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Summary
Interleukin-12 (IL-12) and IL-23 share a common chain. Yet, their production in response to
pathogens is differentially regulated, and their functions are distinct and often antithetic. IL-12 is
involved in the induction or amplification of the T-helper type 1 (Th1) response, whereas IL-23
has been associated with the generation of the Th17 response and IL-17 production.
Mycobacterium tuberculosis and yeast zymosan induce IL-23, but in absence of other stimuli, no
IL-12 is induced in human dendritic cells (DCs). The stimulation of IL-23 by M. tuberculosis was
mostly explained by the triggering of Toll-like receptor 2 (TLR2) and the cytoplasmic receptor
nucleotide oligomerization domain-containing protein 2 (NOD2), whereas zymosan induces IL-23
primarily by stimulating the β-glucan receptor dectin-1 alone or in combination with TLR2. IL-23,
IL-6, transforming growth factor-β (TGF-β), and IL-1β in supernatants from activated human DCs
induce human naive CD4+ T cells to produce IL-17. These data are consistent with various recent
reports that TGF-β is an inducer of IL-17 production both in human and mouse cells. However,
IL-1 is necessary in combination with some or all of the other cytokines to induce IL-17
production in human T cells. The ability of various stimuli to induce Th17 cells depends not only
on their induction of IL-23, IL-6, and TGF-β production in DCs but also on their ability to activate
directly or indirectly the inflammasome and to induce IL-1β.
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Introduction
Dendritic cells (DCs) and other pro-inflammatory accessory cells represent an important
bridge between innate resistance and immunity. When exposed to pathogens, DCs produce
an array of pro-inflammatory cytokines that set the stage for the antigen-specific immune
response to which DCs also contribute as efficient antigen-presenting cells (APCs). The
Toll-like receptor (TLR) family has a central role in the recognition of pathogens’ molecular
patterns and in the induction of inflammation/innate resistance (1). The triggering of TLR in
combination with other pattern recognition receptors (PRRs) induces pro- and anti-
inflammatory cytokines that regulate not only the resistance to infection but also
autoimmunity as well as tumor initiation, progression, and metastasis formation (1–3).
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These inflammatory and innate cytokines create the environment in which antigen-specific
adaptive T cells expand and differentiate. Thus, the innate response to infections and to
other exogenous or endogenous inflammatory stimuli determines the antimicrobial,
immunoregulatory, and immunopathogenic functions of the effector cells of the adaptive
immune response (4–6).

Mossman and Coffman (7) showed over 20 years ago that effector CD4+ T cells
differentiate into two subsets, the T-helper 1 (Th1) and Th2 cells, that are characterized by
distinct patterns of cytokine and receptor expression modulating the effect of the subsets
against various types of pathogens and also their ability to mediate distinct
immunoregulatory and immunopathogenic mechanisms. In addition to Th1 and Th2, various
subsets of T cells with regulatory activities have been identified, and more recently a subset
named Th17 has been defined. This subset is primarily characterized by secretion of the
cytokine interleukin-17 (IL-17). IL-17 was identified in the mouse, rat, and humans (8–11)
in the mid-1990s and has been shown to induce stromal cell production of pro-inflammatory
and hematopoietic cytokines, including various chemokines. It was soon recognized that
IL-17 had an important role in tissue inflammation and immune damage. However, the
complexity of the regulation of tissue inflammatory and immune responses had been
difficult to dissect, and it is of interest in the light of present knowledge to reflect on the
question originally poised by Hal E. Broxmeyer (12) in commenting on the discovery of
human IL-17: ‘Is interleukin 17, an inducible cytokine that stimulates production of other
cytokines, merely a redundant player in a sea of other biomolecules?’

Although the production of IL-17 by human and mouse T cells had already been reported in
these early studies, it was not until three years ago that Th17 cells were recognized as a
different subset of T cells that, in addition to the prototype IL-17A, also produce other
cytokines, including IL-17F and IL-22 (13). There is now an extensive body of literature in
mice and in humans showing that Th17 cells are not only important for the resistance to
fungal pathogens (14) and for mucosal immunity, but they are also instrumental for the
induction of various types of organ-specific autoimmunity (15), a function previously
attributed to Th1 cells. Th17 cells might also create an environment that suppresses tumor
immunosurveillance and favors tumor growth, progression, and spreading (16, 17). It is also
becoming more and more evident that although several distinct subsets of Th cells have now
been described and well characterized, this distinction is not absolute, and T-cell subsets that
produce intermediate patterns of cytokines exist. The ability of Th1 cells in certain
conditions to produce high levels of IL-10, a cytokine originally described as Th2 restricted,
is a clear example (18). The production of the cytokines forming the distinctive Th17 pattern
is not always regulated in a concordant way (19), as discussed in more detail later. This
variation is most likely due to the fact that while certain groups of cytokines are molecularly
co-regulated, as in the case of many of the prototypic Th2-cytokines, the expression of other
cytokines is induced by different primary transcription factors or modulated by secondary
transcriptional or post-transcriptional mechanisms.

The differentiation of the various Th subsets is optimal in a microenvironment in which
several cytokines are produced during innate responses and some of the cytokines sustain
the differentiation of multiple subsets, depending on their combination with other cytokines.
Cytokines produced by T cells as well as by other lymphocyte subsets, such as natural killer
(NK) cells, B cells, and NKT cells, also play an important role by affecting cytokine
production from the APCs or by directly participating in the induction or maintenance of the
Th responses. However, cytokines specifically and primarily involved in the induction of
given Th subsets have been described, particularly IL-4 for Th2, IL-12 for Th1, and IL-23
for Th17 cells. Although IL-4 was originally reported to be produced by non-T non-B cells
(20), it is not produced during innate responses by APCs but rather by basophils (21). Unlike
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IL-4, the two heterodimeric cytokines IL-12 and IL-23 are produced during innate response
by APCs such as DCs and macrophages. The role of IL-12 for Th1 induction and of IL-23
for Th17 induction is complex, because the receptors for these two cytokines are not well
expressed on naive T cells. Thus, these cytokines are thought to expand, fix, or maintain the
phenotype and the number of the Th1 and Th17 cells, whereas other cytokines are
recognized to initiate the response and to induce the expression of the IL-12/IL-23 receptors
(22). In addition to the innate inflammatory environment, the T-cell decision among the
different subsets also depends on T-cell intrinsic mechanisms, e.g. the strength of the T-cell
receptor (TCR) signal or the presence of costimulation, that affect the way T cells respond to
the innate environment, in part by modulating the expression of cytokine receptors or their
signaling pathways (23). However, the in vivo production of IL-12 and IL-23 is very
important for optimal Th1 and Th17 responses, respectively, and in their absence, the Th
responses are significantly reduced. The production of IL-12 and IL-23 by APCs is quite
differently regulated, even if these two heterodimeric cytokines share one common chain.
Thus, the innate stimuli that differentially regulate IL-12 and IL-23 production are expected
to have important effects on the type of Th response generated.

In this review, we summarize the present knowledge of the mechanisms regulating the
production of IL-12, IL-23, and other innate cytokines affecting Th17 differentiation by
human APCs and their effect on the induction of Th17 cells. In this young but fast moving
field, there has been controversy on whether Th17 immune responses are similarly or
differently regulated in mice and in humans. In a period of less than a year, several studies
have been published with completely opposite results. Although the experimental mouse
models have provided irreplaceable tools for the understanding of the human immune
system, it is also clear that irrefutable inter-species differences exist. The most obvious
situation is that in which gene-encoding molecules involved in innate resistance or in
adaptive immunity are not present in one of the two species. However, many of the
differences that have been reported through the years have been due either to different
experimental conditions (e.g. the study of blood in humans versus lymphoid organs in the
mice) or to a superficial analysis. These factors have made it difficult to fully appreciate the
value of the mouse as a model for the human immune system and to determine how much
and when the mouse models can be used to predict human immune responses and to
efficiently guide their study before costly clinical mistakes are made. It is understandable
that in a highly competitive scientific field such as that of Th17 cells ‘who acts in haste,
repents in leisure’, but let us also not forget that ‘fools rush in where angels fear to tread’.

IL-12, its brothers, and cousins
When it was originally described in 1989 (24), IL-12 was the only known heterodimeric
cytokine. IL-12 is now part of a family of six cytokines, and it shares important but distinct
functions in the regulation of both innate resistance and adaptive immunity with three of
these family members: IL-23, IL-27, and IL-35 (25–27). IL-12 and IL-23, two heterodimeric
cytokines produced by APCs, are composed of a specific polypeptide characterized by a
four-α helix motif, namely p35 for IL-12 (IL-12A) and p19 for IL-23 (IL-23A), disulfide-
linked to a common p40 chain (IL-12B) to form the biologically active molecules (24, 28).
Whereas p19 and p35 are not secreted in the absence of the p40 chain, a consistent amount
of free p40, whose biological functions are still debated (29), is also produced, often in large
excess over the complete IL-12 and IL-23 heterodimeric proteins (30).

The membrane receptor complex of IL-12 is formed by two chains, IL-12Rβ1 and
IL-12Rβ2, that are homologous to gp130. IL-12Rβ1 is associated with the Janus kinase
(Jak) Tyk2 and binds IL-12 p40; IL-12Rβ2 is associated with Jak2 and binds either the
heterodimer or the p35 chain. Signaling through the IL-12 receptor complex induces
phosphorylation, dimerization, and nuclear translocation of several signal transducer and
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activator of transcription (STAT) family members (STAT1, 3, 4, 5), but most of the
biological responses to IL-12 have been attributed to STAT4 (22). The IL-23 membrane
receptor complex is composed of IL-12Rβ1 and by a distinct gp130-like chain, the IL-23R
(31). IL-23 signaling activates Tyk2, Jak2, and STAT 1, 3, 4. However, the activation of
STAT4 is not as predominant as it is for IL-12, and STAT3/4 heterodimers, rather than
STAT4 homodimers, are induced by IL-23.

IL-12 plays important roles in both innate resistance and acquired immunity, since it induces
interferon-γ (IFN-γ) production from NK and NKT cells in the early phases of the immune
response, and it is involved in the differentiation of Th1 cells, important in the anti-infective
and anti-tumor responses (22). The protective role for the response generated by IL-12/IL-23
has been well established in the study of Mendelian susceptibility to mycobacterial and other
infectious diseases in children with genetic defects of the IL-12/23-IFN-γ circuit (32).
Studies using p19−/− or p35−/− mice in experimental models of autoimmunity (25–27),
tumors (33), and inflammatory bowel disease (34–37) have identified IL-23, rather than
IL-12, as the major factor responsible for lesions due to chronic inflammation. IL-23
mediates tissue pathology by inducing a Th17 response as well as through other less well
characterized mechanisms of innate resistance. In humans, a role for IL-23 in chronic
inflammation has been proposed based on the association of polymorphisms in the IL23R
locus with Crohn’s disease (38). Indeed, after the nucleotide oligomerization domain
containing protein 2 (NOD2) polymorphism, the IL-23R locus polymorphism shows the
highest significant association to Crohn’s disease (38). In addition, polymorphisms in the
IL-23R locus (and in some cases the IL12B locus) have been found to be significantly
associated with ulcerative colitis, celiac disease, multiple sclerosis, psoriasis, and ankylosing
spondylitis (39–44), but not with rheumatoid arthritis (45).

In 2002 it was shown that Epstein Barr virus-induced protein 3 (EBI3), an α-receptor-like
soluble chain homologous to IL-12p40, allowed the secretion of a novel cytokine-like chain,
p28, together with which it formed a non-covalently linked heterodimeric cytokine termed
IL-27 (46). One chain of the IL-27 receptor complex is the orphan receptor WSX-1/TCCR,
whereas the second chain of the IL-27 receptor complex is gp130, the common receptor
chain of the IL-6 family. IL-27 activates Jak1, STAT1, and STAT3. IL-27 is produced by
human phagocytic cells and DCs rapidly after activation, possibly earlier than the IL-12
heterodimer. Although IL-27 synergizes with IL-12 in inducing IFN-γ production by T and
NK cells and is a very potent mitogen for anti-CD3-activated naive T cells, its major
physiological roles appear to be the downregulation of Th1, Th2, and Th17 responses and
the induction of production of IL-10 by all Th subsets (47, 48). EBI3 was discovered several
years before IL-27 was described, and it was originally shown that similarly to IL-12p40, it
allows the secretion of the cytoplasmic IL-12p35 chain by forming with it a non-covalently
linked heterodimer (49, 50). However, the physiologic relevance of this observation
remained unclear, and no biological functions were associated with the EBI3-p35
heterodimer until recently, when it was shown that T-regulatory cells (Tregs) produce this
heterodimer, now referred to as IL-35 (51). The precise functions of IL-35 and the nature of
its receptor remain to be studied, but this cytokine appears to be able both to activate Tregs
and to mediate their regulatory functions (51, 52).

Two other members of the heterodimeric family of cytokines with no known immunological
functions are represented by the neuropoietic cytokines of the IL-6 family. Cyliary
neutrotrophic factor (CNTF) associates with the soluble extracellular part of its specific
receptor (sCNTFR) to form a biologically active heterodimer signaling through a receptor
complex composed of gp130 and leukemia inhibitory factor receptor (LIFR). CNTFR
induces the secretion and is required for functional responses to the cardiotrophin-like
cytokine (CLC) (53). CLC can be secreted either in association with sCNTFR or with
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another solublelα receptor-homologue, the cytokine-like factor-1 (CLF-1), thus forming two
different heterodimeric cytokines. sCNTFR/CLC is active on cells expressing gp130 and
LIFR, whereas CLC/CLF-1 activity also requires the transmembrane CNTFR (53).

Regulation of IL-12 and IL-23 production
Whereas the production of IL-12 has been extensively characterized in many in vitro and in
vivo situations, much less is known about IL-23. This cytokine was only recently described,
and specific immunoassays to measure it have been available only for the last couple of
years.

Although IL-12 was purified from the supernatants of EBV-transformed cell lines (24), it
was soon shown that it is produced prevalently by myeloid cells and DCs in response to
microbial stimuli, such as those mediated by bacteria, fungi, viruses, and intracellular
parasites (30). The early production of IL-12 during the innate response to infections (30)
and the ability of IL-12 to sustain Th1 adaptive responses (54) have provided evidence for
the role of IL-12 as a bridge between innate resistance and adaptive immunity.

IL-12 and IL-23 are produced in response to many infectious or inflammatory stimuli. Both
genes encoding IL-12 or IL-23 need to be coordinately expressed in the same cells to
produce the biologically active heterodimers (55). In the absence of IL-12p35 or IL-23p19,
p40 is secreted as a monomer or a homodimer, whereas p35 and p19 can be secreted only
when associated with p40 (55) (Fig. 1). IL-12p35 mRNA is present in many cell types,
including T cells, that are not known to produce IL-12, but it has never been detected in the
cell-free supernatant by a free p35-specific radioimmunoassay, whereas accumulation of p40
mRNA is mostly restricted to cells that produce the IL-12 heterodimer (30). The recent
description of the ability of IL-12p35 to associate with the new cytokine IL-35 in a subset of
T cells (51) may provide an explanation for the observed expression of p35 in cells not
producing IL-12. However, the almost ubiquitous expression of p35 has made it difficult to
analyze its regulation when mixed populations of cells were used; when purified populations
were used (e.g. monocytes or DCs), it became evident that upon cell activation the
transcription of both genes is induced (56). Because of the lower abundance of p35 mRNA
than p40 in IL-12-producing cells, it is generally accepted that p35 expression is the rate-
limiting element for the heterodimer production (57), although the formation of the IL-12
heterodimers is also controlled by post-transcriptional mechanisms (58). A similar situation
also exists for IL-23, and the accumulation of p35 and p19 transcripts rather than p40 is in
general a better predictor of IL-12 and IL-23 production, respectively.

Innate effector cells detect foreign microorganisms through a limited number of germ-line-
encoded PRRs that recognize conserved molecular patterns essential for the survival of the
microorganisms (1, 59). The simultaneous engagement of distinct PRRs often cooperates in
the innate response to microorganisms or their products, influencing both the magnitude and
the quality of the immune response (47). Products from microorganisms, including bacteria,
intracellular parasites, viruses, fungi, double-stranded RNA, bacterial DNA, and CpG-
containing oligonucleotides, are strong inducers of IL-12 and IL-23 production in
macrophages, monocytes, neutrophils, and DCs (56). The relative efficiency of the various
inducers depends on the differential expression of the TLRs and other PRRs on phagocytic
cells and DC subsets that these products engage (60, 61). Ligands for single TLRs are not
very efficient in inducing production of IL-12 heterodimers, and they often induce only low
levels of p40. However, as also observed with other pro-inflammatory cytokines, IL-12 is
synergistically induced when more than one PRR is engaged. This synergy was observed
when two or more TLRs were simultaneously triggered, particularly when a TLR (e.g.
TLR7, TLR8, TLR9, TLR11) coupled with the adapter myeloid differentiation factor 88
(MyD88) and a TLR (e.g. TLR3, TLR4) coupled with the adapter TRIF [Toll-IL-1R (TIR)-
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domain-containing adapter-inducing IFN-β] were stimulated (62). However, synergy was
also observed between TLRs and other PRRs, such as the intracellular NOD-like receptors
or membrane-activating receptors (63). Protein secretion and gene expression of tumor
necrosis factor (TNF), IL-1β, IL-6, IL-10, IL-12, and IL-23 were shown to be several-fold
higher in DCs stimulated with combinations of TLR ligands compared with cells stimulated
by a single agonist (62, 64). However, microarray analysis showed that this synergy does not
apply to all genes induced by TLR stimulation and that only 1% of the genes induced by a
single TLR ligand were synergistically increased when a combination of TLR ligands was
used (64). Thus, the regulation of genes by combining TLR ligands is selective and seems to
affect prevalently gene products involved in the regulation of the innate and adaptive
immune response to pathogens that often express multiple TLR ligands.

In addition to the synergistic interaction between various PRRs, various cytokines such as
IFN-γ and IL-4 also enhance IL-12 production (65, 66). Although IFN-γ enhances the
transcription of both p40 and p35 genes, it dramatically increases the level of secreted IL-12
heterodimer and the ratio of heterodimers versus free p40. Whether IFN-γ accomplishes this
by inducing an optimal ratio between the p40 and p35 transcripts or possibly by affecting
post-transcriptional mechanisms remains to be determined (66). The ability of IFN-γ to
enhance IL-12 production represents a positive feedback mechanism during inflammatory
and Th1 responses. The effect of IFN-γ on the production of IL-23 is still incompletely
characterized, and IFN-γ in some conditions has been reported to be ineffective or even to
inhibit IL-23 production (63, 67).

The two Th2 cytokines, IL-4 and IL-13, are surprisingly also potent enhancers of IL-12
production (68). The effect of IL-4 and IL-13 on the expression of the p40 gene is bimodal:
at early times (< 24 h) they inhibit p40 production, whereas at later times they strongly
enhance it. IL-4 and IL-13 act by amplifying the transcription of both the p40 and,
particularly, the p35 gene, and they are even more efficient than IFN-γ in augmenting the
production of the heterodimer (68, 69). The effect of these two cytokines is particularly
noteworthy in the case of DCs, because they are often used for the generation of DCs in
vitro from monocytes or hematopoietic precursor cells, thus explaining the ability of DCs
obtained in these culture systems to produce more IL-12 than ex vivo-purified DCs (70, 71).

T cells enhance IL-12 production not only through production of cytokines such as IFN-γ
and IL-4 but also through direct cell-to-cell interaction, mostly through receptor ligands of
the TNF family, best exemplified by the interaction of CD40L on activated T cells with
CD40 on DCs or macrophages (72–74). Priming with a bacterial stimulus induces CD40
expression on DCs and makes them responsive to CD40L for optimal IL-12 production (73).
CD40L has also been shown to be able to synergize with TLR signaling for IL-23
production (75). The second signals for IL-12 and possibly IL-23 production may come not
only from activated T cells in adaptive immunity but also from effector cells of innate
resistance such as NK cells, both through secretion of IFN-γ and IL-13 and through cell-to-
cell interactions (76).

When DCs are stimulated by an individual TLR ligand, they produce negligible if any
IL-12, unless they are also costimulated by either secreted (for example, IFNγ) or
membrane-bound (for example, CD40L) signals derived from T cells or NK cells (66, 77).
Thus, the question arises whether IL-12 is the initial signal for innate IFN-γ production and
Th1 response to pathogens, or whether it is produced only at later times during an infection
when NK cells or T cells are already activated and simply acts as an amplifier of the initial
response (74). When purified DCs are simultaneously stimulated with ligands for two TLRs,
they produce levels of IL-12 as high as or higher than those produced in response to a single
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TLR ligand and costimulation (62, 78). Fig. 2 summarizes the major regulatory mechanisms
likely involved in the regulation of IL-12 production during an infection.

In response to a single or combination of TLR ligands, the production of IL-12 as well as the
accumulation of IL-12p35 mRNA, but not the production of IL-12p40 or IL-6, were shown
to be dependent on type I IFN signaling: DCs from mice genetically deficient for the type I
IFN receptor or human DCs treated with a neutralizing antibody to the type I IFN receptor
produced very low levels of IL-12 (62, 78). The role of endogenous type I IFN in IL-12
production still needs to be fully elucidated. At least low levels of type I IFN production
were observed in all the conditions in response to single or combinations of TLR ligands in
which IL-12 was induced. Thus, type I IFN is necessary for optimal IL-12 production, but it
is not responsible for the TLR synergism. These results were surprising, because although
type I IFNs have been shown to have some overlapping functions with IL-12 through
STAT4 activation in the induction of IFN-γ production and Th1 responses, they have also
been shown at high concentration to suppress IL-12 production by decreasing IL-12p40
expression (79). However, the IL-12p35 gene promoter is responsive, in part, to IFN
signaling, suggesting that type I IFN may have a direct transcriptional effect on IL-12, for
example by inducing the expression of the IFN regulatory factor (IRF) family members
IRF1 and IRF8 that are involved in p35 transcription (80). It is also possible that type 1 IFN
removes negative feedback mechanisms for IL-12 production, for example the activation of
the phosphatidylinositol 3-kinase (PI3K)/Akt pathway by TLR3 or TLR4 ligands (81, 82)
that we have recently reported to be inhibited by endogenously produced type I IFN in both
fibroblasts and DCs (83).

In addition to positive regulatory mechanisms, there are several negative control
mechanisms that avoid excessive production of the pro-inflammatory IL-12 and IL-23 and
may also regulate the relative production of the two cytokines and the balance between Th1
and Th17 responses. Anti-inflammatory cytokines play an important role in regulating the
production of IL-12 and IL-23 and often act as negative feedback mechanisms for avoiding
excessive inflammation. IL-10, an important cytokine that maintains the balance between
effective resistance against pathogens and detrimental systemic inflammation, is a potent
inhibitor of IL-12 production by blocking transcription of both its genes through induction
of the synthesis of repressor proteins and possibly acting by preventing the transcription of
nuclear factor-κB (NF-κB)-induced genes (84–87). The essential regulatory role of IL-10 is
demonstrated by the uncontrolled lethal systemic inflammatory response to various
pathogens in IL-10-deficient mice (88–90). In addition to IL-12, IL-10 is also an important
inhibitor of IL-23 production (63). Transforming growth factor-β (TGF-β) is also an
inhibitor of IL-12 production that, unlike IL-10, also reduces the stability of the IL-12 p40
mRNA (91). Surprising was the finding that TNF, another cytokine strictly intertwined with
IL-12 in the regulation of the inflammatory response and IFN-γ production, also suppresses
IL-12 production (56, 92).

IL-12 production is severely inhibited by ligand binding to Gαs-linked G-protein coupled
receptors (GPCRs), mostly through induction of cyclic adenosine monophosphate (cAMP)
(93). This was initially reported for IL-12 suppression by prostaglandin E2 (PGE2) (94) and
then extended to other Gαs-linked receptors such as α2 adrenergic receptors, adenosine
receptor A2a, histamine receptor H2, and vasoactive intestinal peptide receptor (93).
Interestingly, PGE2 has been shown to have the opposite effect on IL-23. It increases IL-23
production (95–97), and DCs induced to differentiate in the presence of PGE2 produce more
IL-23 than IL-12 (98).

In addition to the differential role of GPCR ligands in regulating either cytokine mentioned
above, other conditions that prevalently induce one of the two cytokines have been
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described. In particular, it has been described that Mycobacterium tuberculosis (63, 99) and
zymosan induce preferentially the production of IL-23 versus IL-12 (63, 100, 101). This
observation has implicated the possible important role of TLR2, a receptor involved in the
recognition of both organisms, and the β-glucan receptor dectin-1 (101) in the regulation of
IL-23 production. Indeed, TLR2, unlike most TLRs, has been previously shown to be a
relatively poor inducer of IL-12 production (102). Below we discuss our recent studies (63)
analyzing the interaction of the receptors triggered by either M. tuberculosis or zymosan in
the regulation of IL-12 and IL-23.

Transcriptional regulation of the genes encoding IL-12 and IL-23 chains
An analysis of nucleosome positioning, chromatin remodeling, and transcription factor
binding in the regulation of the murine IL-12 p40 gene transcription (103) revealed that the
p40 gene promoter in macrophages is normally configured in a nucleosome array. Upon
activation of macrophages with TLR ligands such as lipopolysaccharide (LPS), nucleosome
1 is selectively remodeled such that it allows the accessibility of this region by the
transcription factor CCAAT/enhancer binding protein (C/EBP) (103). The remodeling of
nucleosome 1 is not sufficient, however, for p40 gene transcription, and the p40 promoter
contains several elements that are functionally important for its inducible expression (56).
An NF-κB element was found to be important for promoter activation in response to LPS
(104). A downstream C/EBP site cooperates with Rel proteins binding to the NF-κB site,
and overexpression of C/EBPβ was found to be sufficient for p40 promoter activity (105,
106). However, in macrophages from C/EBPβ-deficient mice, p40 transcription was
enhanced, while the transcription of the p35 gene and the production of heterodimers were
severely impaired (107). An ETS consensus element upstream of the NF-κB binds two
members of the ETS family of transcriptional factors, ETS-2 and PU.1, that form a large
supramolecular complex with c-Rel and several members of the IRF family, including
IRF-1, IRF-2, and IFN-consensus sequence-binding protein (ICSB) or IRF-8 (106, 108,
109). IRF-1 and IRF-8 appear to be positive regulatory factors and IRF-2 a negative one,
although p40 expression is dysregulated in mice deficient in any of the three IRFs (108–
112). The transcriptional complex binding to the ETS site is particularly important for the
enhanced p40 transcription induced by IFN-γ and LPS (109). Several of the inhibitors of
IL-12 production have been shown to affect one or more of the transcriptional factors
mentioned above. For example, 1,25-dihydroyvitamin D3 reduces binding to the NF-κB site,
Fc receptor ligation prevents binding of PU.1 and the transcription complex to the ETS site,
whereas the vasoactive intestinal peptide affects binding to both sites (108, 113, 114). A
repressor site termed GA-12 (GATA sequence in the IL-12 promoter) was identified
between the ETS and the NF-κB sites, which is occupied by a GA-12 binding protein
(GAP-12) in unstimulated cells (106). GAP-12 binding was enhanced by treatment with
IL-4 and PGE2, two inhibitors of IL-12 p40 expression, and IL-4-mediated early suppression
of the IL-12 p40 promoter was shown to be critically dependent on an intact GA-12
sequence (106). Although IL-10 is perhaps the most potent inhibitor of IL-12 p40
transcription, its activity could not be reproduced on the transfected p40 promoter (84).

Analysis of IL-12 p35 gene expression was complicated not only by its ubiquitous
expression but also by its low expression, until the priming effect of IFN-γ on its expression
was discovered (115). The promoter region of both the mouse and human p35 genes has
been cloned (65, 116, 117). It contains putative transcriptional motifs such as Sp1, IFN-γ-
response element (γ-IRE), PU.1, and C/EBP. The human p35 gene appears to initiate its
transcription from at least two sites: one active in B lymphoblastoid cells, and one active in
monocytes (65). The latter follows a ‘TATA’ box-like sequence, suggested in the mouse to
be part of an ancestral p35 promoter (117), and it generates a shorter mRNA. Multiple
transcription start sites for the murine p35 gene were identified resulting in four p35 mRNA
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isoforms (118) that are differentially represented in non-stimulated and stimulated cells.
Only the isoforms that accumulate after stimulation readily support translation of the p35
chain, indicating that p35 gene expression is regulated by both transcriptional and
translational mechanisms (118). The presence of multiple transcription initiation sites in the
human and murine IL-12 p35 promoters and the possibility that p35 combined with different
chains to form IL-12 and IL-35 in different cell types raises the interesting prospect of cell
type specific usage of the promoter.

Like the IL-12p40 and p35 promoter, the activity of the IL-23p19 promoter requires c-Rel
(119, 120). c-Rel binds to two proximal NF-κB binding sites in the p19 promoter, and it is
absolutely necessary for p19 transcription induced by different TLR triggering (119, 120).
The synergy between MyD88 and TRIF-associated TLRs in the transcription of both IL-23
and IL-12-encoding genes is mediated at least in part by the activation of IRF5 (121).
Interesting, extracellular signal-regulated kinase (ERK)-mitogen-activated protein kinase
(MAPK) has been shown to upregulate expression of IL-23 p19 while it inhibits the
expression of IL-12 p40 and has limited effect on IL-12 p35 (122, 123). The ERK
dependence of IL-23p19 expression may explain the ability of signaling through TLR2 and
dectin-1 receptor to induce both IL-23 and IL-10 production (124).

Post-translational processing of IL-12
IL-12p40 and IL-12p35 chains are processed intracellularly by different mechanisms (58,
125). Whereas processing of p40 conforms to the cotranslational model of signal peptide
removal concomitant with translocation into the endoplasmic reticulum (ER), translocation
of the p35 pre-protein into the ER is not accompanied by cleavage of the signal peptide;
rather, removal of the p35 signal peptide occurs via two sequential cleavages. The first
cleavage takes place within the ER at a site localized in the hydrophobic region of the signal
peptide. Although the pre-protein is glycosylated upon entry into the ER, the primary
cleavage is not affected by glycosylation. Subsequently, the remaining portion of the p35
signal peptide is removed by a second cleavage, possibly involving a metalloprotease,
concomitant with additional glycosylation and secretion. Secretion is inhibited by mutation
of the second cleavage site or by inhibition of glycosylation with tunicamycin. In contrast,
p40 secretion is not affected by inhibition of glycosylation (58, 125). Together, these
findings suggest diverse mechanisms for regulation of IL-12 production with an important
role for p35 processing in the control of the output of biologically active IL-12 heterodimer.
Unlike p35, the p19 chain of IL-23 is not glycosylated (63) (Fig. 1), and the treatment of the
producer cells with tunicamycin that prevent the secretion of IL-12 does not affect the
production of IL-23 (63). Whether other post-translation mechanisms are important for
IL-12 and IL-23 production remains to be investigated.

Induction of IL-23 by M. tuberculosis
Early in our studies, we observed that activation of human DCs with two complex
microorganisms, heat-killed M. tuberculosis H37Rv strain and the yeast zymosan, efficiently
induced IL-23 but little or no IL-12 (63). This finding was surprising, because these
microorganisms contain ligands for different TLRs as well as other PRRs, and the
association of TLR agonists such as LPS and the TLR7/8-ligand R848 were able to
efficiently induce the production of both IL-23 and IL-12. We observed, however, that the
addition of TLR7/8 ligand R848 or IFN-γ priming enabled both H37Rv and zymosan to
efficiently induce IL-12 production in DCs with no major effect on IL-23 production (63).
Thus, the relative pattern of expression of the two cytokines appears to be strictly dependent
on the combination of PRRs engaged by different microorganisms.

Lyakh et al. Page 9

Immunol Rev. Author manuscript; available in PMC 2009 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



M. tuberculosis H37Rv induced IL-12 in DCs only after IFN-γ-priming and/or
costimulation with R848, whereas IL-23 was induced by H37Rv alone and modestly
affected by costimulation. Mycobacteria have been described to activate DCs through at
least four different PRRs (TLR2, TLR4, TLR9, and the cytoplasmic receptor NOD2) (126–
130). TLR2 and NOD2 in combination are required for the production of TNF (128). Our
results showed that the association of the NOD2 ligand muramyl dipeptide (MDP) with the
TLR2 ligands Pam3C or Pam2C or with the TLR7/8 ligand R848 induced both IL-12 and
IL-23 in IFN-γ-primed monocyte-derived DCs. Interestingly, however, IL-12 was induced
at much higher level by the combination of ligands for NOD2 and TLR7/8, whereas IL-23
was induced by the combination of ligands for NOD2 and TLR2. The relative production of
the two cytokines induced by the combinations MDP and Pam3C associated or not with
R848 was similar to the pattern induced by H37Rv associated or not with R848, suggesting
that NOD2 and TLR2 acting together are crucial receptors for IL-12 and IL-23 expression in
response to M. tuberculosis (Fig. 3). We have also shown that DCs from Crohn’s disease
patients with a loss-of-function homozygous mutation in the NOD2 gene fail to produce
significant levels of IL-12, not only in response to MDP and R848, as expected, but also in
response to H37Rv with or without R848 (63).

The striking ability of NOD2 and TLR signaling to synergize in the differential production
of IL-12 or IL-23 as well as previous studies indicating the synergy between NOD2 and
TLR for the production of other pro-inflammatory cytokines (128, 131, 132) were at odds
with the elegant studies using NOD2−/− mice and other experimental approaches. Such
studies and experimental approaches clearly indicated that NOD2 inhibits TLR signaling,
and in particular, the TLR2 signaling (133, 134) that we observed to strongly synergize with
NOD2 for the induction of IL-23 (63). However, more recent studies appear to have
explained this discrepancy (135). When NOD2 is stimulated at the same time as TLR
agonists are added, its ability to inhibit TLR signaling is minimal, and, indeed, synergy for
the induction of cytokines such as TNF and IL-12 p40 with LPS (TLR4) and CpG (TLR9) is
observed (135). However, when human DCs were pretreated with the NOD2 agonist MDP,
a profound inhibition of pro-inflammatory cytokine induction by all TLR agonists tested
was observed. This inhibition was mediated by the ability of MDP to enhance the activity of
IRF4 (135), resulting in inhibition of NFκB activation by TLR signaling but not by TNF
signaling (136, 137). These data put forward the interesting concept that when tissues like
the gut are exposed to NOD2 ligands, they are desensitized to subsequent induction of
inflammation by TLR agonists. This explains the ability of NOD2 agonists, such as MDP, to
protect mice and patients from inflammatory bowel disease (135). However, when the
NOD2 and TLR ligands are simultaneously expressed on the same pathogen, a synergistic
induction of pro-inflammatory cytokines is observed, which, depending on the TLR
involved, may preferentially activate the IL-12/Th1 or the IL-23/Th17 axis. It remains to be
tested how the NOD2/IRF4 pathway affects the production of IL-23 induced by TLR2 in
association with NOD2. This association is particularly of interest, because although the
IL-23R polymorphism is associated with both Crohn’s disease and ulcerative colitis, only
the former condition shows a strong association with NOD2 polymorphism (138).

In addition to NOD2 and TLR2, M. tuberculosis expresses heat-labile TLR4 ligands that
might cooperate with other PRRs for cytokine induction (130). In the mouse, TLR9 plays an
important role in IL-12 p40 production, whereas TLR2 is mostly responsible for production
of TNF (126). The relative inefficiency of M. tuberculosis to induce IL-12 in human DC
cultures may be explained by the fact that human DCs do not express TLR9 (61). However,
in vitro costimulation with R848, a ligand for the well-expressed TLR8 on human DCs, may
mimic the effect of the mycobacterial TLR9 ligands on mouse DCs.
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IL-23 may participate in the protection against M. tuberculosis infection by inducing a Th17
response and facilitating a memory T-cell response (139–143). The emerging role of IL-23,
together with the well known and possibly predominant role of IL-12 and IFN-γ in the
protection against M. tuberculosis, suggests that a balanced production of IL-23 and IL-12
might be crucial in the defense against this intracellular pathogen (140). Coordinated
expression of IL-12 and IL-23 is indeed induced by H37Rv, when IFN-γ is also present.

Although our data and a large body of literature on IL-12 and other pro-inflammatory
cytokines suggest that TLRs and NOD2 play the major role in the differential regulation of
IL-12/IL-23, recent evidence has suggested the involvement of β-glucan receptor/dectin-1 in
M. tuberculosis recognition by human and mouse DCs and in the induction of cytokines
(144, 145).

We tested the dectin-1 competitive antagonist laminarin (146) at concentrations that
effectively blocked DC activation by zymosan, and we did not find it able to block IL-12/
IL-23 induction by M. tuberculosis H37Rv (authors’ unpublished data), arguing against a
major role for dectin-1 but consistent with recent findings that recognition of non-virulent
M. tuberculosis strains, not the virulent H37Rv, by human cells involves this receptor (144).

Induction of IL-23 by zymosan
We observed that like M. tuberculosis, the yeast zymosan induced IL-23 but not IL-12
production (63). Similar to M. tuberculosis, zymosan also required costimulation of DCs
with R848, IFN-γ, or both to efficiently induce IL-12 production. The combination of a
TLR2 ligand (Pam2C) and the β-glucan receptor/dectin-1 ligand, β-glucan, which are
agonists for the major PRR present in zymosan, allowed us to identify TLR2 as a key PRR
that differentially regulates the expression of IL-12 and IL-23 not only in association with
NOD2 stimulation but also β-glucan (Figs 3 and 4). Insoluble β-glucan alone induced very
high level IL-23 production in human DCs (63), consistent with results recently reported for
mouse DCs (100), and production was increased 2–3-fold by costimulation with TLR2 or
TLR7/8 agonists. However, IL-12 was only induced by β-glucan and R848 together and not
by β-glucan alone or in combination with TLR2 agonists. Most striking, the addition of
TLR2 ligands drastically decreased the IL-12 production induced by β-glucan and R848,
without affecting the production of IL-23. IL-23 was preferentially induced by high-dose
zymosan, whereas IL-12 was more efficiently induced by low-dose zymosan in combination
with R848 and/or IFN-γ (63). This paradoxical inverse dose-dependence is likely explained
by the differential contribution of dectin-1 and TLR2 ligands in stimulating DCs when
zymosan was utilized at low or high doses.

IL-10, a potent inhibitor of IL-12 production (85), was induced by zymosan (147, 148), and
its production was enhanced by TLR2 ligands, consistent with previous reports (149–151).
However, TLR2 ligands continued to exert their inhibitory activity in the presence of a
neutralizing anti-IL-10 monoclonal antibody, excluding that IL-10 mediates the inhibition of
IL-12 (63). Previous reports described the promotion of Th2 and Treg cell responses by
TLR2 ligands via IL-10 production (151, 152). IL-12 promotes Th1 responses and prevents
the differentiation of other Th subsets, including Th17, facilitated by IL-23. Thus, the IL-10-
independent inhibition of IL-12 and the enhancement of IL-23 production by TLR2 are
novel mechanisms by which TLR2 triggering may modulate the Th responses.

Because IFN-γ enhances transcription of both p40 and p35 and as it has a particularly
marked effect on production of the IL-12 heterodimer (153), it was reasonable to
hypothesize that IFN-γ had a similar effect on IL-23. We (63) showed that IFN-γ was
required for optimal IL-12 and IL-23 production in human monocyte-derived DCs
stimulated by LPS and in both freshly isolated DCs and monocyte-derived DC stimulated by
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H37Rv alone or in association with other TLR ligands. However, the effect of IFN-γ on
IL-23 production was dependent on the PRR triggered, since IFN-γ effectively inhibited, at
both protein and mRNA levels, β-glucan-induced IL-23 production. IFN-γ also inhibited the
production of IL-10, as previously reported by others using different inducers (154–156).
The mechanism by which IFN-γ inhibits IL-10 reportedly involves the GSK3 and CREB/
AP1 transcription factors (156). The finding that both IL-23 and IL-10 were inhibited by
IFN-γ raises the possibility of similarities in the pathways by which dectin-1 induces the
two genes.

Previous studies have shown that Candida yeasts induced both IL-12 and IL-23, whereas the
hyphal form induced only IL-23 (157). Those data are consistent with previous data in mice
(158) but not with others reported for human DCs that indicate an inability of the hyphal
form to induce IL-12 (159). Because in Candida β-glucan is exposed only in the yeast form
and not in the filamentous form (146), it is possible that Candida may induce IL-23 using
receptors other than dectin-1. However, laminarin blocked both IL-12 and IL-23 production
induced by zymosan (authors’ unpublished results), providing evidence that the β-glucan
receptor is involved in the induction of both cytokines by the yeast zymosan. Although the
Th1 immune response is still considered the most effective in providing resistance to fungal
infection (14), evidence suggesting an important role for the IL-23/IL-17 axis as well as for
dectin-1 in anti-fungal resistance is rapidly emerging (157, 160–163).

Differentiation of human Th17 cells
Since their formal identification as a separate T-cell subset (13), there has been much
interest in the biology and differentiation of Th17 cells because of the obviously important
role that the cytokines produced by these cells play in anti-microbial immunity at mucosal
surfaces, autoimmunity, and possibly cancer immunity. IL-23 was originally described as
sharing functions with IL-12, particularly as an inducer of IFN-γ production and as a T-cell
mitogen, however with a preferential effect on antigen-experienced T cells, unlike IL-12 that
is a better inducer of proliferation for naive T cells (28). Although genetically deficient mice
and effective neutralizing IL-23 antibodies were not available until recently, the likely
involvement of IL-23 in autoimmunity was suggested by results indicating that mice
deficient for the p40 chain shared by IL-12 and IL-23 were resistant to models of
experimental autoimmunity, such as experimental allergic encephalitis (EAE), whereas mice
deficient for the IL-12-specific p35 chain were susceptible, often more so than wildtype
mice (25, 164). It was then directly established that IL-23 has an important and sometimes
essential role in autoimmune models, such as EAE, colitis, and arthritis (25, 27, 34, 35). The
mechanism of induction of autoimmune pathogenesis by IL-23 was connected to its ability
to induce production of cytokines of the IL-17 family and others such as IL-6 (37). IL-23
p19 genetically deficient mice and the use of neutralizing antibodies to IL-23 (165) has
confirmed this role of IL-23 in the mouse and has opened the possibility that IL-23 might be
a good target for the treatment of autoimmunity. The findings discussed above of the
association of polymorphisms in the IL23R gene as well and more often in the IL12B gene
resulting in several human autoimmunity syndromes and the very promising clinical trials
showing a good therapeutic effect of antibodies against the IL-12/IL-23 common chain p40
in psoriasis and in Crohn’s disease (166, 167) clearly supported that possibility.

Because of the almost absolute absence of a Th17 response and IL-17 production in IL-23
p19-deficient mice in the studied models of autoimmunity, it was assumed that IL-23 is
necessary and sufficient for the differentiation of the Th17 cells. However, as for the role of
IL-12 in the differentiation of Th1 cells, it was found that naive T cells do not express the
receptor complex for IL-23 and that the differentiation of Th17 cells and the upregulation of
the IL-23 receptors requires TGF-β in the context of an inflammatory environment (168) in
which cytokines such as IL-6, but possibly also IL-1 (169, 170), play a major role. The
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transcription factor RORγT was determined to be necessary for Th17 cytokine production
and the expression of the IL-23 receptor complex (171). IL-23 then becomes important for
the expansion of the Th17 cells and for increasing their ability to produce IL-17 and other
cytokines. IL-21 is also produced by Th17 cells and contributes to their differentiation and
expansion with a positive feedback mechanism (172). There has been some controversy
whether IL-23 is at all required for Th17 cell differentiation, but it appears that although
Th17 cells can differentiate in the absence of IL-23, in most experimental models IL-23 is
required for the optimal expansion and activation of Th17 cells. Also, it has been shown that
Th17 differentiated in the presence of TGF-β and IL-6 only are not encephalitogenic, but
they are endowed with that ability by exposure to IL-23 (173).

The mechanisms of human Th17 cell differentiation were not clear, and a few recently
published reports indicate that TGF-β not only was not required for differentiation of human
Th17 cells but actually inhibited it (75, 174–176). Most human studies have put more
emphasis on the requirement for IL-1 and IL-23 in the differentiation of human Th17 with a
role for IL-6 but not for TGF-β. One of the difficulties of the studies with human T cells is
that, although naive T cells can be purified to homogeneity, most studies have been
performed with partially purified naive T cells, raising the doubt whether the effect of IL-23
observed in some of the published experiments was due to contamination with memory T
cells expressing the IL-23 receptor. Cord blood T cells, used in some studies, are always a
more reliable source of naive T cells.

It was also recently suggested that human DCs stimulated with different bacteria and
bacterial products induce the production of IL-17 by memory T cells but not differentiation
of Th17 cells from naive T cells (177). The factors inducing IL-17 production were
identified as IL-23 and both IL-1α and IL-1β. In that study, IL-6 and TGF-β were shown to
increase IL-17 production and not to inhibit it. In particular, the combination of the NOD2
agonist MDP and TLR2 agonists, mimicking exposure to mycobacteria, induced DCs to
produce IL-23 and IL-1 that elicited the production of IL-17 by human CD4+ T cells (177).
These results probably need to be reevaluated on the light of the present knowledge that
MDP in addition to being a NOD2 agonist can also activate the inflammasome and induce
IL-1β processing independently of NOD2 (178–180). However, the use of NOD2-deficient
Crohn’s disease patients (177) confirmed that NOD2 was necessary even if possibly not
sufficient.

We (63) tested whether the IL-23-containing supernatants from human DCs stimulated by
zymosan or β-glucan were able to induce production of IL-17 from naive human CD4+ T
cells stimulated polyclonally (Fig. 5). We observed a robust IL-17 production that was not
affected or was slightly enhanced by an antibody specifically neutralizing IL-12, whereas it
was drastically diminished by an antibody to IL-12 p40, neutralizing both IL-12 and IL-23.
IL-1 was required for IL-17 induction in human CD4+ cells as shown by the ability of
IL-1RA to completely abolish IL-17 production. Neutralization of IL-23, TGF-β, or IL-6
resulted in a profound but not complete inhibition of IL-17 production (63). These
neutralization studies in combination with studies in which we added combinations of
recombinant cytokines to the cultured human CD4+ cells indicated that IL-1 together with
IL-23, IL-6, and TGF-β were necessary for IL-17 production (63) (Fig. 5). However, even if
our studies clearly showed that TGF-β has an important and necessary role for the optimal
human Th17 cell differentiation, adding an excessive amount of exogenous TGF-β to the
cultures results in inhibition of both IL-17 and IFN-γ production, whereas the addition of a
neutralizing anti-TGF-β antibody to CD4+ T cells cultured in the presence of the
supernatants from activated DCs inhibited IL-17 production but increased IFN-γ
production. In our studies, we used preparations of human peripheral blood naive CD4+ T
cells that were approximately 98–99% pure. We found that human T cells with a memory
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phenotype were not more responsive than the naive T cells to the stimulation with IL-23 and
IL-1, excluding that our results could be due to a contamination with memory T cells. Our
observation that IL-23 induces human naive T cells to produce IL-17 is consistent with
others that used cord blood CD4+ T cells (19, 181). It is possible that at least a subset of
naive T cells already express small levels of IL-23 receptor or that the other cytokines
necessary for differentiation of Th17 T cells, e.g. IL-1, induce the expression of the receptor
on the naive T cells and then IL-23 can act on them amplifying IL-17 production. It is
apparent, however, that in cultures of human naive or memory T cells, IL-23 is very
important for the induction of cells producing IL-17, although not as essential as IL-1.

We were surprised that the supernatant fluid from DCs stimulated with LPS+R848, which
contained equivalent amounts of IL-23 and IL-6 as the supernatant fluids from DCs
stimulated with β-glucan or zymosan, failed to induce IL-17 production. We found that the
inability of the LPS+R848-induced supernatant to induce IL-17 production was due to the
absence of high IL-1β concentrations that were present in the zymosan- and β-glucan-
induced supernatants (63). Because the secretion of bioactive IL-1β depends on processing
through caspases in the inflammasome, we considered whether the dectin-1 receptor was
able to activate the inflammasome, and we confirmed that induction of bioactive IL-1β by β-
glucan was blocked by caspase-1 inhibitor, whereas LPS did not induce IL-1β unless
adenosine triphosphate (ATP) was added to activate the inflammasome (authors’
unpublished results). Indeed, a recent report (182) conclusively showed that a number of
PRR ligands, including zymosan but not LPS, induced cells to excrete ATP that then
activated the inflammasome inducing pro-IL-1β processing. Interestingly, it has also been
reported that IL-1 may be important in the production of IL-23 by synoviocytes (183), as it
was previously shown for IL-12 production by DCs (184). We also observed that caspase-1
inhibitors or IL-1 receptor antagonist (IL-1RA) significantly decreased the production of
IL-23 by DCs stimulated with β-glucan (authors’ unpublished observation). Thus, these
results strongly suggest that activation of the inflammasome is necessary both for the
production of IL-23 and for the development of Th-17 responses.

IL-22 is a cytokine belonging to the IL-10 family originally named IL-10-related T-cell-
derived inducible factor (IL-TIF) and thought to be produced specifically by Th1 cells (185,
186). IL-22 shares 22% homology with IL-10, and its receptors are expressed on a variety of
epithelial cells on which the cytokine has been shown to exert both damaging and protective
effect (185, 186). It was then observed that in human T cells the expression of IL-22
overlaps partially with that of Th17 cells rather than with Th1 cells (187). In vitro IL-22
production by human CD4+ T cells was shown to be induced both in Th1 and Th17
conditions, but IL-6 and TGF-β were shown to inhibit rather than enhance IL-22 production
in Th17 co0nditions (19, 188). We observed (Fig. 5) that the supernatant of zymosan-
stimulated DCs induces human naive CD4+ T cells to produce both IL-17 and IL-22. Unlike
IL-17, the production of IL-22 was enhanced when endogenous TGF-β or IL-6 were
neutralized, and it was not significantly affected by inhibition of IL-1 action by IL-1RA.
Thus, in human naive T cells, IL-17, IL-22, and IFN-γ are regulated differently.

A series of recent papers (19, 181, 189, 190) using naive peripheral and cord blood naive
CD4+ T cells have now clearly established that as in mice, TGF-β plays an important role in
the differentiation of human Th17 cells together with IL-1, IL-6, IL-23, and IL-21. Much
obviously remains to be studied regarding the exact molecular mechanisms of Th17 cell
differentiation in humans compared to mice. Clearly it is prudent to avoid easy
extrapolations between the two species, but it is also important not to rush in seeing
diversity when it is not there and thus deny the enormous value of mouse immunology,
which if intelligently used, can serve as a beacon to orient us in the technically and
organizationally challenging human studies. However, it is time to devote more attention to
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human studies, in parallel to those in experimental animals, and to apply to them the same
advanced technology and scientific scrutiny that are state of the art in the mouse studies.
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Fig. 1. IL-12 and IL-23 are heterodimeric cytokines sharing a common chain
(A). IL-12 p35 and IL-23 p19 are secreted by human DCs and monocytes only as high
molecular weight complexes with IL-12/23 p40, whereas the IL-12/23 p40 is secreted free
or complexed with either IL-12 p35 or IL-23 p19. IFN-γ-treated or untreated human
monocyte-derived DCs were [35S]-methionine labeled and stimulated with LPS (1 yg/ml).
Supernatants were immunoprecipitated after 18 h with anti-IL-12 p40 antibodies (left panel).
Supernatants from the IFN-γ-primed cells (right panel) were also immunoprecipitated with
anti-IL-12 p35 antibodies. The sample was split in two equal parts, immunoprecipitated with
anti-IL-23 p19 or anti-IL-12 p40 antibodies, and then analyzed by SDS-PAGE under non-
reducing conditions. (B). IL-23 heterodimers have various isoforms from 51 kDa to 61 kDa,
mostly due to variable glycosylation of the p40 chain, whereas the p19 chain is homogenous
and not N-glycosylated. IL-4- and IFN-γtreated human peripheral blood monocytes were
[35S]-methionine labeled and stimulated with LPS (1 yg/ml). Supernatants (SN) and cell
lysates (CL) were immunoprecipitated after 7 h with anti-IL-23 p19 antibodies and purified
in non-reducing SDS-PAGE (left panel). The CL61 kDa, CL57 kDa, SN61 kDa, SN57 kDa
and SN51 kDa bands were separately cut out from the gel, reduced, alkylated, and resolved
in SDS-PAGE under reducing conditions (right panel). (C). Two-dimensional-peptide
mapping shows that the bands corresponding to the p19, p35, and p40 chains are
molecularly distinct proteins. The supernatants from the same cells used in (B) were
immunoprecipitated with anti-IL-12 p35 (left gel, left lane) and, after exhaustive depletion
for p35, sequentially immunoprecipitated with anti-IL-12 p40 antibodies (left gel, right lane)
and resolved in SDS-PAGE under reducing conditions. The 35 kDa and the 33 kDa bands
derived from the anti-IL-12 p35 immunoprecipitate corresponding to the p35 glycosylation

Lyakh et al. Page 25

Immunol Rev. Author manuscript; available in PMC 2009 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



isoforms of p35 derived from the IL-12 heterodimer, the 41 kDa and 34 kDa corresponding
to glycosylation isoforms of IL-12/23 p40, and the 20 kDa band corresponding to p19 chain
derived from the IL-23 heterodimer immunoprecipitated material were separately cut out
from the gel. After reduction, alkylation, and pepsin digestion, the samples were analyzed in
two dimensional-peptide mapping (TLC with electrophoresis in the first dimension and
ascending chromatography in the second dimension). Modified from Ref. (63).
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Fig. 2. Regulation of IL-12 production in DCs during infection
(A). Early innate resistance. DCs exposed during infections to ligands of a single PRR
produce IL12 p40 but negligible levels of the biologically active IL-12 heterodimer.
However, significant amounts of IL-12 p70 are produced when pathogens simultaneously
present ligands for different PRRs (62, 64). The synergy could be due in part to a
preferential induction of IL-12 p40 transcription by MyD88-linked TLR and of IL-12 p35 by
TRIF-linked TLR but also likely be due to an interaction among the different signaling
pathways affecting the production of IL-12 p70 at the transcriptional and post-transcriptional
levels. Optimal transcription of the gene encoding IL-12 p35 and production of IL-12 p70
requires phosphorylation of STAT1 and endocrine production of type I IFN that is induced
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by stimulation of TRIF-associated TLR and nucleic acid-recognizing cytoplasmic receptors,
but also at very low level by MyD88-associated TLRs with the exception of TLR2 (62).
Type I IFN upregulates transcriptional factors such as IRF1, IRF8, and possibly IRF7 that
are required for transcription of the p35 gene and that are then activated by TLR signaling
(191, 192). Type I IFN is produced by DCs by stimulation of TRIF-coupled TLRs as well as
NOD-like receptors (NRLs) and RIG-I-like receptors (RLRs). However, the levels of
endogenous type I IFN required for optimal IL-12 production are very low, and the amount
of type I IFN is not a significant limiting factor for IL-12 p70 production (62). Thus, early
production of IL-12 p70 by DCs is likely to be cell autonomous. In response to TLR7 and 9
ligands, expressed by viruses and other pathogens, plasmacytoid DCs produce very high
levels of type I IFN (193) within a few hours of infection, which may replace the need for
endocrine production of type I IFN by conventional DCs. However, high levels of type I
IFN inhibit transcription of the IL-12p40 gene (194), indicating a complex role of type I IFN
in the regulation of IL-12 p40, p35, and p70. (B). Late innate resistance. IL-12 and other
pro-inflammatory cytokines such as IL-18, IL-15, TNF, and IL-1 produced by DCs rapidly
induce NK, NKT, and activated/effector T cells to produce IFN-γ and, in the case of NKT
cells, IL-4 and IL-13. IFN-γ as well as IL-4 and IL-13 enhance the production of IL-12 by
DCs and overcome the need for endogenous type I IFN. Activated NK and NKT cells also
increase IL-12 production in DCs by cellular contacts through membrane receptor/ligand
interaction that, in the case of NKT cells, may include CD40/CD40L interaction (73, 76,
195). (C). Adaptive immunity. When adaptive immunity is established at 5 to 7 days
following infection, the IFN-γ produced by antigen-specific Th1 cells is important for
amplifying DC production of IL-12 that is required for maximal production of IFN-γ and
optimal Th1 responses. In addition, activated T cells also increase IL-12 p70 production by
interacting with DCs through CD40L-CD40 interaction (73). IL-4 and IL-13 produced by
Th2 cells also are important costimulators of IL-12 p70 production in DCs (68).
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Fig. 3. Model for the differential regulation of IL-12 and IL-23 production in human dendritic
cells by M. tuberculosis or zymosan
M. tuberculosis induces DCs to produce IL-23, and this production is further increased by
IFN-γ. NOD2 and TLR2 are among the main PRRs that recognize M. tuberculosis, and the
combination of NOD2 and TLR2 ligands mimics the ability of M. tuberculosis to induce
IL-23. Unlike IL-23, M. tuberculosis or the combination of NOD2 and TLR2 ligands
induces IL-12 production only if DCs are also stimulated by IFN-γ. Ligands for other TLRs
(TLR8 in our model) enhance IL-12 production induced by M. tuberculosis or NOD2
ligands. Dectin-1 and TLR2 are the main PRRs that recognize zymosan. Stimulation of DCs
with the dectin-1 ligand β-glucan strongly induces IL-23 production that is increased by
costimulation by TLR8 or TLR2 ligands. IFN-γ inhibits the IL-23 production induced by
dectin-1 ligands; the association of TLR2 (or TLR8; not depicted) ligands with dectin-1
ligands partially overcomes the inhibition by IFN-γ Dectin-1 ligands induce IL-12
production only when associated with ligands for TLRs such as TLR8. IFN-γ cooperates
with the combination of dectin-1 and TLR8 ligands to greatly enhance IL-12 production.
TLR2 ligands drastically inhibit IL-12 production induced by β-glucan and TLR8 ligands.
The ability of zymosan to induce IL-23 production in a dose-dependent manner can be
attributed to the simultaneous engagement of dectin-1 and TLR2, two PRRs that have an
activating role for production of this cytokine. The differential production of IL-12 and
IL-23 from DCs determines the polarization of Th1 or Th17 T-cell differentiation. IL-12 is
essential for the induction of Th1 cells from naive CD4+ T lymphocytes. IL-23, together
with TGF-β and IL-6 and with the essential contribution of IL-1β, directs the differentiation
of naive CD4+ T cells in Th17 cells. Reproduced from Ref. (63).
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Fig. 4. Role of dectin-1, TLR2, and TLR8 in IL-12 and IL-23 production in DC
DC treated with IFN-γ (red columns) or left untreated (blue columns) were stimulated with
β-glucan or Pam2C (TLR2-ligand), or with a combination of β-glucan plus Pam2C, with or
without R848 (TLR7/8-ligand). Cell extracts after 12 h culture were tested for mRNA
accumulation using the QuantiGene multiplex assay (left panels). Supernatants after 18 h
culture were tested for IL-23 and IL-12 protein production by ELISA (Right panels).
Modified from Ref. (63).
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Fig. 5. Induction of IL-17, IL-22, and IFN-γ in human CD4+ T cells by supernatants of
stimulated monocyte-derived DCs
Supernatants from differently stimulated DCs were used to induce IL-17, IL-22, and IFN-γ
production from human CD4+CD45RO− T lymphocytes stimulated with anti-CD3 and anti-
CD28. (A) Supernatants from IFN-γ-primed DCs stimulated with 200 yg/ml zymosan or 1
yg/ml LPS+R848 or from unprimed DCs stimulated with 10 yg/ml β-glucan were evaluated
by ELISA for IL-12, IL23, IL-6, and IL-1β production and for the capacity to induce IL-17
and IFN-γ in naive CD4+ T cells (mean ± SE from 10 independent experiments). (B) IL-17
and IFN-γ production was determined by ELISA in naive T-cell cultures in the presence of
supernatants from zymosan- or β-glucan–stimulated DCs and in the presence or absence of
neutralizing anti–IL-12 p70 (20C2) or anti-p40 (C8.6) antibodies (mean ± SE from seven
independent experiments). (C) Effect of neutralizing anti–TGF-β or anti–IL-6 or a mixture
of both antibodies on IL-17, IL-22, and IFN-γ production measured by ELISA in naive T
cells cultured in the presence of supernatants from zymosan-stimulated DCs. (D) Effect of
10 ng/ml IL-1β on IL-17 and IFN-γ production, as determined by ELISA in naive T cells
cultured in the presence of IL-23 or an IL-12–depleted supernatant from LPS+R848–
stimulated monocyte-derived DCs. Supernatants were diluted to contain IL-23 at a final
concentration of 15 ng/ml. Recombinant IL-23 was used at 15 ng/ml. (C) and (D) show the
mean ± SD from triplicate cultures. Similar results were obtained in three independent
experiments. Modified from Ref. (63).
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