or the identification of
patients with primary genetic defects affect-
ing this pathway that it will become apparent
whether IL-23 is required for the control of
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particular classes of pathogens and/or as a re-
sponse to injury.

Studies on IL-27, similar to IL-23, have
led to the idea that this cytokine has an unex-
pected activity in the immune system. There
are clearly situations in which its proinflam-
matory activities are apparent, but there is ac-
cumulating evidence from mouse models of
a dominant role in the suppression of im-
mune hyperactivity. This knowledge could
lead to strategies in which blockade of IL-27
might be useful to augment vaccine-induced
immunity, or circumstances in which treat-
ment with IL-27 could suppress inappropri-

ate immune response. Whether this is rele-
vant to humans remains an open question, and
presently it is difficult to distinguish whether
the increased expression of IL-27 and its re-
ceptor associated with chronic inflammatory
conditions such as sarcoidosis and Crohn’s
disease indicates a proinflammatory role for
IL-27 or is a sign of an endogenous reg-
ulatory mechanism to limit T cell activity.
Determining the significance of this path-
way may also have to wait for the identifica-
tion of individuals with relevant primary ge-
netic defects or clinical trials that target this
system.

ACKNOWLEDGMENT

The authors acknowledge the early critical contributions made by Fernando Bazan and Donna
Rennick to the discovery of IL-23 and IL-27 when they were employees of DNAX Re-
search Institute. Schering-Plough Biopharma (formerly DNAX Research Inc.) is a division of
Schering-Plough.

LITERATURE CITED

1. Trinchieri G. 2003. Interleukin-12 and the regulation of innate resistance and adaptive
immunity. Nat. Rev. Immunol. 3:133–46

2. Oppmann B, Lesley R, Blom B, Timans JC, Xu Y, et al. 2000. Novel p19 protein engages
with IL-12p40 to form a cytokine, IL-23, with biological activities similar as well as distinct
from IL-12. Immunity 13:715–25

3. Parham C, Chirica M, Timans J, Vaisberg E, Travis M, et al. 2002. A receptor for the
heterodimeric cytokine IL-23 is composed of IL-12Rβ1 and a novel cytokine receptor
subunit, IL-23R. J. Immunol. 168:5699–708

4. Pflanz S, Timans JC, Cheung J, Rosales R, Kanzler H, et al. 2002. IL-27, a heterodimeric
cytokine composed of EB13 and p28 protein, induces proliferation of naive CD4+ T cells.
Immunity 16:779–90

5. Pflanz S, Hibbert L, Mattson J, Rosales R, Vaisberg E, et al. 2004. WSX-1 and glyco-
protein 130 constitute a signal-transducing receptor for IL-27. J. Immunol. 172:2225–
31

6. Devergne O, Birkenbach M, Kieff E. 1997. Epstein-Barr virus-induced gene 3 and the p35
subunit of interleukin 12 form a novel heterodimeric hematopoietin. Proc. Natl. Acad. Sci.
USA 94:12041–46

7. Smits HH, van Beelen AJ, Hessle C, Westland R, de Jong E, et al. 2004. Commensal Gram-
negative bacteria prime human dendritic cells for enhanced IL-23 and IL-27 expression
and enhanced Th1 development. Eur. J. Immunol. 34:1371–80

8. Schnurr M, Toy T, Shin A, Wagner M, Cebon J, Maraskovsky E. 2005. Extracellular
nucleotide signaling by P2 receptors inhibits IL-12 and enhances IL-23 expression in
human dendritic cells: a novel role for the cAMP pathway. Blood 105:1582–89

www.annualreviews.org • Discovery and Biology of IL-23 and IL-27 237



ANRV306-IY25-09 ARI 20 November 2006 21:47

9. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. 1986. Two types of
murine helper T cell clone. I. Definition according to profiles of lymphokine activities and
secreted proteins. J. Immunol. 136:2348–57

10. Chen Y, Inobe J-I, Marks R, Gonnella P, Kuchroo VK, Weiner HL. 1995. Peripheral
deletion of antigen-reactive T cells in oral tolerance. Nature 376:177–80

11. Groux H, O’Garra A, Bigler M, Rouleau M, Antonenko S. 1997. A CD4+ T-cell subset
inhibits antigen-specific T-cell responses and prevents colitis. Nature 389:737–42

12. Hori S, Nomura T, Sakaguchi S. 2003. Control of regulatory T cell development by the
transcription factor Foxp3. Science 299:1057–61

13. Langrish CL, McKenzie BS, Wilson NJ, Malefyt RD, Kastelein RA, Cua DJ. 2004. IL-12
and IL-23: master regulators of innate and adaptive immunity. Immunol. Rev. 202:96–105

14. Aggarwal S, Ghilardi N, Xie MH, de Sauvage FJ, Gurney AL. 2003. Interleukin-23 pro-
motes a distinct CD4 T cell activation state characterized by the production of interleukin-
17. J. Biol. Chem. 278:1910–14

15. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, et al. 2005. IL-23
drives a pathogenic T cell population that induces autoimmune inflammation. J. Exp.
Med. 201:233–40

16. Murphy CA, Langrish CL, Chen Y, Blumenschein C, McClanahan T, et al. 2003. Diver-
gent pro- and antiinflammatory roles for IL-23 and IL-12 in joint autoimmune inflamma-
tion. J. Exp. Med. 198:1951–57

17. Yen D, Cheung J, Scheerens H, Poulet F, McClanahan T, et al. 2006. IL-23 is essential
for T cell–mediated colitis and promotes inflammation via IL-17 and IL-6. J. Clin. Invest.
116:1310–16

18. Kinugasa T, Sakaguchi T, Gu X, Reinecker HC. 2000. Claudins regulate the intestinal
barrier in response to immune mediators. Gastroenterology 118:1001–11

19. Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC, et al. 2006. Trans-
forming growth factor-β induces development of the TH17 lineage. Nature 441:231–34

20. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. 2000. A novel
transcription factor, T-bet, directs Th1 lineage commitment. Cell 100:655–69

21. Mullen AC, High FA, Hutchins AS, Lee HW, Villarino AV, et al. 2001. Role of T-bet in
commitment of Th1 cells before IL-12-dependent selection. Science 292:1907–10

22. Ouyang W, Ranganath SH, Weindel K, Bhattacharya D, Murphy TL, et al. 1998. Inhibi-
tion of Th1 development mediated by GATA-3 through an IL-4-independent mechanism.
Immunity 9:745–55

23. Zheng W, Flavell RA. 1997. The transcription factor GATA-3 is necessary and sufficient
for Th2 cytokine gene expression in CD4 T cells. Cell 89:587–96

24. Park H, Li Z, Yang XO, Chang SH, Nurieva R, et al. 2005. A distinct lineage of CD4 T
cells regulates tissue inflammation by producing interleukin 17. Nat. Immunol. 6:1133–41

25. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, et al. 2005. Interleukin
17-producing CD4+ effector T cells develop via a lineage distinct from the T helper type
1 and 2 lineages. Nat. Immunol. 6:1123–32

26. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B. 2006. TGFβ in the
context of an inflammatory cytokine milieu supports de novo differentiation of IL-17-
producing T cells. Immunity 24:179–89

27. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, et al. 2006. Reciprocal developmental
pathways for the generation of pathogenic effector Th17 and regulatory T cells. Nature
441:235–38

238 Kastelein · Hunter · Cua



ANRV306-IY25-09 ARI 20 November 2006 21:47

28. Sutton C, Brereton C, Keogh B, Mills KH, Lavelle EC. 2006. A crucial role for in-
terleukin (IL)-1 in the induction of IL-17-producing T cells that mediate autoimmune
encephalomyelitis. J. Exp. Med. 203:1685–91

29. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, et al. 2006. The orphan
nuclear receptor RORγt directs the differentiation program of proinflammatory IL-17+

T helper cells. Cell 126:1121–33
30. Sun Z, Unutmaz D, Zou YR, Sunshine MJ, Pierani A, et al. 2000. Requirement for RORγ

in thymocyte survival and lymphoid organ development. Science 288:2369–73
31. Komiyama Y, Nakae S, Matsuki T, Nambu H, Ishigame S, et al. 2006. IL-17 plays an

important role in the development of experimental autoimmune encephalomyelitis. J.
Immunol. 177:566–73

32. Chen JR, Blumenschein W, Murphy E, Diveu C, Wiekowski M, et al. 2006. IL-23 stim-
ulates epidermal hyperplasia via TNF and IL-20R2-dependent mechanisms: Implications
for psoriasis pathogenesis. J. Exp. Med. In press

33. Uhlig HH, McKenzie BS, Hue S, Thompson C, Joyce-Shaikh B, et al. 2006. Differential
activity of IL-12 and IL-23 in mucosal and systemic innate immune pathology. Immunity
25:309–18

34. Novelli F, Casanova JL. 2004. The role of IL-12, IL-23 and IFN-γ in immunity to viruses.
Cytokine Growth Factor Rev. 15:367–77

35. Fieschi C, Casanova JL. 2003. The role of interleukin-12 in human infectious diseases:
only a faint signature. Eur. J. Immunol. 33:1461–64

36. Lieberman LA, Cardillo F, Owyang AM, Rennick DM, Cua DJ, et al. 2004. IL-23 pro-
vides a limited mechanism of resistance to acute toxoplasmosis in the absence of IL-12. J.
Immunol. 173:1887–93

37. Kleinschek MA, Muller U, Brodie SJ, Stenzel W, Kohler G, et al. 2006. IL-23 enhances
the inflammatory cell response in Cryptococcus neoformans infection and induces a cytokine
pattern distinct from IL-12. J. Immunol. 176:1098–106

38. Chackerian A, Chen SJ, Brodie SJ, Mattson JS, McClanahan TK, et al. 2006. Neutraliza-
tion or absence of the IL-23 pathway does not compromise immunity to mycobacterial
infection. Infect. Immun. 74:6092–99

39. Happel KI, Dubin PJ, Zheng MQ, Ghilardi N, Lockhart C, et al. 2005. Divergent roles
of IL-23 and IL-12 in host defense against Klebsiella pneumoniae. J. Exp. Med. 202:761–69

40. Huang W, Na L, Fidel PL, Schwarzenberger P. 2004. Requirement of interleukin-17A
for systemic anti-Candida albicans host defense in mice. J. Infect. Dis. 190:624–31

41. Simmons CP, Goncalves NS, Ghaem-Maghami M, Bajaj-Elliott M, Clare S, et al.
2002. Impaired resistance and enhanced pathology during infection with a noninvasive,
attaching-effacing enteric bacterial pathogen, Citrobacter rodentium, in mice lacking IL-12
or IFN-γ. J. Immunol. 168:1804–12

42. Balkwill F, Mantovani A. 2001. Inflammation and cancer: back to Virchow? Lancet 357:539–
45

43. Langowski JL, Zhang XQ, Wu LL, Mattson JD, Chen TY, et al. 2006. IL-23 promotes
tumor incidence and growth. Nature 442:461–65

44. Sprecher CA, Grant FJ, Baumgartner JW, Presnell SR, Schrader SK, et al. 1998. Cloning
and characterization of a novel class I cytokine receptor. Biochem. Biophys. Res. Commun.
246:82–90

45. Yoshida H, Hamano S, Senaldi G, Covey T, Faggioni R, et al. 2001. WSX-1 is required for
the initiation of Th1 responses and resistance to L. major infection. Immunity 15:569–78

46. Chen Q, Ghilardi N, Wang H, Baker T, Xie MH, et al. 2000. Development of Th1-type
immune responses requires to type I cytokine receptor TCCR. Nature 407:916–20

www.annualreviews.org • Discovery and Biology of IL-23 and IL-27 239



ANRV306-IY25-09 ARI 20 November 2006 21:47

47. Nieuwenhuis EES, Neurath MF, Corazza N, Iijima H, Trgovcich J, et al. 2002. Disruption
of T helper 2-immune responses in Epstein-Barr virus-induced gene 3–deficient mice. Proc.
Natl. Acad. Sci. USA 99:16951–56

48. Hibbert L, Pflanz S, Malefyt RD, Kastelein RA. 2003. IL-27 and IFN-α signal via Stat1
and Stat3 and induce T-Bet and IL-12Rβ2 in naive T cells. J. Interferon Cytokine Res.
23:513–22

49. Takeda A, Hamano S, Yamanaka A, Hanada T, Ishibashi T, et al. 2003. Cutting edge: Role
of IL-27/WSX-1 signaling for induction of T-bet through activation of STAT1 during
initial Th1 commitment. J. Immunol. 170:4886–90

50. Goldberg R, Wildbaum G, Zohar Y, Maor G, Karin N. 2004. Suppression of ongoing
adjuvant-induced arthritis by neutralizing the function of the p28 subunit of IL-27. J.
Immunol. 173:1171–78

51. Goldberg R, Zohar Y, Wildbaum G, Geron Y, Maor G, Karin N, et al. 2004. Suppression
of ongoing experimental autoimmune encephalomyelitis by neutralizing the function of
the p28 subunit of IL-27. J. Immunol. 173:6465–71

52. Batten M, Li J, Yi S, Kljavin NM, Danilenko DM, et al. 2006. Interleukin 27 limits autoim-
mune encephalomyelitis by suppressing the development of interleukin 17–producing T
cells. Nat. Immunol. 7:929–36

53. Hisada M, Kamiya S, Fujita K, Belladonna ML, Aoki T, et al. 2004. Potent antitumor
activity of interleukin-27. Cancer Res. 64:1152–56

54. Matsui M, Moriya O, Belladonna ML, Kamiya S, Lemonnier FA, et al. 2004. Adjuvant
activities of novel cytokines, interleukin-23 (IL-23) and IL-27, for induction of hepatitis C
virus-specific cytotoxic T lymphocytes in HLA-A∗0201 transgenic mice. J. Virol. 78:9093–
104

55. Salcedo R, Stauffer JK, Lincoln E, Back TC, Hixon JA, et al. 2004. IL-27 mediates complete
regression of orthotopic primary and metastatic murine neuroblastoma tumors: role for
CD8+ T cells. J. Immunol. 173:7170–82

56. Chiyo M, Shimozato O, Yu L, Kawamura K, Iizasa T, et al. 2005. Expression of IL-27
in murine carcinoma cells produces antitumor effects and induces protective immunity in
inoculated host animals. Int. J. Cancer 115:437–42

57. Shimizu M, Shimamura M, Owaki T, Asakawa M, Fujita K, et al. 2006. Antiangiogenic
and antitumor activities of IL-27. J. Immunol. 176:7317–24

58. Tebbutt NC, Giraud AS, Inglese M, Jenkins B, Waring P, et al. 2002. Reciprocal regulation
of gastrointestinal homeostasis by SHP2 and STAT-mediated trefoil gene activation in
gp130 mutant mice. Nat. Med. 8:1089–97

59. Denkers EY, Gazzinelli RT. 1998. Regulation and function of T-cell-mediated immunity
during Toxoplasma gondii infection. Clin. Microbiol. Rev. 11:569–88

60. Villarino A, Hibbert L, Lieberman L, Wilson E, Mak T, et al. 2003. The IL-27R (WSX-1)
is required to suppress T cell hyperactivity during infection. Immunity 19:645–55

61. Hamano S, Himeno K, Miyazaki Y, Ishii K, Yamanaka A, et al. 2003. WSX-1 is required
for resistance to Trypanosoma cruzi infection by regulation of proinflammatory cytokine
production. Immunity 19:657–67

62. Rosas LE, Satoskar AA, Roth KM, Keiser TL, Barbi J, et al. 2006. Interleukin-27R (WSX-
1/T-cell cytokine receptor) gene-deficient mice display enhanced resistance to Leishmania
donovani infection but develop severe liver immunopathology. Am. J. Pathol. 168:158–69

63. Holscher C, Holscher A, Ruckerl D, Yoshimoto T, Yoshida H, et al. 2005. The IL-27
receptor chain WSX-1 differentially regulates antibacterial immunity and survival during
experimental tuberculosis. J. Immunol. 174:3534–44

240 Kastelein · Hunter · Cua



ANRV306-IY25-09 ARI 20 November 2006 21:47

64. Yamanaka A, Hamano S, Miyazaki Y, Ishii K, Takeda A, et al. 2004. Hyperproduction
of proinflammatory cytokines by WSX-1-deficient NKT cells in concanavalin A–induced
hepatitis. J. Immunol. 172:3590–96

65. Zahn S, Wirtz S, Birkenbach M, Blumberg RS, Neurath ME, von Stebut E. 2005. Impaired
Th1 responses in mice deficient in Epstein-Barr virus-induced gene 3 and challenged with
physiological doses of Leishmania major. Eur. J. Immunol. 35:1106–12

66. Artis D, Villarino A, Silverman M, He WM, Thornton EM, Mu S, et al. 2004. The IL-27
receptor (WSX-1) is an inhibitor of innate and adaptive elements of type 2 immunity. J.
Immunol. 173:5626–34

67. Artis D, Johnson LM, Joyce K, Saris C, Villarino A, et al. 2004. Cutting edge: Early IL-
4 production governs the requirement for IL-27-WSX-1 signaling in the development
of protective Th1 cytokine responses following Leishmania major infection. J. Immunol.
172:4672–75

68. Bancroft AJ, Humphreys NE, Worthington JJ, Yoshida H, Grencis RK. 2004. WSX-1: a
key role in induction of chronic intestinal nematode infection. J. Immunol. 172:7635–41

69. Miyazaki Y, Inoue H, Matsumura M, Matsumoto K, Nakano T, et al. 2005. Exacerbation
of experimental allergic asthma by augmented Th2 responses in WSX-1-deficient mice.
J. Immunol. 175:2401–7

70. Shimizu S, Sugiyama N, Masutani K, Sadanaga A, Miyazaki Y, et al. 2005. Membranous
glomerulonephritis development with Th2-type immune deviations in MRL/lpr mice de-
ficient for IL-27 receptor (WSX-1). J. Immunol. 175:7185–92

71. Lucas S, Ghilardi N, Li J, de Sauvage FJ. 2003. IL-27 regulates IL-12 responsiveness of
naive CD4+ T cells through Stat1-dependent and -independent mechanisms. Proc. Natl.
Acad. Sci. USA 100:15047–52

72. Honda K, Nakamura K, Matsui N, Takahashi M, Kitamura Y, et al. 2005. T helper 1–
inducing property of IL-27/WSX-1 signaling is required for the induction of experimental
colitis. Inflamm. Bowel Dis. 11:1044–52

73. Villarino AV, Hunter CA. 2004. Biology of recently discovered cytokines: discerning the
pro- and anti-inflammatory properties of interleukin-27. Arthritis Res. Ther. 6:225–33

74. Villarino AV, Stumhofer JS, Saris CJM, Kastelein RA, de Sauvage FJ, Hunter CA. 2006.
IL-27 limits IL-2 production during Th1 differentiation. J. Immunol. 176:237–47

75. Hwang ES, Hong JH, Glimcher LH. 2005. IL-2 production in developing Th1 cells is
regulated by heterodimerization of RelA and T-bet and requires T-bet serine residue 508.
J. Exp. Med. 202:1289–300

76. Owaki T, Asakawa M, Kamiya S, Takeda K, Fukai F, et al. 2006. IL-27 suppresses
CD28-medicated IL-2 production through suppressor of cytokine signaling 3. J. Immunol.
176:2773–80

77. Villarino AV, Larkin J, Saris CJM, Caton AJ, Lucas S, et al. 2005. Positive and negative
regulation of the IL-27 receptor during lymphoid cell activation. J. Immunol. 174:7684–91

78. Larousserie F, Charlot P, Bardel E, Froger J, Kastelein RA, Devergne O. 2006. Differential
effects of IL-27 on human B cell subsets. J. Immunol. 176:5890–97

79. Wirtz S, Tubbe I, Galle PR, Schild HJ, Birkenbach M, et al. 2006. Protection from lethal
septic peritonitis by neutralizing the biological function of interleukin 27. J. Exp. Med.
203:1875–81

80. Trinchieri G, Pflanz S, Kastelein RA. 2003. The IL-12 family of heterodimeric cytokines:
new players in the regulation of T cell responses. Immunity 19:641–44

81. Diehl S, Anguita J, Hoffmeyer A, Zapton T, Ihle JN, et al. 2000. Inhibition of Th1
differentiation by IL-6 is mediated by SOCS1. Immunity 13:805–15

www.annualreviews.org • Discovery and Biology of IL-23 and IL-27 241



ANRV306-IY25-09 ARI 20 November 2006 21:47

82. Dickensheets HL, Freeman SL, Donnelly RP. 2000. Interleukin-12 differentially regulates
expression of IFN-γ and interleukin-2 in human T lymphoblasts. J. Interferon Cytokine Res.
20:897–905

83. Stumhofer JS, Laurence A, Wilson EH, Huang E, Tato CM, et al. 2006. Interleukin 27
negatively regulates the development of interleukin 17–producing T helper cells during
chronic inflammation of the central nervous system. Nat. Immunol. 7:937–45

84. Chen Z, Laurence A, Kanno Y, Pacher-Zavisin M, Zhu BM, et al. 2006. Selective regulatory
function of Socs3 in the formation of IL-17-secreting T cells. Proc. Natl. Acad. Sci. USA
103:8137–42

85. Mannon PJ, Fuss IJ, Mayer L, Elson CO, Sandborn WJ, et al. 2004. Anti-interleukin-12
antibody for active Crohn’s disease. N. Engl. J. Med. 351:2069–79

86. Fuss IJ, Becker C, Yang ZQ, Groden C, Hornung RL, et al. 2006. Both IL-12p70 and
IL-23 are synthesized during active Crohn’s disease and are down-regulated by treatment
with anti-IL-12 p40 monoclonal antibody. Inflamm. Bowel Dis. 12:9–15

242 Kastelein · Hunter · Cua


