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    Chapter 1   
 Regulation of IFN-γ Expression                     

     John     Fenimore      and     Howard     A.     Young   

    Abstract     Interferon gamma, referred to here as IFN- γ , is a major component in 
immunological cell signaling and is a critical regulatory protein for overall immune 
system function. First discovered in 1965 (Wheelock Science 149: (3681)310–311, 
1965), IFN- γ  is the only Type II interferon identifi ed. Its expression is both posi-
tively and negatively controlled by different factors. In this chapter, we will review 
the transcriptional and post-transcriptional control of IFN- γ  expression. In the tran-
scriptional control part, the regular activators and suppressors are summarized, we 
will also focus on the epigenetic control, such as chromosome access, DNA meth-
ylation, and histone acetylation. The more we learn about the control of this regula-
tory protein will allow us to apply this knowledge in the future to effectively 
manipulate IFN- γ  expression for the treatment of infections, cancer, infl ammation, 
and autoimmune diseases.  

  Keywords     IFN- γ    •   Transcriptional control   •   Epigenetic control   •   LncRNA   • 
  MicroRNA   •   Activator   •   Suppressor  

1.1       Introduction 

 Interferon gamma, referred to here as IFN- γ , is a major component in immunologi-
cal cell signaling and is a critical regulatory protein for overall immune system 
function. First discovered in 1965 [ 1 ], IFN-γ is the only Type II interferon identi-
fi ed. Functionally it is a homodimer with an antiparallel interlocking structure, lack-
ing beta sheets but possessing six alpha helixes per monomer. In humans the IFN-γ 
gene is found on chromosome 12q15 [ 2 ] and in mice on chromosome 10D2 [ 3 ]. The 
human gene for IFN-γ has four exon regions and three intron regions, covering 4.04 
kbps [ 4 ]. The receptor complex for IFN-γ, IFNGR1 and IFNGR2, is almost 
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ubiquitous in all mammalian cells, save erythrocytes. In addition, the structure of 
IFN-γ is much conserved in studied jawed vertebrates [ 5 ]. 

 IFN-γ’s effects on cells are notable, having been shown to modulate the expres-
sion of over 2,300 human genes [ 6 ]. While of the functions of different interferons 
are often redundant, a lack of normal IFN-γ expression is linked with cases of 
heightened weaknesses to some diseases even in the presence of other interferons. 
As discussed by Kaufmann and Booty et al. [ 7 ,  8 ], when expression of IFN-γ is low, 
susceptibility to mycobacterial and fungal infections is common; this shows the 
need for IFN-γ expression to fi ght disease and depicts the nonredundant functions 
of IFN-γ’s maintenance of host resistance [ 7 – 10 ]. 

 Unlike other interferons, even though IFN-γ does possess an antiviral capacity, it 
is more notable for its broader ability to stimulate and modulate the immune system. 
IFN-γ triggers the immune responses that lead to phagocytosis and increased 
expression of the MHC receptors on the surface of cells. This is further highlighted 
by IFN-γ being used to treat chronic granulomatous diseases, a group of inherited 
immune disorders in which white blood cells fail to control bacterial infections, thus 
causing severe infections in the skin, liver, lungs, and bone as pathogens are con-
tained in granules, but not consumed via phagocytosis [ 7 ]. In turn the presence of 
high amounts of IFN-γ has been linked to infl ammation. In some diseases such as 
multiple sclerosis, an autoimmune disease involving infl ammation in the brain and 
spinal column, IFN-γ was present in abnormally high levels in affected tissues [ 12 ]. 
IFN-γ has also been found to be involved in other chronic diseases such as Type 1 
diabetes, where IFN-γ overexpression has been linked to autoimmune dysfunction, 
as infi ltration by T cells expressing IFN-γ into islets containing pancreatic beta cells 
results in destruction of beta cells [ 13 ,  14 ]. 

 The activity of IFN-γ is noted as being involved in the activation, growth, and 
differentiation of T cells, B cells, macrophages, natural killer (NK) cells, and other 
cell types such as endothelial cells and fi broblasts, thus making it vital to the infl am-
matory response and to cell-mediated immune responses [ 4 ]. The innate and adap-
tive immune systems rely on controlled IFN-γ expression to preserve the balance 
between an effective host immune response and the development of autoimmune 
disease. For this reason, it is very important to understand the pathways that regulate 
the expression of IFN-γ.  

1.2     Transcriptional Controls 

 IFN-γ gene expression is controlled by a very complex system of regulation. IFN-γ 
has been noted to be normally expressed by cells from the immune system, such as 
the natural killer, or NK, cells and natural killer T, or NKT, cells which are both 
involved in the innate immune response. IFN-γ is also expressed during adaptive 
immune responses via CD4 +  Type 1 helper (Th1) T cell, or CD4 +  cells, and CD8 +  
cytotoxic T lymphocyte effector cells, or CD8 +  cells. The expression of IFN-γ is one 
of the defi ning traits of CD4+ Th1 cell-type immune cells [ 11 ]. The differentiation 
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of immune cells into cells that produce IFN-γ or inhibition of such differentiation is 
also inherent to the amount of IFN-γ that is expressed by a host undergoing an 
immune response. Production of IFN-γ is controlled at several levels, including 
epigenetic changes, chromosomal access, cell surface signaling, transcription factor 
binding to promoters and enhancers, mRNA stability, and long noncoding RNA 
(LncRNA) interactions with the IFN-γ locus. Given the importance of IFN-γ to host 
immune function, it is not surprising that this single gene is regulated at many dif-
ferent levels. 

 Some regions of the genome are noted as being important for the control of 
IFN-γ expression in specifi c cell types but not in others. For instance, the region 
92–18 bp upstream of the start of transcription is noted as being vital for expression 
in human T cells and NKT cells, but not NK cells [ 15 ]. More work, illuminating the 
progress of our understanding of IFN-γ epigenetics, has demonstrated the impor-
tance of conformational changes to the structure of the IFN-γ locus and factors that 
affect access to the site [ 16 – 18 ]; this shows there are multiple mechanisms impact-
ing the transcription of this gene. 

1.2.1     Epigenetic Control 

 The role of access to and control of genetic information is an important factor when 
discussing the process of transcription. The IFN-γ gene is no exception, with several 
methods of epigenetic control affecting gene expression. However understanding 
the specifi c details of this control is a developing science. Specifi c areas of con-
served noncoding sequences, or CNS, are vital for the expression of IFN-γ as rele-
vant CNS regions are present before and after the transcription start site. Of great 
interest is the difference between their roles in different cell types. For example, it 
has been reported that CNS-30 can be deleted from NK cells without a loss of IFN-γ 
expression, while other cells that express IFN-γ require it for full transcription [ 15 ]. 
T cells require the presence of CNS-2, and all NKT and some T cells require the 
CNS present at +20 [ 17 ]. NK cell gene expression may also be enhanced by access 
to CNS-2 and CNS+20, but these regions are not required for basal IFN-γ gene 
expression [ 17 ]. Alternatively, CNS-16 has different effects depending upon the cell 
type; in NK cells it upregulates the expression of IFN-γ, but it is not required for 
transcription, while in the CD4 +  Th2 cells, suppression of IFN-γ expression requires 
this region [ 17 ]. 

1.2.1.1     Chromosomal Access/DNA Methylation/Histone Acetylation 

 Chromatin condensation, by preventing or allowing access to the promoter or other 
regulatory elements of a gene, is a fi rst step in controlling gene expression. With 
respect to IFN-γ, expression is regulated fi rst via chromatin modifi cation. This is 
shown by the differences between nonactivated T cells and activated T cells with 
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regard to the chromatin density around the IFN-γ gene [ 17 ]. The compression of the 
IFN-γ region has a marked difference when comparing Th1, Th2, and naïve T cells, 
as observed from a chromatin conformational capture assay [ 16 ]. This is also appar-
ent in NK cells, which also have low chromatin density around the transcription 
start site indicating easier access to the promoter for binding of the required tran-
scription factors and RNA polymerase [ 17 ]. 

 Additional regulation of the expression of IFN-γ comes in the form of DNA 
methylation, which occurs when cytosine is converted to 5-methylcytosine at CpG 
nucleotides, and as a result prevents direct interactions with specifi c transcription 
factors to those regions of the DNA. The IFN-γ CNS-34, IFN-γ CNS-22, the IFN-γ 
promoter, and IFN-γ CNS+29 are methylated in naïve T helper cells, and methyla-
tion is lost as T helper cells progress through their differentiation pathways [ 19 ,  20 ]. 
The difference in methylation of DNA is notable in cells that do not express IFN-γ, 
where the locus is highly methylated, indicating that the methylation of specifi c 
transcription factor binding sites is an additional mechanism of transcriptional con-
trol. Contrasting this, hypomethylation, which is observed between the −200 and 
+1 positions of the IFN-γ promoter, contributes to the expression of the gene in 
activated Th1 and NK cells, through binding of transcription factors to those regula-
tory regions [ 20 ]. A target for methylation is a SnaBI restriction enzyme recognition 
site that is highly conserved in all species and is present at −52 bp in the  IFN - γ  
promoter [ 17 ,  18 ]. Demethylation of this SnaBI site is rapid during the processes of 
antigen activation, differentiation, and proliferation of T cells [ 17 ]. Of importance 
NK cells do not have notable methylation at this site, and in NK cells, cytokine 
stimulation of IFN-γ expression (e.g., IL-12) results in the rapid demethylation of 
the broader IFN-γ locus [ 17 ]. 

 Histone acetylation, another method of restricting transcription of a gene, is a 
reversible modifi cation of DNA that regulates chromatin access. Histone acetyla-
tion of the IFN-γ locus is of interest because when naïve T cells are initially stimu-
lated, the loci for the IFN-γ and IL-4 genes are unpacked by histones [ 17 ]. The 
process of histone acetylation changes after differentiation, with 50 kb of DNA both 
up- and downstream from the IFN-γ locus being closed off in non-IFN-γ expressing 
CD4 +  Th2 cells [ 17 ]. This can also be observed by depriving the activated Th1 cells 
of STAT4, thus suggesting that active binding of STAT4 driven by IL-12 is critical 
for maintaining an open chromatin conformation at the IFN-γ locus [ 22 ]. 
Additionally, in T cells it has been shown that chromatin confi rmation is driven 
through an interplay of T-cell-specifi c T-box transcription factor (T-bet) and GATA3, 
which are transcription factors we will discuss later in this chapter. T-bet notably 
keeps the area where IFN-γ is located accessible via histone acetylation, while 
GATA3 seems to prevent the action of T-bet in keeping the IFN-γ locus accessible 
[ 17 ,  18 ]. This interaction between T-bet and GATA3 is notably absent in NK cells 
as the CNS regions that impact IFN-γ gene expression have, even in the absence of 
stimulation and active transcription, similar histone-acetylated domains as com-
pared to that found in activated T cells [ 18 ].  
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1.2.1.2     Chromatin Positioning 

 Chromatin may form blocks to transcription or contrastingly cause specifi c areas of 
DNA to be more accessible; this is done not only via compression but also via mov-
ing elements away or toward enhancers. Chromatin may also cause movement in the 
three-dimensional space the gene occupies to prevent the association of transcrip-
tion factors or to facilitate such binding, via chromatin looping. This accessibility is 
observed via a notable change in the conformation of the IFN-γ locus [ 16 ]. CCCTC- 
binding factor, or CTCF, is a zinc fi nger transcription factor that binds the core 
CCCTC sequence [ 21 ]. These proteins have been described as suppressors for 
which there are three binding sites across the IFN-γ gene locus. These sites have 
been defi ned as markers that have been used to denote the limits of this locus [ 22 ] 
and have also been depicted to create a loop in active T cells which has been hypoth-
esized to be required for protection of the gene from heterochromatin silencing and 
to increase the effi ciency of expression [ 17 ].  

1.2.1.3     LncRNAs 

 Long noncoding RNAs, or lncRNAs, are noted as being inhibitors of transcription 
via interactions between sections of RNA greater than 200 bp that are transcribed 
alongside other regions of chromatin that link to and inhibit the action of proteins 
and RNA. The role of these lncRNAs in the enhancement or suppression of tran-
scription is a developing fi eld of study as their activity is becoming more defi ned. 
For example, the ncRNA repressor of the nuclear factor of activated T cells, or 
NRON, is a negative regulator of the transcription factor (NFAT), which interacts 
with the IFN-γ promoter [ 23 ]. This inhibition of NFAT by NRON is caused by the 
formation of protein and RNA complexes, resulting in sequestration of NFAT in the 
cytosol, away from the DNA [ 23 ]. It has also been reported that Theiler’s murine 
encephalitis virus possible gene 1, or TMEVPG1, also named nettoie Theiler’s pas 
Salmonella, or NeST, is the fi rst identifi ed lncRNA to regulate expression of IFN-γ 
[ 24 ]. NeST is located 170 kb downstream from the IFN-γ gene and transcribed from 
the antisense strand relative to IFN-γ; the 33 kb NeST gene is spliced into a 1.7 kb 
RNA transcript in human cells [ 24 ]. Studies have shown that NeST’s expression in 
both mouse and human is Th1 T-cell selective and dependent on STAT4 and T-bet 
[ 24 ]. Due to this pattern of expression and its structural traits, it is believed that 
NeST associates with WD repeat-containing protein 5, or WDR5, to promote his-
tone H3 lysine 4, drive methylation to enhance chromatin accessibility, and con-
versely decrease attraction of local histones at the nearby IFN-γ locus, thus 
promoting transcription [ 17 ].  

1 Regulation of IFN-γ Expression
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1.2.1.4     miRNAs 

 MicroRNAs, or miRNAs, are between 18 and 25 nucleotides long and are noncod-
ing RNAs that suppress gene expression by binding to the 3′ UTR of target genes, 
resulting in either translation inhibition or mRNA degradation. A broader role for 
miRNA control of IFN-γ expression was demonstrated by studies demonstrating 
that the elimination of the Dicer gene, vital for the processing of microRNAs, 
increased the expression of IFN-γ in T cells [ 25 ]. Interestingly this effect has been 
noted in CD4 +  TH2 cells indicating that there may be some changes to the epi-
genetics in the cells as a result of the inhibition of miRNA processing [ 25 ]. 

 Recently studies have shown that the miRNA, miR-223, which is notably 
enhanced by estrogen, positively regulates the expression of IFN-γ via inhibition of 
anti-infl ammatory elements such as IL-10 [ 26 ]. In other studies, microRNA-146a 
and microRNA-146b both suppress the activity of TRAF6 and IRAK1 protein 
expression, factors that are important for the function of the IFN-γ promoter, and 
thus cells expressing these miRNAs show decreased IFN-γ expression [ 27 ,  28 ]. 
Studies have also shown that miR-29 suppress IFN-γ production by directly target-
ing IFN-γ mRNA and enhancing its degradation [ 29 ]. However contrasting experi-
mental evidence reports that miRNA-29 inhibition is driven via degradation of the 
T-box transcription factor T-bet mRNA instead of the IFN-γ mRNA [ 30 ]. Additional 
studies focused on miR-155 have shown that in NK cells this miRNA increases the 
expression of IFN-γ when NK cells are stimulated, notably by both IL-18 and IL-12 
[ 31 ]. miR-155 is observed having its own expression increased when the NK cells 
are stimulated with IL-18 and IL-12 via downregulating SHIP1, a phosphatase, that 
in turn suppresses NF-kB activity, a transcription factor known to bind to the IFN-γ 
locus and stimulate transcription [ 31 ,  32 ].    

1.3     Inducers of IFN-γ 

 IFN-γ is part of a system of biological signals that can induce substantial changes 
inside the cell and in the host overall. As such it must be regulated, since it is not 
passively expressed and different signals regulate expression either by enhancing or 
inhibiting gene expression. These signals come in many forms, but the primary 
methods are dependent upon cell activation through signaling via cell surface recep-
tors. Regulation of IFN-γ expression is largely driven by activators like transcription 
factors such as T-bet and NFAT and specifi c inhibitors, like TGF-beta, in CD4 +  Type 
1 helper T cells. Methods to manipulate this upregulation involve specifi c systems 
using phosphorylation of transcription factors, driven by activation of multimeric 
receptors of cytokines linked to Janus kinases (JAK) activation, while inhibitory 
signals act through inhibition of these signaling cascades and their receptors result-
ing in inhibition of the specifi c transcription factors required for IFN-γ transcription 
[ 33 – 37 ]. 

J. Fenimore and H.A. Young
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1.3.1     IL-2 

 IL-2 is a cytokine with three surface receptor subunits, alpha, beta, and a common 
gamma chain. The presences of these receptor subunits determine the level of affi n-
ity in each immune cell type for gene activation. For example, the beta and gamma 
chains together form a complex that binds IL-2 with intermediate affi nity on NK 
cells, while all three receptor chains form a complex that binds IL-2 with high affi n-
ity on activated T cells [ 33 ]. The stimulated signaling pathways upregulate IFN-γ 
expression but also notably upregulate the expression of SOCS1 which functions to 
prevent overexpression of IFN-γ [ 38 ]. Suppressor of cytokine signaling, or SOCS1, 
is a suppressor of IFN-γ expression that interacts with the tyrosine kinase (TYK), 
Jak1, and inhibits expression downstream by reducing STAT phosphorylation [ 33 ]. 

 IL-2 is also noted for triggering the binding of a STAT5 a/b heterodimer to a 
STAT5-binding element −3.6 kb from the transcription start site of the IFN-γ gene 
[ 39 ,  40 ] (Fig.  1.1 ).

1.3.2        IL-12/STAT4 

 Interleukin 12, or IL-12, is a cytokine heterodimer that can induce IFN-γ transcrip-
tion and cause nuclear accumulation of IFN-γ mRNA in CD4 +  T helper cells and 
NK cells. At activation, two subunits of the IL-12 receptor which is a heterodimer 
comprised of the beta-1 and the beta-2 chains of the receptor come together to acti-
vate the receptor-associated Janus kinases, JAK2 and TYK2 [ 33 ,  40 ]. STAT4 is then 
phosphorylated by these tyrosine kinases and translocated into the nucleus to acti-
vate gene transcription. The pSTAT4 then interacts with IRF-1 and ERM to activate 
their binding to the IFN-γ promoter [ 14 ,  41 ,  42 ]. This activation also takes place in 
NK cells and is independent of most other forms of IFN-γ stimulation [ 23 ]. IL-12 

  Fig. 1.1    The archetypal motif of the receptor and cytokine structure to stimulate STATs. The 
interaction of a cytokine causes the dimerization of surface receptors which in turn cause 
phosphorylation- driven changes which cascade to affect transcription       
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has been noted to be dependent on STAT4 to induce expression of IFN-γ as STAT4 
is critical for maintaining an open chromatin conformation at the IFN-γ locus [ 17 , 
 43 ]. Furthermore transcriptional activity of T-bet, induced by IFN-γ, appears to 
increase the expression of IL-12 receptor beta 2 [ 43 ], thus demonstrating a feedback 
loop that enhances the cell response to IL-12. 

 IL-12 stimulation of cells results in an accumulation of IFN-γ mRNA in the 
nucleus, and release of this accumulated IFN-γ mRNA into the cytoplasm is drasti-
cally increased by the presence of interleukin 2, or IL-2 [ 44 ]. It has been hypothe-
sized that this increased release of mRNA may be a form of priming cells to release 
more IFN-γ mRNA when they encounter a second signal, creating a method of 
regulation that prevents overexpression but allows the cell to have a strong response 
when needed. It has been shown that both IL-2 and IL-12 in combination promote a 
steady release of IFN-γ over time, notably more than either signal alone, thus dem-
onstrating a synergistic response of the cell when multiple activating signals are 
encountered [ 44 ]. 

 These previously described pathways of IFN-γ expression when CD4 +  cells are 
stimulated by IL-12 can occur only if the T-bet binding region is not blocked by the 
dual zinc fi nger transcription factor, GATA-binding protein 3 or GATA3 [ 45 ]. The 
GATA3 transcription factor does not affect the IFN-γ promoter region directly, but 
instead affects the downregulation of STAT4, thus preventing signaling needed to 
induce IFN-γ expression. GATA3 is in turn shown to be stimulated by exposure of 
a naïve T cell to interleukin 4 [ 45 ]. 

 STAT3 has been reported to have variable effects in NK cells and their expres-
sion of IFN-γ. It has been noted that STAT3 regulates IFN-γ production by binding 
the IFN-γ promoter upon stimulation of IL-12. However STAT3 has not been shown 
to be required for IFN-γ expression by NK cells [ 46 ,  47 ]. 

 It is important to note the synergistic effect of cytokines in regard to IFN-γ gene 
expression. A very strong synergy between IL-12 and IL-18 for IFN-γ expression is 
driven by the upregulation of receptors on cells that have been exposed to one or the 
other cytokines; the IL-12 beta-2 receptor chain has been noted to be upregulated by 
IL-18 and IL-12 can upregulate the IL-18 alpha receptor chain [ 48 ,  49 ], thus stimu-
lating the target cell to be maximally responsive to these cytokines.  

1.3.3     IL-15 

 Interleukin 15, or IL-15, is a heterodimeric cytokine that triggers IFN-γ gene expres-
sion through binding to a heterodimeric IL-15 receptor [ 35 ]. Signaling occurs 
through Janus kinases Jak 1 and Jak 3 activation which in turn phosphorylates 
STAT3 and STAT5. Studies have shown the responsiveness of CD8 +  cells to IL-15 
results in the maintenance of CD8+ T-cell survival, thus affecting the host’s overall 
production of IFN-γ [ 35 ,  41 ].  
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1.3.4     IL-18 

 A member of the IL-1 family, interleukin 18 (IL-18) (originally designated inter-
feron gamma-inducing factor), induces the transcription of IFN-γ. The surface 
receptors of IL-18 are well characterized; the receptors are heterodimeric with a 
region for the binding of the ligand, the IL-1 receptor-related protein (IL-1Rrp), and 
the signal transducing subunit or the accessory protein-like subunit (AcPL) [ 36 ]. 
Once activated, this causes a signal cascade involving MYD88, the IL-1 receptor- 
associated kinase (IRAK), TNF receptor-associated factor 6, and the nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-kB) [ 34 ]. NF-kB is shown to 
bind and enhance activity of the IFN-γ promoter, increasing expression of IFN-γ 
[ 50 ]. NF-kB additionally undergoes a chain of interactions to stimulate the activa-
tion of STAT4 which stimulates the production of IFN-γ [ 52 ,  53 ]. 

 Interleukin 10 (IL-10) is characterized as inhibiting the function of NF-kB and 
thus is considered an inhibitor of IFN-γ expression [ 54 ].  

1.3.5     IL-27/STAT1/STAT3 

 Interleukin 27 (IL-27), a heterodimeric cytokine from the IL-12 family, enhances 
IFN-γ production by activated T cells and NK cells [ 33 ]. One such induction of 
expression is activated via IL-27’s interactions with a dimeric receptor comprised of 
the interleukin-27 receptor alpha chain (IL27Ra) and glycoprotein 130 (gp130) 
[ 55 ]. Upon binding of IL-27 to this receptor, two arms of Janus kinases are acti-
vated: Jak1 linked to the IL27Ra and Jak2, Tyk2, and Jak1 linked to gp130 [ 55 ]. 
Triggering the phosphorylation of STAT1 and STAT3, this causes the transport of 
the pSTAT1/3 heterodimer to the nucleus where it activates the T-bet promoter, 
resulting in increased T-bet and subsequent IFN-γ expression [ 55 ,  56 ].   

1.4     Positive Transcriptional Control Factors 

 IFN-γ production is highly variable and cells do not express IFN-γ in a resting state. 
Thus there are numerous methods to activate immune cells to express this cytokine 
and vary its levels of expression. These controls are driven by transcription factors 
that form complexes on specifi c regions of DNA to control the level of transcription 
via RNA polymerase 2 [ 57 ]. In this section we will discuss the transcription factors 
involved in regulating IFN-γ expression and briefl y summarize our understanding 
of their activation and activity (Fig.  1.2 ).
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1.4.1       T-bet 

 T-bet, or the T-cell-specifi c T-box transcription factor, is considered one of the most 
important controls for the expression of IFN-γ. T-bet has been defi ned as a key fac-
tor in T-cell differentiation and is expressed in many cell types in the immune sys-
tem. However in many regards, it has been seen as the endpoint that other signal 
pathways must reach to stimulate the expression of IFN-γ or as the target that needs 
to be blocked to prevent expression [ 58 ]. Recent studies have shown T-bet is required 
for IFN-γ production and lineage commitment of CD4 +  T cells, but not of CD8 +  T 
cells [ 45 ]. Using T-bet KO mice, it was shown that, when stimulated, CD4+ T cells 
had a profound defi ciency in IFN-γ expression [ 59 ]. Contrastingly it was deter-
mined there is little difference in IFN-γ expression in stimulated CD8 +  cells with or 
without T-bet [ 59 ]. Furthermore IL-12 has also been noted to induce T-bet in an 
IFN-γ receptor and STAT1-independent manner in CD8 +  T cells [ 60 ]. Induction of 
T-bet results in upregulation of IL-12RB2, a receptor essential for responsiveness to 
IL-12, and differentiation to a CD4+ Th1 cell type [ 34 ]. However studies have 
shown that T-bet represses the Th2 lineage commitment through a tyrosine kinase- 
mediated interaction that interferes with the binding of GATA3 to its target DNA 
[ 61 ]. Making T-bet both a suppressor and an enhancer depending on the perspective 
of Th1/Th2 T-cell determination indicates that T-bet has a broader infl uence on 
chromatin structure that directly and indirectly impacts IFN-γ gene expression [ 17 ].  
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  Fig. 1.2    The IFN-γ gene, depicting general structure and relative locations of protein-binding 
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1.4.2     Eomes 

 In CD8+ T cells, the primary driver of IFN-γ expression is via the transcription fac-
tor Eomesodermin (Eomes), which functions independent of T-bet [ 62 ]. However it 
has been reported that there is synergistic effect when both Eomes and T-bet tran-
scription factors are expressed [ 63 ]. The activity of Eomes was also noted to increase 
phosphorylated STAT4 in CD8+ T cells, further promoting IFN-γ transcription [ 64 ]. 
Experiments with T-bet −/−  CD8 +  T cells have demonstrated normal IFN-γ expres-
sion, while Eomes −/− CD8+ cells did not express IFN-γ at notable levels, indicat-
ing a critical role for Eomes in CD8+ T-cell IFN-γ transcription [ 62 ,  63 ].  

1.4.3     AP-1/CREB/ATF-2 

 Activating promoter 1, or AP-1, has been linked to the activity of the IFN-γ pro-
moter [ 64 ]. AP-1 has been reported to enhance the activity of NFAT proteins through 
the formation of complexes with these transcription factors [ 42 ]. 

 It has been shown that c-Jun, cAMP response element-binding protein (CREB), 
and ATF-2 are essential for activation-induced transcription of IFN-γ, and c-Jun 
binds preferentially to the IFN-γ proximal element at -52 as a heterodimer with 
ATF-2 [ 42 ]. The c-Fos and c-Jun transcription factors form a heterodimer known as 
activator protein 1 (AP-1), part of a subset of a large family of transcriptional con-
trol proteins, which in turn forms another complex with NFAT [ 65 ]. CREB or cAMP 
response element-binding protein is a known transcription factor closely associated 
with AP-1 that has been shown to bind to the proximal IFN-γ promoter −73 to −48 
bp upstream of the transcription start site [ 64 ]. This strongly implicates the involve-
ment of CREB proteins in the regulation of IFN-γ expression [ 65 ].  

1.4.4     NFAT 

 Nuclear factor of activated T-cell (NFAT) binding sites have been identifi ed at posi-
tions −280 bp to −270 bp and −160 bp to −155 bp upstream from the IFN-γ tran-
scription start site, and studies show that they are required for full activity of the 
IFN-γ promoters in T cells [ 42 ,  66 ]. This effect is documented by experiments that 
demonstrated decreased levels of expression by full-length IFN-γ promoter-reported 
constructs with promoter regions that contain mutations in one or both of the NFAT- 
binding sites [ 66 ,  67 ].   
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1.5     Negative Transcriptional Controls 

 Overexpression of a specifi c signal can lead to drastic problems in all biological 
systems. In the immune system, such overexpression of a specifi c gene can cause 
autoimmune responses that can have far-reaching consequences to a host. IFN-γ is 
a powerful immunoregulator and the ability to turn the signal off is in many ways 
just as important as its activation. While not as fully understood as activating sig-
nals, characterization of the inhibitory signals leading to decreased expression of 
IFN-γ is proving vital to our understanding of the regulation of this gene. 

1.5.1     Homeobox/Prox1 

 Prospero-related homeobox (Prox1) is a suppressor of the expression of IFN-γ in T 
cells; however, it does not typically function to suppress the genes as a homeobox 
gene would normally be expected to function. It has been reported that Prox1 does 
not bind to the promoter region of IFN-γ but that it uses a method of facilitating a 
conformational change with a protein intermediary to inhibit the synthesis of IFN-γ 
mRNA [ 68 ]. The nuclear receptor peroxisome proliferator-activated receptor 
gamma (PPARγ) has been shown to link to the Prox1 structure and inhibit IFN-γ 
expression [ 68 ]. The presence of Prox1 however is also notably downregulated as 
the cell differentiates into a CD4 +  T cell, but the mechanism is unknown [ 68 ]. 
PPARγ and PPAR delta have also been reported to inhibit IFN-γ gene expression in 
part by antagonizing the activities of the transcription factors AP-1, STAT, and 
NF-kB [ 69 ,  70 ]. However, once IFN-γ has been expressed, it has been demonstrated 
to in turn suppress PPARγ expression via upregulation of activated STAT1 [ 71 ], 
thus forming a regulatory cycle to prevent under- or overexpression. 

 IFN-γ has been linked to many sex-biased autoimmune diseases and the sex bias 
in PPARγ coincides with these phenomena [ 72 ]. Males have a notably higher level 
of expression of PPARγ than females, thus contributing to the fi nding that female 
mice and women express more IFN-γ than their male counterparts [ 72 ].  

1.5.2     TGF-B 

 Transforming growth factor beta (TGF-B) is a superfamily of cytokines that, when 
activated, downregulate the expression of T-bet mRNA via direct interaction of 
SMAD proteins with the T-bet promoter [ 73 ]. TGF-β utilizes SMAD2, SMAD3, 
and SMAD4 to suppress IFN-γ via inhibiting the activity of T-bet by binding to the 
proximal T-bet site in the IFN-γ locus [ 74 ].  
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1.5.3     DREAM 

 Downstream regulatory element antagonist modulator (DREAM) can directly bind 
to the IFN-γ promoter and inhibit transcription. DREAM forms a complex with the 
related protein KChIP-2 around an area downstream of the TATA box in the IFN-γ 
promoter [ 75 ]. DREAM’s binding takes place as a doublet with one direct and one 
inverted downstream regulatory element located at position +20 downstream from 
the transcription initiation site if IFN-γ, thus blocking transcription [ 75 ]. DREAM 
is constitutively expressed in unstimulated T lymphocytes, and it has been reported 
that DREAM is rapidly downregulated after stimulation of T cells [ 75 ]. This sug-
gests DREAM may be important to prevent basal expression of IFN-γ when immune 
cells are not stimulated and are in a resting state.  

1.5.4     GATA3 

 Transacting T-cell-specifi c transcription factor GATA3 is a potent suppressor of 
IFN-γ and has effects on T-cell differentiation. Members of the CREB/ATF, AP-1, 
octamer 1, and GATA families of transcription factors bind to the proximal −70 bp 
to −47 bp and distal −98 bp to −72 bp regions upstream from the start site of IFN-γ 
transcription [ 76 ]. It has been reported that GATA3 restricts access to the promoter 
regions of IFN-γ and T-bet, thus preventing interactions of activating transcription 
factors with the IFN-γ promoter [ 76 ]. In addition, Gata3 and octamer 1 enhance the 
expression of IL-4-driving cell differentiation away from a state where IFN-γ is 
expressed [ 77 ]. 

 Published reports have promoted the idea that even though the binding of GATA3 
can be detected at two GATA motifs, in positions −108 bp to −91-bp, of the human 
IFN-γ gene, it may be that the lack of expression of IFN-γ in the presence of GATA3 
is more notably driven by the suppression of other transcription factors [ 76 ,  78 ]. Of 
note, there was a reduction in STAT4, involved in promoting IFN-γ transcription, in 
the presence of high levels of GATA3 [ 76 ]. Interestingly, these studies also showed 
a reduction of the amount of STAT1 in the cells expressing elevated levels of GATA3 
[ 78 ]. In addition, runt-related transcription factor 3 (Runx3) enhances the binding of 
T-bet to the IFN-γ locus by binding to specifi c regions in the IFN-γ promoter; this 
in turn decreases the binding frequency of GATA3 [ 79 ]. The binding of T-bet acts to 
competitively suppress GATA3 binding, thus enhancing IFN-γ transcription [ 79 , 
 80 ]. GATA3 has also been linked to changes in histone modulation, promoting 
access to some areas and restricting access to others in competition with T-bet [ 76 ].  
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1.5.5     Yin Yang 1 

 Ying Yang 1, or YY1, is a zinc fi nger transcription factor that belongs to the human 
GLI-Kruppel family of nuclear proteins and is an inhibitor of the IFN-γ promoter in 
two notable models [ 81 ]. There are two constitutive YY1-binding sites in the IFN-γ 
promoter at positions Y1 −199 bp to −203 bp and Y2 −217 bp to −221 bp upstream 
from the transcriptional initiation site [ 81 ]. These sites are both hypothesized to 
play a role in inhibiting the expression of IFN-γ by competition for DNA binding 
with AP-1 at the Y1 position [ 64 ] and by activation of an AP-2-like protein by YY1 
binding at the Y2 position which then acts as a repressor of IFN-γ transcription [ 81 ].   

1.6     Posttranscriptional Regulation 

 Posttranscriptional downregulation of IFN-γ is mostly characterized as being from 
processes degrading the IFN-γ mRNA. Removing the region in the 3′ UTR that 
contains the AUUA repeat elements (ARE) results in signifi cantly higher levels of 
expression of IFN-γ due to stabilization of the mRNA [ 82 ]. A second method of 
control involves the 5′ UTR region of the mRNA. As the structure of the 5′UTR has 
revealed the presence of a semi-knot, this structure triggers a natural anti-dsRNA 
reaction by RNA-activated protein kinase (PKR) which helps downregulate the con-
tinued expression of IFN-γ via binding to the mRNA and facilitating degradation of 
the dsRNA present in the semi-knot [ 83 ,  84 ]. 

 There are other forms of posttranscriptional controls for IFN-γ. A mechanism by 
which IFN-γ is posttranslationally modifi ed, i.e., glycosylation at positions 25 and 
97, stabilizes the protein and protects it from degradation [ 85 ]. In response to stress, 
the host cell can also change the protein’s fi nal structure, by downregulating the 
expression of the enzyme, Furin, which is needed to generate the IFN-γ protein into 
a functional state by cleaving the leader peptide [ 86 ]. This demonstrates that con-
trolling functional expression of this cytokine is a continuum of mechanisms that 
extend beyond the domain of transcription alone.  

1.7     Conclusions 

 Negative and positive controls of IFN-γ expression must remain in balance to pre-
vent the promotion of autoimmune diseases or host defi ciencies in fi ghting disease. 
The conserved nature and the wide-ranging effects of IFN-γ on the adaptive and 
innate immune systems ensure that the expression of IFN-γ is a potent response 
required to fi ght disease, but one that must be controlled in healthy hosts. This con-
trol is transcriptionally regulated at the level of chromatin access involving chroma-
tin secondary and tertiary structure, DNA methylation, and histone acetylation. This 
process is in turn effecting and affected by transcription factors, which are both 
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activators and inhibitors of gene expression. The specifi c host factors can be shaped 
by the process of transcription itself, as impacted by extracellular signals received 
by the target cells and RNA stability following gene induction. Understanding the 
labyrinthine system of controls may seem daunting, and the complete picture of 
IFN-γ control is still a point of active investigation. However, the more we learn 
about the control of this regulatory protein will allow us to apply this knowledge in 
the future to effectively manipulate IFN-γ expression for the treatment of infections, 
cancer, infl ammation, and autoimmune diseases. 

 (The author would like to apologize for any articles or work that was missed in 
the collection of this work. The volume of data, space, and time constraints made it 
impossible for the author to create a complete list of the valuable research that has 
been done on this integral part of immunological research.)     
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    Chapter 2   
 The Interleukin-1 Family                     

     Amir     S.     Yazdi      and     Kamran     Ghoreschi   

    Abstract     The interleukin-1 (IL-1) family consists of several pro- or anti- 
infl ammatory proteins, with pro-infl ammatory IL-1β being its best characterized 
member. IL-1β is one of the most prominent mediators of infl ammation resulting in 
fever and immune activation via binding to IL-1 receptor 1. Due to its potency, its 
secretion is tightly regulated. First the transcription of the biologically inactive pro-
form is induced by TLR activation, TNF, or IL-1 receptor activation by mature 
IL-1α or IL-1β. For the secretion of IL-1β, infl ammasome activation as second stim-
ulus is needed. Infl ammasomes are cytosolic protein complexes whose activation 
results in the maturation of infl ammatory caspases such as caspase-1. Caspase-1 
then cleaves the inactive pro-IL-1β into its mature form which is then being secreted. 
While IL-1α and IL-1β are considered pro-infl ammatory, IL-1Ra as a naturally 
occurring receptor antagonist acts as an inhibitor on IL-1 receptor signaling. Further 
members of the IL-1 family, such as IL-18, IL-33, or IL-36, are even involved in 
T-helper-cell differentiation and will also be discussed in this chapter.  

  Keywords     Infl ammasomes   •   Caspases   •   Autoinfl ammation   •   Nod-like receptor   • 
  IL-18   •   IL-33   •   IL-36  

   The innate immune system is the fi rst line of the bodies’ defense. Via unspecifi c, 
nondirected phagocytosis, complement activation, or the activation of innate 
immune receptors, the innate immune response is initiated. The innate immune sys-
tem is highly conserved throughout evolution; even plants carry the most important 
immune receptors. These receptors do not detect particular peptides or antigens, but 
they rather react on structures, which are conserved in many pathogens or sterile 
exogenous or endogenous danger signals. Patterns of microbial origin are termed 
pathogen-associated molecular patterns (PAMPS), while DAMPs comprise danger- 
associated molecular patterns of nonmicrobial origin. After initial innate immune 
activation, adaptive immunity stars a more directed, specifi c response. Through the 
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generation of target-specifi c T and B lymphocytes, an immunological memory can 
be established, which enables the organism an antigen-specifi c response upon sec-
ond encounter. Supporting innate immune activation to generate an adaptive immune 
response is used upon other mechanisms in vaccination and immunization by the 
use of adjuvants [ 23 ], clearly demonstrating the close link and immunological over-
lap between innate and adaptive immune immunity. 

 The initial immune response is mediated both by resident cells and by invading 
immune cells. Not only resident tissue macrophages but also epithelial cells carry a 
plethora of immune receptors and are capable of producing innate cytokines to 
attract or support invading macrophages or neutrophils via cytokine or chemokine 
production [ 1 ]. 

 Interleukin (IL)-1α, IL-1β, IL-6, IL-18, IL-33, and TNF [ 43 ] are the most promi-
nent cytokines associated with the innate immune response. These cytokines can act 
both locally and systemically; therefore, their production and secretion need to be 
tightly regulated. 

2.1     History of IL-1 

 Menkin and Beeson studied in the 1940s the pathogenesis of fever. Their studies 
showed that stimulated rabbit peritoneal exudate cells could release factors, which 
were able to induce fever. Thirty years later Waksman and several other investiga-
tors described a soluble factor which was released from myeloid cells to activate 
lymphocytes [ 10 ]. The term lymphocyte activation factor was coined, which was 
renamed interleukin in 1979. This term was chosen as the two fi rst interleukins, 
namely, IL-1 and IL-2, were the fi rst soluble mediators to be released from leuko-
cytes, such as macrophages secreting IL-1 and lymphocytes secreting IL-2. In 1984 
human and murine IL-1 cDNA were fi rst isolated [ 3 ]. One year later IL-1α and 
IL-1β were fi rst distinguished as different proteins [ 28 ].  

2.2     The IL-1 Family 

 Currently, the IL-1 family consists of 11 members (IL-1α, IL-1β, IL-1RA, IL-18, 
IL-36Ra, IL-36α, IL-37, IL-36β, IL-36γ, IL-38, and IL-33). As depicted in Table  2.1 , 
these cytokines offi cially are termed IL-1F1 (IL-1 family member) to IL-1F11 due 
to their fi rst discovery, but more practically, the abovementioned nomenclature was 
reestablished [ 8 ]. In this chapter the best characterized IL-1 family members and 
their receptors will be introduced.
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2.2.1       IL-1α (IL-1F1) and IL-1β (IL-1F2) 

 IL-1α and IL-1β are synthesized as precursor proteins, which are then proteolyti-
cally cleaved. In opposition to IL-1β, full-length IL-1α is already biologically 
active. Ca ++ -dependent proteases such as calpains cleave IL-1α [ 26 ]; however, the 
reason and benefi t of this cleavage are still debated. 

 IL-1β is yet much better characterized. Together with IL-1α it is expelled from 
the cell very early in the course of infl ammation, inducing fi rst localized infl amma-
tion and eventually systemic infl ammation and fever. Both IL-1α and IL-1β share 
IL-1R1 as their common receptor. IL-1 receptor activation is a key event in the 
induction of fever. Dinarello et al. injected several nanograms of IL-1 intravenously 
into healthy humans, which responded with fever, leukocytosis, and hypotension 
[ 9 ]. In the last decade, however, we learned that IL-1β does not only mediate fever 
but is involved in many different organ systems, such as the vascular system in 
tumor angiogenesis [ 11 ], in rheumatoid arthritis, and in osteoarthritis [ 24 ] or even 
in diabetes, where IL-1 blockade serves as effi cient treatment option [ 27 ]. 

 Due to its high biological power and effi cacy, transcription, synthesis, and secre-
tion of both IL-1α and IL-1β are tightly regulated. While in particular resident cells 
such as keratinocytes IL-1α and IL-1β are present both on cDNA and on protein 
level at baseline [ 14 ,  15 ,  48 ], both cytokines need to be transcriptionally induced in 
myeloid cells such as macrophages, monocytes, and dendritic cells [ 16 ]. 

 Inducers of pro-IL-1β and full-length IL-1α are TNF, TLR activation, phorbol- 
12- myristate-13-acetate (PMA), or IL-1 receptor activation by mature IL-1β or 
IL-1α themselves [ 5 ]. As IL-1α is present in the cell in a fully bioactive form, 
necrotic cell death results in the liberation of full-length IL-1α, which serves as an 
alarmin [ 7 ]. Alarmins such as S100A proteins or HMGB1 are preformed proteins, 

   Table 2.1    The interleukin-1 family   

 Name  Synonym  Receptor  Active form 

  Pro-infl ammatory  
 IL-1α  IL-1F1  IL-1R1  Full length and cleaved 
 IL-1β  IL-F2  IL-1R1  Cleaved 
 IL-18  IL-F4  IL-18Rα  Cleaved 
 IL-36α  IL-F6  IL-36R  Cleaved 
 IL-36β  IL-F8  IL-36R  Cleaved 
 IL-36γ  IL-F9  IL-36R  Cleaved 
 IL-33  IL-F11  ST2  Full length and cleaved 
  Anti-infl ammatory  
 IL-1Ra  IL-F3  IL-1R1  No cleavage 
 IL-36Ra  IL-F5  Cleaved 
 IL-37  IL-F7  IL-18Rα  Only cleaved in the nucleus, full 

length and cleaved via receptor 
 IL-38  IL-F10  IL-36R? IL1R1?  Unclear 
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which are expelled from the cell after disruption of the cell membrane to induce 
infl ammation. IL-1β cannot act as an alarmin as it needs to be processed to be active. 
As early as 1992, Thornberry identifi ed caspase-1 as interleukin-1- converting 
enzyme (ICE) [ 44 ]. The exact mechanism of IL-1 activation and caspase-1 activation 
was elucidated 10 years later. Fabio Martinon and Jurg Tschopp introduced infl am-
masomes as cytosolic protein complexes responsible for the activation of infl amma-
tory caspases [ 32 ]. These caspases can once being activated then cleave IL-1β and 
IL-18 and release IL-1α, IL-1β, and also IL-18 as pro-infl ammatory mediators of 
innate immunity. 

 Infl ammasomes structurally consist of a NOD-like receptor (NLR) protein such 
as NLRP1, NLRP3, or NLRC4 and the adaptor protein ASC, via which caspase-1 is 
recruited to the complex. NLRs can identify cytosolic danger signals. Particular 
NLR proteins and the non-NLR protein absent in melanoma 2 (AIM2) form infl am-
masomes upon activation. The NLR and AIM2, respectively, recruit ASC and cas-
pase- 1 after activation, most probably due to conformational changes enabling 
oligomerization. Most NLRs and AIM2 do not carry CARD and cannot directly bind 
to caspase-1. Therefore the pyrin domain (PYD) of ASC binds via PYD-PYD inter-
actions to the NLR. ASC then via CARD-CARD interaction recruits caspase-1 to the 
complex leading to the formation of caspase-1 dimers or even oligomers. Caspases 
are known to autoactivate themselves. As not only caspase-1 itself but pro-IL-1β and 
pro-IL-18 are substrates of caspase-1, activated caspase-1 cleaves these mediators 
into their biologically active forms [ 32 ], which are then secreted. 

 The exact mechanism of protein secretion is still cryptic; however, Keller et al. 
identifi ed caspase-1 being not only important in cytokine maturation but also in 
unconventional protein secretion [ 25 ]. In analogy to IL-1β, IL-1α also needs to be 
induced in myeloid cells. We could show recently that TLR ligation, exposure to 
heat-killed  Candida albicans , and IL-1R1 activation serve as inducers of IL-1α 
cDNA expression [ 20 ]. This fi rst signal does not only induce IL-1 cytokines but also 
NLR proteins such as NLRP3 [ 21 ], while ASC and caspase-1 are not transcription-
ally regulated. For protein secretion, this fi rst signal does not suffi ce. Here a second 
activator of the infl ammasome is needed to induce the secretion of both IL-1α and 
IL-1β. Intrinsic activators of NLPR3 are ATP [ 29 ] and uric acid crystals which cause 
gout [ 33 ]. Uric acid crystals and ATP are released from dying or damaged cells and 
are important mediators of the infl ammatory potential of necrotic cell death. Further 
important activators are bacterial toxins [ 29 ], UVB exposure [ 14 ], or metallic 
nanoparticles [ 49 ]. Besides in gout, the NLRP3 infl ammasome seems to be crucial 
in further metabolic diseases. Cholesterol in crystals causing arteriosclerosis 
(Duewell et al. 2010) and putatively glucose [ 51 ] in diabetes mellitus also lead to 
IL-1 secretion in an NLRP3-dependent fashion. Vadanmagsar therefore considers 
NLRP3 as key sensor of metabolic stress [ 47 ]. 

 Activators of NLRP3; NLRP1, such as anthrax-lethal toxin; or cytosolic 
dsDNA for AIM2 alone are not able to induce secretion of any IL-1 cytokine. For 
both cytokines, in myeloid cells two signals are needed; only the combination of 
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transcriptional activation via TLR activation and consecutive infl ammasome acti-
vation leads to protein secretion. After this two-step activation, we always detected 
co-secretion of both IL-1α and IL-1β after activation of all other infl ammasomes 
tested (NLRP1, AIM2, and IPAF/NLRC4) [ 20 ]. Depending on the stimulus, either 
the full length or the cleaved form of IL-1α is secreted, but the functional rele-
vance of processing is still unclear. 

 One important difference in IL-1α and IL-1β processing is the dependency of 
caspase-1. IL-1β secretion entirely depends on active caspase-1, no matter which 
infl ammasome is activated. IL-1α secretion on the other hand demands dependency 
on the activator caspase-1 or not. Nigericin, ATP,  C. albicans ,  Salmonella , dsDNA, 
or anthrax-lethal toxin results in a caspase-1-dependent secretion of IL-1α, while 
caspase-1-defi cient cells are still able to secrete signifi cant amounts of IL-1α after 
uric acid, alum, or  Clostridium  toxin B exposure. NLRP3 activation is regulated by 
the depletion of reactive oxygen species (ROS) [ 12 ,  52 ] and a diminished potassium 
gradient from intracellular to extracellular potassium [ 38 ]. Only the NLRP3 and 
caspase-1-dependent activators impair IL-1α secretion after increasing extracellular 
potassium concentration or scavenging ROS [ 20 ], hinting toward a caspase-1- 
dependent and caspase-1-independent but calcium-dependent route of IL-1α pro-
cessing and secretion. The calcium-ionophore ionomycin, for instance, only leads 
to a secretion and cleavage of IL-1α, but not of caspase-1 or IL-1β.   

2.3     IL-1 Receptors 

 After release from the cell, both IL-1α and IL-1β bind to IL-1 receptor 1 (IL-1R1). 
IL-1R1 belongs to the large family of Toll-like/IL-1 receptor (TIR) superfamily 
receptors. Similar to Toll-like receptors (TLRs), IL-1R1 signals via the adaptor pro-
tein MyD88 then lead to the activation of prostaglandins and the transcription factor 
NFkB to initiate infl ammation. IL-1 receptor 2 (IL-1R2) is a soluble or membrane- 
bound receptor and was initially considered as endogenous antagonist of IL-1R1, 
therefore inhibiting IL-1 signaling [ 40 ]. Very recently, Zheng et al. identifi ed an 
intracellular form of IL-1R2. This form binds full-length IL-1α, but not IL-1β and 
prevents the cleavage of IL-1α. Once caspase-1 is activated, IL-1R2 is released from 
IL-1α. IL-1α can then be cleaved and secreted [ 50 ]. IL-1R2 hereby seems to deter-
mine the different activation of IL-1α in necrosis versus infl ammasome activation, 
explaining the partial dependence of IL-1α secretion on functional infl ammasomes 
[ 17 ,  20 ]. IL-1 in concert with other cytokines like IL-6, IL-23, and TGF-β is also 
critically implicated in the generation of T helper 17 cells (Th17) [ 19 ], which are 
important for the defense of extracellular pathogens and in the pathogenesis of 
infl ammatory autoimmune diseases such as psoriasis and rheumatoid arthritis [ 18 ]. 
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2.3.1     IL-18 (IL-1F4) 

 Identical to IL-1β IL-18 needs to be cleaved for activation. This cleavage is medi-
ated by infl ammatory caspases such as caspase-1, which converts inactive full- 
length Il-18 to its 17 kDa mature form to be secreted. In opposition to IL-1β, IL-18 
gene expression does not have to be induced. IL-18 cDNA is present in myeloid 
cells, mouse spleen, epithelial cells, and many epithelial cells such as keratinocytes 
[ 37 ]. A TLR-mediated induction of gene expression is therefore not needed. After 
being activated by infl ammasomes and infl ammatory caspases, IL-18 is unconven-
tionally secreted mainly from myeloid cells. After binding to its own receptor, the 
IL-18 receptor, which similar to IL-1R1 carries a TIR domain, IL-18 induces an 
increase in interferon (IFN)-γ production. In autoimmune diseases provoked by 
interferons, such as lupus erythematosus, psoriasis, or infl ammatory bowel disease, 
IL-18 is locally increased in infl amed tissue [ 11 ]. The IFN production promotes the 
activation of T lymphocytes toward a Th1 phenotype [ 13 ]. 

 Interestingly, IL-18-defi cient mice are not immunocompromised, but they are 
more prone to metabolic syndrome with hyperlipidemia, diabetes, and arterioscle-
rosis, supporting the relevance of IL-1 family members as key proteins in metabo-
lism [ 35 ].   

2.4     IL-33 (IL-1F11) 

 While infl ammatory caspases are known to proteolytically activate IL-1β and IL-18, 
IL-33 is not activated by caspase-1. IL-33 is constitutively expressed in certain cell 
types, such as endothelial cells [ 34 ], and can be induced in other tissues by TLR 
activation [ 39 ], similar to IL-1α and IL-1β. In analogy to IL-1α, IL-33 is a dual- 
function cytokine being able to shuttle from the cytosol to the nucleus. As ST-2, the 
membrane-bound receptor of IL-33, can be activated by full-length IL-33 present in 
many cell types, IL-33 is suggested to act as an alarmin. The function of the proteo-
lytic processing of the cytokine via calpains, cathepsins, or apoptotic caspase-3 and 
caspase-7 as reviewed in [ 31 ] is still cryptic. Functionally, intranuclear IL-33 can 
bind to chromatin [ 6 ] and to NFkB and modulates its function [ 2 ]. Once being 
released from the cell, IL-33 can bind to ST-2. Originally, this binding was associ-
ated with a T-helper-cell-2 (Th2) response [ 42 ]. This year Guo et al. demonstrated 
the dependency of eosinophilic infl ammation after helminth infection on IL-33 
[ 22 ], while Schiering et al. postulate that the balance between IL-23 and IL-33 
determines regulatory T-cell functions in the intestine [ 41 ]. In conclusion, both the 
processing and the function of IL-33 remain partially elusive.  
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2.5     IL-36 (IL-1F5, IL-1F6, IL-1F8, IL-1F9) and IL-37 
(IL-1F7) 

 The IL-1 cytokines IL-36α, IL-36β, and IL-36γ and IL-36Ra belong to the recent 
group of IL-36 cytokines. IL-36Ra is the receptor antagonist and therefore anti- 
infl ammatory, while the other three cytokines exert pro-infl ammatory properties. 
Similar to IL-18 and IL-1β, IL-36 must be cleaved to be activated [ 46 ], but the 
protease responsible for its processing has not yet been identifi ed. The highest 
expression of IL-36 mRNA is in keratinocytes; therefore, IL-36 might impact pso-
riasis [ 30 ] via the activation of dendritic cells [ 45 ]. 

 IL-37 can be a ligand for the IL-18 receptor being an inhibitor protein of IL-18 
[ 36 ]. Similar to IL-33 and IL-1α, IL-37 can translocate to the nucleus and bind to a 
membrane-bound receptor. As for other IL-1 family members, caspase-1 is of 
importance, but not for the release of IL-37, rather for the nuclear translocation of 
intracellular IL-37 [ 4 ].  

2.6     Conclusion 

 In summary, cytokines of the IL-1 family are key players in innate immunity. Their 
expression, processing, and secretion are tightly regulated. Infl ammatory caspases, 
which can be activated by infl ammasomes, are of central importance in many IL-1 
members. Although part of the innate immune response, IL-1 cytokines also impact 
T-cell functions, therefore being important linkers between early innate immune 
reactions and the generation of an adaptive immune response.     
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    Chapter 3   
 Regulation of IL-4 Expression in Immunity 
and Diseases                     

     I-Cheng     Ho      and     Shi-Chuen     Miaw   

    Abstract     IL-4 was fi rst identifi ed as a T cell-derived growth factor for B cells. 
Studies over the past several decades have markedly expanded our understanding of 
its cellular sources and function. In addition to T cells, IL-4 is produced by innate 
lymphocytes, such as NTK cells, and myeloid cells, such as basophils and mast 
cells. It is a signature cytokine of type 2 immune response but also has a nonimmune 
function. Its expression is tightly regulated at several levels, including signaling 
pathways, transcription factors, epigenetic modifi cations, microRNA, and long non-
coding RNA. This chapter will review in detail the molecular mechanism regulating 
the cell type-specifi c expression of IL-4 in physiological and pathological type 2 
immune responses.  

  Keywords     IL-4   •   Cytokine   •   Type 2 immune response   •   Transcription   •   Epigenetic  

3.1       IL-4-Producing Cells 

 IL-4 is a pleiotropic glycoprotein. It was fi rst identifi ed in 1982 as a T cell-derived 
soluble factor that stimulates the proliferation of B cells [ 1 ,  2 ]; its cDNA was later 
successfully cloned in 1986 [ 3 ,  4 ]. The cDNA of human IL-4 encodes 153 amino 
acid residues but yields a secreted protein of 129 amino acid residues. Depending 
on the addition of N-linked oligosaccharides, secreted IL-4 has a molecular weight 
of 15, 18, or 19 kDa. Its molecular structure features a globular hydrophobic core, 
held together by three disulfi de bonds [ 5 ] and four alpha-helixes, which are arranged 
in a left-handed bundle with two overhand connections [ 6 – 9 ]. 
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 IL-4 has become the signature cytokine of type 2 helper T (Th2) cells. After 
encountering antigens, naive CD4+ Th cells can differentiate into several distinct 
functional subsets [ 10 ], which are defi ned by the expression of the so-called master 
transcription factors and subset-specifi c cytokines. For example, Th1 cells express 
T-bet and produce IFN-γ; Th17 cells express RORγt and produce IL-17. Th2 cells 
are defi ned by the expression of the transcription factor GATA3 and the production 
of IL-4, IL-5, and IL-13, which are collectively called type 2 cytokines. Given their 
ability to expand into large numbers in response to antigens, Th2 cells are one of the 
major sources, if not the major source, of IL-4. Follicular helper Th (Tfh) cells [ 11 ], 
which are strategically located in the B cell follicles of lymph nodes, also produce a 
high level of IL-4 but little IL-5 or IL-13. Unlike Th2 cells, they express a low level 
of GATA3 but a high level of transcription factor Bcl6 [ 12 – 14 ], which is essential 
for their differentiation. A unique subset of T cells called NKT cells that recognize 
lipid antigens presented by CD1d molecules are also capable of producing IL-4. In 
addition, several types of innate immune cells, including mast cells, basophils, and 
eosinophils, are known as IL-4-producing cells. 

 The development of several strains of IL-4 reporter mice has markedly increased 
the sensitivity of detecting IL-4-producing cells in vivo and ex vivo [ 15 – 18 ]. Studies 
using the IL-4 reporter mice indicate that the ability to produce IL-4 protein is 
acquired through a two-step process [ 18 ]. In the fi rst step, the  Il4  gene is rendered 
accessible through chromatin remodeling. Most of the IL-4-competent innate or 
innate-like cells, such as mast cells, basophils, and NKT cells, obtain this compe-
tence during their differentiation [ 19 ]. In contrast, naive Th cells require antigen 
priming under conditions favoring Th2 differentiation to open up their  Il4  locus 
[ 18 ]. This priming of naive Th cells takes place in the paracortex of draining lymph 
nodes. Once primed, the IL-4-competent Th cells quickly disseminate to peripheral 
tissues [ 20 ]. In the second step, IL-4-competent cells rapidly produce IL-4 protein 
in response to appropriate stimulation.  

3.2     Function of IL-4 

3.2.1     IL-4 Receptors and Signaling Pathways 

 IL-4 is capable of binding to two types of receptor [ 21 – 24 ]. The type I receptor is 
comprised of IL-4Rα and the common γ c  subunit, which is also a subunit of IL-2, 
IL-7, IL-9, IL-15, and IL-21 receptor complexes. The type II receptor consists of 
IL-4Rα and IL-13Rα1 subunits. The type I receptor binds exclusively to IL-4, 
whereas the type II receptor binds to both IL-4 and IL-13. Ligand binding to IL-4 
receptors activates tyrosine kinases Jak1, Jak3, and Tyk2 through IL-4Rα, γ c , and 
IL-13Rα1, respectively. Phosphorylation of the cytoplasmic domain of IL-4Rα 
results in the recruitment and phosphorylation of Stat6, a signaling and transcription 
factor [ 25 ]; thus, the majority of IL-4 function is carried out via Stat6. However, 
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type I receptors can also activate the insulin receptor substrate (IRS) 2 and subse-
quently PI3K and Akt [ 26 ], eventually leading to the activation of mTOR [ 27 ]. Type 
I receptors are expressed mainly in hematopoietic cells and are nearly the only IL-4 
receptors seen in T cells, basophils, mast cells, and mouse B cells. In contrast, the 
expression of type II receptors is limited to non-hematopoietic cells, which do not 
express the common γ c  subunit. The differential expression of IL-4Rα, γ c , and 
IL-13Rα1 determines the sensitivity of each type of cell to IL-4 and IL-13 [ 23 ].  

3.2.2     Immunological Function of IL-4 

 IL-4 is a potent growth and survival factor for B cells, whose effects are mediated 
by Stat6. It also promotes immunoglobulin isotype switching to IgE and IgG1 and 
augments the expression of CD23 and MHC class II in B cells [ 28 ]. Although mouse 
B cells express only IL-4 type I receptors, human B cells express both type I and 
type II receptors and can respond to both IL-4 and IL-13 [ 29 ,  30 ]. 

 IL-4 also plays a critical role in regulating the function of macrophages. Two 
major functional subsets of macrophages have been identifi ed [ 31 ,  32 ]. Classically 
activated macrophages (M1) are induced by IFN-γ and TLR ligands. M1 macro-
phages express a high level of infl ammatory cytokines, such as IL-12, IL-23, and 
IL-1β, and nitric oxide (NO) and can contribute to infl ammatory processes. In con-
trast, alternatively activated macrophages (M2) express arginase 1, mannose recep-
tor, and chitinase, produce IL-10, and display anti-infl ammatory activity. IL-4 and 
IL-13 are the main inducers of M2 macrophages [ 33 ,  34 ]. 

 IL-4 is also the cytokine that drives the differentiation of Th2 cells, which secrete 
IL-4, thereby forming a positive feedback loop to reinforce Th2 differentiation. By 
activating Stat6 and inducing the expression of GATA3, IL-4 can also inhibit the 
differentiation of other Th subsets, such as Th1 and Th17 cells. The impact of the 
IL-4/Stat6/GATA3 axis on the differentiation of Th2 cells will be further elaborated 
later. 

 Although IL-4 is not required for the development of mast cells [ 35 ], it critically 
regulates their function [ 36 ]. IL-4 promotes the proliferation, survival, adhesion, 
and chemotaxis of mast cells. It augments the expression of FcεRI, allowing the 
binding of IgE and IgE-induced degranulation to take place [ 37 ,  38 ]. Its effect on 
mast cells is mediated mainly by Stat6, but also by several other signaling pathways 
including MEK and p38. 

 IL-4 along with GM-CSF has been used to drive the differentiation of dendritic 
cells from myeloid precursors in vitro. However, its effect on the survival, function, 
and traffi cking of dendritic cells is complicated and varies according to experimen-
tal settings. IL-4 is not required for the generation and homeostasis of NK cells but 
can inhibit the activity of NK cells partly by suppressing their expression of NKG2D 
[ 39 ]. Innate CD8+ T cells are a recently discovered lineage of T cells. They are 
generated in the thymus, express transcription factor Eomes, display memory phe-
notype, and rapidly produce IFN-γ in response to TCR stimulation [ 40 ]. PLZF+ 
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NKT cell-derived IL-4 is required for the differentiation of the innate CD8+ T cells 
through the induction of Eomes [ 41 – 44 ].  

3.2.3     IL-4 and Type 2 Immunity 

 A type 2 immune response is characterized by the involvement of Th2 cells, mast 
cells, eosinophils, and group 2 innate lymphoid cells and by the production of IL-4, 
IL-5, IL-13 and IgE [ 45 ]. Type 2 immune responses defend against helminths but 
can also cause allergic infl ammation such as asthma and atopic dermatitis. 
Exogenous IL-4 facilitates the clearance of helminths and induces airway hyperre-
sponsiveness, serving as the key mediator of type 2 immune responses [ 46 ,  47 ]. 
Reciprocally, genetic ablation of IL-4 or blocking IL-4 attenuates the clearance of 
some helminths, such as  Trichuris muris  and  Heligmosomoides polygyrus , and 
reduces airway infl ammation in animal models of asthma [ 48 – 51 ]. It has become 
clear that IL-4 and IL-13 have unique and overlapping functions in type 2 immune 
responses given the differential expression of type I and type II IL-4 receptors. As T 
and B cells express type I receptors almost exclusively, IL-4 is responsible for the 
initiation of allergic response and the production of IgE. In contrast, IL-13 is more 
potent than IL-4 in eradicating  Nippostrongylus brasiliensis  and inducing hypertro-
phy of airway smooth muscles and hyperplasia of goblet cells [ 47 ,  52 – 54 ].  

3.2.4     Nonimmunological Function of IL-4 and Type 2 
Cytokines 

 IL-4 and type 2 cytokines can also act directly or indirectly on nonimmune cells. 
IL-4 and IL-13 act directly on lymphatic endothelial cells and inhibit their prolifera-
tion and tube formation in vitro as well as lymphangiogenesis in vivo [ 55 ,  56 ]. IL-4 
derived from T cells can promote regrowth of neurons, which express IL-4Rα, in 
animal models of CNS injury [ 57 ]. 

 Recent animal studies have also strongly suggested that IL-4/IL-13 is indispen-
sible in coping with environmental stresses. In particular, IL-4/IL-13 is essential in 
combating hypothermia by promoting the differentiation of alternatively activated 
macrophages in brown adipose tissue. Cold exposure triggers sympathetic dis-
charge, which induces the release of noradrenaline in mostly brown adipose tissue, 
resulting in the upregulation of thermogenic genes and lipolysis [ 58 ]. Interestingly, 
cold exposure is also associated with the upregulation of genes characteristic of 
alternatively activated macrophages, which are responsible for the browning of 
white adipose tissue, an event that is dependent on IL-4/IL-13 and Stat6 [ 59 ]. 
Indeed, mice defi cient in IL-4/IL-13 or Stat6 are more susceptible to hypothermia 
in cold environments. 
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 In addition to promoting the differentiation of alternatively activated macro-
phages in adipose tissue, IL-4 acts directly on adipose tissue and facilitates lipolysis 
[ 60 ]. By using IL-4/GFP reporter mice, Wu et al. identifi ed eosinophils as the main 
source of IL-4 in adipose tissue [ 61 ]. Genetic ablation of eosinophils markedly 
attenuates the differentiation of alternatively activated macrophages and blunts the 
cold-induced expression of thermogenesis and the development of functional beige 
fat [ 61 ,  62 ]. Rao et al. further demonstrated that one of the signals inducing the 
production of IL-4 by adipose eosinophils is meteorin-like [ 63 ], a hormone secreted 
by adipose tissue upon cold exposure. These elegant studies establish a thermogenic 
circuit involving meteorin-like, eosinophils, IL-4/IL-13, and alternative activated 
macrophages to counteract hypothermia. How meteorin-like induces the expression 
of IL-4 in eosinophils is currently unknown.   

3.3     Mechanisms Regulating the Cell Type-Specifi c 
Expression of IL-4 

 IL-4 has been a model gene for studying the molecular mechanisms regulating the 
expression of Th2 cell-specifi c genes. Earlier studies focusing on the  Il4  gene pro-
moter have identifi ed fi ve binding sites for the NFAT/AP-1 complex, namely, P0, P1, 
P2, PRE-I/P4, and P5, forming the backbone of the  Il4  promoter (Fig.  3.1 ). This 
approximately 400 bp promoter also contains binding sites for other positive tran-
scription factors, such as C/EBP, NF-kB, and IRF4, and negative transcription factors 
such as IRF1 and CIITA. These studies have been summarized in an elegant review 
and will not be reiterated here [ 64 ]. However, none of these  cis -acting elements or 
cognate transcription factors can explain the cell type-specifi c expression of IL-4. 
Recent studies have identifi ed additional  cis -acting elements, signaling pathways, 
and transcription factors that are critical for Th2-specifi c expression of IL-4 (Fig. 
 3.2 ). These signaling pathways and transcription factors form several positive feed-
back loops to further enforce the expression of IL-4 and the differentiation of Th2 
cells (Fig.  3.3 ). Epigenetic modifi cations further stabilize the ability of Th2 cells to 
express IL-4. However, as the expression of IL-4 is tightly linked to the differentia-
tion of Th2 cells, it is often impossible to separate these two processes. In addition, 
most studies are conducted using Th cells and the conclusions thus generated are not 
necessarily applicable to other IL-4-producing cells. In the following sections, we 
will discuss the signaling pathways, trans-acting factors,  cis -acting elements, and 
epigenetic modifi cations that are important for the expression of IL-4 in Th2 cells 
and highlight the difference between Th2 cells and other IL-4-producing cells.
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3.3.1         The  Il4  Gene and Th2 Locus 

 The  Il4  gene contains four exons and is located in a genomic locus at human chro-
mosome 5 or mouse chromosome 11, tentatively called the Th2 locus, which also 
contains  Il13 ,  Rad50 , and  Il5 . This arrangement is relatively conserved in mam-
mals. As IL-4 is often co-expressed with IL-5 and IL-13, the expression of IL-4 is 
also subjected to regulation by additional  cis -acting elements spreading across the 
Th2 locus (Fig.  3.1 ). These  cis -acting elements were identifi ed by their sensitivity 
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to DNase I digestion (HSS or HS) and by the presence of conserved sequences 
within noncoding regions (CNS or CS) across species. The function of most of these 
 cis -acting elements has been confi rmed with genetic approaches. In general, these 
 cis -acting elements can be divided into the following categories. 

3.3.1.1     Positive Regulatory Elements 

   CNS1/HSS1-3 

 Three hypersensitive sites have been found at the intergenic region between  Il4  and 
 Il13  [ 65 ]. HSS1 and HSS2 overlap with a conserved noncoding sequence CNS1 and 
are detected only in Th2 cells [ 65 ,  66 ]. In contrast, the third hypersensitive site 
HSS3 is detected in naive T cells, as well as in Th1 and Th2 cells. HSS1 and HSS2 
can interact with GATA3 and are induced by Stat6 or GATA3 [ 67 ]. Deletion of 
CNS1 from the mouse genome or a yeast artifi cial chromosome containing the 
human Th2 locus attenuates the production of not only IL-4 but also IL-5 and 
IL-13 in Th2 cells [ 66 ,  68 ,  69 ]. Interestingly, the production of IL-4 by mast cells in 
response to ionomycin is not affected by the deletion of CNS1 [ 68 ]. Taken together, 
the existing data indicate that CNS1/HSS1-2 is a T cell-specifi c coordinate enhancer 
of Th2 cytokines.  

   IE/HSII 

 The second intron of the  Il4  gene contains an enhancer called intronic enhancer 
(IE), which overlaps with two hypersensitive sites, HSII and HSIII [ 70 ,  71 ]. Both 
sites are detected in Th2 cells and mast cells but not in Th1 or NIH3T3 cells. In 
transgenic reporter assays, IE weakly enhances the activity of the  Il4  promoter in 
Th2 but not Th1 cells and, in combination with CNS1, allows exogenous GATA3 to 
transactivate the  Il4  promoter in Th1 cells [ 72 ]. HSII binds both Stat5 and GATA3 
in vivo [ 69 ,  73 ], though it binds GATA3 most strongly among all  cis -acting ele-
ments within the Th2 locus. Deletion of HSII leads to a profound defect in the pro-
duction of IL-4 by Th2 cells, memory Th cells, and NKT cells, but no defect in the 
production of IL-5 and IL-13 is observed [ 69 ]. Deletion of HSII also renders dif-
ferentiating Th1 cells unable to produce IL-4 in response to exogenous GATA3, but 
the GATA3-driven production of IL-5 and IL-13 is not affected. Mice missing HSII 
are resistant to allergic airway infl ammation and mount only a weak antigen- specifi c 
IgE response after immunization. Taken together, these data suggest that IE/HSII is 
an IL-4-specifi c enhancer, but the role of HSIII remains to be determined.  
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   CNS2/HSV and HSVa 

 Hypersensitive site HSV, located at the 3′ end of  Il4 , is detected only in Th2 cells 
and overlaps with the conserved noncoding sequence CNS2 [ 71 ]. Immediately 5′ of 
HSV is another hypersensitive site, HSVa, that is detected only in stimulated Th2 
cells and binds NFAT and GATA3 [ 74 ]. In transient transfection assays, HSVa 
enhances the activity of the  Il4  promoter [ 74 ]. HSVa very likely dictates the proba-
bility of IL-4 expression among differentiated Th2 cells, along with the  Il4  pro-
moter, by serving as the binding site of NFAT-containing protein complexes [ 75 , 
 76 ]. HSV+HSVa augments  Il4  promoter activity in transgenic reporter assays, and 
its activity is dependent on RBPJ, a critical mediator of Notch signals, but not Stat6 
[ 72 ,  77 ]. Deletion of HSV+HSVa or HSV results in modest reduction in the expres-
sion of IL-4 and IL-13 in in vitro differentiated Th2 cells [ 78 – 80 ]; a marked reduc-
tion in the production of IL-4 and, to a lesser degree, IL-13 is also observed in mast 
cells but not basophils [ 78 ,  81 ]. While deletion of HSV+HSVa or HSV results in a 
similar defect in the production of IL-4 and IL-13, impaired IL-5 expression is 
observed only in mice with a deletion of HSV+HSVa. These observations suggest 
that HSVa cannot fully compensate for the loss of HSV. 

 Additionally, recent studies suggest that HSV and HSVa play a more important 
role in Tfh than in Th2 cells. In transgenic reporter mice, HSV+HSVa is active in 
NKT cells and CD44+ Th cells, which express a low level of GATA3 and are very 
likely Tfh cells, but not in differentiating Th2 cells. Deletion of HSV+HSVa affects 
the expression of IL-4 more profoundly in Tfh than in Th2 cells. The lack of IL-4 
production by Tfh cells in mice carrying a deletion of HSV+HSVa or HSV may 
explain the marked reduction in the level of antigen-specifi c IgE after immunization 
[ 79 ,  80 ].  

   HS1/CS1/CGRE 

 A hypersensitive site matching a conserved GATA3-responsive element (CGRE) 
maps to the promoter region of  Il13 . Deletion of HS1/CS1/CGRE substantially 
reduces the expression of IL-13 but not IL-4 in differentiating Th2 cells, suggesting 
that it is an IL-13-specifi c enhancer [ 82 ].  

   Locus Control Region 

 A locus control region (LCR) is a  cis -acting element that confers a high-level tissue- 
specifi c expression. It also serves as an insulator and blocks the infl uence of neigh-
boring chromatin. In transgenic reporter assays, LCRs exhibit copy number-dependent 
and tissue-specifi c enhancer activity that is site independent. Given the coordinated 
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expression of IL-4, IL-5, and IL-13, the presence of an LCR within the Th2 locus 
was strongly suspected. However, none of the aforementioned positive  cis -acting 
elements meets the defi nition of an LCR. By establishing a series of transgenic 
mouse strains carrying a bacteria artifi cial chromosome with various regions of the 
Th2 locus driving an IL-4 promoter/luciferase cassette, Lee et al. identifi ed an LCR 
3′ of the  Rad50  gene [ 83 ]. Deletion of the LCR renders Th cells unable to produce 
IL-4, IL-5, and IL-13, even when differentiated under Th2 polarizing conditions 
[ 84 ], whereas the production of IFN-γ by Th1 cells is unaffected. Accordingly, 
LCR-defi cient mice are resistant to airway allergic infl ammation. 

 This LCR contains at least four hypersensitive sites: RHS4, RHS5/RAD50-O, 
RHS6/RAD50-(A+B), and RHS7/RAD50-C [ 85 ,  86 ]. RHS6 is detected in naive 
Th, Th1, and Th2 cells, whereas RHS4 and RHS7 are Th2 specifi c. The appearance 
of RHS7 is dependent on Stat6 but not GATA3 [ 86 ]. RHS5, RHS6, and RHS7 are 
also conserved across species, and these three sites together recapitulate the func-
tion of the LCR in transgenic reporter assays [ 85 ]. RHS7 is required for interactions 
between the LCR and the  Il4 ,  Il5 , and  Il13  promoters in Th cells; chromosome 
conformation capture assays demonstrate that the LCR is in direct contact with 
these promoters, thereby keeping the Th2 cytokine genes in a “poised” position 
[ 87 ]. The establishment and maintenance of this intrachromosomal interaction 
requires GATA3 and Stat6 and is disrupted in the absence of RHS7 [ 87 ,  88 ]. 

 The function of each of the four hypersensitive sites has also been examined in 
genetically engineered mice [ 88 ,  89 ]. Deletion of RHS4+5 results in no apparent 
defect in the production of type 2 cytokines. Deletion of RHS7 leads to a partial 
defect in the expression of IL-4 and IL-13 in Th2 cells and mast cells but no appar-
ent defect in IL-5. In contrast, deletion of RHS6 deprives Th2 cells of the ability to 
produce type 2 cytokines. Thus, each of the hypersensitive sites within the LCR has 
both unique and redundant functions in regulating the expression of IL-4, IL-5, and 
IL-13.   

3.3.1.2     Negative Regulatory Element 

   HSIV/HM1 

 A silencer has been identifi ed downstream of the 3′ UTR of  Il4  [ 90 ]. This silencer 
matches to the hypersensitive site HSIV, which is detected in naive Th, Th1, and 
Th2 cells, though its silencing effect is Th1 specifi c [ 71 ]. Its sequence is not fully 
conserved across species, but it suppresses the activity of the  Il4  promoter in both 
transient transfection assays and transgenic reporter assays [ 72 ,  90 ]. Mutation of a 
consensus Stat6 binding site within the silencer or blocking IL-4/Stat6 signaling 
activates this silencer even in Th2 cells [ 90 ]. Another silencer has also been identi-
fi ed as the conserved noncoding sequence HM1, located downstream of the 
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nonconserved HSIV but upstream of HSV; HM1 shows increased accessibility to 
restriction enzymes and is also named HSIV (thus called HM1/HSIV) [ 72 ,  91 ]. 
HM1/HSIV is decorated with the transcriptionally active mark H3K4me2 in naive 
T, Th1, and Th2 cells. HM1/HSIV also displays potent silencer activity in trans-
genic reporter assays [ 72 ]. Deletion of HM1/HSIV has little impact on the differen-
tiation and cytokine production by Th2 cells but results in derepression of IL-4 in 
Th1 cells and overproduction of IL-4 in mast cells, with rather modest, if any, effects 
on IL-13 and IL-5 [ 69 ,  91 ]. HM1/HSIV silences the expression of IL-4 by serving 
as a binding site for Runx3/T-bet complex. In the absence of HM1/HSIV, Runx3 
and/or T-bets are less effi cient at suppressing IL-4 expression in differentiating Th2 
cells [ 82 ]. Thus HSIV and HM1/HSIV function as IL-4-specifi c silencers and sup-
press IL-4 expression in Th1 cells.    

3.3.2     Signaling Pathways Promoting Th2 Differentiation 
and IL-4 Production 

 Several signaling pathways have been shown to regulate the expression of IL-4 in 
Th cells. However, the expression of IL-4 is tightly linked to the differentiation of 
Th2 cells. A signal pathway may promote the differentiation of Th2 cells, thereby 
enhancing the expression of all Th2 cytokines, but not directly augment the tran-
scription of the  Il4  gene. Here we will review a few major signaling pathways that 
are critical for the differentiation of Th2 cells and the expression of IL-4. 

3.3.2.1     TCR Signals 

 Signals emanating from TCR are potent and essential triggers of IL-4 expression in 
Th cells. The effects of TCR signals on IL-4 expression are mediated mainly through 
NFAT proteins, activated by calcium-dependent phosphatase calcineurin, and AP-1, 
which is induced through the RAS-RAF-ERK pathway and forms a dimer with 
NFAT. Inhibition of calcineurin with cyclosporine prevents T cells from expressing 
IL-4. TCR signals also activate NF-kB through the PKCθ-CARMA1 pathway. 
CARMA1 also augments the expression of JunB and GATA3 [ 92 ]. The strength of 
TCR signals can infl uence the Th1/Th2 fate decision of differentiating Th cells. 
Stimulating naive Th cells with suboptimal concentrations of antigens or weaker 
antigens favors the production of IL-4 and the differentiation of Th2 cells [ 93 – 95 ]. 
It was subsequently shown that weaker TCR signals result in weaker ERK activity 
and shift AP-1 complexes from c-Fos/JunB heterodimers to JunB/JunB homodi-
mers [ 96 ].  
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3.3.2.2     IL-4/Stat6 Pathway 

 The most important signaling pathway for the differentiation of Th2 cells is IL-4/
Stat6. Stat6 is a member of the signal transducer and activator of transcription (Stat) 
family of proteins. Stat6 monomers tether to the intracellular tail of IL-4Rα and are 
phosphorylated by Jaks upon binding of IL-4 to IL-4 receptors [ 25 ]. Phosphorylated 
Stat6 monomers then form dimers through their SH2 domains and translocate to the 
nucleus. Stat6 dimers preferentially bind to DNA sequences of TTC(N) 4 GAA and 
transactivate gene expression. In differentiating human Th2 cells, Stat6 is respon-
sible for the expression of up to 80 % of IL-4-inducible genes [ 97 ], but surprisingly, 
Stat6 is not necessary for IL-4 production by NKT cells, basophils, and eosinophils 
[ 98 – 100 ], suggesting that Stat6 does not directly transactivate the  Il4  gene. Stat6- 
defi cient (Stat6KO) Th cells are unable to respond to IL-4 and display a profound 
defect in the differentiation of Th2 cells in vitro [ 101 – 103 ]. Accordingly, Stat6KO 
mice in general are unable to mount type 2 immune responses in vivo. Reciprocally, 
ectopic expression of activated Stat6 is suffi cient to redirect differentiating Th1 cells 
to IL-4-producing Th2 cells [ 104 ]. 

 The phosphorylation of Stat6 is reversed by SHP1 [ 105 ], a protein tyrosine phos-
phatase. Mice carrying SHP1-defi ciency only in T cells have an elevated level of 
serum IgE, as their Th cells have prolonged Stat6 phosphorylation after IL-4 stimu-
lation and express more IL-4 [ 106 ]. The strength of IL-4/Stat6 signaling is also 
negatively regulated by Grail, a type 1 transmembrane E3 ubiquitin ligase. Grail 
ubiquitinates Stat6, resulting in its degradation. Accordingly, Grail defi ciency leads 
to enhanced Th2 differentiation, and Grail-defi cient mice are more susceptible to 
allergic airway infl ammation. Interestingly, the expression of Grail is induced by 
IL-4/Stat6 and is highest in Th2 cells among various Th subsets, thereby establish-
ing a negative feedback mechanism [ 107 ]. 

 Published data indicate that Stat6 promotes IL-4 expression in Th cells partly by 
inducing the expression of GATA3. Indeed, exogenous GATA3 is suffi cient to 
restore Th2 differentiation in Stat6KO Th cells [ 108 ]. GATA3 can be transcribed 
through two promoters, 1a and 1b, separated by 10 kb apart [ 109 ,  110 ]. Transcripts 
from both promoters are detected in the fi rst 2 days of in vitro Th2 differentiation, 
but promoter 1a is exclusively used after day 3. Stat6 is recruited to both promoters; 
however, although Stat6 contributes to the expression of GATA3 through promoter 
1b, it is not essential for the activity of this proximal promoter. In contrast, very little 
promoter 1a activity is detected in the absence of Stat6. Interestingly, both promot-
ers are active in already differentiated Th2 cells and are induced by TCR signals but 
not IL-4. 

 Stat6 is also recruited to several sites within the Th2 locus in Th2 cells [ 111 ]. 
While the functional signifi cance of this observation is still not fully established, 
Stat6 very likely contributes to the folding and epigenetic modifi cations of the Th2 
locus. For example, the appearance of RHS7 and its demethylation are induced in 
differentiating Th2 cells in a Stat6-dependent manner, but are not dependent on 
GATA3 [ 86 ,  112 ]. Stat6 also directly binds to more than 4000 genes in Th2 cells, 
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and approximately 60 % of Stat6 binding sites co-localize with H3K4me4 marks 
[ 113 ]. These observations indicate that Stat6 can also promote Th2 differentiation 
and IL-4 expression independently of GATA3. In addition, Stat6 is required for the 
migration of Th2 cells, Th2 memory, and stable expression of GATA3 in differenti-
ated Th2 cells [ 114 – 116 ]; thus, Stat6 is also critical for the maintenance of Th2 
phenotype and type 2 immune responses.  

3.3.2.3     Non-Stat6 Pathways 

 Despite the critical role of the IL-4/Stat6 pathway in promoting the differentiation 
of Th2 cells, residual Th2 differentiation can still be detected in the absence of Stat6 
or IL-4Rα, indicating the presence of IL-4/Stat6-independent pathways [ 114 ,  117 , 
 118 ]. 

   IL-2/Stat5 Pathway 

 The IL-2/Stat5 pathway works parallel to the IL-4/Stat6 pathway in driving Th2 
differentiation and IL-4 production. Compared to differentiating Th1 cells, differen-
tiating Th2 cells express a higher level of CD25, the receptor of IL-2, and are more 
responsive to exogenous IL-2 [ 119 ]. A timely blockade of IL-2 inhibits the produc-
tion of IL-4 and Th2 differentiation in both human and mouse Th cells [ 119 – 121 ]. 
Moreover, a defi ciency in either Stat5a or Stat5b, the signaling/transcription factor 
downstream of IL-2, results in a marked defect in the Th2 immune response in vivo 
[ 122 ]. Reciprocally, the expression of a constitutively active Stat5a restores IL-4 
production in the absence of IL-2 [ 73 ]. The IL-4-promoting effect of IL-2/Stat5 is 
still observed in differentiating Th2 cells defi cient in Stat6 or IL-4Rα [ 73 ], indicat-
ing that the effect of IL-2/Stat5 is independent of the IL-4/Stat6 pathway. The IL-2/
Stat5 pathway probably accounts for the residual Th2 differentiation of Stat6KO Th 
cells, because a defi ciency in both Stat5a and Stat6 nearly completely blocks in vitro 
Th2 differentiation and in vivo Th2 cell-dependent allergic airway infl ammation 
[ 123 ]. IL-2/Stat5 does not induce the expression of GATA3, and forced expression 
of GATA3 does not rescue IL-4 production by differentiating Th cells in the pres-
ence of IL-2 blockade [ 121 ]. In addition, constitutively active Stat5 is unable to 
induce IL-4 production in the absence of GATA3 [ 124 ]. Thus, both GATA3 and 
IL-2/Stat5 are essential for optimal Th2 differentiation. 

 IL-2/Stat5a promotes the expression of IL-4 and Th2 differentiation by several 
mechanisms:

    (a)    Stat5a is recruited to the promoter of  Maf , which encodes c-Maf, in an IL- 2- 
dependent manner [ 125 ]. The induction of c-Maf by TCRs in developing Th2 
cells is completely blocked by daclizumab, a humanized anti-CD25 antibody. 
c-Maf in turn enhances the induction of CD25 in developing Th2 cells by an 
IL-4-independent mechanism [ 119 ]. Thus, IL-2, Stat5, c-Maf, and CD25 form 
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another positive feedback loop, parallel to the IL-4/Stat6/GATA3 loop during 
Th2 differentiation (Fig.  3.3 ).   

   (b)    IL-2 induces the expression of IL-4Rα independently of IL-4. Endogenous IL-2 
is also essential for TCR-induced expression of IL-4Rα [ 126 ], providing a con-
nection between the IL-2/Stat5 and IL-4/Stat6 loops.   

   (c)    Stat5a is also recruited to several principal  cis -acting elements of the Th2 locus, 
including HSII, HSIII, and LCR, but not HSVa sites, and alters the epigenetic 
landscape of the Th2 locus in a manner different from GATA3 [ 73 ,  126 ].   

   (d)    In addition, Stat5 augments the expression of Lunatic Fringe, which enhances 
Notch signals in T cells, and promotes IL-4 production and Th2 differentiation 
in the presence of Notch ligands, such as DLL4 [ 127 ]. Reciprocally, Notch 
signals potentiate the expression of CD25 and the responsiveness of Th cells to 
IL-2 [ 128 ], suggesting cross talk between the IL-2/Stat5 and Notch pathways.   

   (e)    Stat5a directly transactivates SOCS3, which is a potent inhibitor of IL-12/Stat4 
signals [ 129 ]. Thus, IL2/Stat5 passively promotes Th2 differentiation by inhib-
iting IL-12-induced Th1 differentiation.   

   (f)    Recently, the nucleotide-binding oligomerization domain (NOD)-like receptor 
pyrin domain containing family of gene 3 (NLRP3), the key component of 
NLRP3 infl ammasome, was found to be expressed preferentially in Th2 cells 
over Th1 cells [ 130 ]. Its expression is induced by IL-2/Stat5. It can form a 
dimer with IRF4 and binds to the promoter of  Il4 , thereby augmenting the 
expression of IL-4 independently of infl ammasome activity.      

   Notch Signaling Pathway 

 The Notch signaling pathway plays a role of facilitator in the expression of IL-4 and 
the differentiation of Th2 cells. The mammalian Notch signaling pathway consists 
of four Notch receptors (Notch 1–4) and fi ve ligands of the Jagged and Delta-like 
family (Jagged 1, Jagged 2, Delta-like ligand [DLL] 1, DLL2, and DLL3) [ 131 ]. 
Upon ligand binding, Notch receptors undergo a series of cleavages involving the 
ADMA family of metalloproteinases and the γ-secretase activity of a presenilin- 
containing protein complex, leading to the release of the Notch intracellular domain 
(NICD). NICD then translocates to the nucleus and forms a protein complex with 
the transcription factor recombination signal binding protein for immunoglobulin 
kappa J region (RBPJ). The NICD/RBPJ complex further recruits coactivators, such 
as mastermind proteins (MAML) and p300, to transactivate Notch target genes. 
Mice defi cient in RBPJ in T cells have a marked reduction in the basal level of 
serum IgE and have impaired Th2 responses after immunization [ 132 ,  133 ]. 
Moreover, combined defi ciency of Notch 1 and Notch 2 also attenuates Th2 differ-
entiation [ 133 ]. Th2 cells derived from these mice express less IL-4 and GATA3 
when differentiated under Th2 polarizing conditions [ 132 – 134 ]. Similarly, inhibi-
tion of Notch signals by expression of a dominant negative MAML (DNMAML) 
attenuates Th2 differentiation in vitro and renders mice susceptible to infection with 
 T. muris  [ 135 ,  136 ], but reciprocally enhances in vitro Th1 differentiation [ 136 ]. 
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 Forced expression of NICD1 but not NICD2 enhances IL-4 production through 
its synergy with GATA3 even in the absence of Stat6 [ 134 ,  135 ], indicating that 
Notch signals promote IL-4 expression and Th2 differentiation independently of 
Stat6. Instead, the Th2-promoting effect of Notch signals is mediated mainly 
through induced expression of GATA3 [ 133 ,  135 ]; RBPJ binds to a conserved site 
approximately 10 kb upstream of the exon1 of  Gata3  and transactivates the  Gata3  
1a promoter independently of IL-4 [ 133 ,  135 ]. NICD also enhances the  transcription 
of the  Il4  gene through the 3′ HSV, which contains a conserved RBPJ binding site; 
mutation of the RBPJ site ablates the transactivation by NICD [ 134 ]. 

 Notch signals are also important for the differentiation of Th1 cells. LPS induces 
the expression of DLL4 in APCs [ 134 ,  137 ], and subsequently interactions between 
DLL and Notch promote Th1 differentiation [ 134 ,  138 ,  139 ]. In contrast, Jagged 2 
expression in APCs is induced by PGE2 and cholera toxin, and the interaction 
between Jagged 2 and Notch enhances Th2 differentiation [ 134 ]. These observa-
tions lead to the hypothesis that Notch signals, depending on the ligands, instruct 
Th1 or Th2 fate. However, this model has been challenged by a few recent studies. 
Neither DLL1 nor Jagged 1 expression in APCs induces Th1 or Th2 fate in the 
absence of polarizing cytokines, nor do they redirect cytokine-driven Th1 or Th2 
differentiation [ 140 ,  141 ]. Blocking Notch signaling, either with γ-secretase inhibi-
tors or DNMAML, inhibits both Th1 and Th2 genetic programs regardless of cyto-
kine milieu [ 142 ]. Recruitment of NICD1 to  Il4  and  Gata3  is detected even in Th1 
cells, as well as recruitment to the  Tbx21  locus, which encodes T-bet, in Th2 cells, 
suggesting that Notch signals “globally” facilitate, but do not instruct, the differen-
tiation of Th cells in the presence of polarizing cytokines.  

   WNT/β-Catenin Pathway 

 WNTs are secreted glycoproteins [ 143 ]. Binding of WNTs to their receptors, called 
Frizzled, results in the stabilization of β-catenin, which translocates to the nucleus 
and forms a complex with transcription factor TCF-1 or LEF-1, members of the 
high-mobility group (HMG) domain-containing proteins. This complex then binds 
to WNT-responsive elements and recruits CBP and p300, resulting in gene expres-
sion. Naive human Th cells express a low level of WNT and exhibit a basal TCF-1 
activity even in the absence of exogenous WNT. Exogenous Dkk1, a WNT inhibi-
tor, or siRNA against β-catenin suppress the expression of GATA3 and IL-4 in dif-
ferentiating human Th2 cells [ 144 ]. In agreement with this result, genetic ablation 
of β-catenin also leads to a profound defect in Th2 differentiation, whereas forced 
expression of β-catenin strongly enhances Th2 differentiation. This Th2-promoting 
effect of WNT/β-catenin is in part mediated by TCF-1, which is also required for the 
optimal differentiation of Th2 cells [ 145 ]. 
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 Both β-catenin and TCF-1 bind to the promoter 1b of  Gata3  and drive the tran-
scription of  Gata3  in response to TCR stimulation [ 145 ], independently of IL-4/
Stat6 or Notch signaling. Interestingly, during the differentiation of Th2 cells, the 
expression of TCF-1 is suppressed by IL-4, despite TCF-1’s role in promoting Th2 
differentiation [ 146 ]. It turns out that TCF-1 has a short alternative spliced form, 
which lacks the N-terminal β-catenin-binding domain and is a constitutive suppres-
sor. IL-4/Stat6 signals preferentially suppress the expression of the short isoform, 
increasing the proportion of full-length TCF-1. 

 While both TCF-1 and LEF-1 can interact with β-catenin, the Th2-promoting 
effect of WNT/β-catenin appears to be mediated by TCF-1 but not LEF-1, and 
LEF-1 can in fact inhibit Th2 differentiation. In contrast to TCF-1, forced  expression 
of LEF-1 in differentiating Th2 cells results in attenuated expression of IL-4, IL-5, 
and IL-13 [ 147 ]. Reciprocally, knocking down LEF-1 with siRNA in Jurkat cells 
increases the level of IL-4 transcript [ 148 ]. LEF-1 can inhibit Th2 differentiation by 
two mechanisms. It can prevent GATA3 from binding to DNA by forming a com-
plex with GATA3 [ 147 ], an interaction mediated by LEF-1’s HMG box and the zinc 
fi ngers of GATA3. In addition, LEF-1 can directly bind to a negative regulatory 
element within the  Il4  promoter [ 148 ]. Consistent with its role as a negative regula-
tor of IL-4 expression and Th2 differentiation, the expression of LEF-1 is down-
regulated when naive Th cells differentiate into Th2 cells [ 146 ,  148 ]. This 
downregulation of LEF-1 requires signals from IL-4/Stat6 and TCR.  

   mTOR 

 A serine-threonine kinase, mammalian target of rapamycin (mTOR), is the core 
component of two distinct signaling complexes, mTORC1 and mTORC2 [ 149 ]. 
mTORC1 contains the scaffold protein Raptor and several other subunits including 
mLST8, PRAs40, and Deptor. mTORC1 is activated sequentially by PI3K, Akt, and 
Rheb, a RAS-like GTPase, and in turn promotes the phosphorylation of S6K1 and 
4E-BP1. In contrast, mTORC2 consists of the scaffold proteins Rictor, mLST8, 
mSIN1, and Protor, and it promotes the phosphorylation of Ser473 of Akt. The acti-
vation of mTORC2 is less understood, but its activation by PI3K-triggered ribo-
some binding has been reported [ 150 ]. mTOR is also activated by IL-4 in Th cells 
through the IRS2-PI3K-Akt pathway [ 27 ]. mTOR complexes can sense growth fac-
tors and nutrients in the environment and regulate cellular metabolism. 

 The role of mTOR complexes in infl uencing the differentiation of Th cells was 
fi rst reported by Delgoffe et al. [ 151 ]. They found that mTOR is essential for the 
differentiation of effector Th cells, including Th1, Th2, and Th17. Th cells defi cient 
in mTOR default into Treg cells upon stimulation. They subsequently found that 
Rictor, the scaffold protein of mTORC2, is essential for the differentiation of Th2 
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cells, whereas a defi ciency of Rheb, an activator of mTORC1, specifi cally interferes 
with the differentiation of Th1 [ 152 ]. However, this mTORC1-Th1 and mTORC2-
 Th2 dichotomy has been challenged by two reports. Lee et al. showed that Rictor is 
required for the differentiation of both Th1 and Th2 cells [ 153 ], while Yang et al. 
demonstrated that a defi ciency of Raptor also leads to a profound defect in the dif-
ferentiation of Th2 cells [ 154 ]. Thus, both mTORC1 and mTORC2 contribute to the 
differentiation of Th2 cells. 

 How mTORC promotes the differentiation of Th2 cells is also controversial. A 
reduction in the level of GATA3 is a universal fi nding in all experiments using mice 
or cells with impaired mTORC activity. However, other mechanisms have been 
suggested:

    (a)    Attenuation of Stat6 signaling through SOCS5: Delgoffe et al. showed that 
Rictor-defi cient Th cells express a higher level of SOCS5, an inhibitor of Stat6, 
and a lower level of p-Stat6 [ 152 ]. However, this observation cannot be 
 reproduced by Lee et al., who found no signifi cant difference in the level of 
p-Stat6 between WT and Rictor-defi cient Th cells [ 153 ].   

   (b)    Attenuation of p-PKCθ and NF-kB activity: Instead, Lee et al. found that 
Rictor- defi cient Th cells have a reduced level of p-PKCθ and nuclear NF-kB, 
including RelA, RelB, and p50. Forced expression of a constitutively active 
p-PKCθ rescues Th2 differentiation [ 153 ].   

   (c)    Reduction in the level of JunB protein: mTORC2 also phosphorylates and acti-
vates SGK1 (serum- and glucocorticoid-regulated kinase 1), a member of the 
AGC family of serine-threonine kinase. Once activated, SGK1 inhibits E3 
ligase Nedd4-2. Heikamp et al. recently showed that a defi ciency of SGK1 
results in marked impairment in the differentiation of Th2 cells [ 155 ]. SGK1- 
defi cient Th2 cells are unable to express GATA3, IL-4, IL-5, and IL-13. This 
defect is attributed to a reduced protein level of JunB caused by hyperactive 
Nedd4-2, which facilitates the ubiquitination and degradation of JunB.      

   Nucleic Acid Sensing Pathway 

 A recent paper by Imanishe et al. showed that Th cells can sense non-CpG DNA and 
self-DNA, which elicits co-stimulation signals independently of MyD88/Trif or 
other known nucleotide sensors such as STING and ZBP1 [ 156 ]. This DNA-induced 
co-stimulation promotes the expression of GATA3 and IL-4 and reciprocally sup-
presses the expression of T-bet and IFN-γ, eventually leading to the polarization of 
Th2 cells even in nonpolarizing conditions. This induction of GATA3 and IL-4 is 
dependent on the IL-4/Stat6 pathway. However, how sensing of non-CpG or self- 
DNA leads to the induction of GATA3 and IL-4 is still unknown.    
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3.3.3     Transcription Factors 

3.3.3.1     GATA3 

 A member of the GATA family of transcription factors, GATA3, was originally 
cloned as a T cell-specifi c transcription factor binding to the enhancers of the TCR 
α and δ genes [ 157 ,  158 ]. GATA3 is essential for several critical steps during the 
differentiation of T cells, including T cell fate determination, thymic β-selection, 
and CD4 lineage specifi cation [ 159 – 161 ]. It also regulates the homeostasis and acti-
vation of NKT cells and CD8+ T cells [ 162 – 164 ]. Although naive Th cells express 
GATA3, its expression is further induced during Th2 differentiation, driven by the 
IL-4/Stat6 pathway – but not IL-2/Stat5 – [ 165 ,  166 ] and by the Notch signaling 
pathway. Forced expression of GATA3 is suffi cient to drive the differentiation of 
Th2 cells in the absence of Stat6 and to convert differentiating Th1 cells into IL-4- 
producing cells. Studies using conditional GATA3-defi cient mice have demon-
strated that GATA3 is essential for the differentiation of Th2 cells driven by  IL-4/
Stat6, Notch, or IL-2/Stat5 and for IL-4 production by NKT cells [ 124 ,  133 ,  162 , 
 167 ]. 

 Existing data have demonstrated that GATA3 promotes the expression of IL-4 
and the differentiation of Th2 cells through several mechanisms:

    GATA3 as a chromatin-remodeling factor of the Th2 locus : GATA3 can bind to 
almost all DNase I hypersensitive sites within the Th2 locus, including multiple 
sites at LCR, CGRE, HSII, and HSV. Forced expression of GATA3 induces the 
appearance of HSII, HSIII, and HSV even in the absence of Stat6. GATA3 
together with Stat6 induces long-range interactions among LCR and the  Il4  and 
 Il13  promoters [ 87 ,  108 ,  168 ], strongly suggesting that GATA3 is capable of 
remodeling the chromatin conformation of the Th2 locus.  

   GATA3 as a transcription factor of type 2 cytokines : Despite GATA3’s essential role 
in Th2 differentiation, GATA3 defi ciency in already differentiated Th2 cells has 
a minimal impact on the expression of IL-4, but results in a profound defect in 
IL-5 and IL-13 expression [ 124 ], suggesting that GATA3 serves as a direct tran-
scription factor of IL-5 and IL-13, but not IL-4. Indeed, GATA3 can bind to and 
transactivate the promoters of IL-5 and IL-13 [ 169 ,  170 ], very likely through 
different mechanisms. For example, a positively charged amino acid residue at 
position 261, either arginine or lysine, is essential for GATA3 to support IL-5 
expression but dispensable for its induction of IL-4 and IL-13 in Th2 cells or 
suppression of IFN-γ production in differentiating Th1 cells [ 171 ].  

   GATA3 as an inhibitor of Th1 cells : In addition to promoting the differentiation of 
Th2 cells, GATA3 also actively suppresses the differentiation of Th1 cells 
through several mechanisms. It suppresses the upregulation of IL-12Rβ-2 and 
Stat4, the key signal transduction pathway for the induction of Th1 differentia-
tion, neutralizes the function of Runx3, and epigenetically inhibits the expres-
sion of T-bet and IFN-γ [ 161 ,  172 ]. Since the differentiation of naive Th cells to 
Th1 or Th2 cells is often mutually exclusive, by suppressing Th1 differentiation, 
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GATA3 further enforces the expression of IL-4 and the differentiation of Th2 
cells.    

 Several genome-wide ChIP-seq analyses have identifi ed potential target genes of 
GATA3 in Th2 cells [ 173 – 175 ]. The data strongly suggest that GATA3 also regu-
lates the expression and maintenance of many Th2-specifi c genes. One of the 
GATA3 target genes is  Gata3  itself. This fi nding is consistent with the observation 
that GATA3 can induce its own expression in Th cells [ 108 ], thereby forming a posi-
tive feedback loop. However, the role of this positive feedback loop in the differen-
tiation of Th2 cells and expression of IL-4 has yet to be confi rmed.  

3.3.3.2     c-Maf 

 c-Maf is a leucine zipper transcription factor that is preferentially expressed in Th2 
cells over Th1 cells [ 176 ]. Its expression in differentiating Th2 cells is induced by 
TCR/CD28, ICOS signaling, and IL-2/Stat5 [ 125 ,  176 – 178 ]. c-Maf physically 
interacts with NFAT and binds to a half MARE (Maf recognition element) site 
located at approximately −40 position, immediately next to a NFAT binding site 
within the  Il4  promoter. Forced expression of c-Maf and NFAT is suffi cient to drive 
endogenous IL-4 production in non-IL-4 producers, such as M12 B cells. This effect 
is further enhanced by the NFAT-interacting protein NIP45 [ 179 ], which is required 
for the optimal production of type 2 cytokines by Th2 cells [ 180 ]. c-Maf transgenic 
mice have a higher level of serum IgE and IgG1, and their Th cells skew toward a 
Th2 fate in an IL-4-dependent manner when activated under nonpolarizing condi-
tions [ 181 ]. Reciprocally, c-Maf-defi cient Th cells display a profound defect in dif-
ferentiating into Th2 cells under nonpolarizing conditions but are able to become 
Th2 cells in the presence of exogenous IL-4 [ 182 ]. c-Maf-defi cient Th2 cells derived 
in this manner nevertheless still express a low level of IL-4, albeit producing normal 
levels of IL-5 and IL-13. Thus, transactivation by c-Maf is specifi c to IL-4 among 
type 2 cytokines. However, unlike GATA3, c-Maf is unable to force established Th1 
cells to produce IL-4 when at a level comparable to that of Th2 cells [ 181 ]. The 
activity of c-Maf is regulated by several posttranslational modifi cations; 
SUMOylation at Lys33 of c-Maf interferes with its recruitment to the  Il4  promoter 
[ 183 ,  184 ], whereas Tec kinase-mediated phosphorylation of Tyr21/92/131 enhances 
its transactivation of the  Il4  gene [ 185 ,  186 ].  

3.3.3.3     JunB 

 JunB is a member of the AP-1 family of transcription factors. It was fi rst reported 
that Th2 cells contain more AP-1 activity, which correlates with the level of JunB- 
containing complexes, than Th1 cells [ 187 ]. It was subsequently found that Th2 
cells express more JunB than Th1 cells [ 188 ]. It binds to the P1 element within the 
 Il4  promoter and synergizes with c-Maf to transactivate the promoter. Defi ciency of 
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JunB results in a signifi cant reduction in the expression of IL-4 and IL-5, but not 
IL-13, and an increase in the level of IFN-γ and T-bet in Th2 cells [ 189 ]. Accordingly, 
mice defi cient in JunB only in T cells are resistant to allergic airway infl ammation. 
The expression of JunB in Th cells is induced by TCR signals through CARMA1 
and ERK1 [ 92 ,  190 ]. Its activity is positively regulated by JNK-mediated phos-
phorylation of Thr102 and Thr104 as well as SUMOylation at K237, K267, and 
K301 [ 188 ,  191 ]. Its degradation is mediated by Itch E3 ubiquitin ligase [ 192 ], 
which requires Ndfi p1 (Nedd4 family interacting protein-1) to function [ 193 ]. 
Defi ciency of Itch or Ndfi p1 results in a prolonged half-life of JunB after T cell 
activation, excessive production of IL-4 by Th2 cells, and type 2 infl ammation.  

3.3.3.4     Dec2 

 The helix-loop-helix transcription factor Dec2 is preferentially expressed in Th2 
cells over Th1 and Th17 cells [ 194 ,  195 ]. Its expression is induced by the IL-4/Stat6 
pathway and is further enhanced by ICOS or IL-25. Interestingly, GATA3 is not 
essential for its initial induction during the differentiation of Th2 cells but is neces-
sary for sustaining its expression in established Th2 cells. Dec2-defi cient mice have 
a signifi cant defect in mounting a Th2 immune response in vivo, and T cell-specifi c 
Dec2 transgenic mice are more susceptible to allergic airway infl ammation. Dec2 
defi ciency results in a marked reduction in the level of type 2 cytokines, GATA3, 
and JunB in Th2 cells, but has little impact on the differentiation of Th1 or Th17 
cells. Although Dec2 augments IL-4-driven Th2 differentiation, it has a negligible 
effect in the absence of IL-4/Stat6 signals. The impairment of Th2 differentiation in 
the absence of Dec2 is rescued by forced expression of JunB or GATA3. This obser-
vation is consistent with the fi nding that Dec2 is recruited to the promoters of  Gata3  
and  Junb , suggesting that Dec2 directly transactivates  Gata3  and  Junb . In addition, 
Dec2 augments the expression of CD25 in a Stat6-dependent manner, thereby 
enhancing the sensitivity of differentiating Th2 cells to IL-2.  

3.3.3.5     Other Positive Transcription Factors 

 In addition to the aforementioned transcription factors that are preferentially 
expressed in Th2 cells, optimal expression of IL-4 also requires several other tran-
scription factors that are not restricted to Th2 cells. Here we will discuss those act-
ing directly on  Il4  or the Th2 locus.

    Kruppel-like factor (KLF)13 : KLF13 can bind directly to a CACCC box located at 
the -338 position of the  Il4  gene. A weak transactivator by itself, KLF13 interacts 
with c-Maf and potentiates the transcriptional activity of c-Maf on IL-4 [ 196 ].  

   Yin-Yang 1 (YY1) : YY1 is a zinc fi nger DNA-binding protein that can function as a 
transactivator or repressor. It can bind to several sites within the Th2 locus, 
including RHS7, HSV, HSIV, CNS1, and the P0 element located at -53 to -59 of 
the  Il4  promoter [ 197 ,  198 ]. It not only directly transactivates the  Il4  promoter 
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but also facilitates the recruitment of GATA3 to the Th2 locus. Haploinsuffi ciency 
or knockdown of YY1 results in a signifi cant defect in the production of IL-4, 
IL-5, and IL-13 [ 198 ,  199 ].  

   Special AT-rich sequence-binding protein 1 (SATB1):  SATB1 is a “chromatin orga-
nizer” as well as a transcription factor. It binds to base-unpairing regions (BURs), 
which are enriched with stretches of DNA sequences containing a mixture of 
adenine, thymidine, and cytosine (but not guanine) on one strand, and recruits 
chromatin-remodeling complexes [ 200 ,  201 ]. The expression of SATB1 is 
induced in activated Th cells, and its induction during the differentiation of Th2 
cells is dependent on Stat6 but not GATA3 [ 202 ]. SATB1 binds to nine BURs 
within 200 kb of the Th2 locus and is also recruited to CNS1 and CNS2, which 
do not contain conserved BURs [ 111 ]. The anchoring of SATB1 to these sites 
allows the formation of densely packed chromatin loops, bringing the promoters 
of  Il4 ,  Il5 , and  Il13  close to one another and to the LCR of the Th2 locus. 
Knocking down SATB1 in Th2 cells thus results in a marked reduction in the 
expression of IL-4, IL-5, and IL-13 [ 111 ,  144 ]. In addition to facilitating the 
chromatin looping of the Th2 locus, SATB1 can directly bind to the P2 element 
of the  Il4  promoter and, together with JunB, synergistically transactivate IL-4 
[ 203 ]. SATB1 is also required for the induction of c-Maf in Th2 cells in response 
to stimulation and functions as a mediator of WNT signals to augment the expres-
sion of GATA3 [ 111 ,  144 ]. Upon activation with WNT, SATB1 recruits β-catenin 
and p300 complex to a region upstream of exon 1a of  Gata3 . It is still unclear 
whether SATB1 can also bind and recruit β-catenin to promoter 1b as TCF-1 
does.     

3.3.3.6     Negative Transcription Factors 

 The expression of IL-4 and the differentiation of Th2 cells are also subjected to 
negative regulation. IRF1 can bind to the  Il4  promoter and mediate the suppressive 
effect of IFN-γ on IL-4 expression [ 204 ]. A recent paper further demonstrated that 
IL-1α and IL-1β, elicited during  Listeria  infection, induce the stabilization and 
nuclear translocation of IRF1, which bound to the 3′UTR region instead of the pro-
moter of  Il4 , thus suppressing IL-4 expression [ 205 ]. This effect appears to be spe-
cifi c to IL-4 because the expression of IL-5 and IL-13 is relatively unaffected. 
Transcription factors like T-bet and RORγt that promote the differentiation of other 
functional subsets of Th cells can inhibit the differentiation of Th2 cells, thereby 
inhibiting the expression of IL-4. For example, the IL-12/Stat4 pathway induces 
T-bet, the master transcription factor of Th1, which then induces the expression of 
Runx3. T-bet and Runx3 form a complex, which binds to the HSIV and silences the 
expression of IL-4. Accordingly, Runx3-defi cient Th1 cells aberrantly produce IL-4 
[ 82 ,  206 ]. Runx3 can also interact with GATA3 and attenuate its activity [ 207 ]. 
Other transcription factors, such as PU.1, Bcl6, and Sox4, also inhibit the expres-
sion of IL-4 and/or the differentiation of Th2 cells by inhibiting the function or 
expression of GATA3 [ 208 – 211 ].   
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3.3.4     Epigenetic Regulation of IL-4 

 Epigenetic modifi cations allow transcription factors to access DNA to initiate gene 
expression. Once an expression profi le is established, additional modifi cations are 
needed to maintain the expression of transcriptionally active genes while keeping 
silenced genes transcriptionally inactive. Epigenetic modifi cations can occur on 
both DNA and histones. For example, demethylation of CpG islands facilitates gene 
expression, while methylation of lysine 4 of histone H3 (H3K4me3) is associated 
with active transcription. In contrast, methylation of lysine 27 of histone H3 
(H3K27me3) or deacetylation of histones marks transcriptionally silenced loci. 
These modifi cations are not just epiphenomenon of transcriptional activity; instead, 
they can actively regulate gene expression. 

3.3.4.1     Epigenetic Landscape of  Il4  and the Th2 Locus in Th2 Cells 

 During the differentiation of Th2 cells, the  Il4  gene and the Th2 locus undergo 
numerous changes in their epigenetic landscape. In murine naive Th cells, the entire 
 Il4  gene, including the promoter and the fi rst intron, and CNS1 are CpG hypermeth-
ylated. However, the degree of methylation in the promoter region is slightly less 
than in other regions. Such a design may enable the  Il4  promoter to stay poised to 
respond to Th2 polarizing stimulation[ 212 ,  213 ]. When Th cells are activated in the 
presence of IL-4, the  Il4  promoter becomes demethylated within 2–4 days after 
stimulation in an IL-4/Stat6- and cell cycle-dependent manner, with partial depen-
dence on IL-2 and CD28 co-stimulation [ 112 ]. The demethylation process then 
extends several kilobases from the  Il4  promoter into the  Il4  gene. This extension of 
demethylation into the gene body correlates with a high expression level of IL-4. In 
addition, the  Il4 / Il13  intergenic regions, corresponding to HSS3 and CNS1, and 
RHS7 within the LCR are also demethylated during Th2 differentiation [ 85 ,  112 ]. 
In contrast, CNS2 is hypomethylated in naive Th cells and Th2 cells but becomes 
methylated during Th1 differentiation [ 212 ]. However, these changes in methyla-
tion in mouse Th cells are not identical to those observed in human Th cells. CpG 
demethylation of  Il4  and the Th2 locus in human Th2 cells is less global, limited to 
several Th2-specifi c DNase I hypersensitive sites (DHS), including the second 
intron of the  Il4  gene, the  Il13  promoter, and the region between CNS1 and  Il13 . 
CpG demethylation is not detected in the human  Il4  promoter [ 214 ]. 

 Surprisingly, in both humans and mice, the status of demethylation of the  Il4  
promoter is not different between Th1 and Th2 cells. In addition, ectopic expression 
of GATA3 in Th1 cells induces the expression of IL-4 and the appearance of Th2- 
specifi c DHS but does not lead to demethylation [ 215 ]. These observations indicate 
that the status of DNA methylation alone is not enough to dictate the expression of 
IL-4. Histone modifi cations also play a critical role in stably repressing or maintain-
ing the expression of IL-4. The differentiation of Th2 cells is associated with the 
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appearance of permissive histone modifi cations not only in the  Il4  gene but also 
over the entire Th2 locus [ 216 ]. For example, the HSII within the second intron of 
the  Il4  gene is decorated with nonpermissive H3K27me3 in naive Th cells but is 
highly enriched with permissive marks such as H3K4me3, H3K9Ac, and H3K14Ac 
in differentiated Th2 cells [ 69 ,  217 ]. This is consistent with the observation that 
HSII is bound by GATA3 and Stat5 and is responsible for GATA3-mediated expres-
sion of IL-4 [ 69 ]. Seumois et al. used ChIP to compare global H3K4me marks 
among human naive, CCR4+ (Th2-like), and CCR4- (Th1-like) memory cells and 
identifi ed many differentially enriched regions (DERs) [ 218 ]. They found several 
Th2 DERs corresponding to LCR-O, LCR-A, HSII, and HSV of the mouse Th2 
locus, whereas a human Th1 DER overlapped with mouse HSIV. In addition, mouse 
HSS3 appears to be a DER shared by both human Th1 and Th2 cells. Surprisingly, 
there was no DER matching to mouse LCR-B (part of RHS6), LCR-C (RHS7), 
CGRE, CNS1, or HSIII.  

3.3.4.2     Epigenetic Modifi ers 

 Despite the detailed characterization of epigenetic modifi cations within the Th2 
locus, the functional role of each specifi c modifi cation at a given site is still poorly 
understood due to the lack of molecular tools that can alter epigenetic modifi cations 
in a site-specifi c manner. However, studies using Th cells rendered defi cient in epi-
genetic modifi ers clearly demonstrate that epigenetic modifi cations play a critical 
role in regulating the expression of IL-4 and are not just consequences of active or 
inactive transcription of the  Il4  gene. 

   Epigenetic Modifi ers that Suppress IL-4 Expression 

     1.     DNA (cytosine-5)-methyltransferase 3a (DNMT3a) and 1 (DNMT1):  DNMT3a 
is responsible for de novo DNA methylation and is recruited to CNS1 in single- 
positive (SP) thymocytes [ 213 ]. It is not required for basal DNA methylation of 
the  Il4  gene in naive T cells [ 219 ]. However, DNMT3a-defi cient Th cells acti-
vated in vitro in the absence of polarizing cytokines, a condition that leads to the 
production of IFN-γ but not IL-4 in wild type (WT) cells, start to express IL-4 
and lose methylation of the  Il4  gene. The production of IL-4 and IFN-γ is other-
wise normal in DNMT3a-defi cient Th cells differentiated under Th2 and Th1 
conditions, respectively [ 219 – 221 ]. DNMT1, which is responsible for maintain-
ing and spreading DNA methylation, is recruited to CNS1, the promoter, and the 
second intron of the  Il4  gene in activated SP thymocytes [ 213 ]. Defi ciency of 
DNMT1 leads to a global decrease in the level of CpG methylation in the  Il4 / Il13  
locus and derepression of Th2 cytokines [ 213 ,  222 ]. Consequently, there is a 
high level of Th2 cytokines in CD8 T and Th1 cells, which normally do not 
express these cytokines. These changes are associated with an increase in the 
degree of H3K4me2 but not the level of GATA3.   
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   2.     Methyl-CpG-binding domain protein 2 (MBD2):  MBD2 binds to methylated 
CpGs and recruits nucleosome-remodeling and deacetylase (NuRD) repressive 
complexes, thereby acting as a link between DNA methylation and repressive 
histone modifi cations. It is recruited to CNS1 and the second intron of the  Il4  
gene in Th1 cells [ 215 ]. Its recruitment to these regions is inhibited by ectopic 
expression of GATA3. Defi ciency of MBD2 results in derepression of IL-4 in 
Th1 cells and overexpression of IL-4 in Th2 cells, though this effect is not due to 
an increase in the level of GATA3.   

   3.     Enhancer of zeste homologue 2 (EZH2):  EZH2 is a histone methyltransferase 
and a component of the polycomb repressive complex 2 (PRC2). It is responsible 
for maintaining H3K27me3 of the Th2 locus in naive and nonpolarized Th cells 
[ 223 ,  224 ]. Defi ciency of EZH2 leads to augmented expression of IL-4 in Th2 
cells and derepression of IL-4 in Th1 cells.   

   4.     Histone deacetylase 1 (HDAC1):  HDAC1 binds to CNS2 and the second intron 
of the  Il4  gene in naive Th cells [ 225 ]. The expression of IL-4 and other type 2 
cytokines in Th2 cells is enhanced in the absence of HDAC1, but no derepression 
of IL-4 in Th1 cells is observed.   

   5.     Jumonji domain containing 3 (Jmjd3) : Jmjd3 is a histone demethylase that is 
responsible for the demethylation of H3K27me2/3. Defi ciency of Jmjd3 skews 
unpolarized Th cells into a Th2 fate and results in derepression of IL-4 in Th1 
cells, but has little impact on the differentiation of Th2 cells [ 226 ]. The status of 
H3K27me3 in the Th2 locus has yet to be examined in Jmjd3-defi cient Th cells. 
This effect of Jmjd3 defi ciency is very likely mediated by reduced expression of 
T-bet.      

   Epigenetic Modifi ers that Promote IL-4 Expression 

     1.     Mixed lineage leukemia (MLL):  MLL is a member of the Trithorax group protein 
family and is responsible for H3K4me3 permissive modifi cation. It is highly 
expressed in naive Th cells and memory Th2 cells, but not in memory Th1, effec-
tor Th1 or Th2 cells [ 227 ]. It also forms a complex with GATA3 and c-Myc in 
human memory Th cells [ 228 ]. Haploinsuffi ciency of MLL results in a reduction 
in the level of H3K4me3 and H3K9ac in the Th2 locus [ 227 ]. MLL+/− naive Th 
cells are capable of differentiating into Th2 cells; however, MLL+/− memory 
Th2 cells are unable to maintain the expression of IL-4, IL-5, and IL-13. This 
defect is associated with a reduction in the level of GATA3 in memory Th2 cells.   

   2.     Mel-18 and G9a:  Although enzymes mediating repressive modifi cations are 
expected to suppress IL-4 expression, there are still exceptions. Mel-18 is a com-
ponent of polycomb repressive complex 1, which usually suppresses gene 
expression. Unexpectedly, defi ciency of Mel-18 results in impairment in the dif-
ferentiation of Th2 but not Th1 cells. This defect is associated with attenuated 
expression of GATA3 and decreased demethylation of the  Il4  gene and is thus 
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rescued by exogenous GATA3 [ 229 ]. The abnormal demethylation and impaired 
Th2 differentiation are therefore very likely secondary to attenuated expression 
of GATA3. Another example is histone lysine methyltransferase G9a. G9a is 
responsible for H3K9me2 modifi cations, a repressive histone mark, in CNS1 and 
the  Il4  gene of unpolarized Th and Th1 cells [ 230 ]. Surprisingly, defi ciency of 
G9a attenuates Th2 differentiation but not Th1 differentiation, though there is no 
alteration in the expression of Stat6 or GATA3.        

3.3.5     Regulation of IL-4 Expression by microRNA 
and lncRNA 

 Several classes of noncoding RNA, including microRNA (miR) and long noncoding 
RNA (lncRNA), can also regulate gene expression [ 231 ]. Several miRs have been 
shown to regulate the differentiation of mouse Th1/Th2 cells either in vitro or in 
animal models of allergic infl ammation. However, these data must be interpreted 
very carefully for two reasons. Firstly, most of these miRs are expressed in other 
types of cells in addition to Th cell. Thus, germ-line defi ciency of any given miR 
can have impacts beyond just Th cells. This may lead to confl icting results between 
in vivo and in vitro experiments. Secondly, the sequences of miRs and their targets 
are not as conserved as coding exons between mouse and human. It remains ques-
tionable whether their function is also conserved across species. 

3.3.5.1     miR-21 

 A high level of miR-21 is associated with an excessive Th2 immune response and 
can be detected in the lung of IL-4 or IL-13 transgenic mice [ 232 ], in the esophageal 
tissue from patients with eosinophilic esophagitis [ 233 ], and in the lesional skin 
from patients with allergic contact dermatitis to diphenylcyclopropenone [ 234 ]. 
miR-21 expression in Th cells can be inhibited by Bcl6 [ 235 ], a transcriptional sup-
pressor of Th2 differentiation [ 209 ,  210 ]. Forced expression of miR-21 also 
enhances the expression of IL-4 and GATA3 in Th cells differentiated under neutral 
conditions. miR-21 mimic increases the transcript level of  Gata3  but the mechanism 
of this effect is still unclear [ 236 ].  

3.3.5.2     miR-155 

 The effect of miR-155 on Th2 cells is discordant between in vitro and in vivo exper-
iments. In vitro differentiated Th2 cells defi cient in miR-155 produce more IL-4, 
IL-5, and IL-10 compared to their WT counterparts, suggesting that miR-155 sup-
presses IL-4 expression. One of the targets of miR-155 is c-Maf [ 237 ,  238 ]. 
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However, a study looking at global miR expression in the skin found that miR-155 
is upregulated in patients with atopic dermatitis compared to healthy controls [ 239 ] 
and that the main source of miR-155 is T cells. This observation is consistent with 
the fi nding that miR155-defi cient mice are actually more resistant to ovalbumin- 
induced allergic airway infl ammation [ 240 ]. In addition, Th cells obtained from the 
peribronchial lymph nodes of immunized/challenged miR155-defi cient mice pro-
duce far less type 2 cytokines, though they retain a normal transcript level of  Gata3  
and  Maf , but show an increase in PU.1 expression.  

3.3.5.3     miR-19 

 miR-19 promotes Th2 proliferation by suppressing the expression of Pten. miR-19a 
is a member of the miR-17~92 cluster, which contains six miRs transcribed in one 
polycistronic pri-miR. In a study by Simpson et al. comparing the expression profi le 
of 190 miRs between bronchial lavage CD4+ T cells from asthmatic patients and 
those from healthy controls [ 241 ], only miR-19a was consistently elevated in asth-
matic patients, and this elevation was not affected by steroid treatment. Simpson 
et al. further demonstrated that deletion of the miR-17~92 cluster results in impaired 
expression of IL-4, IL-5, and IL-13, but not GATA3 by Th2 cells. This impairment 
in cytokine production is rescued by exogenous miR-19a and miR-19b but not by 
other miR from this cluster. Inhibiting or mimicking miR-19 in human polarizing 
Th2 cells modestly attenuates or enhances the expression of IL-13, but not IL-4, 
respectively. Pten, one of the targets of miR-19, inhibits the proliferation and the 
survival of T cells and is upregulated in Th2 cells defi cient in miR-17~92. 
Haploinsuffi ciency of Pten partially rescues the production of IL-4 and IL-13.  

3.3.5.4     Long Noncoding RNA (lncRNA) 

   Linc-Maf-4 Inhibits the Expression of c-Maf 

 A recent profi ling of lncRNA from 13 subsets of human T and B lymphocytes has 
identifi ed lncRNAs that are preferentially expressed in various functional subsets of 
Th cells [ 242 ]. One of these lncRNAs is linc-MAF-4, which is enriched in Th1 cells. 
Located 139.5 kb upstream of  Maf , its transcription level is inversely correlated 
with that of c-Maf but not of other neighboring genes. Knocking down linc-MAF-4 
with siRNA in activated T cells results in an increase in the level of c-Maf, IL-4, and 
GATA3. Chromosome conformation capture analysis further indicates the presence 
of  in cis  chromatin-looping conformation between linc-MAF-4 and the  Maf  pro-
moter. This physical approximation enables the linc-MAF-4 transcript to act as a 
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scaffold, recruiting chromatin modifi ers EZH2 and LSD1, which inhibit the tran-
scription of  Maf .  

   Th2-LCR lnRNA Maintains H3K4me3 of the Th2 Locus 

 Spurlock et al. compared lncRNAs among human Th1, Th2, and Th17 cells and 
identifi ed a cluster of four alternatively spliced Th2-specifi c lncRNAs encoded in 
reverse direction within the last intron and 3′ region of  Rad50 , partly overlapping 
with the LCR [ 243 ]. This cluster of Th2-LCR lncRNA is associated with hsRNPs 
and WDR5, a component of the H3K4 methyltransferase complex. Knocking down 
the Th2-LCR lncRNA with siRNA reduces the expression of IL-4, IL-5, and IL-13, 
but not RAD50, in human primary Th cells. There is also a marked reduction in the 
level of H3K4me3 in  Il4  and  Il13 . Thus, one possible function of the Th2-LCR 
lncRNA is to facilitate the formation of H3K4me3 at the Th2 locus.     

3.4     Regulation of IL-4 Expression in Non-Th2 Cells 

 Tfh cells are considered a separate lineage of CD4+T cells [ 11 ]. They produce a 
high level of IL-4 but little IL-5 and IL-13 [ 116 ], and their ability to produce IL-4 is 
dependent on the  cis -acting elements HSV and HSVa within the Th2 locus and the 
SLAM/SAP signaling pathway [ 79 ,  80 ,  244 ]. Unlike Th2 cells, Tfh cells express a 
low level of GATA3, and their differentiation and function are negatively regulated 
by Stat5 [ 116 ,  245 ,  246 ]. Tfh differentiation also requires Bcl6, ICOS, and IL-21. In 
addition, ICOS signaling induces the expression of c-Maf [ 177 ,  178 ], which works 
collaboratively with Bcl6 to activate the Tfh gene expression program and very 
likely directly transactivates  Il4  in Tfh cells [ 247 ]. 

 Innate immune cells, such as mast cells, basophils, and eosinophils, do not 
express GATA3 or c-Maf [ 248 ]; their ability to produce IL-4 is independent of the 
IL-4/Stat6 signaling pathway [ 99 ,  100 ,  249 ]. Instead, they express two other GATA 
members, GATA1 and GATA2. Both GATA proteins bind to CNS1 and HSVa within 
the Th2 locus in bone marrow-derived mast cells [ 250 ]. A recent study also demon-
strated that Stat5 is recruited to the  Gata2  gene in bone marrow-derived mast cells 
[ 251 ]. Thus, the Stat5/GATA2 or GATA1 pathway probably plays a role in innate 
immune cells, similar to the involvement of Stat6/GATA3 in Th2 cells. 

 Knocking down GATA1 in mature basophils results in a marked reduction in the 
expression of IL-4 in response to IgE/antigen [ 252 ]. Similarly, ablation of the  Gata2  
gene in differentiated basophils leads to diminished expression of IL-4 and IL-13 in 
response to PMA/ionomycin or IgE cross-linking [ 253 ]. These results indicate that 
both GATA1 and GATA2 are essential for optimal production of IL-4 in basophils. 
How GATA1 and GATA2 promote the expression of IL-4 in basophils is still not 
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fully understood. The absolute dependence on GATA1 and GATA2 for IL-4 expres-
sion in differentiated basophils is different from the dispensable role of GATA3 in 
differentiated Th2 cells, suggesting that GATA1 and GATA2 act as direct transcrip-
tion factors of IL-4 in innate immune cells. 

 In addition to GATA1 and GATA2, other transcription factors, such as PU.1, 
CEBPα, and NFAT2, have been implicated in positively regulating the expression of 
type 2 cytokines or the chromatin accessibility of the Th2 locus in mast cells and 
basophils [ 254 – 256 ]. In basophils, FcεRI-induced nuclear translocation of NFAT 
and IL-4 production is partly dependent on the presence of zinc-binding proteins 
metallothioneins I and II [ 257 ]. However, the actual role of these positive regulatory 
factors – besides metallothioneins I and II – has yet to be confi rmed with knockout 
cells.  

3.5     Expression of IL-4 in Protective and Pathogenic Type 2 
Immune Responses 

 IL-4 and type 2 immune responses mediate immune defenses against helminth 
infection, but they also play an important role in the pathogenesis of atopic diseases, 
such as asthma and atopic dermatitis. Numerous animal studies have demonstrated 
that alterations in the aforementioned signaling pathways, transcription factors, and 
epigenetic modifi cations can attenuate or aggravate IL-4 expression and type 2 
infl ammation in vivo. However, how protective and pathological type 2 immune 
responses are triggered in human diseases is still not fully understood. Recently, 
genomic and epigenomic studies have been deployed to discover genetic variations 
that are associated with a higher risk of human atopic diseases or genes that are 
dysregulated in these diseases. These studies have identifi ed both expected and 
unexpected pathways. 

3.5.1     Genome-Wide Association Studies 

 Genetic variations in several hundred genetic loci have been found to be associated 
with a higher risk of asthma or a high level of serum IgE [ 258 ,  259 ]. As expected, 
genetic variations at HLA-DR and HLA-DQ loci are identifi ed in some of these 
studies [ 260 ,  261 ]. This fi nding is consistent with the presence of IL-4-producing 
Th cells in the bronchial lavage and airways of asthmatic patients [ 262 ,  263 ] and 
lends additional evidence of a critical role of Th2 cells in the development of type 2 
infl ammation. Several of the genetic variations thus identifi ed fall within the  Il4  
gene, the Th2 locus, or loci encoding known regulators of IL-4 and type 2 immunity, 
such as Stat6 and Rad50. However, it is still unclear whether these genetic 
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variations indeed infl uence the expression of IL-4 and/or the development of type 2 
immunity and, if so, how. For example, a single nucleotide polymorphism (SNP), 
rs2240032, located within RHS7 of the LCR alters the binding of SMAD3 to RHS7 
and the CpG methylation status of the  Il13  promoter. This SNP is also associated 
with reduced expression of IL-4 but not IL-13 [ 264 ]. However, it is unclear how the 
alteration in SMAD3 binding leads to attenuated expression of IL-4.  

3.5.2     Epigenomic Studies 

 Seumois et al. compared global H3K4me marks of human naive, CCR4+ (Th2- 
like), and CCR4- (Th1-like) memory cells between asthmatic and healthy individu-
als. Although many differences across the entire genome were identifi ed, there was 
no major difference at the Th2 locus [ 218 ]. Similarly, no major changes in the status 
of DNA methylation at the Th2 locus were identifi ed in the PBMC from asthmatic 
or atopic patients [ 265 ,  266 ]. However, a recent epigenomic association study dem-
onstrated that in peripheral blood leukocytes, the degree of methylation of a CpG 
site upstream of the transcriptional start site of the  Il4  gene is inversely correlated 
with serum IgE level [ 267 ]. This inverse correlation cannot be explained by any 
SNP within the  Il4  gene. Another study found that  Il4 ,  Il13 , and  Runx3  are hypo-
methylated in the PBMC of asthmatic children and that the degree of methylation is 
inversely correlated with the level of expression of these genes [ 268 ]. Runx3 is 
known to suppress IL-4 expression and the differentiation of Th2 cells, so it is 
unclear why its expression is higher in the PBMC of asthmatic individuals than in 
healthy individuals.  

3.5.3     Roles of Epithelium-Derived Cytokines and Group 2 
Innate Lymphoid Cells 

 While these genomic and epigenomic studies have yet to conclusively identify what 
triggers asthma or hyper-IgE, one picture has emerged from these studies, as well as 
from clinical studies of asthma: pathological type 2 infl ammation can be achieved 
through several mechanisms, involving not only Th2 cells but also innate or innate- 
like cells. Many genome-wide association studies have found that several epithelium- 
derived cytokine genes, such as  Il33  and  Tslp  and  Il1rl1 , which encodes the subunit 
of the IL-33 receptor T1/ST2, are strongly associated with asthma [ 260 ,  269 – 271 ]. 
These fi ndings are consistent with heightened expression of TSLP and IL-33 in the 
airways of asthmatic patients [ 272 – 275 ]. In addition, IL-25 expression in airway 
epithelial cells is also higher in asthmatic patients, and this increased level can be 
induced by allergen challenge or rhinoviral infection [ 276 – 278 ]. 
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 These three epithelium-derived cytokines are known to activate group 2 innate 
lymphoid cells (ILC2s), a newly discovered lineage of lymphocytes [ 279 ,  280 ], 
whose differentiation and function require GATA3. Though they do not express the 
known lineage markers, they express the common γ-chain, CD127, CD25, Sca-1, 
c-Kit, and Thy1, as well as the receptors for IL-33, TSLP, and IL-25. They also 
produce a high level of IL-13 and IL-5 in response to epithelium-derived cytokines. 
Thus, an emerging hypothesis of type 2 infl ammation posits that allergens, irritants, 
and viruses induce epithelial cells to secrete IL-33, TSLP, and/or IL-25, which then 
act on ILC2s to produce type 2 cytokines and trigger type 2 infl ammation. Indeed, 
ILC2s have been demonstrated to have a critical role in animal models of asthma 
[ 280 ]; an increased number of ILC2-like cells have been found in the sputum and 
bronchial lavage of asthmatic patients when compared to controls [ 281 ,  282 ]. As 
ILC2s produce a high level of IL-13 and IL-5, this model can explain some clinical 
features seen in asthma, such as hypertrophy of airway smooth muscle, eosino-
philia, and overproduction of mucus. However, this ILC2-centered hypothesis does 
not involve adaptive immune cells and very likely operates mainly in “nonallergic” 
type 2 infl ammation. 

 It is still controversial as to whether ILC2s are capable of producing a meaning-
ful level of IL-4, as IL-33, TSLP, and/or IL-25 does not induce IL-4 production in 
ILC2 cells. However, stimulation of human blood or nasal polyp ILC2s with IL-2 
and IL-33, human skin ILC2s with prostaglandin D2, or mouse pulmonary ILC2s 
with leukotriene D4 can induce the secretion of IL-4 protein [ 283 – 285 ]. Interestingly, 
the receptors for IL-33, TSLP, and IL-25 are also expressed in differentiated and 
memory Th2 cells; stimulation of differentiated and memory Th2 cells with IL-33 
induces the expression of IL-13 and/or IL-5 but not IL-4 [ 286 ,  287 ]. However, both 
TSLP and IL-25, though not as potent as IL-4, can promote the differentiation of 
GATA3-expressing/IL-4-producing Th2 cells in an IL-4- and Stat6-dependent man-
ner [ 288 ,  289 ]. Since TSLP augments the proliferation of differentiated Th2 cells 
and IL-4 further enhances the expression of TSLPR [ 290 ,  291 ], there is a resulting 
positive feedback loop. These results provide a link between epithelium-derived 
cytokines and IL-4-producing Th2 cells.  

3.5.4     Other Cellular Sources of IL-4 

 IL-4 has a number of other cellular sources besides just Th2. Existing data have 
indicated that different sources of IL-4 have unique and shared functions. For exam-
ple, in the context of eradiating worm infection, innate cell-derived IL-4/IL-13 is at 
least as important as IL-4/IL-13 derived from T cells. Basophils are one of the major 
sources of innate cell-derived IL-4 after infection with helminths [ 115 ,  292 ], col-
laborating with DCs to initiate type 2 immunity during worm infection. Mice defi -
cient in IL-4/IL-13 in both T cells and basophils have a marked defect in clearing  N. 
brasiliensis , whereas defi ciency of IL-4/IL-13 in only T cells or basophils has no 
effect [ 293 ,  294 ]. In addition, mice defi cient in IL-4/IL-13 only in basophils have a 
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reduced number of Th2 cells in mesenteric lymph nodes after reinfection with  H. 
polygyrus  and are unable to clear the infection [ 295 ]. 

 One explanation for the critical role of basophils in defense against worm infec-
tion is their ability to respond directly to protease activity. For example, active cys-
teine protease papain directly induces basophil production of IL-4 and IL-13 [ 296 ]. 
This effect requires IL-3, FcRγ, calcium fl ux, and activation of PI3K and NFAT 
[ 297 ]. Accordingly, immunization with active papain induces a strong Th2 response 
in a basophil-dependent manner. Helminths secrete a variety of proteases to facili-
tate their migration through tissues. These proteases and the protease Der p1, a 
potent allergen of house dust mite, can induce basophils to secrete IL-4 and IL-13 
in vitro [ 298 ]. 

 Basophils and their IL-4 also participate in other models of type 2 infl ammation. 
In a basophil-dependent animal model of allergic dermatitis, basophil-derived IL-4 
converted infi ltrating monocytes into M2-like macrophages [ 299 ], which have anti- 
infl ammatory effects and attenuate infl ammation. They can also respond to TSLP, 
which induces basophilia in mice in an IL-3-independent manner [ 300 ]. Compared 
to IL-3-elicted basophils, TSLP-elicited basophils produce signifi cantly more 
IL-4 in response to IL-3, IL-18, or IL-33. 

 Studies using IL-4 reporter mice also demonstrate that after helminth infection 
or immunization with helminth antigens, the majority of IL-4-secreting cells in 
draining lymph nodes are Tfh cells [ 116 ,  301 ,  302 ]. Given its strategic location, 
IL-4 derived from Tfh cells is probably responsible for the production of IgE and 
IgG1 by B cells during type 2 immune response. 

 The role of NKT cells in allergic asthma or immune defense against helminths is 
still controversial [ 303 – 305 ]. Asperamide B, a glycolipid derived from  Aspergillus 
fumigatus , can directly activate both mouse and human NKT cells to produce IL-4 
and IL-13 [ 306 ], suggesting that NKT cells and their IL-4 potentially play a role in 
the pathogenesis of allergic reactions to  A. fumigatus . 

 Thus, the initial source of IL-4 and type 2 cytokines probably depends on the 
nature of the trigger of an immune response: ILC2 for irritants or viruses, basophils 
for proteases or helminths, and NKT cells for glycolipid antigens. Although eosino-
phils and mast cells are capable of secreting IL-4 and are also important players in 
type 2 infl ammation [ 36 ,  307 ], the role of their IL-4 in allergy and worm infection 
has yet to be established. Eosinophils are essential for the induction of peanut food 
allergies. However, both IL-4-suffi cient and IL-4-defi cient eosinophils are capable 
of restoring Th2 priming and allergic reaction in eosinophil-defi cient mice [ 308 ]. In 
addition, IL-4 derived from eosinophils is dispensable for the induction of allergic 
respiratory infl ammation in mice [ 309 ]. Thus far, the protective and pathogenic role 
of IL-4 derived from mast cells has yet to be elucidated.   
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3.6     Conclusions and Perspectives 

 While the effi cacy of recombinant IL-4Rα and anti-IL-4 in asthma has been disap-
pointing [ 310 ,  311 ], anti-IL-4Rα, which blocks both type I and type II IL-4 recep-
tors, has yielded promising results in patients with asthma or atopic dermatitis [ 312 , 
 313 ]. In addition, GATA3-specifi c DNAzyme, which reduces the expression of 
GATA3, was recently shown to attenuate asthmatic responses after allergen provo-
cation in patients with allergic asthma [ 314 ]. These encouraging results demonstrate 
the therapeutic potential of targeting molecules regulating the expression and/or 
signaling of IL-4 in pathological type 2 infl ammation. Although the molecular 
mechanisms regulating the expression of IL-4 in vitro and in animal models of type 
2 infl ammation have been characterized, we still know very little about how IL-4 is 
dysregulated in human diseases. Clinical studies of asthma have clearly indicated 
that type 2 infl ammation, such as in asthma, has a very heterogeneous pathogenesis 
and its clinical picture is heavily infl uenced by both genetic and environmental fac-
tors. A better understanding of the cellular source of IL-4 and how its expression is 
disturbed in various clinical settings will help us identify the most rewarding targets 
for drug development. Investigation into the functional signifi cance of genetic vari-
ations that are associated with a higher risk of disease will eventually lead to the 
development of personalized treatments. In addition, the functional role of IL-4 in 
nonimmune cells, such as lymphatic endothelial cells, neurons, and adipocytes, is 
expanding and yet its cellular source and regulation in these contexts are poorly 
understood. Further investigation very likely will identify therapeutic targets of 
many other diseases.     
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    Chapter 4   
 Regulation of IL-6 in Immunity and Diseases                     

     Toshio     Tanaka    ,     Masashi     Narazaki    ,     Kazuya     Masuda    , 
and     Tadamitsu     Kishimoto    

    Abstract     Interleukin-6 (IL-6) is a prototypical cytokine with functional pleiotropy 
and plays an important role in host defense. When infections or tissue injuries occur, 
IL-6 is promptly produced by monocytes and macrophages and contributes to 
removal of infectious agents and restoration of damaged tissues through activation 
of immune, hematological, and acute-phase responses. Once stress is removed from 
the host, IL-6 synthesis ends, but uncontrolled excessive or persistent IL-6 produc-
tion plays a pathological role in the development of various infl ammatory diseases 
and cancers, indicating that IL-6 is a double-edged sword for the host. Thus, the 
proper IL-6 expression is very important for host defense and is strictly controlled 
by chromatin structure, transcriptional regulation, and posttranscriptional modifi ca-
tion. Differentiation status of cells, various transcription factors, RNA-binding pro-
teins, and microRNAs are involved in this process. Since it is assumed that 
dysregulation of any of these regulatory molecules may cause abnormal IL-6 
expression in a particular disease, further elucidation of the factors and processes 
involved in IL-6 expression can be expected to facilitate to clarifi cation of patho-
genesis and to identifi cation of novel target molecule(s) for specifi c diseases.  
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4.1       Introduction 

 Interleukin-6 (IL-6) is a prototypical cytokine featuring functional redundancy and 
pleiotropy [ 3 ,  16 ,  17 ]. Under healthy conditions the serum level of IL-6 is less than 
4 pg/ml, but when stresses such as infections or tissue injuries occur, IL-6 is imme-
diately produced by monocytes and macrophages by the stimulation of pattern rec-
ognition receptors with pathogen-associated molecular patterns or damage-associated 
molecular patterns and serum IL-6 level increases to several tens to hundreds of pg/
ml, depending on the infection or injury [ 15 ,  32 ,  35 ]. IL-6 binds to its specifi c IL-6 
receptor (IL-6R), and the IL-6/IL-6R complex associates with and activates signal 
transducer gp130 that is shared with the IL-6 family cytokines. IL-6 then activates 
hepatocytes, immune-competent cells, and hematological cells, to produce acute- 
phase, immune, and hematological responses. These responses are essential for 
elimination of infectious agents and healing of tissues, so that IL-6 is a major cyto-
kine contributing to host defense. Once such a stress has been completely removed 
from the host, IL-6 synthesis ceases and serum IL-6 concentration returns to nor-
mal. However, excessive expression of IL-6 during the period of infection or tissue 
damage results in acute, severe fatal complications or persistent IL-6 production in 
chronic infl ammatory diseases [ 15 ,  32 ]. In the case of chronic infl ammatory dis-
eases, including rheumatoid arthritis (RA), serum concentration of IL-6 is usually 
elevated, ranging from ten to several hundred pg/ml, while in the case of acute 
severe infl ammatory diseases such as fatal complications resulting from septic 
shock, its level can increase from several ng/ml to μg/ml [ 38 ], at which level IL-6 
can stimulate almost all cells expressing gp130 [ 9 ], since IL-6 associates with serum 
soluble IL-6R and could activate gp130, even though target cells lack transmem-
brane IL-6R. This hyper-IL-6 state leads to multiple organ failure. Therefore, strict 
control of IL-6 expression is very important for the host. In this review we focus on 
the physiological regulatory mechanisms of IL-6 expression and the involvement of 
its collapse in disease development.  

4.2     Regulation of IL-6 Gene Expression 

 IL-6 is produced by not only immune-mediated cells but also mesenchymal cells, 
endothelial cells, fi broblasts, and many other cells in response to various stimuli and 
even spontaneously by cancer cells [ 3 ,  16 ]. Expression of IL-6 in certain cells is 
regulated at various stages, including chromatin remodeling, transcription, mRNA 
export, posttranscriptional, and translational levels. In addition, a gene polymor-
phism in the IL-6 gene reportedly modifi es its expression. A G/C polymorphism 
located at position -174 in the fl anking region of the IL-6 gene affects IL-6 tran-
scription and is associated with systemic onset juvenile idiopathic arthritis [ 8 ] or 
other chronic infl ammatory diseases including coronary arterial disease [ 11 ]. 
Epigenetic variability also regulates IL-6 production. Two major epigenetic effects 
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are the modifi cation of histone proteins in chromatin and the methylation of the 
genomic DNA. Cells undergo programmed changes in their gene expression pat-
terns during differentiation, and their gene expression is regulated by structural 
remodeling of chromatin [ 1 ]. The main IL-6 producing cells are monocytes and 
macrophages. Promyeloid HL-60 cells initially do not produce IL-6, but during dif-
ferentiation from promyeloid cells to monocytes, HL-60 cells gain the ability to 
produce IL-6 after stimulation of lipopolysaccharide (LPS). A chromatin study 
identifi ed seven IL-6 promoter regions that undergo changes in accessibility during 
cell differentiation (Fig.  4.1 ). The I, II, and III regions of IL-6 are inaccessible 
before, but become accessible after differentiation and even more so after LPS 
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  Fig. 4.1    Schematic overview of regulatory mechanisms of human IL-6 expression. IL-6 gene 
expression is regulated by chromatin remodeling as well as transcriptional and posttranscriptional 
mechanisms in which several proteins and microRNAs are involved. Activation of these proteins 
and microRNAs determines the fate of IL-6 mRNA. A G/C polymorphism at position -174 is asso-
ciated with infl ammatory disease and at position -1099 CpG is less methylated in RA patients. 
NF-kB, nuclear factor kappa B; NF-IL6, nuclear factor of IL-6; SP1, specifi city protein 1; CREB, 
cyclic AMP response element-binding protein; IRF-1, interferon regulatory factor 1; AP-1, activa-
tion protein 1; HSF1, heat shock transcription factor 1; Fli-1, Friend leukemia virus integration 1; 
Tax, transactivator protein; TAT, transactivator of the transcription; HBVX, hepatitis B virus X 
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stimulation. Methylation of DNA is thought to be the epigenetic mechanism for the 
silencing of IL-6 expression of these regions. Region VI remains closed due to 
methylation of CpG motifs from positions -1001 to -1099 [ 25 ]. Regions IV, V, and 
VII, on the other hand, become more accessible during differentiation [ 27 ]. A single 
CpG methylation at position -1099 has been found to affect IL-6 mRNA expression 
by LPS-stimulated macrophages, while peripheral blood mononuclear cells from 
RA patients showed less methylation in this CpG motif than those from controls 
[ 25 ].

   A number of transcription factors have been demonstrated to regulate IL-6 gene 
activation (Fig.  4.1 ). Functional cis-regulatory elements in the human IL-6 gene 
5ʹ-fl anking region include binding sites of nuclear factor kappa B (NF-kB), nuclear 
factor IL-6 (NF-IL6) (also known as CAAT/enhancer-binding protein beta or C/
EBPβ), specifi city protein 1 (SP1), cyclic AMP response element-binding protein 
(CREB), interferon regulatory factor 1 (IRF-1), and activator protein 1 (AP-1) [ 2 , 
 19 ,  21 ,  36 ,  37 ]. Stimulation with IL-1 or tumor necrosis factor (TNF), a Toll-like 
receptor (TLR)-mediated signal, and forskolin trigger cis-regulatory elements to 
activate the IL-6 promoter. Heat shock transcription factor 1 (HSF1) binds to heat 
shock elements (HSE) of the IL-6 promoter. HSF1 opens the chromatin structure of 
the IL-6 promoter, resulting in the accessibility of NF-kB to the IL-6 promoter for 
maximal expression of IL-6 mRNA [ 12 ]. Among transcriptional factors for the IL-6 
promoter, NF-kB is responsible and suffi cient for TNF-induced IL-6 expression 
since it interacts with CREB-binding protein (CBP)/p300 for maximal transcrip-
tional stimulation [ 36 ]. Local hyperacetylation of histones by CBP/p300 then leads 
to nucleosomal relaxation and opens chromatin-embedded promoter regions. On 
the other hand, some transcription factors suppress IL-6 expression [ 33 ]. Peroxisome 
proliferator-activated receptors (PPARs) are ligand-activated transcription factors 
consisting of three subtypes, α, β, and γ. Fibrate-activated PPAR-α interacts with 
c-Jun and the p65 NF-kB subunit, which negatively regulates IL-6 transcription. 
Hormone receptors reportedly also suppress IL-6 expression. For instance, the acti-
vation of glucocorticoid receptors can inhibit IL-6 expression, which is partly 
responsible for the anti-infl ammatory effects of corticosteroids. IL-6 expression is 
suppressed by the activation of estrogen receptors, while a decrease in estrogen 
secretion as a result of menopause or ovariectomy may lead to an increase in serum 
IL-6. Retinoblastoma protein and p53 have been shown to repress IL-6 gene pro-
moter activity, whereas mutated p53 loses this inhibitory function. It was also found 
that the aryl hydrocarbon receptor, a ligand-activated transcriptional regulator that 
binds to dioxin and other exogenous contaminants, forms a complex with NF-kB to 
inhibit the promoter activity of IL-6. Thus, various proteins affect IL-6 transcrip-
tion. In addition, microRNAs (miRs) directly or indirectly suppress the activity of 
transcription factors regulating the IL-6 gene [ 33 ]. miR-155 interacts with the 3ʹ 
untranslated region (UTR) of NF-IL6 and suppresses transcription activity of 
NF-IL6 by inhibiting its expression, while miR-146a/b or miR-146b and miR-223 
suppress transcription of IL-6 indirectly by targeting interleukin-1 receptor- 
associated kinase 1 (IRAK1) or signal transducers and activator of transcription 3 
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(STAT3), respectively. Moreover, miRs such as miR-132, miR-146b, miR-155, and 
miR-329 have been found to inhibit IL-6 expression by targeting NF-kB. 

 Another regulatory mechanism is posttranscription through which cytokine 
mRNAs are regulated through both the 5ʹ and 3ʹUTRs. The 5ʹUTR dictates initiation 
of mRNA translation, while AU-rich elements (AREs) and stem-loop structures 
located in the 3ʹUTR region determine the stability of mRNA [ 5 ,  31 ]. A number of 
RNA-binding proteins and miRs bind to the 3ʹUTRs and regulate the stability of 
IL-6 mRNA (Fig.  4.1 ). For example, mitogen-activated protein kinase (MAPK) 
p38-α promotes IL-6 mRNA stabilization via 3ʹUTR of IL-6. Conversely, RNA- 
binding proteins such as tristetraprolin (TTP), butyrate response factor-1 (BRF-1), 
BRF-2, and AU-binding factor 1 (AUF1) promote IL-6 mRNA degradation, while 
several miRs such as miR-23a, miR-26a, miR-142-3p, miR-365, and miR-608 are 
reported to reduce IL-6 mRNA levels through direct interaction with IL-6 3ʹUTR. 

 It was found that a regulatory RNase-1 (Regnase-1, also known as Zc3h12a) is 
an endonuclease involved in a set of target mRNAs including IL-6 via binding to a 
stem-loop structure [ 13 ,  22 ]. The knockout mice exhibited spontaneous autoim-
mune diseases accompanied by splenomegaly and lymphadenopathy. Recently, it 
was found that another RNA-binding protein, Roquin, recognizes target mRNAs 
overlapping with Regnase-1 via the same stem-loop structures in their 3ʹUTRs [ 23 ]. 
However, their localizations and states of the target mRNAs are different. Regnase-1 
degrades transcriptionally active mRNA in the cytoplasm, endoplasmic reticulum, 
and ribosome, whereas Roquin controls transcriptionally inactive mRNA in stress 
granules and processing bodies, so that Regnase-1 and Roquin degrade mRNAs 
spatiotemporally (Fig.  4.2 ). In contrast, we recently identifi ed a novel RNA-binding 
protein, AT-rich interactive domain-containing protein 5a (Arid5a), which selec-
tively stabilizes IL-6 but not TNF-α or IL-12 mRNA through binding to the 3ʹUTR 
of IL-6 mRNA [ 20 ]. Arid5a was enhanced in macrophages in response to LPS, 
IL-1β, and IL-6 and also was induced under Th17-polarizing conditions. Arid5a 
gene defi ciency impairs elevation of IL-6 level in LPS-injected mice and preferen-
tial Th17 cell development in naïve T cells. Moreover, Arid5a counteracts the desta-
bilizing function of Regnase-1 (Fig.  4.2 ), indicating that the balance between Arid5a 
and Regnase-1 plays an important role in IL-6 mRNA stability, while predominance 
of Arid5a over Regnase-1 can promote infl ammatory processes and may induce the 
development of autoimmune infl ammatory diseases [ 34 ].

4.3        Dysregulated IL-6 Gene Expression in Diseases 

 As explained earlier, dysregulated excessive or persistent production of IL-6 plays 
a role in the development of acute severe infl ammatory diseases or chronic diseases 
and cancers [ 7 ,  15 ,  35 ]. However, the primary cells, which pathologically produce 
IL-6, differ for different IL-6-related diseases, and the pathological mechanisms 
through which IL-6 is synthesized excessively or persistently are not fully clarifi ed. 
It is conceivable that abnormality of a specifi c molecule involved in IL-6 expression 
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may contribute to dysregulated IL-6 production for the development of a specifi c 
disease. IL-6 acts as a paracrine or autocrine growth factor for many cancer cells 
and induces cancer-related infl ammation. It is associated with worsening of the 
prognosis for cancer by promoting angiogenesis, metastasis, and modifi cation of 
immunity. In highly metastatic breast cancer cells, hyperactivated NF-kB and AP-1 
promote chromatin accessibility of the IL-6 promoter region and enhance transcrip-
tion of the IL-6 gene [ 24 ]. It has been reported that some cancer-related virus prod-
ucts can intensify IL-6 expression. For example, human T-lymphotropic virus 1 
(HTLV-1) activates IL-6 production via interaction of the virus-derived transactiva-
tor protein (Tax) with NF-kB [ 18 ]. Human immunodefi ciency virus 1 (HIV-1) trans-
activator of the transcription (TAT) protein can also enhance NF-kB and NF-IL6 
DNA-binding activity [ 4 ,  30 ]. Moreover, the human hepatitis B virus X protein 
(HBx) enhances the DNA binding of NF-IL6 [ 26 ]. Open reading frame 57 derived 
from the Kaposi sarcoma-associated herpesvirus (also known as human herpesvirus 
8) has been shown to promote the stabilization of both viral and human IL-6 mRNA 
by competing with the binding of miR-1293 to the viral or of miR-608 to the human 
form of IL-6 mRNA [ 14 ]. These fi ndings suggest that virus products can aggravate 
infl ammation by augmenting IL-6 mRNA expression. 
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  Fig. 4.2    IL-6 synthesis and posttranscriptional regulation of IL-6 mRNA by Arid5a, Regnase-1, 
and Roquin. Pathogen-associated molecular patterns are recognized by pathogen recognition 
receptors to induce proinfl ammatory cytokines. In this fi gure, the Toll-like receptor (TLR) 4 and 
MD-2 complex recognizes lipopolysaccharide (LPS) and induces IL-6, Arid5a, or Regnase-1 
mRNA via MyD88, followed by activation of the nuclear factor kappa B (NF-kB) signaling path-
way. Regnase-1 degrades transcriptionally active mRNA in the ribosome and endoplasmic reticu-
lum, while Roquin degrades inactive mRNA in stress granules and processing bodies, for the 
initiation of which Roquin requires deadenylase. Arid5a inhibits the destabilizing effect of 
Regnase-1, so that the balance between Arid5a and Regnase-1 is important for the regulation of 
IL-6 mRNA. MD-2, myeloid differentiation protein 2; MyD88, myeloid differentiation primary 
response 88; IkB, inhibitor of NF-kB; UTR, untranslated region       
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 Fli-1 (Friend leukemia virus integration 1), a member of the ETS (E-26) tran-
scription factor family, has been implicated in the pathogenesis of systemic lupus 
erythematosus (SLE), since peripheral blood lymphocytes from SLE patients show 
increased expression of Fli-1 and the level of this expression is associated with the 
disease activity [ 10 ]. There are three binding regions (-820 to -613, -419 to -281, 
and -344 to -195) of Fli-1 in the mouse IL-6 gene promoter, and overexpression of 
Fli-1 causes IL-6 production [ 29 ]. In an Fli-1-heterozygous MRL/ lpr  mouse, which 
is an SLE model mouse, IL-6 expression in sera and kidneys is reduced, and the 
disease development is markedly inhibited in comparison with the fi ndings for wild 
MRL/ lpr  mouse [ 42 ]. 

 The gene encoding the tumor suppressor miR-146b is a direct STAT3 target 
gene. miR-146b also inhibits NF-kB-dependent IL-6 production and subsequently 
STAT3 activation, while its expression is reduced in breast cancer cells, and this 
reduction in miR-146b expression is associated with IL-6/STAT3-derived migration 
and invasion in breast cancer cells [ 40 ]. miR-142-3p, with its expression inhibited 
by IL-6, downregulates IL-6 expression by targeting the 3ʹUTR of IL-6 mRNA. In 
patients with glioblastoma, who show upregulated IL-6 expression, the hypermeth-
ylated miR-142-3p promoter demonstrates poor survival outcome [ 6 ]. Moreover, 
miR-26a targets the IL-6 gene, and downregulation of miR-26a has been found to 
be associated with poor prognosis, recurrence, and metastasis of hepatocellular car-
cinoma [ 41 ]. Lethal-7 (let-7) miR reportedly targets both IL-6 and STAT3 mRNAs. 
As mentioned earlier, the HBx protein augments IL-6 transcription by enhancing 
the DNA binding NF-IL6, while it inhibits the expression of let-7, leading to stabi-
lization of IL-6 and STAT3 mRNAs. These effects of HBx are at least partially 
related to tumorigenesis of hepatocellular carcinoma [ 39 ]. These fi ndings indicate 
that the diminished expression of several miRs can lead to IL-6 expression and have 
an effect on tumorigenesis. 

 Finally, as already mentioned, Arid5a is a stabilizing RNA-binding protein for 
IL-6 mRNA, and we hypothesize that the balance between Arid5a and Regnase-1 
determines IL-6 mRNA stability and that the predominance of Arid5a over 
Regnase-1 prolongs IL-6 mRNA half-life and induces the development of autoim-
mune infl ammatory diseases [ 15 ,  33 ,  34 ]. Indeed, Arid5a expression was found to 
have increased in the peripheral blood CD4-positive T cells from patients with RA, 
and treatment of patients with an IL-6 inhibitor resulted in the reduction of Arid5a 
expression in association with the suppression of the disease activity [ 28 ]. Accrued 
but so far limited evidence indicates that various different molecules, such as virus 
products, transcription factors, miRs, and RNA-binding proteins, are implicated in 
dysregulated IL-6 production and associated disease development.  

4.4     Concluding Remarks 

 IL-6 is undeniably a key cytokine in the development of various diseases, since it 
has been verifi ed that the IL-6 inhibitor, tocilizumab, is markedly effective for the 
treatment of various autoimmune infl ammatory diseases [ 15 ,  35 ]. While IL-6 is 
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produced excessively or continuously in these diseases by a distinct cell population, 
the pathological mechanism(s) responsible for the dysregulated IL-6 production 
remains unknown. Its clarifi cation will undoubtedly lead to the identifi cation of 
more specifi c target molecules and investigations into the pathogenesis of specifi c 
diseases.     
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    Chapter 5   
 Regulation of Interleukin-10 Expression                     

     Sascha     Rutz      and     Wenjun     Ouyang    

    Abstract     Interleukin (IL)-10 is an essential anti-infl ammatory cytokine that plays 
important roles as a negative regulator of immune responses to microbial antigens. 
Loss of IL-10 results in the spontaneous development of infl ammatory bowel dis-
ease as a consequence of an excessive immune response to the gut microbiota. IL-10 
also functions to prevent excessive infl ammation during the course of infection. 
IL-10 can be produced in response to pro-infl ammatory signals by virtually all 
immune cells, including T cells, B cells, macrophages, and dendritic cells. Given its 
function in maintaining the delicate balance between effective immunity and tissue 
protection, it is evident that IL-10 expression is highly dynamic and needs to be 
tightly regulated. The transcriptional regulation of IL-10 production in myeloid 
cells and T cells is the topic of this review. Drivers of IL-10 expression as well as 
their downstream signaling pathways and transcription factors will be discussed. 
We will examine in more detail how various signals in CD4 +  T cells converge on 
common transcriptional circuits, which fi ne-tune IL-10 expression in a context- 
dependent manner.  
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5.1       Introduction 

 Multicellular organisms have developed ever more sophisticated and effective 
immune systems to defend themselves against a wide variety of pathogens. Equally 
importantly, the immune system has the capacity to limit its potentially deleterious 
adverse effects on the host itself by utilizing various strategies, such as self- tolerance 
and anti-infl ammatory pathways. Defects in these strategies can result in the devel-
opment of autoimmune and infl ammatory diseases. The anti-infl ammatory cytokine 
IL-10, identifi ed by Mosmann and colleagues in 1989 [ 52 ], is a critical negative 
regulator of immune responses. Loss of IL-10 leads to infl ammatory diseases, most 
notably the development of IBD [ 131 ]. 

 IL-10 is the founding member of the IL-10 family of cytokines, which also 
includes IL-19, IL-20, IL-22, IL-24, IL-26, and the more distantly related IL-28A, 
IL-28B, and IL-29 [ 131 ,  149 ]. IL-10 was initially described as a secreted cytokine 
synthesis inhibitory factor (CSIF) produced by Th2 T cell clones, which inhibits the 
production of several cytokines from Th1 cells [ 52 ]. Since this fi rst characterization 
it has become clear that IL-10 is in fact expressed by a wide variety of cells of the 
innate and adaptive arms of the immune system, including macrophages, mono-
cytes, dendritic cells (DCs), mast cells, eosinophils, neutrophils, natural killer (NK) 
cells, CD4 +  and CD8 +  T cells, and B cells [ 119 ,  131 ]. 

 IL-10 forms non-covalently linked homodimers, which bind to two receptor 
chains, IL-10R1 and IL-10R2 [ 92 ,  176 ]. IL-10R1 binds IL-10 with high affi nity and 
is unique to the IL-10 receptor, whereas IL-10R2 is a common component of the 
receptors for IL-22, IL-26, IL-28A, IL-28B, and IL-29 [ 131 ,  149 ]. While the 
IL-10R2 chain is ubiquitously expressed, IL-10R1 is mainly present on leukocytes. 
In fact, IL-10 is the only member of the IL-10 cytokine family, which primarily 
targets leukocytes [ 131 ,  149 ]. 

 IL-10 signals through the Janus kinase (Jak)/signal transducer and activator of 
transcription (STAT) signaling pathway (Fig.  5.1 ). Jak1 and Tyk2 are associated 
with IL-10R1 and IL-10R2, respectively. Binding of IL-10 to the receptor leads to 
Jak-dependent phosphorylation of the receptor. This allows for the recruitment of 
STAT3 and to a lesser extent STAT1. Jak1 and Tyk2 phosphorylate STAT3 on tyro-
sine 705, leading to its dissociation from the receptor and the formation of an active 
homodimer [ 50 ,  70 ,  117 ,  162 ,  175 ].

   IL-10 has a broad spectrum of anti-infl ammatory functions and can suppress 
immune responses to foreign or self-antigens. It mainly targets antigen-presenting 
cells, such as monocytes and macrophages, by inhibiting the release of pro- 
infl ammatory mediators, including TNF-α, IL-1β, IL-6, IL-8, G-CSF, and GM-CSF, 
from these cells [ 40 ,  51 ]. IL-10 also inhibits antigen presentation by reducing the 
expression of MHC II and co-stimulating (e.g. CD86) and adhesion (e.g. CD54) 
molecules [ 34 ,  41 ,  194 ]. Moreover, IL-10 inhibits the production and/or secretion of 
cytokines required for CD4 +  T cell differentiation, such as IL-12 and IL-23 [ 38 , 
 158 ]. Apart from these indirect ways of inhibiting T cell responses through the 
downregulation of APC functions, IL-10 can also directly inhibit both proliferation 
and cytokine production of CD4 +  T cells [ 65 ].  
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5.2     IL-10 Function During Homeostasis and Infection 

 IL-10, like transforming growth factor beta (TGF-β), is a regulatory cytokine with 
pleiotropic roles in the immune system. However, the prominent function of TGF-β 
is to maintain T cell tolerance to self or innocuous environmental antigens via its 
direct effects on differentiation and homeostasis of effector and regulatory T cells 
(Tregs). Defi ciencies in the TGF-β pathway result in hyperactivation and uncon-
trolled expansion of T cells leading to a lethal multi-organ autoimmune disorder 
[ 101 ]. In contrast, IL-10 functions primarily as a feedback inhibitor of excessive T 
cell responses to microbial antigens. Most prominently, IL-10-defi cient mice spon-
taneously develop colitis demonstrating that IL-10 has an essential role in maintain-
ing peripheral immune tolerance [ 95 ]. Colitis in these mice is mediated by activation 
and differentiation of effector T cells and is inhibited in IL-10-defi cient mice housed 
under germ-free conditions [ 95 ,  160 ]. This suggests that IL-10 functions to main-
tain homeostatic T cell tolerance to commensal bacteria in the intestine. IL-10 acts 
on myeloid cells in order to maintain colonic homeostasis. Mice bearing a deletion 
of the IL-10 receptor within the myeloid compartment develop colitis indistinguish-
able from mice with global IL-10 receptor defi ciency [ 165 ,  203 ]. The absence of 
IL-10 signaling results in excessive production of pro-infl ammatory cytokines, such 
as IL-1β, IL-23, and IL-6 by myeloid cells [ 71 ]. Defi ciency in the signaling adaptor 
myeloid differentiation primary response gene 88 (MyD88), which abrogates most 
of Toll-like receptor (TLR) signaling – one of the major pathways by which myeloid 
cells sense microbial products – blocks the development of colitis in IL-10-defi cient 
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mice [ 71 ,  140 ], further demonstrating that indeed microbial stimuli are required in 
order to trigger disease. 

 Various immune cells produce IL-10 in the intestine. IL-10 producing macro-
phages are abundant in the lamina propria and can induce or expand Tregs in various 
models [ 43 ,  67 ,  122 ]. Tregs are critical in the prevention of spontaneous or experi-
mentally induced colitis [ 145 ,  183 ]. Indeed, mice with Tregs that are not able to 
sense IL-10 develop colitis, although later than IL-10-defi cient mice. These mice 
also exhibit reduced levels of Treg-derived IL-10 [ 29 ]. Similarly, macrophage- 
derived IL-10 is necessary for the Treg-mediated prevention of experimental colitis 
induced by transferred CD4 + CD45RB +  T cells [ 122 ]. However, the selective loss of 
IL-10 derived from myeloid cells is by itself not suffi cient to drive spontaneous 
colitis [ 166 ,  203 ]. In contrast, Treg-specifi c IL-10 defi ciency does result in sponta-
neous colitis development demonstrating that indeed Tregs are the critical source 
for IL-10 in the intestine [ 145 ]. 

 Collectively these fi ndings demonstrate that IL-10 is essential to maintain colonic 
homeostasis by limiting macrophage activation in response to commensal bacteria, 
which would otherwise trigger detrimental effector T cell responses. The clinical 
relevance of the pathway is demonstrated by the fact that mutations that block IL-10 
function in humans result in the development of severe early onset colitis [ 64 ]. 

 Regulatory mechanisms are also essential to properly control and limit infl am-
matory responses during ongoing immune responses against pathogens. IL-10 is 
produced as a negative feedback mechanism [ 33 ,  129 ]. Depending on the type of 
immune response, loss of IL-10 may lead to an enhanced immune reaction and 
therefore faster pathogen clearance; adversely it can give rise to excessive infl am-
mation resulting in tissue damage or mortality. IL-10 derived from macrophages is 
critical in order to limit innate responses to certain microbial stimuli, such as the 
TLR4 ligand lipopolysaccharide (LPS) [ 166 ]. Mice with global IL-10 defi ciency as 
well as those with IL-10 defi cient macrophages, but not wild-type mice, succumb to 
septic shock following administration of low doses of LPS [ 16 ,  166 ]. 

 IL-10 production from effector T cells, and to a lesser extent from regulatory T 
cells, is critical in many infections that trigger an adaptive immune response. During 
 Toxoplasma gondii  infection, for example, IL-10 produced by Th1 cells is essential 
to limit an otherwise excessive Th1 cell response [ 48 ,  77 ]. Lack of IL-10 production 
from T cells in this model is associated with enhanced T cell activation and differ-
entiation. Mice with a T cell-specifi c defi ciency in IL-10 succumb to severe immu-
nopathology upon infection with  T. gondii  akin to mice with global IL-10 defi ciency 
[ 77 ,  142 ]. Similarly, infection with  Plasmodium chabaudi  leads to IL-10 secretion 
from CD4 +  T cells. Deletion of IL-10 from T cells results in decreased survival, 
greater weight loss, and increased levels of effector cytokines, such as IFN-γ and 
TNF-α [ 55 ]. The contribution of IL-10 derived from B cells during infection is less 
well understood. However, one report found that B cell-derived IL-10 non- 
redundantly decreases virus-specifi c CD8 +  T cell responses and plasma cell expan-
sion during murine cytomegalovirus infection [ 108 ]. 

 In some cases the IL-10-mediated negative feedback promotes chronic infection 
as it dampens the immune response enough to prevent effi cient pathogen clearance 

S. Rutz and W. Ouyang



93

[ 33 ]. This is the case, for example, during infection with the  Leishmania major  
strain NIH/S, which induces nonhealing lesions in infected wild-type mice due to 
IL-10 production from Th1 cells [ 8 ]. Certain pathogens, such as the Epstein-Barr 
virus, even encode IL-10 homologs in their genome as a means to evade the host’s 
immune response [ 120 ].  

5.3     Drivers of IL-10 Expression in Myeloid Cells 

 IL-10 production in myeloid cells is triggered by microbial products (Fig.  5.2 ), 
which are recognized through pattern recognition receptors, including TLRs, C-type 
lectin receptors, retinoic acid-inducible gene 1 (RIG-I)-like receptors, and 
nucleotide- binding oligomerization domain (NOD)-like receptors. Several TLRs, 
including TLR2, TLR4, TLR5, TLR7, and TLR9, have been shown to induce IL-10 
production in human and murine macrophages and DCs [ 2 ,  18 ,  27 ,  30 ,  44 ,  47 ,  51 , 
 56 ,  59 ,  68 ,  69 ,  80 ,  143 ]. TLR2 ligands, such as Pam3cys, appear to be particularly 
potent inducers of IL-10 production by myeloid cells [ 44 ]. Accordingly, TLR2-
defi cient mice exhibit reduced IL-10 production from macrophages during  Candida 
albicans  infection [ 127 ]. Despite their common expression of TLRs, myeloid cells 
differ in their ability to produce IL-10 in response to TLR ligation. TLR9 activation, 
for example, induces IL-10 production more readily from murine macrophages than 
from DCs [ 18 ,  80 ].
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   Myeloid cells also have the capacity to integrate signals received through TLRs 
with other pathways in order to modulate their IL-10 production. TLR-independent 
triggers of IL-10 production include the C-type lectin receptors DC-SIGN [ 59 ] and 
Dectin-1 [ 42 ,  143 ]. Co-activation of TLR2 and Dectin-1 enhances IL-10 production 
in DCs relative to TLR2 or Dectin-1 stimulation alone [ 42 ]. Similarly, CD40 liga-
tion together with TLR activation further enhances IL-10 production in DCs [ 47 ]. 

 In addition to microbial stimuli, myeloid cells modulate their IL-10 production 
in response to cytokines secreted by other immune cells. Type I interferon enhances 
IL-10 production from TLR4-stimulated murine macrophages and human mono-
cytes. In fact, a sustained IL-10 production by macrophages in response to LPS 
requires an IFN-β-mediated autocrine feedback loop in order to maintain IL-10 
transcription [ 5 ,  27 ,  132 ]. Type I IFN also promotes IL-10 production in 
 Mycobacterium tuberculosis -infected macrophages [ 112 ,  116 ]. In contrast, IFN-γ 
reduces the production of IL-10 in TLR2-activated human macrophages [ 72 ]. 

 Phagocytosis of apoptotic cells results in an anti-infl ammatory response character-
ized by IL-10, PGE2, and TGF-β [ 190 ]. LPS-activated peripheral blood mononuclear 
cells in the presence of apoptotic peripheral blood lymphocytes are able to produce 
higher levels of IL-10 compared to LPS alone [ 190 ]. IL-10 may also act to drive its 
own transcription in macrophages and/or monocytes. Stimulation of monocyte- 
derived macrophages with IL-10 leads to an increase in IL-10 mRNA [ 170 ]. 

 B cells are a source for IL-10 in vitro and in vivo (Fig.  5.2 ). A combination of anti-
Ig and anti-CD40 stimulation induces IL-10 expression, a process that is further 
enhanced by IL-12 [ 167 ]. B cells express a number of TLRs. Agonists of TLR2, 
TLR4, or TLR9 have all been shown to promote IL-10 production [ 1 ,  97 ,  156 ]. Similar 
to macrophages, IFN-α in combination with TLR agonists increases IL-10 production 
from B cells compared to stimulation with TLR stimulation alone [ 62 ,  198 ].  

5.4     Drivers of IL-10 Expression in T Cells 

 While myeloid cells can directly sense microbial products and produce IL-10 in 
response, T cells require cytokines or cell-based ligands provided by other immune 
cells in order to do so. Virtually all T cell subsets (Fig.  5.2 ), including regulatory T 
cells, Th1, Th2, Th9, Th17 effector cells, and CD8 +  T cells, have the capacity to 
produce IL-10 [ 113 ,  119 ,  129 ,  144 ,  153 ,  180 ]. 

 As discussed earlier, IL-10 production from regulatory T cells is essential in 
order to maintain immune homeostasis in the gut. Accordingly, IL-10 production 
from Tregs in vivo is largely confi ned to the intestine under homeostatic conditions 
[ 114 ]. Surprisingly, the signals required to trigger IL-10 expression from Tregs are 
not well defi ned. One report concluded that the development of IL-10-competent 
Tregs does not require IL-10 itself, but is instead dependent on TGF-β [ 114 ]. 
However, another study found that Tregs in the intestine indeed sense IL-10 and that 
IL-10R-defi cient Tregs have reduced levels of IL-10 expression [ 29 ]. IL-2 and IL-4 
induce IL-10 production from regulatory T cells in vitro and in vivo [ 13 ,  35 ,  96 ]. 
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 In accordance with its function as a negative feedback regulator, effector T cells 
transiently express IL-10 linked to a state of full activation and effector cytokine 
production [ 153 ,  155 ]. Although this conclusion is largely based on in vitro studies, 
in many cases, the induction of IL-10 appears to be an intricate part of the T cell 
differentiation program, triggered by the same stimuli. Accordingly, strong TCR 
stimulation together with the Th1-polarizing cytokine IL-12 is required for IL-10 
production from Th1 cells, while the Th2-polarizing cytokine IL-4 is essential for 
IL-10 production from Th2 cells [ 28 ,  60 ,  118 ,  155 ,  164 ]. TGF-β and IL-6 drive the 
production of IL-10 as part of the Th17 cell differentiation program [ 173 ,  195 ]. The 
more recently defi ned subset of IL-9-producing Th9 cells requires IL-4 and TGF-β 
for its differentiation and IL-10 production [ 39 ,  187 ]. 

 Similar to their role in myeloid cells, type I IFNs promote IL-10 production from 
CD4 +  T cells [ 5 ,  32 ,  100 ]. 

5.4.1     IL-10 Induction by IL-27 and TGF-β 

 IL-27 and TGF-β are potent inducers of IL-10 production in various T cell subsets 
in vivo (Fig.  5.2 ). IL-27 is a member of the IL-12 cytokine family and is produced 
mostly by innate immune cells during infections [ 73 ,  84 ]. IL-27, which is normally 
not part of T cell differentiation protocols, indeed promotes IL-10 production in 
CD4 +  T cells under neutral and Th1-, Th2-, or Tr1-polarizing conditions in vitro [ 11 , 
 14 ,  53 ,  124 ,  134 ,  173 ]. More importantly, IL-27 limits Th1, Th2, and Th17 cell 
responses in various infection and autoimmune disease models [ 9 ,  53 ,  73 ,  84 ,  172 ]. 
For example, IL-10 + IFN-γ +  Th1 cells are absent in IL-27 receptor-defi cient mice, 
and these mice develop lethal CD4 +  T cell-mediated infl ammation upon  T. gondii  
infection [ 172 ,  189 ]. Acting together with IL-2, IL-27 also induces IL-10 expression 
in cytotoxic CD8 +  T cells [ 174 ]. 

 TGF-β, on the other hand, is required for the differentiation and IL-10 produc-
tion of regulatory T cells [ 114 ] and Th17 cells in the intestine. These T cells are 
generated mainly in response to the commensal microbiota, in the absence of strong 
pro-infl ammatory stimuli, which precludes high levels of IL-27. However, TGF-β 
does further augment IL-27-induced IL-10 expression in CD4 +  T cells in vitro, con-
ditions most commonly used to generate Tr1 cells [ 11 ,  173 ]. In contrast, IL-10 pro-
duced by Th17 cells in response to IL-6/TGF-β is not further enhanced by IL-27 
[ 173 ]. Mechanistically IL-27 and TGF-β rely on distinct but partially overlapping 
transcriptional programs to induce IL-10 expression [ 128 ].  

5.4.2     IL-10 Induction by Notch 

 In addition to secreting cytokines that shape the differentiation of CD4 +  T cells, 
myeloid cells also upregulate Notch ligands in response to microbial stimuli that 
have been shown to drive T cell polarization and IL-10 production [ 6 ,  139 ]. 

5 Regulation of Interleukin-10 Expression



96

 We found that the Notch pathway is a critical regulator of IL-10 production 
under pro-infl ammatory conditions in Th1 cells. Notch synergizes with IL-12 or 
IL-27 to strongly enhance IL-10 production in IFN-γ-producing Th1 cells [ 147 ]. 
Activation of the Notch pathway via its ligands Delta-like (Dll) 1 or Dll4 promotes 
the co-expression of IL-10 and IFN-γ in Th1 cells in vitro [ 83 ,  147 ]. The Notch 
pathway also promotes IL-10 production from Th17 cells in vitro [ 131 ]. Notch- 
mediated IL-10 induction in vivo critically depends on Dll4, the expression of 
which is strongly induced on dendritic cells upon TLR stimulation, but is largely 
restricted to plasmacytoid DCs in the steady state [ 83 ].   

5.5     The  Il10  Gene Locus and Its Epigenetic Regulation 

 The  Il10  gene locus in mice exhibits a high degree of homology to the one in human. 
In both cases  Il10  is located within the  Il10  gene family cluster on chromosome 1 
[ 88 ], immediately downstream of  Il19 ,  Il20 , and  Il24  (Fig.  5.3a ).  Il10  exhibits the 
prototypical genomic organization of all IL-10 family cytokines being comprised of 
fi ve exons and four introns. Genomic alignments of the mouse and human  Il10  loci 
have identifi ed a number of highly conserved noncoding sequences (CNS), indicat-
ing important roles in the regulation of  Il10  expression (Fig.  5.3b ). The highest 
degree of conservation is observed for CNS-29.8, CNS-26, CNS-20, CNS-9, CNS- 
4.5, and CNS-0.12 (in kb relative to  Il10  transcriptional start site (TSS)) upstream 
as well as CNS+1.65, CNS+3, and CNS+6.5 downstream of the TSS [ 79 ,  98 ,  191 ].

   Regions within the  Il10  locus that are hypersensitive to DNase I digestion (HSS) 
localize mostly to the CNS regions, indicating accessible chromatin in these areas. 
For instance, bone marrow-derived macrophages stimulated with TLR ligands 
(LPS, CpG, or zymosan) exhibit fi ve HSS regions located −4.5, −2, and −0.12 kb 
upstream and +1.65 and +2.98 kb downstream of the TSS [ 154 ]. Non-stimulated 
macrophages also show some degree of sensitivity to DNase I digestion at these 
sites. This is consistent with the immediate IL-10 expression observed in these cells 
upon exposure to microbial stimuli. Only HSS −4.5 kb was detected in BM-derived 
DCs when stimulated with TLR ligands [ 154 ]. Again, the reduced accessibility in 
DCs as compared to macrophages is in line with the weaker IL-10 expression in 
DCs in response to the same stimuli. 

 In contrast, chromatin accessibility in T cells is more dynamic. The  Il10  gene 
locus in naïve T cells is in a closed, transcriptionally inactive conformation with 
only one HSS at −8.8 kb [ 79 ]. Extensive chromatin remodeling during T cell dif-
ferentiation leads to the formation of additional, mostly common HSS in Th1 and 
Th2 cells [ 74 ,  79 ,  154 ,  191 ]. Some of these sites are more prominent in Th2 than in 
Th1 cells (HSS −30.4, −29.8, −21, −17.5, and −0.12 kb and +6.45 kb) [ 79 ]. Most 
described HSS in the  Il10  locus are common between T cells and myeloid cells, 
apart from HSS −4.5 kb which appears to be specifi c to macrophage and DCs [ 154 ]. 

 The chromatin structure at the  Il10  locus is critical in the regulation of IL-10 
expression. Among other mechanisms, chromatin accessibility for the transcriptional 
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machinery is regulated by different modifi cations of lysine residues on the tails of 
histones. For instance, histone 3 K4me3 is a marker for an accessible, transcription-
ally competent chromatin, whereas H3K27me3 is associated with inactive chroma-
tin. Chromatin immunoprecipitation followed by deep sequencing (ChIP- seq) has 
demonstrated that in differentiated Th1 and Th2 cells, the  Il10  locus is in a transcrip-
tionally competent state, characterized by the presence of H3K4me3 and the absence 
of H3K27me3 marks [ 192 ]. The same study found binding of STAT4 in intron 4 in 
Th1 cells and of STAT6 in the  Il10  promoter region in Th2 cells [ 192 ]. H3K4me3 
marks are lost and H3K27me3 marks reoccur in STAT4 or STAT6 defi cient cells, 
respectively [ 128 ,  192 ], suggesting that STATs function during IL-10 regulation by 
increasing the accessibility of the  Il10  gene locus for other transcription factors. 

 Histone 3 phosphorylation at promoter regions further promotes accessibility 
and active transcription. Activation of the mitogen-activated protein (MAP) kinase 
ERK leads to H3 phosphorylation in the  Il10  promoter and facilities the binding of 
transcription factors, such as the constitutively expressed Sp1 in TLR-stimulated 
macrophages [ 104 ,  199 ]. 

 Finally, histone acetylation is a hallmark of active transcription. Hyperacetylation 
of histone H4 was detected at the −4.5 and −1.2 kb HSS regions in IL-10-producing 
macrophages [ 154 ]. The histone deacetylase HDAC11 has been shown to inhibit 
IL-10 production in macrophages presumably by limiting binding of Sp1, STAT3, 
and polymerase II to the proximal  Il10  promoter [ 188 ]. Ets-1, a member of the ETS 
family of transcription factors that is highly expressed in resting T cells, negatively 
regulates IL-10 production in Th1 cells. Ets-1 defi ciency signifi cantly decreases 
recruitment of HDAC1, another histone deacetylase, at HSS −0.12, +1.65, and 
+2.98 kb [ 99 ]. Consistently, Ets1-defi cient CD4 +  T cells exhibit enhanced IL-10 
production when stimulated under Th1-polarizing conditions [ 99 ]. The transcrip-
tion factor E4BP4 also regulates IL-10 production in various CD4 +  T cell subsets 
[ 121 ]. At least in Th2 cells, E4BP4 binds to intron 4 and to the 3′ UTR of  Il10  to 
promote histone acetylation [ 121 ].  

5.6     Transcriptional Regulation of IL-10 Expression 
in Myeloid Cells 

 TLR signaling is the main driver of IL-10 expression in myeloid cells. All TLRs, 
with the exception of TLR3, bind to the adaptor protein MyD88. TLR3 instead 
binds the adaptor TRIF (TIR domain-containing adaptor protein inducing IFN-β), 
while TLR4 recruits both MyD88 and TRIF [ 4 ]. Both MyD88- and TRIF-dependent 
TLR signaling are able to induce IL-10 production [ 18 ]. TLR ligation leads to the 
activation of several downstream pathways, including the MAP kinase pathway, the 
PI3K/AKT pathway, and the NF-κB pathway [ 85 ]. 

S. Rutz and W. Ouyang



99

 Activation of the MAP3 kinase TPL-2 and downstream ERK1 and ERK2 is criti-
cal for IL-10 production in macrophages and DCs in response to TLR2, TLR4, and 
TLR9 activation [ 12 ,  44 ,  80 ,  196 ]. Accordingly, inhibitors of the ERK1/2 pathway 
reduce IL-10 secretion from macrophages [ 103 ]. Similarly, a knockout of TPL-2 
reduces TLR-induced IL-10 production [ 12 ]. ERK activation is also downstream of 
Dectin-1-induced IL-10 production in DCs [ 45 ,  168 ]. The degree of ERK activation 
correlates with the levels of IL-10 production observed in macrophages, mDCs, and 
pDCs [ 80 ] demonstrating the central importance of this pathway. The MAP kinase 
pathway eventually results in activation of members of the AP1 and ATF transcrip-
tion factor families. The AP1 factor c-Fos, for instance, has been shown to be 
involved in TLR-induced IL-10 expression in macrophages and DCs [ 2 ,  44 ,  72 ,  80 ]. 

 In addition to ERK, p38 [ 30 ,  54 ,  72 ,  78 ,  89 ,  196 ] and JNK [ 26 ,  30 ,  72 ] also con-
tribute to IL-10 production in TLR-stimulated macrophages, monocytes, and DCs. 
For example, knockout of p38α or treatment with p38α/β inhibitors reduce IL-10 
secretion in macrophages [ 86 ]. Macrophages defi cient for DUSP1, a dual- specifi city 
phosphatase involved in deactivating p38 signaling in response to LPS, display pro-
longed p38α activation relative to wild-type cells, and this correlates with an 
increase in IL-10 production [ 151 ]. p38γ and -δ also seem to be required for normal 
LPS-induced IL-10 production, presumably through their regulation of TPL-2 
expression. p38γ/δ knockout macrophages have very low TPL-2 levels and fail to 
activate ERK1/2 downstream of TLR activation [ 141 ]. Both ERK and p38 may 
function cooperatively in their regulation of IL-10 production, through their joined 
activation of MSK1 and MSK2, mitogen- and stress-activated protein kinases, 
which promote IL-10 production in TLR4-stimulated macrophages. Downstream of 
MSK1 and MSK2 the transcription factors CREB and ATF1 bind and trans-activate 
the  Il10  promoter [ 7 ,  133 ]. The MAPK–MSK1/2–CREB pathway is also down-
stream of Dectin-1 induced IL-10 expression [ 49 ]. Both ERK1/2 and p38α directly 
phosphorylate Sp1 [ 37 ,  177 ]. Numerous studies using  Il10  promoter reporter genes 
have shown that Sp1 binding sites are required for the induction of IL-10 transcrip-
tion [ 20 ,  106 ,  178 ,  199 ]. 

 The PI3K/AKT pathway also contributes to IL-10 expression in myeloid cells 
[ 109 ,  130 ,  193 ], either by antagonizing GSK3-β, a constitutively active kinase 
which inhibits the production of IL-10 [ 125 ,  130 ], or through ERK [ 109 ] and mTOR 
[ 130 ,  193 ] activation. mTOR may further regulate IL-10 production through the 
activation of STAT3 [ 193 ]. 

 NF-κB is activated in response to TLR stimulation and contributes to IL-10 regu-
lation. Accordingly, IKK2-defi cient macrophages, which have impaired NF-κB acti-
vation, show reduced production of IL-10 [ 82 ]. In TLR4-stimulated macrophages, 
the NF-κB subunit p65 is recruited to an NF-κB binding site at HSS −4.5 kb [ 154 ]. 
Its binding to a different site mediates IL-10 production in response to dsRNA [ 26 ]. 
p105 (NF-κB1) is a binding partner for TPL-2. Accordingly, knockout of p105 
blocks TLR-induced ERK1/2 activation and downstream IL-10 expression [ 12 ]. In 
addition to binding to TPL-2, p105 can be cleaved to generate the p50 NF-κB sub-
unit. The p50 homodimer is recruited to a site proximal to the  Il10  transcriptional 
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start site and promotes IL-10 production in macrophages in response to TLR4 acti-
vation [ 22 ]. 

 Several transcription factors, including c-Maf, the aryl hydrocarbon receptor 
(AhR), and STATs, mediate IL-10 production in macrophages as well as in T cells 
(see below). c-Maf belongs to the Maf family of basic region and leucine zipper 
transcription factors and has been discussed as somewhat of a master transcription 
factor for IL-10 in T cells and macrophages [ 23 ,  146 ,  153 ]. c-Maf binds to the  Il10  
promoter and enhances IL-10 production in LPS-stimulated macrophages [ 23 ]. 
Conversely, c-Maf-defi cient macrophages exhibit strongly impaired IL-10 produc-
tion upon LPS stimulation. c-Maf is expressed constitutively in resting monocytes 
and macrophages and further upregulated by IL-4. The ability of IL-4 to act in 
combination with LPS to induce IL-10 is blunted in c-Maf knockout cells [ 23 ]. The 
ligand-activated transcription factor AhR is required for optimal IL-10 production 
in TLR4- but not TLR9-stimulated macrophages, where it forms a complex with 
STAT1 [ 90 ]. LPS-induced IL-10 production is inhibited in AhR-defi cient or STAT1- 
defi cient peritoneal macrophages compared to WT cells [ 90 ]. The IL-10 enhancing 
function of type I IFN relies in part on the recruitment of STAT1 or STAT3 to the 
 Il10  promoter [ 66 ,  202 ]. Inactivation of the STAT-binding motif completely ablates 
trans-activation by type I IFN. 

 Type I IFN also activates the transcription factor interferon regulatory factor 1 
(IRF1), which enhances IL-10 production [ 202 ]. In contrast IRF5, the expression of 
which is induced downstream of TLR ligation, binds to the  Il10  promoter but func-
tions as a repressor of IL-10 in human GM-CSF differentiated monocytes [ 94 ].  

5.7     Transcriptional Regulation of IL-10 in T Cells 

 T cells need to undergo activation and differentiation into effector T cells in order to 
express IL-10. Accordingly, they integrate signals through their T cell receptor 
(TCR) and cytokine receptors in regulating IL-10 expression. 

5.7.1     TCR Signaling in IL-10 Regulation in T Cells 

 TCR ligation, which is the minimal requirement for any kind of T cell activation but 
not suffi cient for subsequent effector differentiation, activates several downstream 
signaling pathways culminating in the activation of transcription factors such as 
AP1, NFAT, and NF-κB. Similar to its role in macrophages and DCs, the MAP 
kinase ERK is a common positive regulator of IL-10 expression in different T helper 
cell subsets [ 155 ]. Based on the use of small-molecule kinase inhibitors, the ERK1/2 
and p38 MAP kinase signaling pathways also seem to regulate IL-10 production in 
CD8 +  T cells [ 179 ]. ERK is activated via Ras downstream of the TCR [ 46 ] and 
eventually leads to the activation of transcription factors of the AP1 family. Several 
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members of the AP1 family have been shown to promote IL-10 expression in vari-
ous T cell subsets by binding to AP1 motifs in the  Il10  locus. Early studies found 
that in Th2, but not in Th1 cells, JunB and to a lesser extent c-Jun bind at HSS +6.45 
kb and promote IL-10 expression [ 79 ,  191 ]. Ectopic expression of c-Jun and JunB 
enhances IL-10 production in activated naïve T cells, whereas a dominant negative 
c-Jun reduces IL-10 production [ 191 ]. The transcription factor IRF4 positively reg-
ulates IL-10 expression in Th2 cells and also binds to the  Il10  promoter as well as 
the CNS+6.45 region [ 3 ]. 

 Upon TCR activation, NFAT1 translocates from the cytoplasm into the nucleus 
where it is known to interact with AP1 and other transcriptional partners to promote 
cytokine gene transcription [ 107 ]. Consistently, NFAT1 binds to the  Il10  promoter 
in Th2 and to intron 4 in Th1 cell lines [ 74 ]. NFAT1/IRF4 co-binding to CNS-9 
synergistically enhances IL-10 expression in Th2 cells [ 98 ]. 

 More recently the basic leucine zipper transcription factor ATF-like (BATF), 
another AP1 family member, together with JunB and IRF4 were found to function 
as “pioneer factors” in T cell differentiation by binding to a multitude of loci, includ-
ing CNS-9 in the  Il10  locus, early after T cell activation [ 31 ,  63 ,  102 ,  182 ]. Mutating 
either the IRF or AP1 motif within CNS-9 results in a diminished luciferase reporter 
activity consistent with functional cooperation between these factors in  Il10  gene 
regulation [ 102 ]. Defi ciencies in BATF or IRF4 signifi cantly impair Th2 or Th17 
differentiation and effector cytokine production demonstrating a much broader 
function beyond IL-10 regulation [ 3 ,  31 ,  123 ]. This further demonstrates the close 
interrelation of IL-10 expression and T cell differentiation. However, the broad 
function of BATF/IRF4 across different T cell subsets is more consistent with a 
scenario in which T cell activation provides a framework for both IL-10 expression 
and T cell differentiation, both of which are then further specifi ed by additional 
polarizing factors, such as STATs.  

5.7.2     STAT/SMAD Pathways in IL-10 Regulation in T Cells 

 STATs are cytoplasmic transcription factors that translocate to the nucleus to regu-
late gene expression in response to cytokines and growth factors. In this regard 
STATs are essential in mediating T cell polarization. STAT4 is downstream of 
IL-12 in driving Th1 differentiation, and STAT6 downstream of IL-4 mediates Th2 
polarization, whereas STAT3 is activated by IL-6 and IL-23 and is critical for Th17 
differentiation. All of these STATs have been implicated as critical drivers of IL-10 
expression in the respective T cell subsets [ 28 ,  147 ,  155 ,  195 ]. STAT3 and to some 
extent STAT1 downstream of IL-27 and IL-21 have roles in inducing IL-10 beyond 
a particular T cell subset [ 14 ,  53 ,  115 ,  169 ,  170 ,  173 ,  195 ]. Two STAT binding sites 
have been identifi ed in the murine and human  Il10  promoter [ 184 ,  202 ]. Accordingly, 
STAT4 and STAT6 bind to the  Il10  promoter in Th1 and Th2 cells, respectively 
[ 128 ,  192 ]. STAT4 binding has also been detecting in the CNS-9 [ 128 ] and intron 4 
[ 192 ] region in Th1 cells. STAT3 binds to the same intron 4 region in Th17 cells 
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[ 102 ]. However, STAT3 defi ciency does not block the ability of TGF-β/IL-6 treat-
ment to promote IL-10 production, although it blocks the effects of IL-27 [ 195 ]. In 
conclusion, STATs downstream of a variety of cytokines critically contribute to 
IL-10 expression, arguably in some cases as an integral part of the respective dif-
ferentiation program, but also more broadly in a subset-nonspecifi c manner. 

 Similarly, SMADs downstream of TGF-β regulate IL-10 production in T helper 
cells, although TGF-β in many cases interfers with or alters T helper cell differentia-
tion. For example, Th17 cells generated with IL-6 and TGF-β produce large amounts 
of IL-10 in addition to the signature cytokine IL-17. In contrast, Th17 cells differ-
entiated in the absence of TGF-β lack IL-10 expression, whereas IL-17 levels are 
comparable [ 61 ]. Even more strikingly, TGF-β potently induces IL-10 production 
from Th1 cells [ 91 ,  128 ]. Downstream SMAD4 binds and trans-activates the  Il10  
promoter in Th1 cells [ 91 ]. At the same time, however, TGF-β extinguishes IFN-γ 
expression in these cells [ 91 ,  128 ]. Similarly, TGF-β, in the presence of IL-4, stirs T 
cell differentiation toward a Th9 phenotype, away from Th2 [ 39 ,  187 ]. Yet, SMAD3 
together with GATA3 positively regulate IL-10 production in response to TGF-β in 
Th2 cells [ 17 ]. TGF-β signaling seems to promote IL-10 expression broadly and 
mostly independently of the T cell differentiation program.  

5.7.3     T Cell Lineage Transcription Factors in Regulation 
of IL-10 Expression 

 As discussed previously, IL-10 is not produced by naïve T cells, but instead requires 
T cell activation following antigen recognition. This activation usually occurs in the 
context of certain cytokines that favor T cell differentiation. Therefore both pro-
cesses usually coincide. 

 One way of dissecting this further is to assess the direct contribution of master 
transcription factors that are induced during T cell differentiation, and that in fact 
drive and defi ne this process. T-bet is induced by STAT4 downstream of IL-12 and 
drives Th1 differentiation. Th2 differentiation requires IL-4 signaling through 
STAT6 and the expression of GATA binding protein 3 (GATA3). Th17 differentia-
tion is dependent on TGF-β and IL-6, which together induce the expression of 
RAR-related orphan receptor gamma (RORγt) [ 201 ]. 

 The requirement for these master transcription factors for IL-10 expression is 
probably best studied in the case of GATA3 in Th2 cells. GATA3 is recruited to two 
locations in the  Il10  locus, but it does not trans-activate the  Il10  promoter. Instead, 
GATA3 binding facilities chromatin remodeling and leads to histone acetylation at 
the  Il10  locus [ 164 ]. This leads to “epigenetic imprinting,” which allows Th2 cells 
to establish a stable memory for IL-10 expression [ 28 ,  87 ,  164 ]. However, GATA3 
is not required for IL-10 production in differentiated Th2 cells [ 200 ]. The role for 
T-bet in IL-10 expression in Th1 cells has been studied in less detail. However, one 
of the main functions of T-bet during Th1 polarization is the induction of the 
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IL-12RβII chain to enable IL-12 signaling [ 159 ], which in turn drives IL-10 expres-
sion. Similarly, we fi nd that the induction of IL-10 downstream for Notch signaling 
is not impaired in T-bet-defi cient T cells cultured under Th1-polarizing conditions. 
It is, however, strictly dependent on STAT4 [ 147 ]. A detailed recent analysis of the 
transcriptional network in Th17 cells suggests that RORγt indeed acts as a repressor 
for  Il10 , whereas it positively regulates the expression of the Th17 signature cyto-
kine  Il17a  [ 31 ]. Overall these fi ndings suggest that although IL-10 expression coin-
cides with effector cytokine expression in various T helper cell subsets, it is, at least 
to some degree, decoupled from the respective differentiation program. The term 
“master transcription factors” is further called into question by recent fi ndings 
showing that T-bet, GATA3, and RORγt only regulate the expression of a relatively 
small subset of genes directly – which includes the signature cytokine genes – 
whereas STATs affect gene expression much more broadly [ 31 ,  185 ]. Additional 
factors, fi rst and foremost STATs and SMADs downstream of pro-infl ammatory 
cytokines and TGF-β, determine the expression of IL-10 in response to environmen-
tal factors.  

5.7.4     The Role of c-Maf in IL-10 Regulation in T Cells 

 c-Maf expression is induced by several important drivers of IL-10 expression, 
including IL-27, TGF-β, and ICOS ligand [ 10 ,  15 ,  134 ,  195 ]. Indeed, c-Maf has 
been shown to be critical for IL-10 expression in Th17 and Tr1 cells [ 10 ,  134 ,  195 ]. 
But its expression also correlates with IL-10 production in Th1 and Th2 cells [ 155 ]. 
Although its role in Th9 cells has not been studied, it is likely that c-Maf also con-
trols IL-10 production in this T cell subset, given the fact that Th9 cells differentiate 
in the presence of IL-4 and TGF-β [ 39 ,  187 ], both inducers of c-Maf. 

 Although c-Maf can trans-activate  Il10  by itself to some extent [ 10 ,  195 ], robust 
IL-10 expression requires interaction with additional transcriptional regulators. In 
the case of Tr1 cells generated in the presence of IL-27 or IL-27/TGF-β [ 134 ], 
c-Maf cooperates with AhR in the regulation of IL-10 production in mouse as well 
as human [ 10 ,  58 ]. As such, knocking down c-Maf or AhR in Tr1 cells decreases 
 Il10  mRNA expression. Both factors bind and synergistically trans-activate the  Il10  
gene promoter [ 10 ]. The induction of c-Maf in Tr1 cells is thought to be further 
regulated by IL-21 and possibly by ICOS, since both IL-21- and ICOS-defi cient T 
cells show reduced IL-10 production and c-Maf expression [ 135 ]. In Th17 cells, 
c-Maf is induced downstream of TGF-β and acts mainly as a suppressor of pro- 
infl ammatory gene expression most likely by antagonizing BATF [ 31 ,  148 ]. 
However, IL-10 is among the few genes induced by c-Maf in Th17 cells [ 31 ,  195 ]. 
Although c-Maf expression is low in Th1 cells compared to other T cell subsets, it 
is driven by IL-12 and can be potently induced by activation of the Notch pathway 
in order to drive IL-10 expression [ 128 ].  
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5.7.5     The Role of Blimp-1 in IL-10 Regulation in T Cells 

 Blimp-1 encoded by the  Prdm1  gene is a transcriptional repressor that positively 
regulates IL-10 production in both CD4 +  and CD8 +  T cells [ 76 ,  111 ,  174 ]. Blimp-1 
expression is limited to highly polarized effector CD4 +  T cells and therefore associ-
ated with effector cytokine secretion [ 110 ,  111 ]. 

 We recently reported that Blimp-1 is critical for IL-10 production in Th1 cells, 
where it binds mainly to CNS-9 [ 128 ]. Blimp-1 expression in Th1 cells in vitro is 
dependent on STAT4, which explains its late induction during Th1 polarization. The 
early phase of Th1 differentiation is IL-12 independent and instead relies on IFN-γ- 
mediated induction of T-bet [ 159 ]. Consistent with the transient nature of IL-10 
expression in Th1 cells, Blimp-1 activity is restricted to an effector state and is 
likely to coincide with high availability of pro-infl ammatory cytokines, such as 
IL-12. Blimp-1-defi cient Th1 cells lack IL-10 production in vitro and in vivo [ 128 ]. 

 T cell-specifi c Blimp-1 defi ciency results in enhanced infl ammation and immu-
nopathology during  T. gondii  infection. IL-27-induced IL-10 production in CD4 +  T 
cells is completely dependent on Blimp-1 [ 128 ], further suggesting a broad function 
of Blimp-1 in IL-10 regulation in T cells. In IL-27-induced Tr1 cells, the transcrip-
tion factor egr2 is upstream of Blimp-1 [ 76 ]. Accordingly, egr2-defi cient Tr1 cells 
have reduced IL-10 production but enhanced secretion of IL-17 or IFN-γ [ 76 ]. 
Although IL-12 and IL-27 seem to use different pathways to induce Blimp-1, IL-12 
by signaling through STAT4 and IL-27 by signaling through STAT1/STAT3 [ 173 ], 
their co-expression in many Th1-driven immune responses makes it likely that both 
cytokines synergize in promoting Blimp-1-dependent IL-10 expression in Th1 cells 
in vivo. 

 Similarly, Blimp-1 is critical for IL-10 production in CD8 +  T cells, where its 
expression requires CD4 +  T cell help and is limited to effector and memory CD8 +  T 
cells [ 81 ,  111 ,  174 ]. Blimp-1 is also involved in IL-10 regulation in regulatory T 
cells and is expressed in an effector regulatory T cell population that is found at the 
site of infl ammation [ 35 ]. Blimp-1 defi ciency does not prevent Treg development 
but strongly impairs the production of IL-10 by these cells in response to TCR 
stimulation. In Treg cells Blimp-1 acts synergistically with IRF4 [ 35 ]. Given its 
expression pattern, Blimp-1 is perfectly suited to restrict IL-10 production to an 
effector phase at the peak of an acute infl ammatory response. However, Blimp-1 is 
not universally required for IL-10 expression in T cells, as differentiation of Blimp- 
1- defi cient CD4 +  T cells into Th2 cells results in normal IL-10 expression [ 81 ].  

5.7.6     Transcriptional Regulation of IL-10 Expression 
Through Infl ammation 

 T cells integrate diverse environmental stimuli to appropriately express IL-10. Pro- 
infl ammatory cytokines, such as IL-12 and IL-27, secreted by activated antigen- 
presenting cells signal ongoing infl ammation and eventually the need for 
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self-limitation of these responses. Blimp-1 is being recognized as the main driver of 
IL-10 production in pro-infl ammatory effector T cells under these conditions [ 128 , 
 186 ]. Not only is Blimp-1 essential for IL-10 expression in Th1, Tr1 cells, and CD8 +  
T cells; it also drives IL-10 production in regulatory T cells that have entered an 
“effector stage” induced by cytokines such as IL-2, IL-4, and others [ 36 ,  128 ,  174 ]. 
All these cells are severely impaired in their capacity to produce IL-10 in the 
absence of Blimp-1. How does Blimp-1-mediated IL-10 expression relate to c-Maf, 
another widely expressed transcription factor regulating IL-10 [ 146 ]? c-Maf expres-
sion can be induced by pro-infl ammatory stimuli including IL-27 [ 134 ] but also by 
Notch ligands expressed on APCs in response to TLR stimulation. This process 
greatly enhances IL-10 production from Th1 cells, but still requires Blimp-1 [ 128 ]. 
Therefore c-Maf acts cooperatively with Blimp-1 in inducing IL-10 under infl am-
matory conditions. 

 However, IL-10 production is also required to maintain immune homeostasis in 
the absence of acute infl ammation, mainly in the intestine. TGF-β is an important 
driver of IL-10 production under those circumstances. While TGF-β is a potent 
inducer of c-Maf, it strongly antagonizes Blimp-1 expression [ 10 ,  128 ,  134 ,  150 , 
 195 ]. In fact, Th17 cells generated in the presence of TGF-β/IL-6 do express high 
levels of c-Maf but no Blimp-1. The suppressive effect of TGF-β on Blimp-1 is 
dominant over IL-27, explaining why IL-27 does not further enhance IL-10 from 
Th17 cells [ 173 ]. Ectopic expression of Blimp-1 in Th17 cells indeed strongly 
increases IL-10 production [ 128 ]. Tr1 cells can be generated in vitro with IL-27 in 
the presence or absence of TGF-β. The addition of increasing concentrations of 
TGF-β to these cultures shifts IL-10 expression from a Blimp-dependent to a Blimp- 
independent pathway [ 128 ]. In the presence of high levels of TGF-β, in Tr1 cells 
and Th17 cells, IL-10 expression fully relies on c-Maf interacting with AhR [ 10 , 
 128 ]. Collectively, these observations across several T helper cell subsets suggest 
that IL-10 expression, rather than being regulated in a subset-specifi c manner as 
part of the differentiation program, is driven more universally and fi ne-tuned by the 
infl ammation state.   

5.8     Posttranscriptional Regulation of IL-10 Expression 

 Posttranscriptional control of cytokine production represents an additional layer of 
regulation that enables the cell to rapidly release cytokines in response to extracel-
lular stimuli but also to shut down this response in a timely manner. Prominent 
mechanisms of posttranscriptional regulation of cytokines are RNA-binding pro-
teins and microRNAs that control the stability and translational activity of the cyto-
kine RNA [ 75 ]. 

 A growing number of studies, mostly conducted in macrophages, has found 
pathways that regulate IL-10 expression on the posttranscriptional level. The 3′UTR 
of the IL-10 mRNA contains AU-rich elements (AREs) [ 136 ], which are character-
istic of short-lived RNAs, that mediate mRNA decay through their recruitment of 
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ARE-binding proteins [ 75 ]. Two studies identifi ed tristetraprolin (TTP) as the ARE- 
binding protein regulating the stability of IL-10 mRNA in TLR4-stimulated macro-
phages [ 57 ,  171 ]. As a consequence, TTP-defi cient macrophages produce higher 
levels of IL-10 [ 57 ]. A more recent study found higher serum IL-10 levels in LPS- 
treated mice with a myeloid-specifi c defi ciency in TTP [ 93 ]. TTP also targets other 
cytokine mRNAs for rapid degradation, including IL-6, TNF-α, and GM-CSF [ 24 , 
 25 ,  126 ]. 

 Interestingly, the mRNA-destabilizing function of TTP is inversely regulated by 
p38 MAPK activity [ 152 ,  181 ], such that after receiving an infl ammatory stimulus 
the TTP-dependent decay is initially limited ensuring IL-10 expression at the height 
of the infl ammatory response [ 93 ]. IL-10 signaling itself regulates IL-10 mRNA 
[ 21 ] in a TTP-dependent manner. IL-10 increases TTP expression and activity by 
antagonizing p38 activity [ 57 ,  157 ]. 

 Another posttranscriptional regulatory circuit involves the RNA-binding protein 
ARE/poly(U) binding/degradation factor 1 (AUF1), which also binds to the 3′UTR 
of the IL-10 mRNA and reduces its half-life [ 19 ], and the upstream MKP-1, which 
regulates the translocation of AUF1 from the nucleus to the cytosol [ 197 ]. In the 
absence of MKP-1, both IL-10 mRNA stability and IL-10 secretion are increased 
[ 197 ]. 

 MicroRNAs (miRNAs) target IL-10 and in doing so play important roles in auto-
immune and infl ammatory diseases such as SLE, reperfusion injury, and asthma 
[ 138 ]. IL-10 can be regulated by several microRNAs, including miR-106a, miR- 
4661, miR-98, miR-27, let7, and miR-142-3p/5p [ 138 ]. While miR-106a binds to 
the 3′UTR of the IL-10 mRNA and negatively regulates its expression [ 161 ], bind-
ing of miR-466l to the 3′UTR results in a net increase in the half-life of IL-10 
mRNA, by preventing TTP binding [ 105 ]. Another miRNA, miR-21, has been 
shown to indirectly regulate IL-10 via downregulation of the IL-10 inhibitor PDCD4 
[ 163 ]. 

 A number of viruses exploit the cell-intrinsic control of gene expression by miR-
NAs for immune evasion by encoding their own viral homologues of miRNAs. For 
example, Kaposi’s sarcoma-associated herpesvirus encodes 17 mature microRNAs, 
two of which, miR-K12-3 and miR-K12-7, activate transcription and secretion of 
IL-10 [ 137 ].  

5.9     Concluding Remarks 

 Given its crucial roles in maintaining an effective immune response against patho-
gens while reducing the risk of potentially deleterious excessive infl ammation, 
IL-10 expression has to be fi nely tuned. As a negative feedback mechanism, it has 
to be responsive to the degree of infl ammation and has to have the ability to be 
turned on or off quickly in any immune cell. Accordingly, IL-10 expression is regu-
lated at multiple levels, by extracellular stimuli, transcriptionally, through 
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epigenetics, and posttranscriptionally. A broad understanding of the signals that 
regulate IL-10 expression has evolved, according to which myeloid cells directly 
respond to microbial stimuli, most prominently TLR ligands, whereas IL-10 pro-
duction from T cells requires the release of pro-infl ammatory cytokines, such as 
IL-27 from antigen-presenting cells. These extracellular stimuli then translate into 
the activation of various signaling pathways and the downstream activation of tran-
scription factors. In T cells this occurs in the context of transcriptional programs of 
T cell activation and differentiation. Over the past years, we have identifi ed a num-
ber of transcription factors, such as c-Maf or Blimp-1, with prominent roles in IL-10 
regulation. While we are making progress in elucidating how these factors function 
individually to enable IL-10 expression, a comprehensive understanding of the tran-
scriptional regulation of IL-10 is only just beginning to emerge. Extensive research 
will be required to better understand the epigenetic regulation of the  Il10  locus, as it 
is crucial to a timely expression of IL-10. Currently we only have a rudimentary 
understanding of how chromatin accessibility at the  Il10  locus is controlled. In par-
ticular in T cells, this process appears to be highly dynamic, very different from 
“effector cytokines” and distinct in various T cell subsets. 

 While most of our knowledge of the transcriptional regulation of IL-10, in par-
ticular in T cells, is derived from the studies of cultured cells, moving forward it will 
be essential to apply and further develop this knowledge toward an integrated view 
of IL-10 expression during immune responses in vivo. Only by doing so we will be 
able to harness the great potential for therapeutic intervention inherent in this fun-
damental immune-regulatory pathway.     
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    Chapter 6   
 Regulation of Interleukin-12 Production 
in Antigen-Presenting Cells                     

     Hua     Zheng    ,     Yi     Ban    ,     Fang     Wei    , and     Xiaojing     Ma    

    Abstract     Interleukin-12 is a heterodimeric cytokine produced primarily by 
pathogen- activated antigen-presenting cells, particularly macrophages and dendritic 
cells, during encountering with intracellular microbes. IL-12 plays a key role in the 
activation of natural killer cells and CD4 +  T helper cells in both innate and adaptive 
immune responses against infectious agents and immunosurveillance against 
endogenous malignancies. However, the potency of IL-12 makes it a target for strin-
gent regulation. Indeed, the temporal, spatial, and quantitative expression of IL-12 
during an immune response in a microenvironment contributes critically to the 
determination of the type, extent, and ultimate resolution of the reaction. Breaching 
of the delicate control and balance involving IL-12 frequently leads to autoimmune 
infl ammatory disorders and pathogenesis. Thus, a better understanding of the regu-
latory mechanisms in the production and control of this cytokine is both scientifi -
cally signifi cant and clinically benefi cial. Here we provide an update on the research 
that has been conducted on this subject particularly in the last 10 years since the 
publication of a major thesis of this nature.  
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6.1        IL-12 Composition, Producer Cells, Receptors, 
and Target Cells 

 Interleukin-12 (IL-12) was discovered originally as a natural killer cell stimulatory 
factor (NKSF) [ 51 ] and cytotoxic lymphocyte maturation factor (CLMF) [ 92 ], 
respectively, by two different groups. IL-12, composed of p35 and p40 chains, is the 
fi rst member of a family of heterodimeric cytokines identifi ed [ 51 ], which also 
includes IL-23 consisted of p19 and p40 [ 72 ], IL-27 consisted of p28 and EBI3 [ 73 ], 
and IL-35 composed of p35 and EBI3 [ 15 ]. The main physiological producers of 
IL-12 are phagocytes (monocytes/macrophages and neutrophils) and dendritic cells 
(DCs) in response to pathogens (bacteria, fungi, intracellular parasites and viruses) 
through Toll-like receptors (TLRs) [ 97 ]. 

 Other “non-typical” cell types than professional APCs have been reported to 
produce low levels of biologically active IL-12 such as TLR1/2 ligand-stimulated 
mouse liver endothelial cells [ 57 ]. It was shown that stimulation of primary human 
donor islets and murine beta cell lines with a proinfl ammatory cytokine cocktail 
(TNF-α, IL-1β, and IFN-γ) induced islet dysfunction and potently increased the 
expression and production of IL-12 and IL-12 receptor. Further, IL-12 induced 
upregulation of IFN-γ and impaired glucose-stimulated insulin secretion [ 94 ]. 
These data identify beta cells as a novel and local source of IL-12 and suggest a 
direct role of IL-12 in mediating beta cell pathology. 

 IL-12 is composed of p35 and p40 chains, and it principally activates NK cells 
and induces the differentiation of naïve CD4 +  T lymphocytes to become IFN-γ- 
producing Th1 effectors in cell-mediated immune responses to intracellular patho-
gens [2] . IL-12 signals through the IL-12 receptor (IL-12R) comprised of the 
IL-12Rβ1 and IL-12Rβ2 subunits that are expressed on T cells, NK cells, and DCs 
[ 21 ,  34 ]. IL-12 stimulates nonreceptor JAK2 and TYK2 activities, leading to phos-
phorylation of signal transduction and transcription factors (STATs), in particular, 
STAT4 homodimers [ 97 ,  106 ]. It is widely believed that the majority of IL-12’s 
immunological activities are mediated through IFN-γ produced by activated NK 
and Th1 cells that have been exposed to APC-derived IL-12. However, signifi cant 
levels of IFN-γ-independent activities of IL-12 have been demonstrated in many 
infectious disease and cancer models [ 2 ,  37 ,  78 ,  84 ,  95 ,  105 ,  112 ]. 

 Production of IL-12 in vitro results in the secretion of a 5- to 500-fold excess of 
p40 relative to IL-12 [ 19 ,  76 ]. There is evidence that the p40 subunit plays a critical 
role in enhancing the stability, intracellular traffi cking, and export of the p35 sub-
unit. This posttranslational regulation mediated by the p40 subunit is conserved in 
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mammals [ 44 ]. In addition to form IL-12 and IL-23, the p40 monomer has been 
recently suggested to function as an adaptor that is able to generate multiple de novo 
composites in combination with other locally available polypeptide partners after 
secretion, although the function of these novel forms of p40-containing heterodi-
mers remains obscure [ 1 ].  

6.2     IL-12’s Immunological Activities 

 The physiologically important target cells of IL-12 are hematopoietic progenitors 
for which IL-12 induces increased proliferation and colony formation in synergy 
with other colony-stimulating factors; NK cells, NKT cells, and T cells, for which 
IL-12 induces proliferation, enhancement of cytotoxicity and of the expression of 
cytotoxic mediators, and the production of cytokines, particularly IFN-γ, as well as 
favoring differentiation to cells that produce type-1 cytokines (Th1, T C 1, and NK1 
cells); and B cells, for which IL-12, directly or through the effects of type-1 cyto-
kines such as IFN- γ, enhances the activation and production of Th1-associated 
classes of immunoglobulin (e.g., IgG2a in the mouse). 

 The importance of IL-12 in host defense is underscored by observations that 
IL-12-defi cient mice are susceptible to infection with regular doses of intracellular 
pathogens, including  Leishmania major  [ 62 ],  Leishmania donovani  [ 81 ], 
 Toxoplasma gondii  [ 24 ],  Trypanosoma cruzi  [ 67 ],  Cryptococcus neoformans  [ 47 ], 
 mycobacteria  [ 16 ,  102 ], or  Listeria monocytogenes  [ 12 ], displaying impaired effec-
tor functions of NK, CD4 + , and CD8 +  T cells. In humans, recessive mutations in the 
IFN-γ receptor ligand-binding chain, IFN-γ receptor signaling chain, IL-12p40 sub-
unit, and IL-12 receptor β1 chain genes have been identifi ed in a number of patients 
with disseminated mycobacterial infection [ 4 ]. Although genetically distinct, these 
conditions are immunologically related and highlight the essential role of IFN-γ- 
mediated immunity in the control of mycobacteria. More frequently in human pop-
ulations, however, is the opposite problem: having overly active IL-12-producing 
and/or signaling activities, which contributes to the occurrence and/or pathogenesis 
of infl ammatory autoimmune disorders such as psoriasis, arthritis, Crohn’s disease, 
multiple sclerosis, graft vs host disease, atopic dermatitis, hidradenitis suppurativa, 
primary biliary cirrhosis, sarcoidosis, systemic lupus erythematosus, etc. [ 96 ]. 
Thus, understanding how IL-12 production is regulated in various physiological and 
pathological conditions is vitally important for human health. 

 IL-12’s immunological activities are complicated by the existence of IL-12p40 
homodimer, IL-12p80, which acts as an IL-12 antagonist by binding to the IL-12R 
but which does not mediate a biological response [ 27 ,  54 ]. Secretion of IL-12 is 
associated with excess production of IL-12p80 [ 19 ]. For example, in contrast to the 
dogma about the restrictive nature of IL-12-producing cell types, meaningful 
amounts of IL-12p40 monomer and IL-12p80 have been observed in human breast 
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cancer cells [ 40 ], which could potentially thwart the IL-12-induced antitumor 
responses in vivo. Approximately 20–40 % of the p40 in the serum of normal and 
endotoxin-treated mice is in the form of IL-12p80 [ 41 ]. In IL-12-dependent shock 
models, exogenous IL-12p80 inhibits IL-12-induced cell-mediated immune 
response and protects mice from sepsis-associated death [ 63 ]. However, IL-12p80 
has also been reported to stimulate, rather than inhibit, the differentiation of CD8 +  
Tc1 (type I cytotoxic T) cells in vitro contrary to its suppressive activity on Th1 
function [ 74 ]. The divergent functions of the various forms of p40 highlight our lack 
of a complete understanding of its true range of biological activities. 

 Furthermore, several studies have found evidence of immunological activities of 
the p40 monomer [ 45 ]. A mathematical model for IL-12 bioactivity was created by 
incorporating the production of IL-12p70, IL-12p40 (monomer), and IL-12(p40) 2  
(homodimer) by mature human DCs and the interaction of these species with the 
IL-12 receptor. Using this model, Klinke simulated the effects of IFN-γ, IL-4, and 
PGE2 concentrations on the bioactivity of IL-12. The simulations suggest that the 
concentration of IL-12p70 alone is not indicative of IL-12 bioactivity; rather, the 
bioactivity of IL-12 produced by mature DCs depends on IL-12p70, IL-12p40, and 
IL-12(p40)2 production and their competitive interaction with the IL-12 receptor 
[ 50 ]. Thus the ratio of IL-12p40 to IL-12(p40)2 is an important yet underestimated 
determinant of IL-12 bioactivity.  

6.3     IL-12-Encoding Genes 

 The two IL-12-encoding genes  Il12a  (for p35) and  Il12b  (for p40) are located on 
separate chromosomes (3p12–q13.2 and 5q31–33, respectively, in humans; chro-
mosomes 6 and 11, respectively, in the mouse) [ 70 ,  83 ,  85 ], and they do not share 
sequence homology. The  Il12a  cDNA encodes a 209-amino-acid polypeptide cor-
responding to a mature protein of 27.5 kDa. It contains seven cysteine residues and 
three potential N-glycosylation sites. The  Il12b  cDNA sequence encodes a 
328-amino-acid polypeptide with a 22-amino-acid signal peptide generating a 
mature protein of 34.7 kDa. Heterodimers of p40 and p35 are formed via disulfi de 
bonds and secreted, usually upon stimulation of producer cells. 

 Both  Il12a  and  Il12b  genes must be expressed coordinately in the same cells to 
produce biologically activate IL-12 [ 108 ]. Paradoxically, the mRNA of  Il12a  is 
widely expressed in many cell types, albeit at low levels in some cells, most of 
which do not even produce IL-12. The  Il12b  mRNA is restricted to cells that can 
produce biologically active heterodimer [ 19 ]. Synthesis of the p35 chain was pro-
posed to be a rate-limiting step for IL-12 production for its low abundance tran-
scripts in cells under steady-state conditions [ 88 ]. The regulation of  Il12a  and  Il12b  
genes is primarily exerted at the transcriptional level, although post-transcriptional 
mechanisms play minor roles.  
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6.4     Transcriptional Regulation of  Il12b  

 Unlike for IL-12p35, over the past two decades, a large number of molecular studies 
have explored numerous mechanistic aspects that control the production of IL-12p40 
encoded by  Il12b . The  Il12b  promoter has been extensively studied, and numerous 
transcriptional factors have been identifi ed as direct regulators for its transcription. 
Murphy et al. fi rst demonstrated binding of a proximal promoter sequence of the 
murine  Il12b  gene to NF-κB (p50/p65 and p50/c-Rel) complexes in a functional 
manner in macrophages activated by several pathogens. Further, IFN-γ treatment of 
cells enhanced this binding interaction, providing a mechanism for IFN-γ augmen-
tation of IL-12 production by macrophages [ 68 ]. The activating role of NF-κB was 
also confi rmed with the human  IL12B  promoter with an additional fi nding for a 
molecular role for Ets2 [ 33 ]. 

 When murine macrophages are stimulated with LPS, nucleosome 1 is selectively 
remodeled so that the transcription factor CCAAT enhancer-binding protein β (C/
EBPβ)/LAP could gain access to this region [ 75 ]. However, remodeling of nucleo-
some 1 alone is not suffi cient for  Il12b  transcription and more factors are required 
for its induced expression. These factors include NF-κB [ 68 ,  80 ], PU.1 [ 8 ], inter-
feron regulatory factor 1 (IRF-1) [ 61 ], nuclear factor in activated T cells (NFAT) 
[ 111 ], and IFN consensus sequence binding protein (ICSBP), also called IRF-8 
[ 103 ] in human and/or murine macrophages. Activation protein 1 (AP-1) has been 
reported to be an activator of  Il12b  transcription in LPS-stimulated macrophages 
[ 110 ]. However, this fi nding is in contradiction with an earlier study showing that 
LPS-stimulated macrophages from mice defi cient in c-fos, a component of AP-1 
with c-Jun,  Il12a / b  mRNA expression, and IL-12 production were greatly enhanced, 
suggesting that c-fos is a negative regulator of IL-12 expression [ 79 ]. This notion is 
supported by the observation that overexpression of c-fos in macrophages com-
pleted blocked  Il12b  transcription [ 65 ]. 

 An important pathway in IL-12 induction is the requirement for “priming” of 
LPS-activated macrophages and DCs by IFN-γ for the expression of maximal 
amounts of  Il12a  and  Il12b  mRNAs and for IL-12 production [ 38 ,  56 ,  59 ]. The 
IFN-γ priming is a positive feedback mechanism for more robust IL-12 production 
in certain immune responses as the priming agent IFN-γ is principally derived from 
NK cells and activated Th1 lymphocytes, cells that are initially activated by APC- 
derived IL-12 upon pathogen infection. The priming effects by and large involve 
IRFs and STATs induced by IFN-γ. The role of interferons in the regulation of IL-12 
production through activation of IRFs has also been demonstrated in myeloid DCs 
infected with  Leishmania  species. Addition of a neutralizing type I IFN decoy 
receptor blocked the expression of IRF-7 and IL-12p40 during infection with  L. 
major  but not  L. donovani , indicating the parasite-induced expression of IL-12p40 
is dependent upon the type I IFN signaling pathway [ 25 ]. 

 Not all IRFs are activators of IL-12 production. IRF-4 plays pivotal roles in the 
differentiation and function of T and B lymphocytes. Mice with IRF4-defi cient DCs 
showed reduced parasite burden upon  Leishmania major  infection, and their CD4 +  
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T cells produced higher levels of IFN-γ in response to  L. major  Ag. In the draining 
lymph nodes, the proportion of IFN-γ-producing cells was increased, suggesting a 
Th1 bias in the immune response. Moreover, the numbers of migrating Langerhans 
cells and other migratory DCs in the draining lymph nodes produced higher levels 
of IL-12 in IRF4-defi cient DCs [ 3 ]. These results suggest that IRF-4 expression in 
DCs inhibits their ability to produce IL-12, thereby regulating CD4 +  T cell responses 
against local infection with  L. major . 

 The host immune system responds to CpG motifs in bacterial DNA by rapidly 
producing proinfl ammatory cytokines. The response to CpG DNA via TLR9 resem-
bles, in many ways, the response to bacterial LPS via TLR4. While both agents can 
induce a powerful infl ammatory response, CpG DNA promotes Th1 and suppresses 
Th2 immunity. Interestingly, it was observed that CpG DNA induced IL-12p40 
secretion by macrophages from mice with either disrupted STAT1 or IRF-8 genes, 
unlike the LPS-induced response. Thus, CpG DNA-induced IL-12p40 production is 
mediated by one or more signaling elements distinct from those induced by either 
LPS or IFN-γ [ 10 ]. 

 While TLR4 and TLR9 are primarily involved in pathogen-induced IL-12 pro-
duction, TLR2, in contrast, plays principally a negative role. Gravina et al. showed 
that when TLR2-defi cient mice were infected with the parasite  Trypanosome cruzi , 
an increased production of IL-12p40 and IFN-γ and enhanced Th1 response were 
noted. The differential use of TLR2 and TLR9 by the immune cells during the acute 
phase of the infection explains why TLR9- but not TLR2-defi cient mice are suscep-
tible to  T. cruzi  infection [ 31 ]. 

 Figure  6.1  summarizes our current understanding of the transcriptional mecha-
nisms regulating the human IL-12p40 promoter.

6.5        Transcriptional Regulation of  Il12a  

  Il12a  and  Il12b  gene expression can be coordinately as well as differentially regu-
lated. Grumont et al. fi rst demonstrated that in contrast to macrophages which 
require c-Rel for  Il12b  but not  Il12a  transcription, in CD8 +  DCs, the induced expres-
sion of  Il12a  rather than  Il12b  by inactivated  Staphylococcus aureus  (SAC), bacte-
rial DNA, or LPS is c-Rel dependent and regulated directly by c-Rel complexes 
binding to the  Il12a  promoter [ 35 ]. 

 Subsequently, Liu et al. provided evidence that IFN regulatory factor (IRF)-1- 
defi cient macrophages have a selective impairment in mRNA synthesis of  Il12a  but 
not  Il12b  and a strong defi ciency in the production of IL-12 p70 but not p40 [ 56 ]. 
IRF-1 physically interacts with an inverted IRF element within the  Il12a  promoter 
upon IFN-γ stimulation. Moreover, IRF-1-mediated transcriptional activation of the 
 Il12a  promoter requires the cooperation of two adjacent Sp1 elements. Thus, IRF-1 
acts as a critical component of IFN-γ signaling in the selective activation of  Il12a  
transcription in synergy with LPS-mediated events. The study was borne out by 
Nigishi et al., showing that MyD88-associated IRF-1 migrates into the nucleus 
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more effi ciently than non-MyD88-associated IRF-1. The critical role of MyD88- 
dependent “IRF-1 licensing” is underscored by the observation that the induction of 
a specifi c gene subset downstream of the TLR-MyD88 pathway, such as IFN-β, 
inducible NO synthase, and IL-12p35, is impaired in IRF1-defi cient cells [ 69 ]. 
These studies provide mechanistic insights into the enhancement of the TLR- 
dependent  Il12a  induction program by IFN-γ. In fact, the phenomenon of IFN-γ- 
augmented IL-12 production was fi rst observed in 1996 [ 59 ]. It was thought to be a 
mechanism for a positive feedback that amplifi es the production of IL-12 for robust 
immune responses against intracellular pathogens. The observation was extended 
more broadly to a greater number of genes in human monocytes and macrophages 
exposed to IFN-γ priming followed by LPS activation through TLR4 [ 9 ]. The study 
found that IFN-γ enhanced mRNA and surface or intracellular expression of TLR4, 
the accessory component MD-2 and the adapter protein MyD88, respectively. IFN-γ 
counteracted the LPS-induced downregulation of TLR4. IFN-γ-primed monocytes 
showed increased responsiveness to LPS with respect to phosphorylation of the 
interleukin-1 receptor-associated kinase (IRAK), NF-kB DNA-binding activity, 

  Fig. 6.1    Transcriptional regulation of IL-12p40 (IL12B) in antigen-presenting cells ( APCs ). The 
data draws primarily from macrophage studies. In DCs, c-Rel is not required for IL12B transcrip-
tion.  Broken arrows  indicate unconfi rmed aspects.  Continuous short arrows  denote multiple steps 
involved that are not specifi ed in details.  Dashed lines  indicate undetermined signaling pathway. 
 bLP  bacterial lipoprotein.  IRF-1  interferon regulatory factor 1. The promoter coordinates are with 
respect to the transcription start site, which is designated +1. GAP-12 is a putative transcriptional 
repressor of unidentifi ed nature that is induced by IL-4 or prostaglandin E2 (PGE2) treatment of 
human monocytes. * denotes controversial transcriptional factors that are defi ned as repressors by 
mouse knockout studies, but as activators in some in vitro studies.  Arrows  denote activating signals 
while horizontal lines indicate inhibitory signals       
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TNF-α, and IL-12 production. The study highlights the enhanced TLR4 expression 
as the underlying effect of IFN-γ priming effect on mononuclear phagocytes for 
pathogen recognition and killing as well as its synergism with LPS in macrophage 
activation. Pathogens can explore the IRF/IL-12 pathway for their own invasive and 
surviving advantage. For example, the presence of helminth infection coincident 
with malaria profoundly alters the production of malaria-specifi c IFN-γ, IL-12, 
CXCL9, CXCL10, and CXCL11, cytokines/chemokines known to be critical in 
mediating malaria-specifi c immunity. Metenou et al. presented evidence supporting 
the notion that the inhibition of IRF expression (IRF-1, 2, 3 particularly) seen in 
fi larial infection underlies the suppression of malaria-specifi c cytokines/chemo-
kines that play a crucial role in immunity to malaria [ 64 ]. 

 To address the issue of the differential regulation of IL-12p35 and p40 mRNA 
through TLR3 or TLR4 vs TLR2 in human DCs, Goriely et al. investigated the 
potential role of IRF-3 [ 30 ]. By chromatin immunoprecipitation (ChIP), IRF-3 was 
recruited to a region containing a site named interferon-stimulated response ele-
ment- 1 (ISRE-1) in the human  IL12A  promoter region between nucleotides -251 
and -240. The ISRE-1 site was required for  IL12A  gene activation in RAW264.7 
cells stimulated by LPS or Poly I:C. DCs from IRF-3-defi cient mice exhibited 
strong impairment in TLR4-induced  Il12a  mRNA and IL-12p70 synthesis. The role 
of IRF-3 in the differential regulation of TLR-induced  Il12a  and  Il12b  transcription 
was corroborated in a study using a specifi c inhibitor of conventional protein kinase 
C α (PKCα) (Gö6976) targeting IRF-3 activation and IFN-β synthesis [ 46 ]. 

 A well-illustrated example of the differential transcriptional level regulation of 
 Il12a  and  Il12b  genes was shown in macrophages derived from C/EBPβ-defi cient 
mice. In contrast to the enhanced induction of  Il12b  mRNA, C/EBPβ-defi cient pri-
mary macrophages derived from both the bone marrow and the peritoneal cavity 
displayed totally defective expression of  Il12a  mRNA. This may explain the 
decreased production of bioactive IL-12 and the impaired Th1 responses of C/
EBPβ-defi cient mice to  Candida albicans  infection, a pathogen that requires Th1- 
mediated control [ 29 ]. However, the enhanced p40 production in C/EBPβ-defi cient 
macrophages is in contradiction to an earlier in vitro molecular study which 
described C/EBPβ as a direct transcription activator for  Il12b  [ 75 ]. 

 Alternative transcription initiation may also play a role in the regulation of  Il12a  
expression and IL-12 production. Transcription of the gene for murine  Il12a  initi-
ates within the fi rst exon, an alternate fi rst exon (exon 1a), or second exon. 
Vaidyanathan et al. showed that LPS and IFN-γ/CD40 ligation increased the amount 
of total  Il12a  mRNA in splenic adherent cells (primarily macrophages) to a similar 
extent. Nevertheless, the exon 1 transcript was a smaller fraction of total  Il12a  
mRNA in IFN-γ/CD40-stimulated cells than in unstimulated or LPS-stimulated 
cells. Despite comparable levels of total p35 mRNA, LPS-induced  Il12a  exon 1 
transcripts led to signifi cantly more bioactive IL-12 than IFN-γ/CD40-induced exon 
1a/exon 2 transcripts. The data suggest that LPS-inducible  Il12a  synthesis from 
exon 1 transcripts leads to greater amount of bioactive IL-12 than IFN-γ/CD40- 
induced p35 expression from alternate exon 1a/exon 2 transcripts [ 99 ]. In addition 
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to this alternative transcriptional regulatory mechanism, there is evidence that 
murine p35 expression may be regulated at the level of translation in the B cell 
lymphoma line A20 and in bone marrow-derived DCs through the use of different 
transcription start sites with or without the translation initiation signal ATG [ 6 ]. 

 As the saying goes: “What goes up must come down.” The existence of various 
mechanisms that control IL-12 production ensures appropriate immune responses 
against pathogens and limits “collateral damage.” 

 Fatty acids and their metabolites can modulate various functions of DCs includ-
ing their differentiation and cytokine production. Epidermal-type fatty acid-binding 
protein (E-FABP) is exclusively expressed in splenic DCs among FABP family. To 
investigate the mechanisms underlying E-FABP’s cellular functions, Kitanaka et al. 
examined the phenotype of E-FABP-null mutant mice. Although the mutant mice 
showed no apparent abnormalities in the population density and subset distribution 
of DCs as well as the microscopic morphology in the spleen, DCs isolated from 
E-FABP-null spleen showed enhanced production of IL-12, compared with wild- 
type controls, in response to appropriate stimuli. Mutant DCs displayed excessive 
expression level of  Il12a  mRNA after LPS stimulation, with no apparent change in 
 Il12b  mRNA level. Phosphorylated forms of p38 mitogen-activated protein kinase 
(MAPK) and IkB-α, molecules critical for IL-12 production, were detected at higher 
levels in LPS-stimulated E-FABP-null mutant DCs [ 49 ]. Thus, E-FABP may be a 
novel negative regulator of IL-12 production in DCs, via its involvement in the p38 
MAPK-mediated transcription of  Il12a  in a differential manner. Further elucidation 
of the molecular mechanism underlying the negative regulation of IL-12 transcrip-
tion by E-FABP may lead to a better understanding of the anti-infl ammatory actions 
of polyunsaturated long chain fatty acids (PUFAs) to which E-FABP bind as ligands 
[ 60 ]. 

  Bordetella pertussis , the causative agent of whooping cough, possesses an array 
of virulence factors, including adenylate cyclase toxin (ACT), important in the 
establishment of infection. Spensieri et al. assessed the impact of cyclic AMP 
(cAMP) intoxication due to the action of ACT on DC-induced immune response, by 
infecting monocyte-derived DC (MDDC) with a strain of  B. pertussis  (WT18323) 
or its ACT-defi cient mutant. Infection with the mutant strain induced the expression 
of the IRF-1 and IRF-8 and of IFN-β involved in IL-12p35 regulation, and the 
expression of these genes was inhibited by the cAMP analogous D-butyril-cAMP 
(D-cAMP) in WT18323-infected DCs. The enhanced expression of IL-12 induced 
by the ACT mutant strain triggered a more pronounced Th1 polarization compared 
to WT18323 [ 90 ]. The study suggests that ACT-dependent cAMP induction selec-
tively targets the  Il12a  expression pathway, thus representing a potential mechanism 
for  B. pertussis  to escape the host immune response mediated by IL-12. 

 The Th2-promoting transcription factor c-Maf is pivotal for tissue-specifi c IL-4 
expression [ 42 ]. Homma et al. identifi ed a novel NF-κB element within the proxi-
mal  Il12a  promoter and show that c-Maf inhibits  Il12a  transcription by antagoniz-
ing the effects of NF-κB, especially c-Rel, on  Il12a  activation. It does so not by 
directly interacting with the target DNA but by interfering with the nuclear localiza-
tion of c-Rel [ 43 ]. This study extends our understanding of the molecular basis of 

6 Regulation of Interleukin-12 Production in Antigen-Presenting Cells



126

the homeostatic regulation of IL-12 production by c-Maf, which plays a dual role 
both in the function of APCs and in T helper cell differentiation. 

 The rationale for the differential regulation of IL-12p35 and p40 expression is 
thought to be due to the requirement for varying levels of “optimal production” of 
their composite cytokines IL-12, IL-23, and IL-35 in different types of immune 
responses to exogenous and endogenous ligands. 

 In addition to forming the IL-12 heterodimer with the p40 chain,  Il12a  gene 
encoding the p35 chain has been found to have at least one splice variant derived 
from an insert corresponding to an intron in the  Il12a  gene that would result in a 
truncated form of p35 if translated [ 86 ]. The truncated form of p35 constructed into 
a fusion protein with a p40-encoding cDNA. The truncated IL-12 fusion protein 
inhibited the action of the full-length IL-12p40/IL-12p35 fusion in a T cell prolif-
eration assay and also blocked the induction of IFN-γ. These fi ndings raise the pos-
sibility that alternative splicing may provide an additional regulatory mechanism for 
IL-12’s biological activities. In reality, this type of “aberrant” forms of IL-12 is yet 
to be identifi ed in primary cells or animals.  

6.6     Signal Transduction in the Regulation of IL-12 
Production 

 Following TLR ligation on APCs, intracellular signaling activities are initiated 
involving cascades of protein kinases and/or phosphatases, which ultimately impact 
specifi c transcriptional regulators for the induction or suppression of IL-12 gene 
expression. Several studies have demonstrated that activation of p38 MAPK is 
required for IL-12 regulation. Mice defi cient in MKK3, an upstream kinase of p38, 
were defective in the production of IL-12 by APCs [ 58 ]. LPS-stimulated macro-
phages isolated from MKK3-defi cient mice produced normal levels of IL-6, IL-1α, 
TNF-α, and IL-1β but sharply reduced levels of  Il12a  and  Il12b  mRNAs and IL-12 
protein (in both macrophages and DCs). It was further shown that MKK3 activated 
the  Il12b  promoter primarily through p38a. Nonetheless, the  Il12a / b -activating role 
of p38 MAPK was countered by a later study showing that compared to WT macro-
phages, LPS-induced expression of IL-12p40 was lower in primary mouse perito-
neal and bone marrow-derived macrophages from mice defi cient in mitogen-activated 
protein kinase phosphatase-1 (MKP-1), a nuclear tyrosine/threonine phosphatase 
that inhibits p38 MAPK activity [ 53 ]. The apparent contradiction could probably be 
explained in part by the lack of target exclusivity of MKP-1 or p38 MAPK. 

 In contrast to p38 MAPK, extracellular signal-regulated kinase (ERK) signaling 
mediates negative feedback regulation of p40 (but not p35) production. Such ERK 
activation is downstream of calcium infl ux and targets LPS-induced  Il12b  transcrip-
tion by suppressing the synthesis of IRF-1. On the other hand, negative regulation 
of the p35 subunit of IL-12 occurs via a calcium-dependent, but ERK-independent, 
mechanism, which was thought to involve NF-κB signaling [ 28 ]. 
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 Helminth infection leads to the local proliferation and accumulation of macro-
phages in tissues. Hadidi et al. identifi ed a critical role for SH2-containing inositol 
5′-phosphatase 1 (Ship1, Inpp5d) in the negative regulation of p40 production by 
macrophages during infection with the intestinal helminth parasite  Trichuris muris  
[ 36 ]. Mice with myeloid cell-specifi c deletion of Ship1 (Ship1(ΔLysM) mice) 
developed a non-protective Th1 cell response and failed to expel parasites. Ship1- 
defi cient macrophages produced increased levels of p40 in vitro and in vivo and 
antibody blockade of p40 renders Ship1(ΔLysM) mice resistant to  Trichuris  
infection. 

 Emerging evidence has demonstrated that mammalian target of rapamycin 
(mTOR) is an important regulator of immunity by modulating the differentiation, 
activation, and function of lymphocytes and APCs [ 77 ]. In exploring the long-held 
“puzzle” of low levels of IL-12 induced through TLR4 signaling in macrophages 
and DCs, which implied the existence of stringent regulatory mechanisms, He et al. 
identifi ed the critical regulatory roles of three protein kinases, mTOR, phos-
phoinositide- 3 kinase (PI3K), and ERK, in TLR-induced Th1 responses by recipro-
cally controlling IL-12 and IL-10 production in innate immune cells of murine 
origin [ 39 ]. Moreover, it was further revealed that mTOR was a key molecule that 
mediated the kinase-modulated IL-12 and IL-10 expression in TLR4 signaling by 
regulating c-fos expression and NF-κB binding to the promoters of IL-12 and 
IL-10 in a differential manner [ 39 ], confi rming the role of c-fos as a negative regula-
tor of IL-12 expression reported in two previous studies [ 65 ,  79 ]. These fi ndings 
were also corroborated by a similar study in human DCs with a further delineation 
of the opposing activities of the two components of the mTOR complex, mTORC1 
and mTORC2, in this signaling pathway [ 107 ]. Thus, by controlling the balance 
between IL-12 and IL-10, mTOR can specifi cally regulate the TLR-induced T cell 
response in vivo. Indeed, blockade of mTOR by rapamycin effi ciently boosted 
TLR-induced antigen-specifi c T and B cell responses to hepatitis B virus (HBV) 
and hepatitis C virus (HCV) vaccines [ 39 ]. This study links a ubiquitously present 
and fundamentally important pathway of cellular survival, proliferation, and func-
tion with the production of a highly restricted specialist molecule in the immune 
system. Yet, it is presently not clear if the induction of IL-10 via mTOR signaling is 
directly responsible for the inhibition of IL-12 production. 

 Sphingosine-1-phosphate (S1P) modulates multiple cellular functions such as 
lymphocyte traffi cking and signaling as well as keratinocyte proliferation relevant 
to psoriasis. Schaper et al. showed that S1P decreased the production of the proin-
fl ammatory cytokines IL-12 and IL-23 in LPS-stimulated DCs via the common sub-
unit p40 as well as in the cross talk with activated keratinocytes through S1P receptor 
1 primarily in a phosphoinositide 3-kinase (PI3K)-dependent manner [ 82 ]. Notably, 
the PI3K pathway also suppresses TLR-induced IL-12 production as an auto- 
inhibitory regulator in DCs in a context-dependent manner [ 66 ]. The role of PI3K in 
the regulation of IL-12 production seems controversial as a previous study found 
that PI3K p110β positively controls LPS-induced IL-12 production through the 
JNK1-dependent pathway in human macrophages and DCs [ 98 ].  
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6.7     Regulation of IL-12 Production by Immunosuppressive 
Cytokines 

 The potency of IL-12 in host defense makes it a target for stringent regulation. 
Indeed, the temporal, spatial, and quantitative expression of IL-12 during an immune 
response in a microenvironment contributes critically to the determination of the 
type, extent, and ultimate resolution of the reaction. Breaching of the delicate con-
trol and balance frequently leads to immunologic disorders and pathogenesis. Some 
of the most important and well-studied negative regulators of TLR-induced IL-12 
production are IL-10 [ 18 ], TGF-β [ 23 ], and prostaglandin E2 (PGE2) [ 100 ]. 

 IL-10 suppression of both  IL12a  and  Il12b  genes is primarily seen at the tran-
scriptional level and that the induction of the two genes has different requirements 
for de novo protein synthesis [ 5 ]. How IL-10 suppresses  Il12a  transcription is pres-
ently unknown. IL-10 targets an enhancer 10 kb upstream of the  Il12b  transcrip-
tional start site that is bound by nuclear factor, interleukin 3-regulated (NFIL3), a 
B-ZIP transcription factor. Myeloid cells lacking NFIL3 produce excessive 
IL-12p40 and increased IL-12p70 [ 87 ]. Thus, the STAT3-dependent expression of 
NFIL3 is a key component of a negative feedback pathway in myeloid cells that 
suppresses proinfl ammatory responses. Kobayashi et al. observed that acetylated 
histone H4 transiently associated with the  Il12b  promoter in WT bone marrow- 
derived macrophages (BMDMs), whereas association of these factors was pro-
longed in IL-10-defi cient BMDMs. Experiments using histone deacetylase (HDAC) 
inhibitors and HDAC3 short hairpin RNA indicate that HDAC3 is involved in his-
tone deacetylation of the  Il12b  promoter by IL-10 [ 52 ]. These results suggest that 
histone deacetylation on the  Il12b  promoter by HDAC3 mediates the homeostatic 
effect of IL-10 in macrophages. More detailed work needs to be performed to 
understand the important homeostatic regulation of IL-12 production by IL-10. In 
this context, the IL-4-inducing transcription factor c-Maf is an interesting molecule, 
which can directly and conversely regulate IL-12 and IL-10 gene expression in acti-
vated macrophages [ 13 ]. Certain viruses such as hepatitis viruses B and C appear to 
tap into the IL-10 signaling pathway to inhibit IL-12 production and cell-mediated 
control of viral infections. This was shown by Liu et al. in human monocytes treated 
with non-γ interferons, IFN-α, β, and IL-29, a member of the type III IFN family. 
Increased sensitivity of monocytes to IL-10 signaling and, as a result, decreased 
TLR-induced IL-12 production by IFN-pretreated cells were observed. These fi nd-
ings may explain partially why only about 30–50 % of chronic hepatitis C virus 
(HCV) and hepatitis B virus (HBV) patients respond to IFN-based therapy and sug-
gest new ways to improve the therapy for patients with viral hepatitis [ 55 ]. 

 Ogawa et al. characterized the negative regulation of the IL-12p40 expression by 
TGF-β in macrophages. NF-κB p65 and IRF-1-induced murine  Il12b  promoter 
activity was suppressed by the expression of a constitutively active TGF-β type I 

H. Zheng et al.



129

receptor in the presence of Smad3 and Smad4. Further evidence indicated that both 
the NF-κB and IRF-1 sites are required for the repression of promoter activity of 
 Il12b  by TGF-β in an indirect manner [ 71 ]. In addition, Nodal, a member of the 
TGF-β superfamily and an embryonic morphogen that is upregulated in different 
types of tumors, increases the tumorigenesis by inducing angiogenesis and promot-
ing metastasis. Treatment with recombinant Nodal (rNodal) decreased the expres-
sion of IL-12 in murine macrophages. However, the mechanism is not known. 
Furthermore, rNodal promoted macrophage polarization to an alternatively acti-
vated macrophage-like/tumor-associated macrophage (TAM) phenotype and modu-
lated its function [ 104 ]. It is noted that TGF-β’s effect on IL-12 production in 
macrophages seems to depend on how the cells are activated. Tada et al. observed 
that TGF-β inhibited IL-12p40 production by LPS-stimulated macrophages, 
whereas it enhanced p40 production by anti-CD40/IFN-γ-stimulated cells [ 93 ]. 

 To explore the role of human immunodefi ciency virus (HIV)-induced PGE2 in 
IL-12 synthesis, it was observed that LPS-induced IL-12 synthesis in human whole 
blood cultures was almost completed inhibited by PGE2, whereas IL-6 production 
was only partially inhibited. In contrast, the production of IL-10 was approximately 
twofold enhanced under these conditions. The effects of PGE2 were due to its 
cAMP-inducing capacity, since they could be mimicked by other cAMP inducers. 
The inhibitory effect of PGE2 on IL-12 production was independent of IL-10 since 
neutralizing anti-IL-10 antibodies were unable to reverse this inhibition. These 
results suggest that the capacity of an antigen to induce PGE2 synthesis may play a 
crucial role in the development of either a Th1 or Th2 response [ 100 ]. HIV has been 
postulated to induce Th2-dominant responses that favor their persistence [ 11 ]. 
Mitsuhashi et al. further demonstrated that murine mammary tumor-derived PGE2 
regulated IL-12p40 expression with the functional cooperation of AP-1, which 
strongly suppressed  Il12b  transcription [ 65 ]. Correa et al. showed that anandamide 
regulated IL-12p40 expression by acting on the repressor site GA-12 [GATA 
sequence in  Il12b  promoter fi rst described by Becker et al. [ 8 ]]. Prostamide E2 
(prostaglandin E2 ethanolamide), a product considered to be a putative metabolite 
of anandamide by COX-2 (cyclooxygenase 2) oxygenation, was also able to inhibit 
the activity of the  Il12b  promoter by acting at the repressor site, providing potential 
mechanistic insights into the activities of anandamide in immune-related disorders 
[ 17 ]. 

 It’s interesting that IL-23 has been noted to have a direct inhibitory activity on 
 Il12a  and  Il12b  mRNA expression in murine bone marrow-derived DCs, consistent 
with increased IL-12 production in DCs and Th1-mediated infl ammatory colitis 
observed in mice defi cient in IL-23p19 [ 7 ]. This is the fi rst example that a member 
of the IL-12 family has a direct inhibitory role in the production of another member 
within the family, suggesting that IL-12 and IL-23 may have evolved a “competi-
tive” relationship.  
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6.8     Regulation of IL-12 Production by Apoptotic Cells 

 Apoptosis and the rapid clearance of apoptotic cells (ACs) by professional or non-
professional phagocytes are normal and coordinated processes that ensure con-
trolled cell growth with a nonpathological outcome. Defects in clearance of ACs by 
macrophages have serious consequences often resulting in autoimmune disorders. 
Voll et al. fi rst reported that the presence of ACs during monocyte activation 
increased their secretion of the anti-infl ammatory and immunoregulatory cytokine 
IL-10 and decreased secretion of the proinfl ammatory cytokines TNF-α, IL-1, and 
IL-12. This may inhibit infl ammation and contribute to impaired cell-mediated 
immunity in conditions associated with increased apoptosis, such as viral infec-
tions, pregnancy, cancer, and exposure to radiation [ 101 ]. Kim et al. showed that 
cell-cell contact with ACs is suffi cient to induce profound inhibition of IL-12 pro-
duction by activated macrophages. Phosphatidylserine-coated liposomes could 
mimic the inhibitory effect. The inhibition does not involve autocrine or paracrine 
actions of IL-10 and TGF-β and has no impact on the state of NF-κB activation [ 48 ]. 
The inhibitory effect was much more pronounced on  Il12a  than  Il12b  gene expres-
sion. The investigators further identifi ed a novel nuclear protein called GC-binding 
protein (GC-BP) found in macrophages that engulf ACs via phagocytosis. GC-BP is 
activated via tyrosine phosphorylation induced by interactions between the phago-
cyte and the AC expressing externalized phosphatidylserine. GC-BP has a direct 
and selective inhibitory activity on the transcription of the  Il12a  gene (but not  Il12b ) 
and IL-12 production via binding to a sequence just downstream of the transcription 
initiation site [ 48 ]. In contrast, the converse observation was made of the induction 
of IL-10 production during phagocytosis of ACs via CD36 in a p38 MAPK- 
dependent mechanism involving the transcription factor pre-B cell leukemia tran-
scription factor-1b (Pbx-1) [ 14 ]. The inhibition of IL-12 during clearance of ACs 
was also observed in human monocyte-derived DCs by blocking surface CD47, a 
thrombospondin receptor and a “Don’t eat me” signal [ 89 ], via either intact or 
F(ab′)2 of CD47 mAb or 4N1K, a peptide derived from the CD47-binding site of 
thrombospondin. However, unlike in the AC-phagocytosis system, IL-10 produc-
tion was also inhibited by CD47 mAb in such an experimental setting [ 20 ]. It is 
postulated that following exposure to microorganisms, CD47 ligation may limit the 
intensity and duration of the infl ammatory response by preventing infl ammatory 
cytokine production by DCs and favoring their maintenance in an immature state. 

 In contrast to conventional DCs, in “tolerogenic” myeloid DCs (TolDCs) gener-
ated in vitro from monocytes by GM-CSF/IL-4 and dexamethasone [ 26 ,  91 ], AC 
uptake resulted in diminished production of IL-12p40 and IL-12p70 and increased 
expression of IL-12p35 and EBI3, the constituents of IL-35 [ 22 ]. The differential 
regulation of the IL-12 family by TolDCs may represent an additional mechanism 
in determining the immune response to dying cells by producing the T-suppressing 
cytokine IL-35. 
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  Fig. 6.2    Model of apoptotic cancer cell-induced inhibition of IL-12 production, induction of 
IL-10 and IL-23 synthesis, and inhibition of cell-mediated immunity against cancer. IL-12 gene 
transcription is stimulated in professional antigen-presenting cells (dendritic cells and macro-
phages) by innate immune cues, such as TLR-mediated signaling, and by adaptive immune signals 
such as CD40L through activation of NF-kB and interferon regulatory factors (IRFs) 1 and 8 that 
induce IL-12p35 gene transcription ( #1 ). Apoptotic cancer cells (ACCs), principally via the “eat 
me” signal phosphatidylserine (PS) on their surface interacting with certain phagocytic receptors 
(PSR) on DCs (# 2 ), induce GC-BP tyrosine phosphorylation ( #3 ). Phosphorylated GC-BP translo-
cates to the nucleus ( #4 ) and blocks IL-12 production by binding to the proximal p35 promoter 
region at the “apoptotic cell response element” (ACRE) ( #5 ). The lack of IL-12 results in the block 
of Th1 differentiation and activation from naïve T (Th0) cells ( #6 ), which limits cell-mediated 
immune responses against malignant tumors via two major cell types: macrophages ( #7 ) and CTL 
( #8 ). Lack of IL-12 also directly dampens NK activation ( #9 ). This process also induces the pro-
duction of IL-10, a highly immunosuppressive cytokine, via the activation of homeoproteins Pbx-1 
and Prep-1. The induction of IL-10 by ACCs involves the scavenger receptor CD36 on DCs ( #10 ). 
The signaling triggered by the ACC-DC interaction induces serine and tyrosine phosphorylation of 
Pbx-1 and Prep-1, respectively ( #11 ). The activated Pbx1/Prep1 complex binds to the IL-10 pro-
moter at the “TGATTG” motif ( #12 ), driving its transcription. IL-10 produced in this context can 
inhibit all four effector cell types critical for antitumor immunity: Th1, macrophages, CTL, and 
NK ( #13 – 16 ). The ACC-phagocyte interaction can induce IL-23 through a yet to be defi ned phago-
cytic receptor ( #17 ), which activates LRRC16B/FLJ44967 (LJ) ( #18 ). These two transcription 
factors bind to the proximal IL-23p40 promoter region at the “AAATTA” motif ( #19 ) driving its 
transcription. IL-23 can inhibit CTL infi ltration into tumors and upregulates IL-17 and IL-22 and 
matrix metalloproteinase MMP9 and increases angiogenesis ( #20 ). Thus, blocking these transcrip-
tional regulators during ACC-DC interaction may benefi t antitumor immunity without interfering 
with the process of clearance of ACCs by phagocytes       
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 Cell loss in malignant disease is a very signifi cant component of tumor dynam-
ics, and apoptosis is a common process in high-grade malignancy, with high 
 apoptosis indices generally refl ecting poor prognosis and a likely indication of the 
rapidity of AC clearance in situ [ 109 ]. Activation of apoptosis is a well-established 
approach to cancer therapy. However, constitutive or therapy-induced apoptosis of 
tumor cell populations generates an immunosuppressive environment that protects 
malignant tissue from potential host antitumor immune mechanisms. It has been 
postulated that apoptosis contributes to oncogenesis through (1) recruitment and 
appropriate activation of tumor-associated macrophages that support tumor growth 
and evolution, (2) direct and indirect trophic effects resulting in net increases in 
tumor cell numbers, and (3) anti-infl ammatory and tolerogenic properties that sup-
press innate and adaptive antitumor immune responses [ 32 ]. 

 Based on published and our own unpublished data, we hypothesize that phago-
cytosis of apoptotic cancer cells (ACCs) induces immunosuppressive cytokines and 
inhibits immunostimulatory cytokines in part through the induction of GC-BP [ 48 ], 
Pbx-1/Prep-1 [ 14 ], LRRC16B, and FLJ44967 (unpublished data), generating an 
immunosuppressive microenvironment favoring tumor progression. It is possible 
that targeting these molecules, instead of interfering with the phagocytosis itself, 
may have antitumor benefi ts without causing overt autoimmune damage (Fig.  6.2 ).

   Understanding the fundamentally important mechanisms involved in the genera-
tion of highly immunosuppressive cytokine microenvironment during clearance of 
ACCs by phagocytes carries the potential of uncovering novel inner workings that 
underlie some of the most profound networks of nature and evolution. It could move 
the fi eld forward conceptually and inspire the development of innovative strategies 
to overcome immune tolerance to self-tumor antigens in cancer therapeutic modal-
ity and vaccination.     
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    Chapter 7   
 Regulation of Interleukin-17 Production                     

     Wenjuan     Dong     and     Xiaojing     Ma    

    Abstract     Innate immunity represents the fi rst line of host defense against extracel-
lular infections. Timely initiation of infl ammatory responses to invading pathogens 
confers host the ability to prevent, restrict, and eliminate microorganisms and fur-
ther trigger adaptive immunity to provide extended eradication of the pathogens as 
well as long-term protection of the host from recurrent infections. During this pro-
cess, various types of cytokines are required for effi cient immune responses, and 
interleukin 17 (IL-17) is one of them. The IL-17 family of cytokines bridges innate 
and adaptive immune responses and play an essential role in defi ning the Th17 cell 
lineage differentiation and function. Th17 cells have pivotal roles in protecting the 
host against extracellular pathogens as well as in promoting infl ammatory pathol-
ogy in autoimmune diseases. Strict regulation of the IL-17 family of cytokines at 
different levels ensures appropriate controls of their abilities to shape immune 
responses. This chapter provides the recent progress in the fi eld of IL-17 studies for 
the understanding of the regulatory mechanisms in the expression and signaling of 
the IL-17 family cytokines. IL-17A (IL-17) is the most well-studied member in this 
family, while information on the other members is relatively sketchy. Thus, we 
mainly focus on the study of IL-17A.  
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7.1        The Source of IL-17 

 It has been reported that many types of innate and adaptive immune cells produce 
IL-17, among which, T helper 17 (Th17) cells, a subset of helper CD 4 +  T cells that 
is distinct from Th1 and Th2 lineages, are defi ned as the major cellular source of 
IL-17. 

 Earlier studies showed that naïve CD 4 +  T cells could differentiate into the Th1 
or Th2 lineage upon stimulation, with different cytokine production profi les. The 
development of the two lineages requires distinct set of cytokines, respectively 
[ 122 ]. However, a number of other observations could not be explained based on the 
Th1 and Th2 subtypes, indicating the existence of a separate helper cell subset [ 29 ]. 
For example, IL-23p19-defi cient mice are more susceptible to certain autoimmune 
diseases but not IL-12p35-defi cient mice. Furthermore, IL-17-producing CD4 +  T 
cells are generated independently of Th1 and Th2 cell development, and the differ-
entiation of naïve CD4 +  T cells to this subset is triggered and tightly regulated by a 
cytokine network which is different from the ones both for Th1 and Th2 lineages 
[ 132 ]. These studies eventually led to the discovery of the Th17 subset as a new 
branch of the Th cell family tree, which plays both protective and pathogenic roles 
in clearance of invading pathogens and organ-specifi c autoimmune and chronic 
infl ammatory diseases [ 57 ,  92 ,  194 ]. 

 Although IL-17 is characterized as a signature cytokine of the Th17 lineage, it 
can also be derived from other innate and adaptive immune cell populations [ 26 ]. γδ 
T cells express a T cell receptor consisting of a γ-chain and a δ-chain. Similar to 
CD4 +  T cells, γδ T cells can also be subdivided into different populations based on 
their cytokine production. The subset of γδ T cells with Scart-2 and CCR6 expres-
sion is further defi ned as the functional phenotype of IL-17-producing γδ T cells 
[ 48 ,  143 ]. 

 These IL-17-producing γδ T cells are mainly localized to mucosal tissues includ-
ing the skin, lung, and intestine. γδ T cells express pattern recognition receptors like 
Toll-like receptor 2 (TLR2) and C-type lectin domain family 7 member A (CLEC7A), 
which allow for rapid production of IL-17 in response to invading microbes [ 114 , 
 142 ]. The respond speed is crucial in the combat with infections especially in the 
mucosal tissues that constantly interact with outside environment. The rapid reaction 
of γδ T cells to antigen provides immediate activated immune response to restrict and 
eventually eradicate the pathogens by producing pro- infl ammatory cytokines and 
recruitment of immune cells to the site of infection. Early reports have provided 
strong evidence on the important role of IL-17- producing γδ T cells in response to 
bacteria and fungi encounter [ 49 ,  58 ,  107 ,  116 ,  164 ,  178 ]. 

 In  Toxoplasma gondii -infected mice, it has been demonstrated that IL-17 can be 
produced by natural killer cells in an IL-23- and IL-6-induced manner, whereas natu-
ral killer T cells which lack the NK1.1 marker secrete IL-17 following the stimula-
tion of anti-CD3 and IL-23, independently of IL-6 [ 118 ,  133 ,  137 ]. iNKT cells that 
form murine spleen and human peripheral blood which express CD161 are also able 
to produce IL-17 in the presence of IL-1β, TGF-β, and IL-23, but not IL-6 [ 121 ,  143 ]. 
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 Lymphoid tissue inducer (LTi) cells are key components of the lymphoid struc-
tures. LTi and LTi-like cells have been defi ned as cells express that lymphotoxin-α 
(LT-α) and lymphotoxin-β (LT-β) and the chemokine receptors CCR7 and CXCR5 
(CXC receptor 5). Those cells inhibit fungal and bacterial infection by releasing 
IL-17, and IFNγ in intestinal mucosa provides the protection of intestinal homeosta-
sis [ 42 ,  154 ]. 

 A subset of CD8+ T cells, also known as Tc17 cells, participates in host defense 
against foreign microorganisms also by releasing IL-17 [ 125 ]. B cells were found to 
become a major source of IL-17 during  Trypanosoma cruzi  infection and enhance 
the eradication of this parasite [ 9 ]. Neutrophils, the early immune activity respond-
ing cells and hallmark effector cells for acute infl ammation, are also found to con-
tribute to adaptive immunity by production of IL-17, which induces other 
infl ammatory mediators, resulting to further activation and recruitment of immune 
cells [ 98 ]. Mast cells are tissues resident which, upon activation, secrete a broad 
array of biologically active products including IL-17 and play a protective role in 
host defense against pathogens, wound healing, and angiogenesis. Macrophage is 
another important source of IL-17. Lacking of IL-17 signaling affects monocyte 
recruitment and adherence and homeostasis and prevents macrophage undergoing 
apoptosis [ 33 ,  152 ,  205 ]. 

 In addition to immune cells, Paneth cells which are specialized epithelial cells 
located in small intestine secrete cytokines including IL-17 into the lumen of the 
intestinal gland, thereby contributing to the maintenance of gastrointestinal barrier 
[ 26 ].  

7.2     IL-17 Receptor and Responds Cells 

 The IL-17 receptor family is composed of fi ve receptor subunits including IL-17RA, 
IL-17RB, IL-17RC, IL-17RD, and IL-17RE [ 1 ,  39 ]. They are all containing single 
transmembrane domain, ranging in size from 499 to 866 amino acids [ 39 ]. IL-17Rs 
showed little homology to other cytokine receptors and thus have been classifi ed as 
a new cytokine receptor family. Despite the divergent sequence between IL-17R 
family members, their encoding genes show a cluster pattern on chromosomes with 
exception of IL-17RA that is located on human chromosome 22; human IL-17RB, 
IL-17RC, IL-17RD, and IL-17RE are clusters on chromosome 3. IL-17RA was fi rst 
identifi ed in 1995 as the receptor for IL-17A and was later proved to be the most 
commonly used signaling subunit among the IL-17 receptor family [ 192 ]. IL-17RA 
binds to IL-17A and also IL-17B, IL-17C, IL-17D, and IL-17E with weaker affi ni-
ties. The binding between IL-17A and IL-17F is the weakest, which is approxi-
mately 100–1000 times weaker than IL-17A binding with other IL-17Rs. Even the 
binding of IL-17RA with IL-17A is the highest among other IL-17 family members; 
the binding affi nity of IL-17RA for IL-17A was still too low (4 × 10 7  M −1 ) to initiate 
immediate respond, indicating the cooperation of an additional subunit. Further 
studies toward IL-17 receptor structure and function showed that IL-17RA pairs 
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with IL-17RC to effi ciently induce responses to IL-17A and IL-17F at a very low 
concentration. The underlying mechanism is the binding of ligand to the fi rst IL-17 
receptor subunit that changes the affi nity and specifi city of the second binding 
event, thus promoting the formation of a heterodimeric receptor complex [ 176 ]. In 
addition, IL-17RA can also form a complex with IL-17B and IL-17E, suggesting 
that IL-RA is the most commonly used subunit in the signaling transduction of 
IL-17 by participating in heterodimeric complexes [ 39 ]. Furthermore, IL-17RA can 
also be shared as a receptor by other cytokine family molecules such as IL-6 family, 
suggesting its signifi cant roles in signal transduction [ 131 ]. 

 IL-17RC is known to form a heterodimer with IL-17RA for IL-17A- and IL-17F- 
mediated signaling, but not without the presence of IL-17RA. IL-17RC is highly 
spliced at sites in the extracellular domain with more than 90 spliced isoforms that 
were identifi ed in human. Human17RC shows similar binding affi nity for both 
IL-17A and IL-17F, while mouse IL-17RC has higher binding affi nity to IL-17F 
than IL-17A [ 77 ,  90 ]. There are also other isoforms that showed a different prefer-
ence in the binding of IL-17A and IL-17F, while some isoforms do not bind either 
of them, suggesting that a regulatory mechanism of IL-17RC induced a different 
response to IL-17 family cytokines stimuli [ 55 ]. Similarly to IL-17RC, IL-17RB is 
also highly spliced in extracellular domain, which has the ability to bind with both 
IL-17B and IL-17E, but not IL-17A or IL-17C. Compared to the rest of the mem-
bers of IL-17 receptor family, the structure and function of IL-17RD and IL-17RE 
are the least well understood. IL-17C is speculated to be the ligand of 
IL-17RE. IL-17RD homologues have been found in sea lamprey,  C. elegans , and 
frogs; however, its binding ligand has not been identifi ed yet. 

 All cell types and tissues which express IL-17 receptor family molecules could 
become the targeting cells of IL-17 cytokine family membranes, thereby initiating 
downstream signaling transduction. However, the different expression level and dis-
tinct tissue distribution of IL-17 receptor subunits and their capacity for various 
splice variations confer the responder cell with different signal strength, respond 
degree, and width [ 54 ,  90 ]. Among IL-17Rs, IL-17RA is the most ubiquitously 
expressed member; it has been reported that IL-17RA is expressed on various tissues 
and cell types with particularly high levels in hematopoietic tissues [ 82 ,  129 ]. 
However, further studies showed that the main responsive cells to IL-17A are epithe-
lial cells, endothelial cells, fi broblasts, and innate immune cells such as macrophages 
and DCs; although IL-17-inducible genes have been detected in lymphocytes, these 
genes are distinct from those expressed in other cell types induced by IL-17 [ 60 ,  71 , 
 158 ]. IL-17RB is detected in a variety of cell types, and the highest expression level 
is detected in the kidney, liver, and brain [ 96 ]. The expression profi le showed that 
IL-17RD was expressed on many different tissues including the GI tract, breast, lung, 
and kidney. In contrast to IL-17RD, IL-17RE showed a limited expression profi le; 
the tissue which has the highest expression of IL-17RE is the kidney. IL-17RC has a 
lower expression in hemopoietic tissues and a higher expression in the liver, kidney, 
and thyroid compared to IL-17RA, which hint the tissue specifi city of IL-17 receptor 
family in IL-17 signaling transduction [ 54 ,  90 ]. Due to the distinct expression pro-
fi les of IL-17 receptor family and different binding affi nities to their ligands, the 
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IL-17/IL-R axis achieved accurately modulation of the complex network by selec-
tively regulating the signal respond strength, location, and extensity.  

7.3     IL-17 Signaling Pathways 

 The IL-17/IL-17R axis is a delicate signaling pathway, regulated by various kinases 
and transcriptional factors. IL-17A and IL-17F can form both homodimer and het-
erodimer with each other to bind IL-17RA and IL-17RC complex, thereby activat-
ing downstream cascade including NF-kB (nuclear factor kappa-light-chain-enhancer 
of activated B cells), MAP kinases (mitogen-activated protein kinases), and C/EBPs 
(CCAAT/enhancer-binding proteins) which lead to the upregulation of pro- 
infl ammatory genes as shown in Fig.  7.1 . NF-kB, a hallmark transcription factor 
associated with infl ammation induction, is activated by IL-17A through distinct 
proximal signaling pathways [ 11 ]. There is a conserved region at the C-terminus of 
the IL-17 receptors known as the SEFIR (similar expression of fi broblast growth 
factor genes and IL-17Rs) domain that is also present in Act1 which has been known 
as NF-kB activator. Act1 was recruited to IL-17 receptors through the interaction of 
SEFIR domain upon IL-17 stimulation. After Act1 binding to the receptor complex, 
it further recruited TRAF6 (TNF receptor-associated factor 6) through the binding 
motifs of Act1. Act1 also serves as an E3 ubiquitin ligase; it mediates Lys 63 -linked 
ubiquitination of TARF6. TARF6 is a critical adaptor in TLR (toll-like receptor) and 
also exerts the function of E3 ubiquitin ligase. Polyubiquitinated TRAF6 further 
activates downstream TAK1 (TRAF6-dependent TGF-β-activated kinase 1) which 
is also by ubiquitination of TAK1. Polyubiquitinated TAK1 complex activates IKKs 
(IkB kinase) for NF-kB activation [ 15 ,  126 ,  136 ]. These results are supported by 
recent reports, where TARF6-defi cient mice showed signifi cantly reduced produc-
tion of pro-infl ammatory cytokines upon IL-17 stimulation [ 196 ]. However, in 
 ACT1  −/−  cells, ERK1 (extracellular signal-regulated kinase 1) and ERK2 can be acti-
vated in response to IL-17A, indicating that IL-17RA-mediated activation of NF-kB 
could be different from those of TLRs and IL-1Rs due to the unique structure of 
IL-17RA [ 136 ].

   IL-17A can also augment NF-kB activation by the enhancement of mRNA sta-
bility. IL-17A induces weak activation of NF-kB, while TNFα can strongly activate 
NF-kB. However, the pro-infl ammatory mRNAs induced by TNFα are highly 
unstable. IL-17A exerts the ability to promote pro-infl ammatory response by syner-
gizing with TNFα and stabilizing pro-infl ammatory genes’ mRNA such as Cxcl1 
(CXC chemokine ligand 1), Cxcl2 (CXC chemokine ligand 2), and MIP2 (macro-
phage infl ammatory protein 2) [ 13 ,  53 ,  170 ]. IKKi, a kinase involved in type I IFN 
production for antivirus, is recruited to the IL-17/IL-17R/Act-1 complex to specifi -
cally phosphorylate Act1 at Ser 311 , which allow the complex to further recruit 
TRAF2 and TRAF5, but not TRAF6, the newly formed complex dissociate ASF 
(alternative splicing factor) from mRNA [ 13 ,  170 ]. The synergistic effect of IL-17 
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and TNFα which regulates pro-infl ammatory molecules production not only exists 
in posttranscriptional level but also in transcription level. It has been shown that 
they increase IL-6 production through cooperative induction of C/EBPs at the pro-
moter level. In addition to TNFα, IL-17 has been reported that it can have synergis-
tic effects with many other cytokines, such as IL-1β, IL-22, and IFNγ [ 129 ]. 

 The MAPK signaling pathway plays a critical role in induction of pro- 
infl ammatory mediators’ activation. All MAPK members can be activated by IL-17 
including ERK, JNK, and p38. Among which, ERK is generally the most rapidly 
activated kinase. IL-17 effi ciently induces responding gene expression by control-
ling the stability of mRNA transcripts by activation of MAPK family. MAPKs keep 
mRNA stabilization by inhibiting the activity of destabilizing protein like tristetra-
prolin. Tristetraprolin delivers mRNA into exosome complex to promote their deg-
radation by binding to their AU-rich elements in the 3′-untranslated regions (UTRs) 
of the mRNAs [ 5 ]. It has been reported that IL-17 can activate JAK/STAT pathway 
for induction of host defense genes [ 62 ]. In this cascade, the involvement of STAT3 
is critical for IL-17-induced chemokine expression [ 153 ]. 

  Fig. 7.1    IL-17A- and IL-17F-induced signaling pathways. IL-17RA forms heterodimeric com-
plexes with IL-17RC, which can bind with IL-17A and IL-17F homodimers or IL-17A/IL-17F 
heterodimers. After the binding, IL-17 receptors recruit Act1 to the binding site as an adaptor 
molecule. IL-17A and IL-17F signal through the IL-17RA/IL-17RC complex and trigger TRAF6 
expression to form Act1/TRAF6 complex, which further activates downstream signal molecules. 
IL-17 signaling can be suppressed by deubiquitinating enzymes like USP25 and A20 as well as 
phosphorylase GSK3β, which regulate the ubiquitination status of TRAFs and phosphorylated 
status of C/EBP-β to blockade the signaling cascade       
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 Besides the role of activated Src/PI3K, MAPKs, STAT3, and PKC by IL-17 in 
pro-infl ammatory gene expression, it can also result in carcinogenesis and change 
of the microenvironment of tumors and promote autoimmune disease [ 12 ,  17 ,  43 , 
 47 ,  89 ,  91 ]. C/EBP which is known to be a critical regulator of IL-6 transcription 
was found to be upregulated by IL-17 [ 148 ]. The promoters of genes stimulated by 
IL-17A are enriched for C/EBP-binding elements, and for some genes, it needs both 
C/EBP and NF-kB to activate transcription [ 159 ,  189 ]. There are six membranes in 
C/EBP family, but only C/EBP-δ and C/EBP-β are reported to respond to IL-17 
stimulation [ 15 ,  161 ]. Despite both C/EBP-δ and C/EBP-β which are regulated by 
IL-17 in the transcriptional/posttranscriptional level, the underlying molecular 
mechanisms between them are different. The induction of C/EBP-δ requires SEFIR, 
ACT1, and TILL domains of IL-17RA; in addition,  C / EBP - δ  gene is capable of 
auto-enhanced, as it contains a functional C/EBP-binding element. In contrast, the 
regulation of C/EBP-β expression is more complex. C/EBP-β has three isoforms, 
LAP*(liver-enriched activator protein), the largest isoform of all; LAP, the short-
ened form; and LIP (liver-enriched inhibitory protein) which serves as a dominant- 
negative inhibitor of transcription. IL-17 preferentially induces LAP*. Induction of 
LAP* requires the SEFIR, TILL, and CBA (C/EBP-β-activation) domains of 
IL-17RA. C/EBP-β and the reconstitution experiment showed that C/EBP-δ shares 
some overlapping functions. In the cells defi cient in both C/EBP-β and C/EBP-δ, 
reconstituting with either transcription factor can restore IL-17A-dependent induc-
tion of IL-6 and lipocalin-2 expressions [ 148 ]. C/EBP is a relatively late transcrip-
tional factor activated by IL-17A in the comparison of NF-kB. In terms of IL-6 
activation induced by IL-17A, C/EBP-β and C/EBP-δ seem functionally redundant, 
but it is not a universal event in all IL-17A-induced genes. The recent research 
showed that mutant IL-RA can activate C/EBP-δ but not C/EBP-β, resulting in 
impaired induction of some but not all IL-17 target genes, indicating that some tar-
get gene transcription may have a preference for C/EBP-β. 

 AP-1 (activator protein-1) is a sequence-specifi c transcriptional activator which 
is a heterodimeric protein composed of proteins belonging to the c-Fos, c-Jun, and 
ATF families. Numerous literatures have delineated the critical role of AP-1 in 
response to various stimuli, especially in the transduction of MAPK signal. Recently, 
studies showed that AP-1 binding site is also enriched in IL-17 target gene promot-
ers; however, in the case of IL-6 activation, AP-1 site in the promoter is dispensable 
for IL-17-mediated activity [ 148 ,  159 ]. 

 Since the IL-17/IL-17R signaling pathway has strong effect on induction of 
many pro-infl ammatory cytokines, its activity needs to be strictly controlled to pre-
vent infl ammatory disorders. The search for negative regulators in IL-17/IL-17R 
cascade revealed the mechanisms of controlling its signal transduction. Activation 
of ERK upon IL-17 stimulation phosphorylates C/EBP-β at Thr 188  which generated 
a docking site for GSK3β (glycogen synthase kinase 3-β). Following the second 
phosphorylation of C/EBP-β at Thr 179  by GSK3β, the dual phosphorylated C/EBP-β 
activates itself to suppress IL-17-induced downstream gene activation [ 160 ]. TRAF3 
downregulates IL-17-mediated gene expression by interfering with the formation of 
IL-17R/Act1-TRAF6 complex; the function of TRAF3 which serves as a negative 
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regulator of IL-17 signaling pathway has also been illustrated in vivo by an EAE 
model [ 203 ]. 

 PI3K is well known as an upstream kinase in PI3K/AKT/mTOR pathway; stud-
ies also show its ability on inhibiting IL-17 signaling transduction. Blockade of 
PI3K pathway could lead to elevated expression of IL-17RA, which additionally 
strengthened IL-17 signaling pathway [ 105 ]. USP25 and A20 can both restrict the 
ubiquitination of TRAF6, thereby natively regulating IL-17 signaling pathway. 
USP25 is a deubiquitinating enzyme; defi ciency in USP25 resulted markedly upreg-
ulation of IL-17-inducible genes in vitro and pulmonary infl ammation in vivo [ 201 ]. 
A20 is encoded by  TNFAIP  (TNFα-induced protein 3) and can directly interact with 
IL-17RA and restrict IL-17-dependent activation of NF-kB and MAPKs [ 41 ]. 

 In addition to proteins, microRNA also participates in the controlling of IL-17 
signaling pathway; miR-13b interacts with upstream activators, such as IKKα, Tab2, 
and Tab3, to impair the activity of NF-kB [ 61 ,  204 ]. When under long-period presence 
of IL-17, it led to the induction of TrCP (β-transducin repeat-containing protein), 
which will subsequently mediate the ubiquitination of Act1 for its degradation [ 162 ]. 
Interestingly, IL-17RD is also involved in the regulation of IL-17 signaling. IL-17RD 
disrupts the binding between Act1 and TRAF6, thus suppressing NF-kB activation. In 
addition to IL-17RD, IL-17 itself also exerts the modulation activity to control its 
signaling pathway by triggering the ubiquitylation and degradation of IL-17RA [ 145 ].  

7.4     IL-17 Structure and Function 

 The IL-17 family consists of a subset of cytokines that participate in both host 
defense and autoimmune diseases. IL-17A was discovered by a subtractive hybrid-
ization screen in a rodent T cell library, based on amino acid sequence homology; 
genomic sequencing analysis identifi ed fi ve other members of this family, IL-17B, 
IL-17C, IL-17D, IL-17E, and IL-17F [ 66 ,  96 ,  100 ,  146 ,  167 ]. It also shows that an 
open reading frame of T cell-tropic gammaherpesvirus, in herpesvirus saimiri, 
shared 58 % homology with IL-17A, was then named vIL-17. 

 The IL-17 family members have unique amino acid sequence that shares no simi-
larity with other known cytokines; among the members, IL-17F has the highest 
homology to IL-17A (60 %), and IL-17E has the least (17 %), suggesting the func-
tional difference of these members [ 7 ]. Despite the sequence difference, they are all 
well conserved in mammalians; the homologues in mouse show 62–88 % similarity 
compared to those in human. 

 The gene-coded IL-17A is located at chromosome 6, except IL-17F gene, other 
member’s gene is located at different chromosomes, and gene-coded IL-17B,IL- 17C, 
IL-17D, and IL-17E are located at chromosomes 5, 16, 13, and 14,  respectively, sug-
gesting the different activation and regulation mechanisms in IL-17 family cytokines. 

 IL-17A contains 155 amino acids; they form homodimer which is linked by disul-
fi de bond. Each subunit of the homodimer is approximately 15–20 kDa, with a molec-
ular mass of 35 kDa in total. The structure of IL-17 consists of an N-linked 
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glycosylation site, a signal peptide of 23 amino acids and 123 amino acid chain region 
characteristic of the IL-17 family. Subsequent study compared the different members 
of the IL-17 family and revealed that there are four conserved cysteines that form two 
disulfi de bonds [ 88 ,  193 ]. The crystal structure of IL-17A and IL-17F showed that 
they both present cysteine-knot fold architecture [ 66 ]. In IL-17 family members, the 
cysteine-knot fold is characterized by two sets of paired β-strands stabilized by two 
disulfi de interactions. IL-17A and IL-17F not only form homodimer, but they also can 
form heterodimer with each other; in some cell types like human peripheral blood 
mononuclear cells, IL-17A/IL-17F heterodimer is produced at a higher level com-
pared to IL-17A homodimer [ 183 ]. Either IL-17A and IL-17F homodimer or IL-17A/
IL-17F heterodimer, they all activate downstream signaling pathway through the same 
receptor subunit composed of IL-17RA and IL-17RC [ 90 ,  182 ]. 

 Owing to the different similarities among the IL-17 family, they exert overlapped 
yet distinct functions. The IL-17 family of cytokines play essential roles in host 
defense against microbial pathogens by rapidly induction of pro-infl ammatory cas-
cade of chemokines and cytokines that further activate and recruit neutrophils and 
monocytes required for timely control of the pathogen by the immune system [ 27 ]. 
IL-17RA knockout mice showed high mortality in intrapulmonary  Klebsiella pneu-
moniae  infections and demonstrate that the IL-17 family is a major contributor in 
eradication of invading pathogens [ 194 ]. Subsequent characterization showed that 
the effect of IL-17 on  K. pneumoniae  is through expansion and maintenance of 
Th17 population by the induction of IL-23 [ 50 ,  51 ]. The effi cient response to IL-17 
builds up the antibacterial barriers at epithelial and mucosal, for example, IL-17 
effi ciently restricted  S. aureus  and  C. rodentium  which infect the skin and colon as 
well as other bacteria including  Salmonella enterica  [ 138 ],  Streptococcus pneu-
moniae  [ 108 ],  Listeria monocytogenes  [ 184 ],  Staphylococcus aureus  [ 20 ], 
 Helicobacter pylori  [ 3 ], and  Citrobacter rodentium  [ 102 ]. In the infection of  S. 
aureus  model, IL-17A and IL-17F showed redundant function; animals become 
more susceptible to the bacterium only when both cytokines are defective [ 71 ]. 
However, in the case of  C. rodentium  infection, the two cytokines are both required 
to trigger effective protection effects. Defi ciency in IL-17A or IL-17RA led to 
increased bacterial dissemination, correlating with decreased infl ammatory gene 
expression and neutrophil recruitment. 

 IL-17 not only exerts antibacterial activity, but it is also involved in antiviral 
signaling through activation of Act1 [ 150 ]. Utilizing gene modulating and neutral-
izing antibody technologies, it showed that IL-17A is required in controlling fungal 
infection. Under the infection of  Pneumocystis carinii , blockade of IL-17A resulted 
in increased pathogen burden, exacerbated the disease, and lowered the survival rate 
[ 149 ,  151 ]. Genetic mutation in  STAT3  gene develops hyper-IgE syndrome in 
human due to impaired IL-17A and IL-17F production. Those patients suffer from 
high susceptibility to extrocellular pathogen infection such as S.  aureus ,  C. albi-
cans ,  and Streptococcus pneumoniae . These observations provide more evidence on 
the important role of IL-17 in the immune response against foreign pathogens [ 119 ]. 
Different from the main source of IL-17 come from innate immune cells when 
encounter to bacteria and viruses, B cells becoming a major source in the combat of 
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parasites. In  Trypanosoma cruzi  parasite-infected mice, principal IL-17-producing 
cells found in spleen are B cells, which mediate pathogen clearance [ 34 ]. The pro-
tective role of IL-17 also extends against the infection of other parasites such as 
 Leishmania infantum  and  Nippostrongylus brasiliensis  [ 124 ,  200 ]. 

 The protective role of IL-17 is mainly through induction of pro-infl ammatory 
cytokines and chemokines on the infection site. The induction of IL-6 facilitates 
Th17 differentiation and suggested a positive feedback circuit induced by IL-17 
[ 128 ]. Furthermore, induction of other cytokines, such as TNFα and IL-1β, helps to 
amplify the signal and induce more infl ammatory factors to the infection site. NO 
and PGE 2  are two mediators of infl ammation, which could also be increased by 
IL-17 via its induction of NOS (NO synthase) and COX (cyclooxygenase) [ 97 ,  177 ]. 

 Upon stimulation of IL-17, a set of chemokines can be induced including CXCL1 
[GRO (growth-related oncogene)-α], CXCL5, CXCL8 (IL-8), and CCL20 (MIP3a) 
[ 56 ,  81 ,  94 ,  157 ]. CXCL1, CXCL5, and CXCL8 have the ability to attract neutro-
phils, while CCL20 recruits more IL-17-producing cells. In addition to induce the 
production of cytokines and chemokines against pathogens, IL-17 can also induce 
the expression of many antimicrobial peptides, such as β-defensins and S100 pro-
teins to further recruit DCs and T cells [ 40 ,  83 ,  102 ,  188 ]. 

 Although crucial in host defense against various invading pathogens, dysregu-
lated IL-17 production can lead to acute chronic infl ammation, which further 
resulted in tissue damage and autoimmunity. The IL-17 family of cytokines have 
been link to many autoimmune diseases, such as MS (multiple sclerosis), RA (rheu-
matoid arthritis), systemic lupus erythematosus (SLE), IBD (infl ammatory bowel 
disease), and psoriasis. 

 MS is characterized by autoimmune infl ammation in the CNS. IL-17A/IL-17F 
disrupts the blood-brain barrier tight junction, which results in the local migration 
of CD4+ T cells [ 93 ]. IL-17A and IL-17F enhance the production of IL-23 and other 
cytokines that promote Th17 cell development and accumulation, causing severe 
pathogenesis [ 172 ]. Th17 cell as major cause of central nervous system infl amma-
tion and lesion formation has also been confi rmed in an EAE model [ 92 ,  132 ]. 
Furthermore, IL-17-defi cient mice show resistance to the induction of EAE [ 190 ]. 

 The pathogenesis of RA is characterized by infi ltration of CD4+ T cells and 
autoantibody-producing plasma cells. IL-17A can be detected in the synovial fl uids 
and synovium of RA patients [ 111 ]. In a collagen-induced arthritis model, the criti-
cal role of IL-17A in the progression of disease has been demonstrated. γδ T cells 
and CD4+ T cell secrete IL-17 which affect innate immune cells and Th17 cells. 
Instead of Th17 cells, mast cells are the main source of IL-17 in humans synovium 
affected by rheumatoid arthritis [ 63 ]. Neutralizing IL-17 in CIA mouse models 
decreases joint infl ammation, cartilage destruction, and bone erosion [ 110 ], whereas 
overexpression of IL-17 promotes collagen arthritis and accelerates joint destruc-
tion [ 109 ]. In addition, IL-17-defi cient mice display resistance to CIA, confi rming 
the essential role of IL-17 in the generation and development of RA [ 123 ]. 

 SLE is characterized by autoantibody production. SLE patients develop immune 
responses against self-antigens which cause local infl ammation and tissue damage 
[ 23 ,  25 ]. In SLE patients, the IL-17 level in serum is elevated; the pathological role 
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of IL-17 has also been confi rmed in a spontaneously lupus-like disease development 
MRL/lpr mice mode [ 30 ,  181 ,  199 ]. IL-17 synergizes with IFNγ and IL-1β causing 
infl ammation; it can also synergize with BAFF to prolong B cell survival, thus 
increasing the number of autoantibody-producing cells, causing severe SLE patho-
genesis [ 24 ,  46 ]. 

 Psoriasis is a chronic skin disease, characterized by dermal hyperplasia. IL-17 
cooperative with IFNγ, TNFα, IL-22, and IL-23 increases the production of infl am-
matory cytokines, chemokines, and antimicrobial peptides, leading to severe infi l-
tration of immune cells. 

 IBD is a chronic relapsing infl ammatory disorder of the gastrointestinal tract, 
developed with chronic infl ammation. In TNBS-induced colitis, using gene deletion 
and overexpression methods, IL-17 shows a correlation with colitis pathogenesis, 
indicating the crucial role of IL-17 in TNBS-induced colitis pathogenesis. IL-17 
pathogenic role has also been confi rmed in dextran sulfate sodium (DSS)-induced 
colitis [ 72 ,  127 ]. In humans, the expression of IL-17 was elevated in patients with 
either CD or UD compared to healthy subjects or to patients with infectious or isch-
emic colitis, suggesting the essential role of IL-17 in IBD [ 37 ,  169 ,  185 ]. Studies 
showed that Th17 and IL-17 are involved in autoimmune diabetes in animal models, 
while IL-17 neutralization experiment further confi rmed its key role in the develop-
ment of autoimmune diabetes [ 32 ,  75 ]. IL-17 also promotes the pathology in viral- 
induced infl ammation. HSV-1 infection of the cornea can lead to SK (stromal 
keratitis), a blinding immune-infl ammatory lesion of the eye. In IL-17R knockout 
mice or IL-17 neutralization in wild-type mice, HSV infection showed diminished SK 
severity, indicating the responsive role of IL-17/IL-17R in the pathogenesis of SK. 

 Besides the activity to induce the cytokines and chemokines, IL-17 has also the 
ability to induce the production of other genes to fulfi ll other IL-17-mediated physi-
ological functions. For example, IL-17 not only protects mucosal barrier during 
pathogen infections but also homeostasis by enhancing its integrity. IL-17 treatment 
increases the synthesis of tight junction proteins like claudin-1 and claudin-2 to 
forming tight structures, thereby connecting epithelial cells to form a network [ 59 ]. 
IL-17 also plays a pathological role in tissue damage, bone destruction, and tumori-
genesis through induction of tissue-remodeling factors MMPs (matrix metallopro-
teinases) including MMP1, MMP3, MMP9, and MMP13 [ 36 ,  45 ,  120 ]. 

 IL-17 not only plays critical roles in host defense but also in the pathogenesis of 
other infl ammation-related diseases such as allergy, transplantation, obesity, and 
malignancy [ 52 ,  84 ,  156 ,  166 ,  187 ]. 

 The IL-17 family of cytokines exert critical functions associated with many 
responses and diseases related to whole organism. In addition, the members in this 
family could have both redundant and distinct roles. For example, IL-17A and 
IL-17F showed the overlapping function in reducing certain cytokines; however, 
they play a distinct role in causing autoimmune disease. In the EAE model, only 
IL-17A knockout mice display signifi cant reduction in disease score, but not IL-17F 
knockout mice. In addition, IL-17A promotes infl ammation in an asthma model, 
while IL-17F showed suppressive function [ 71 ,  190 ]. The regulation of such a deli-
cate signal transduction network requires strict control and precise modulation.  
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7.5     Transcription Regulation of IL-17 

 Due to the fundamental role of IL-17 in immune cell development and its associa-
tion with immune diseases, increasing studies aim to illustrate the regulation mech-
anisms of IL-17 transcription. RORγt (retinoic acid-related orphan nuclear receptor) 
which is encoded by the  RORc  gene is a unique lineage-specifi c transcription factor 
[ 73 ,  191 ]. RORγt is highly expressed on CD4+CD8+ thymocytes and is required for 
the development of Th17 cells, LTi, and LTi-like cells [ 31 ,  171 ]. ROR response ele-
ments (ROREs) contain the consensus core motif AGGTCA preceded by a 5 bp 
A-/T-rich sequence [ 76 ]; the search for potential ROREs within the IL-17 locus 
revealed a conserved RORγt binding site within the 200 bp core promoter region, 
suggesting RORγt could be a direct activator to IL-17 [ 73 ]. Recent research has 
been shown that RORγt is a strong activator for both IL-17A and IL-17F transcrip-
tion. Mice with RORγt-defi cient T cells showed attenuated symptoms of autoim-
mune disease and lack of infi ltrating Th17 cells in the tissue, confi rming the essential 
role of RORγt in IL-17 production and Th17 cell development. Another member of 
ROR family, RORα, also participates in the activation of IL-17 transcription; how-
ever, subsequent study shows that it seems and plays redundant and synergistic roles 
with RORγt. Different Th cells show a signature expression of their defi nite regula-
tion factor. For example, Th1 cells are defi ned by the expression of T-bet (Tbx21), 
Th2 cells by GATA3. In the case of Th17 cells, RORγt is its master regulator. RORγt 
plays a determining role in IL-17 transcription that is also due to lots of other regu-
lators which indirectly regulate IL-17 transcription by modulating RORγt transcrip-
tion as shown in Fig.  7.2 .

   1.1-kb promoter fragment containing the RORγt binding site did not effi ciently 
initiate IL-17 transcription compared to a 2-kb fragment; the analysis toward this 
discrepancy discovered runt-related transcription factor 1 (Runx1). Runx1 regulates 
IL-17 transcription by direct binding to and acting synergically with RORγt to pro-
mote IL-17 transcription [ 106 ,  198 ]. Subsequently study showed that Runx2 can 
also promote IL-17 transcription by binding to the promoter and enhance regions. 
The optimal transcription of gene encoding IL-17 not only requires the 2-kb pro-
moter but also CNS5. Both  cis -regulatory elements contained regions have the 
 ability to bind the transcription factors RORγt and Runx1, further confi rmed the 
central role of this two transcriptional factors in the activation of IL-17 transcription 
[ 101 ]. 

 SIRT1 is protein deacetylase which serves as an epigenetic regulator that has 
effects on the modulation of several immune function-associated transcription fac-
tors. In the case of IL-17 transcription, SIRT1 promotes the transcription by enhanc-
ing RORγt transcriptional activity. SIRT1-defi cient mice or mice treated with SIRT1 
inhibitor displayed a less severe disease in MS mice model and suppressed Th17 
differentiation [ 104 ]. 

 BATF is a member of the AP-1 family of transcription factors, has been shown is a 
positive regulator of IL-17 transcription. BATF promotes IL-17 production and con-
trols Th17 cell differentiation by upregulating RORγt. Mice with BATF defi ciency fail 
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to induce RORγt and IL-17 expression. Reconstitutive experiment further showed that 
reconstitution of RORγt in BATF-defi cient mice can only partially restore IL-17 
expression, suggesting that optimized transcription of IL-17 requires the participation 
of BATF [ 70 ]. In addition, IRF4 can cooperatively bind with BATF; the complex 
interacts with STAT3 and modulates the transcription of IL-17 [ 21 ]. The role of IRF4 
has also been demonstrated in vivo; in IRF4-defi cient mice, RORα and RORγt are 
largely decreased, indicating impaired transcription of IL-17. The activation of IRF4 
is through phosphorylation by ROCK; activated IRF4 translocates into nuclei and 
binds to IL-17 promoter [ 10 ]. 

 STAT3 can be activated by cytokines including IL-23 and IL-6; activated STAT3 
directly binds to IL-17 promoter. The binding site of STAT3 is present in both pro-
moter regions of both IL-17A and IL-17F. The activation of STAT3 is negatively 
regulated by Socs3; in the absence of Socs3, the phosphorylation of STAT3 is mark-
edly enhanced. STAT3 can also be activated by IL-6, to form IL-6/IL-6R/STAT3 
complex regulating IL-17 transcription, partially through RORγt. In the collagen- 
induced arthritis mice model, blockade of JAK-STAT3 pathway shows decreased 
Th17 differentiation. KLF4 (Kruppel-like factor 4) showed a RORγt-independent 
regulation role in IL-17 transcription by direct binding with IL-17 promoter [ 4 ,  95 ]. 

 IkBξ is a nuclear protein encoded by  Nfkbiz  gene, expressed in many immune 
cells such as, macrophages, DCs, and Th17 cells. Among these cells, Th17 cells 
showed the highest expression of  Nfkbiz  gene, indicating an important role in the 

  Fig. 7.2    Transcriptional and regulatory factors involved in IL-17 transcription. In  IL17  gene 
enhancer and promoter regions, it contains transcriptional factors binding site. RORγt, Runx1, and 
IkBξ directly regulate IL-17 transcription by binding at the enhancer and promoter regions. SIRT1, 
BATF, IRF4, and AHR enhance IL-17 transcription by increasing RORγt expression and activity, 
whereas Egr-2, IBP, E-FABP, PPARγ, ETS-1, and Foxp3 suppress IL-17 transcription by decreas-
ing RORγt expression and blocking the binding of it to  IL17  gene enhancer and promoter       
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regulation of Th17 cell differentiation and function [ 87 ]. Subsequent studies showed 
that IkBξ directly regulates IL-17 transcription; there are seven IkBξ response ele-
ments that were found within the 6.6-kb-pair promoter region of the mouse  IL17a  
gene. In addition, IkBξ facilitated the CNS2 enhancer activity in combination with 
RORγt and RORα. In Nfkbiz knockout cells, the production of IL-17 is signifi cantly 
impaired by RORγt or RORα overexpression, further demonstrated its critical role 
in the regulation of IL-17 transcription. NF-kB has been shown to participate in 
regulation of IL-17 downstream signaling pathway; detailed research also showed 
that NF-kB family is also involved in activation of IL-17 transcription. RelA (p65) 
and c-Rel are two members of the NF-kB family and present a positive role in acti-
vating IL-17 transcription by binding to the promoters of RORγ and RORγt, respec-
tively. Mice with deletion of c-Rel signifi cantly affect the activation of  RORc  gene 
and subsequently decreased EAE as well as Th17 development [ 147 ]. 

 AHR is a nuclear receptor that senses extracellular toxins, such as dioxin and FICZ 
(6-formylindolo[3,2-b]carbazole), which is also widely expressed in Th17 cells, γδ T 
cells, LTi cells, and NK cells, suggesting a potential role in regulation of pro-infl amma-
tory gene transcription [ 140 ,  155 ,  195 ]. Subsequent studies showed that AHR has coop-
eration activity with RORγt in the induction of maximal amount of IL-17 [ 202 ]. The 
function of AHR is further illustrated by its activity to suppress STAT1- and STAT5-
mediated pathway, thereby strengthening IL-17/IL-23 and RORγt-dependent signaling. 

 Foxp3 is a major negative regulator of IL-17 transcription which downregulates 
IL-17 transcription by directly interacting with RORγt and suppressing RORγt- 
mediated IL-17 promoter activation. The exon 2 region and FKH (forkhead) domain 
were required for inhibiting the activity of RORγt activation of IL-17 transcription. 
Overexpressed foxp3 induces signifi cant reduction of IL-17 expression, further con-
fi rmed the fundamental role of foxp3 which negatively regulates IL-17 transcription 
[ 19 ,  67 ]. In addition, foxp3 can also downregulate IL-17 transcription by interacting 
with Runx1 [ 198 ]. Another negative regulator T-bet which is known as a Th1- 
lineage- specifi c transcriptional factor can also suppress IL-17 production by bind-
ing to Runx1. The complex blocks the transactivation of  RORc  gene, thus impairing 
IL-17 secretion. It showed a dual regulation effect of Runx1; as described earlier, 
Runx1 has the ability to upregulate IL-17 when associated with RORγt, whereas 
downregulate IL-17 when complexed with T-bet/Foxp3 [ 44 ]. 

 ETS-1 (v-ets erythroblastosis virus E26 oncogene homologue 1) exerts negative 
regulation of IL-17 by its ability to suppress Th17 differentiation through  interacting 
with T-bet. Detailed study showed that ETS-1 knockout mice have increased IL-17 
expression without affecting RORγt, suggesting its suppressive role in IL-17 expres-
sion. IRF8 interferes with IL-17 production by interacting with RORγt and also 
decreased Th17-associated gene expression, causing a suppressed effi ciency in 
amplifying IL-17 production signal [ 130 ,  135 ]. 

 PPARγ (peroxisome proliferator-activated receptor γ) also acts as an intrinsic 
suppressor of IL-17 transcription by affecting RORγt expression. It downregulates 
RORγt by preventing the removal of repressor complexes from RORγt promoter, 
resulting in decreased IL-17 production and Th17 differentiation [ 86 ]. Egr-2 (early 
growth response gene-2) is also involved in the regulation of IL-17 expression by 
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interacting with BATF that suppresses its binding with IL-17 promoter [ 117 ]. IBP 
(IRF-4-binding protein) decreases IL-17 transcription by resistance of released 
IRF4, an effi cient IL-17 expression activator. The role of IBP has also been illus-
trated in its defi ciency in mice; the defi ciency leads to a rapid development of rheu-
matoid arthritis-like joint disease [ 18 ]. It has been illustrated that IL-6 can induce 
IL-21 production, which together stimulates the expression of RORγt and RORα, to 
activate IL-17 transcription. E-FABP blocks the IL-21 expression upon IL-6 stimu-
lation and further reduced expression of RORγt and RORα in CD4+ T cells, causing 
reduced production of IL-17 [ 65 ,  99 ]. 

 The regulation of differentiation of THi cells is modulated by epigenetic modifi -
cations on  IL-17  locus. During IL-17 transcription, chromatin undergoes extensive 
changes, and remodeled chromatin spreads through the entire locus, thereby provid-
ing accessibility of IL-17 gene promoter and enhancer regions. Under THi- 
polarizing conditions, histone acetylation initiation is enhanced by TGF-β and IL-6, 
followed by histone H3 at the IL-17 promoter regions which becomes hyperacety-
lated and trimethylated at Lys 4  [ 2 ]. Etv5, an Ets-family transcription factor, plays a 
positive regulation of IL-17 transcription. Etv5 upregulates IL-17 transcription by 
recruiting histone-modifying enzymes to the IL-17 locus, creating an increased 
active histone and decreased repressive histone environment. Etv5-defi cient mice 
showed reduced IL-17 production, suggesting that it is required by effi cient IL-17 
secretion [ 134 ]. In addition, overexpression of S1P1 (sphingosine-1-phosphate) 
showed increased IL-17 production as well as Th17 differentiation and showed its 
positive regulation role in IL-17 production [ 103 ]. There are also several conserved 
noncoding sequences within the IL-17 locus associated with hyperacetylated his-
tone 3 and thus may act as potential regulatory regions. The transcription of IL-17 
can also be regulated by microRNAs, CNSs, and cytokines [ 113 ,  115 ,  179 ]. 

 A set of cytokines such as IL-6, IL-1β, IL-21, IL-23, and TGF-β can activate 
RORγt and lead to IL-17 transcription. The regulation of IL-17 expression also 
exerts on posttranscriptional level. It has been shown that HuR decreases IL-17 
steady-state mRNA and protein levels by directly binding to the IL-17 mRNA 39 
untranslated regions, causing reduced frequency of IL-17-positive cells in Th17 
cells which are from HuR knockout mice.  

7.6     Other Members of the IL-17 Family 

 IL-17E, also known as IL-25 is the most distinct cytokine in the IL-17 family and 
exerts unique functions in regulating immune responses [ 96 ]. IL-17E is widely 
expressed in many immune and nonimmune cells such as macrophage, dendritic 
cells, and mast cells and eosinophil, epithelial, and endothelial cells [ 8 ,  28 ,  68 ,  85 , 
 180 ]. IL-17E is also involved in host defense, however, different from the function 
of IL-17A and IL-17F playing a protective role in eliminating bacterial and fungal 
infections; IL-17E is mostly involved in Th2-mediated host defense against hel-
minth and parasitic infections by inducing cytokines including IL-4,IL-5, and IL-13 
for the recruitment of eosinophil [ 35 ,  64 ]. 
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 Similar to IL-17 A and IL-17F, IL-17E can also potentiate allergic infl ammation 
and involved in the pathogenesis of multiple autoimmune diseases [ 85 ]. The innate 
immune responder cells of IL-17E include monocytes and NKT cells; however, the 
mostly targeted cells of IL-17E are hematopoietic cells. These cells produce an 
amount of Th2 cytokines upon stimulation [ 14 ,  168 ,  175 ]. IL-17E initiates down-
stream signaling pathway through binding to IL-17RA/IL-17RB heterodimeric 
receptor complex [ 6 ,  144 ]. Similarly, Act1 is participated in the signal transduction 
by homotypic interactions of the SEFIR domain [ 22 ,  173 ,  174 ]. The activation of 
MAPK family pathways is in TRAF6-dependent and TRAF6-independent manners 
[ 112 ,  197 ]. It has been shown that IL-17E induces caspase-mediated apoptosis 
through the death domain (DD) within IL-RB. In breast cancer cells, IL-17E treat-
ment induces FAS-associated protein with death domain (FADD) and TNF-R1- 
associated death domain protein (TRADD) to interact with IL-17RB, confi rming 
IL-17E-induced apoptosis function [ 38 ]. 

 IL-17C was found mainly secreted by epithelial cells, which play a protective 
role in the gastrointestinal tract by inducing cytokines and antimicrobial peptide 
production [ 139 ,  165 ]. Mice lacking IL-17C showed impaired anti-pathogen activ-
ity due to reduction of cytokine, chemokine, and antimicrobial peptide secretion, 
suggesting the importance of IL-17C in maintaining intestinal barrier and homeo-
stasis [ 141 ]. 

 Similar to IL-17A, in addition of host defense functions, IL-17C also causes 
autoimmune disease such as psoriasis and MS [ 16 ,  78 – 80 ]. Mice lacking IL-17C 
are partially resistant to EAE and attenuated imiquimod-induced skin infl ammation 
[ 16 ]. IL-17C binds to the IL-17RA/IL-17RE receptor complex to trigger the down-
stream signal transduction. The cascades involving IL-17C signaling are similar to 
those of IL-17A such as the activation of Act1, NF-kB, and MAPK [ 16 ,  78 ]. 

 IL-17B and IL-17D are less studied as IL-17A. IL-17B is highly expressed in 
chondrocytes and neurons and is also detected in immune cell line THP-1 [ 74 ,  100 , 
 163 ]. IL-17B manipulates immune response and accelerates autoimmune disease 
progress by inducing the production of TNFα, IL-1β, and other pro-infl ammatory 
cytokine production through binding to IL-17RB [ 96 ,  186 ]. IL-17D was in endothe-
lial cells, and resting CD4+T cell and CD19+B cells, the major function of IL-17D, 
are the induction of pro-infl ammatory genes. 

 The fast-growing number of literature characterized the cellular and molecular 
mechanisms toward IL-17 family cytokine production, regulation, and signaling 
transduction, which provide an insight for the development of therapeutics and 
drugs for IL-17-mediated diseases. It has been shown that many molecules targeted 
IL-17-cascade such as IL-17 antagonists and monoclonal antibodies are currently 
under evaluation for the effects on IL-17-associated disease [ 69 ]. Further dissection 
of the functional roles in mediating immune response and the regulation of IL-17 
family of cytokines’ expression and signaling mechanisms may provide us detailed 
information for understanding of cross talk of innate and adaptive immune response 
and more specifi c targets and candidates to fulfi ll the future drug pipeline in infec-
tious and infl ammatory diseases.     
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    Chapter 8   
 Regulation of Interleukin-23 Expression 
in Health and Disease                     

     Iain     Welsby     and     Stanislas     Goriely    

    Abstract     Interleukin (IL)-23 plays a central role in the orchestration of infl amma-
tory responses. Produced by dendritic cells and macrophages, this cytokine pro-
motes the protection of the host against mucosal pathogens through the induction of 
IL-17 and related cytokines by lymphoid cells. Preclinical disease models and asso-
ciation studies in humans have also clearly demonstrated the implication of IL-23 
signalling pathway in infl ammatory diseases. Indeed, this cytokine is now consid-
ered as a major therapeutic target in immune-based pathologies such as psoriasis, 
ankylosing spondylitis or Crohn’s disease. Furthermore, in the context of 
infl ammation- related cancer, IL-23 is thought to contribute to tumorigenesis and 
progression to metastatic disease. Herein, we review our current understanding of 
IL-23 regulation at the transcriptional and post-transcriptional levels. We discuss 
the relevance of these fi ndings in the context of infection, chronic infl ammation and 
cancer.  

  Keywords     IL-23   •   Infl ammation   •   Transcription factors   •   Dendritic cells   • 
  Epigenetic   •   TLR   •   mRNA stability   •   ER stress   •   Cancer  

8.1       Introduction 

 Since its role in multiple experimental infl ammatory models and immune-mediated 
diseases has been elucidated, there has been tremendous interest in interleukin (IL)-
23 as a key therapeutic target. IL-23 is closely related to IL-12 as these heterodi-
meric cytokines share a common IL-12/IL-23p40 subunit. IL-23-specifi c subunit 
(IL-23p19) displays a 4-helix bundle structure that is characteristic of other IL-6- 
and IL-12-type cytokines and shares about 15 % amino acid sequence identity with 
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IL-12p35. IL-23 acts through a receptor complex composed of IL-12Rβ1 and 
IL-23R. The expression of the latter chain is mostly restricted to specifi c T and 
innate lymphoid cell subsets [ 15 ]. Signalling is dependent on the activation of tyro-
sine kinase (Tyk)2 and Janus kinase (JAK)2 which predominantly phosphorylates 
STAT3. 

 As reviewed extensively [ 81 ], polarisation of naïve CD4 T cells by various cyto-
kines including transforming growth factor-β (TGF-β)-1 or (TGF-β)-3, IL-1, IL-21 
and IL-6 is dependent on retinoic acid receptor-related orphan receptor-γt (RORγt). 
This transcription factor promotes expression of IL-23R. Upon IL-23R signalling, 
STAT3 activation stabilises RORγt expression, establishing a positive feedback 
loop leading to effi cient production of effector cytokines such as IL-17A, IL-17F, 
IL-21, IL-22 or GM-CSF while suppressing IL-10 expression. IL-23 is therefore 
essential for the induction of a “pathogenic” Th17 cell gene expression profi le [ 65 ]. 
The molecular pathways involved in this process are not fully elucidated, but recent 
evidences indicate that induction of the salt-sensitive kinase SGK1 downstream of 
IL-23R is required to promote this pro-infl ammatory signature. Importantly, IL-23 
also suppresses the development of induced regulatory T cells. 

 In vivo tracking of IL-23R-expressing cells revealed that a variety of innate and 
acquired immune cells, other than canonical Th17 cells, are targeted by IL-23 [ 6 ]. 
In particular, RORγt-expressing γδ T cells and type 3 innate lymphoid cells were 
shown to drive infl ammation in psoriasis or colitis models, respectively [ 26 ,  89 ]. 

 Under homeostatic conditions, the IL-23/type 17 axis contributes to the integrity 
of the mucosal and skin barriers. It is also central for the protective immunity against 
extracellular bacterial and fungal infections as it is required for optimal induction of 
chemokines, recruitment of neutrophils and microbicidal activity. Conversely, the 
importance of IL-23 in promoting autoimmune tissue infl ammation has been dem-
onstrated in several experimental models and is further supported by the fi nding that 
polymorphisms in genes related to IL-23 and its signalling pathway are associated 
with several human autoimmune diseases, including Crohn’s disease, ankylosing 
spondylitis, psoriasis and autoimmune thyroiditis. Anti-IL-12/IL-23p40 humanised 
antibodies (ustekinumab and briakinumab) were evaluated in a number of immune- 
mediated diseases [ 121 ]. They demonstrated substantial benefi t for a large fraction 
of patients with moderate to severe psoriasis. Early data from clinical trials with 
IL-23-specifi c antagonists (tildrakizumab and guselkumab) suggest comparable 
clinical benefi t. IL-12/IL-23p40 neutralisation in the context of ankylosing spondy-
litis is also highly promising. Furthermore, this treatment may lead to clinical 
improvement in a subgroup of patients with refractory Crohn’s disease [ 121 ]. 

 In addition to its role in the context of infections and immune-mediated disor-
ders, IL-23-driven infl ammation was shown to promote tumorigenesis in several 
experimental models [ 62 ]. Along this line, IL-23p19 mRNA is overexpressed in a 
majority of human carcinomas [ 62 ]. 

 Given the major role of IL-23 in the orchestration of infl ammatory responses, it 
is critical to understand how expression of this cytokine is regulated under homeo-
static and pathological conditions, such as infectious, infl ammatory or neoplastic 
disorders. 

 Production of bioactive IL-23 depends on the availability of both p40 and p19 
chains. As IL-12/IL-23p40 can be produced in very large amounts, IL-23p19 is 
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generally considered as the limiting subunit. However, expression of IL-12/
IL-23p40 is largely restricted to defi ned myeloid subpopulations, thereby confer-
ring cell-type specifi city for bioactive IL-12 and/or IL-23 production. Hence, while 
IL-23p19 mRNA can be detected in various tissues and cell types, including epithe-
lial and endothelial cells, IL-23 production is mainly restricted to dendritic cell/
macrophages lineages. This is exemplifi ed by the observation that keratinocyte- 
specifi c transgenic p40 expression overexpression leads to IL-23-dependent infl am-
mation through dimerisation with endogenous p19 [ 57 ]. In contrast, transgenic 
IL-23p19 expression leads to systemic infl ammation only when it occurs in hema-
topoietic cells and not in other cell types such as hepatocytes, stressing the fact that 
both p19 and p40 subunits need to be expressed by the same cell [ 131 ].  

8.2     IL-23 Is Produced by Defi ned Dendritic Cell Subsets 
In Vivo 

 The original article describing IL-23 analysed its mRNA expression in different cell 
types and found that it was mainly expressed by Th1 cells and activated macro-
phages. It was not expressed in bone marrow-derived dendritic cells but was also 
expressed by both mouse and human monocyte-derived DCs [ 87 ]. As previously 
stated, more recent reports have shown that IL-23 is mainly produced by dendritic 
cells and macrophages, both in humans and in mice. The specifi c cell type produc-
ing IL-23 depends on the model being studied; IL-23 seems to be strongly involved 
in immunity at epithelial barriers, such as the skin, the gut and the lungs. 

 Historically, monocytes, macrophages and dendritic cells have been distin-
guished on the basis of their morphology, phenotype, function or origin. It is now 
well accepted that many of the proposed markers and functions are shared between 
these cell types and may vary in different organs or under infl ammatory conditions. 
Recent lineage-tracing studies have revealed that, under steady-state conditions, 
most macrophages arise from embryonic precursors (except in the gut) and are 
maintained in the adult independently of the differentiation from blood monocytes 
[ 47 ]. In contrast, classical and plasmacytoid DCs arise from adult haematopoietic 
stem cell (HSC)-derived common DC precursors (CDPs) that are distinct from clas-
sical monocytes. In addition to these steady-state populations, monocytes are 
recruited to sites of infection or injury and differentiate into cells that have either 
been termed macrophages, DCs or myeloid-derived suppressor cells. While these 
monocyte-derived cells are highly heterogeneous, there is a lack of suitable meth-
ods to discriminate these different functional states. This diversity is crucial to 
mount an adequate immune response against a broad range of microbial pathogens 
while maintaining the integrity of the host [ 43 ]. 

 IL-23 has been identifi ed as a key player in the pathogenesis of infl ammatory 
bowel disease, in mice and humans [ 25 ,  136 ], yet the cells that produce IL-23 in the 
intestinal tract have only recently been characterised. In mice, gut mononuclear 
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phagocytes can be separated into two major populations: classical dendritic cells 
(cDCs) expressing CD11c and CD103 and monocyte-derived cells expressing 
CXCR1, CD11b and varying levels of CD11c. cDCs can be further differentiated 
into CD11b +  and CD11b -  cells [ 43 ]. Recent reports have shown that, in mice, pro-
duction of IL-23 in the gut is clearly context-dependent. In the steady-state, IRF4- 
dependent CD103 + CD11b +  cDCs express IL-23p19 mRNA and drive homeostatic 
mucosal Th17 cell differentiation [ 109 ]. During attaching and effacing bacterial 
infections, such as acute  Citrobacter rodentium  infections, CD103 + CD11b +  cDCs 
are also a critical source of IL-23 and are required for survival after infection [ 108 ]. 
However, others have shown that although IL-23 is important for the control of  C. 
rodentium  infections, CD103 + CD11b +  DCs are not essential for resistance to either 
 Citrobacter  or  Salmonella , but are still required for Th17 cell differentiation, indi-
cating that IL-23 may be produced by other cells [ 130 ]. CD103 + CD11b +  DCs can 
also rapidly produce IL-23 in a TLR5-dependent fashion after systemic fl agellin 
stimulation [ 55 ]. Finally, others have shown that during chronic intestinal infl am-
mation induced by  Helicobacter hepaticus  and anti-IL-10R administration, 
CD11c + MHCII + CX3CR1 +  monocytes/macrophages are the key mediators of 
infl ammation via production of IL-23, although contribution of CD103 + CD11b +  
cDCs could not be formally ruled out [ 4 ]. Human CD1c +  DCs, equivalent to murine 
CD11b +  cDCs, also seem to be an important source of IL-23 in the gut. Indeed, they 
produce IL-23 following TLR stimulation and control mucosal IL-17 responses [ 24 , 
 109 ]. Others have reported that human CD14 +  intestinal macrophages from patients 
with Crohn’s disease produce large amounts of IL-23, which surprisingly seems to 
induce IFN-γ production by lamina propria mononuclear cells rather than IL-17 
secretion [ 53 ]. Taken together, these observations seem to indicate that 
CD103 + CD11b +  cells in mice and CD1c +  cells in humans are the main producers of 
IL-23 in the gut. 

 IL-23 produced by mononuclear cells also plays a key role in the development of 
murine and human psoriatic skin lesions. However, the specifi c subset of cells that 
secrete IL-23 in the skin is still a matter of debate. A recent report has shown that 
Langerhans cells (LCs) produce IL-23 in a murine imiquimod (IMQ)-induced 
model of psoriasis-like disease and are critical for pathogenesis [ 137 ]. Depletion of 
LCs using a Langerin-DTR (diphtheria toxin receptor) system strongly reduced skin 
infl ammation, and chimeras in which IL-23p19 KO mice were reconstituted with 
WT bone marrow showed that IL-23+ radioresistant (such as LCs) cells were 
required for pathogenesis. Others have shown that Langerin -  dermal cDCs are 
required for induction of psoriasis as depletion of Langerhans cells had no effect on 
the disease [ 132 ]. Mature dermal DCs (CD14 - CD11c + CD83 + ), monocytes 
(CD14 + CD11c + CD83 - ) and M1 macrophages (CD14 + CD32 + ) seem to be the main 
producers of IL-23 in human psoriasis, although it has been reported that keratino-
cytes also express both the p19 and p40 subunits of IL-23 [ 64 ,  92 ,  135 ]. A more 
recent report has shown that human 6-sulfoLacNAc +  DCs (slanDCs), circulating 
and tissue pro-infl ammatory DCs, drive strong Th17 responses in psoriasis through 
production of IL-23, IL-1β and IL-6 [ 45 ]. 
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 In the lung, the sources of IL-23 seem also to depend on the stimulus. During 
LPS-induced acute lung injury, CD11c +  alveolar macrophages produce large quan-
tities of IL-23 that is required for production of IL-17 [ 9 ]. In mouse models of 
invasive pulmonary aspergillosis, fungi-derived β-glucans activate the C-type lectin 
receptor Dectin-1 on CD103 +  lung dendritic cells, which leads to IL-23 production 
by these cells and a Th17 response [ 139 ]. 

 Other cell types have been shown to express  IL23A . Neutrophils infi ltrating 
colon tissue of paediatric patients with infl ammatory bowel disease can express 
IL-23p19 [ 61 ]. Although the authors discuss IL-23, they identifi ed these cells with 
an antibody recognising only IL-23p19. There is no evidence that these neutrophils 
express the other subunit of IL-23, p40, to produce the bioactive cytokine. In line 
with this observation, IL-23p19 is expressed by different cell types, such as kerati-
nocytes and gastric and intestinal epithelial cells [ 3 ,  18 ,  92 ]. Mouse intestinal epi-
thelial cells can express both IL-23p19 and p40 and secrete IL-23 that promotes 
wound healing through the induction of IL-22 [ 74 ]. On the other hand, human intes-
tinal epithelial cells can express EBI3, IL-12p35 and IL-23p19, but don’t express 
IL-12p40 or IL-27p28 [ 73 ]. This would indicate that the different subunits expressed 
in these cells may possess different functions than when associated to form the 
canonical dimers. As previously stated, keratinocytes do not express the p40 subunit 
but do express the p19 subunit [ 57 ]. These observations also point to an IL-23- 
independent function of p19 in keratinocytes. Recent evidence suggests that, in 
these cells, p19 could interact with EBI3, but whether they are secreted as a dimer 
remains disputed [ 100 ]. Likewise, gastric epithelial cells express IL-23p19 that is 
regulated by the RUNX3 transcription factor [ 48 ]. RUNX3 upregulates p19, but has 
no effect on other IL-12 family members, and p19 is secreted in a form that is again 
different from classical heterodimeric IL-23. Whether IL-23p19 associates with 
other subunits than IL-12/IL-23p40 (such as EBI3) to form a novel cytokine or 
whether it possesses other independent properties remains unknown, but points out 
an interesting and potentially IL-23-independent role of the p19 subunit. 

 In conclusion, IL-23 is produced mainly by antigen-presenting cells that are 
present or recruited to barrier tissues, such as the gut, skin and lungs, where they 
recognise pro-infl ammatory stimuli. IL-23 produced by these cells then activates 
IL-17-producing cells (Fig.  8.1 ).

8.3        Regulation of IL-23 Expression: Role of the Chromatin 
Environment 

 The mechanisms that drive this functional specialisation of DCs/macrophages under 
steady-state conditions and their plasticity in an infl ammatory context remain poorly 
understood. Cell type-specifi c expression of genes is determined by the activity of 
distant enhancers during their development. Pioneer transcription factors, such as 
PU.1 or IRF8, bind to selected genomic regions (enhancers), thereby “marking” 
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these loci for future transcription in this particular cell lineage [ 82 ,  90 ]. Sequence- 
specifi c transcription factors that are induced by the local microenvironment further 
shape the enhancer landscapes to provide tissue-specifi c identity and plasticity [ 36 , 
 63 ]. Activation (e.g. through TLR stimulation) allows the subsequent recruitment of 
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  Fig. 8.1    IL-23-secreting cells and their targets. Antigen-presenting cells present in barrier tissues 
secrete IL-23 in humans and mice. In the gut, mouse CD103 + CD11b +  DCs and their equivalent 
human CD1c +  DCs represent a major source of IL-23. In the skin, mouse Langerhans cells and 
dermal Langerin -  DCs produce IL-23 in response to TLR ligands that can promote the formation 
of psoriasis-like skin infl ammation. Human mature dermal DCs, infl ammatory 6-sulfoLacNAc +  
DCs and mature M1 macrophages produce IL-23 and are involved in psoriasis. Lung 
CD103 + CD11b +  DCs and CD11c +  alveolar macrophages can respond to infl ammatory stimuli to 
produce IL-23. The p19/p40 dimers produced by these cells signal via a dimeric IL-23R/IL-12Rβ1 
receptor that activates JAK/STAT signalling cascade that  in fi ne  activates the transcription of 
“Th17” genes such as  Il17a, Il17f, IL22 and Rorc  in target cells. These target cells include Th17/
Tc17 T cells, γδ T cells and type 3 innate lymphoid cells       
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transcription factors to these active enhancer/promoter regions, leading to the tran-
scription of specifi c infl ammatory genes in these cells. TLR-induced genes were 
assigned to multiple classes on the basis of their requirements for new protein syn-
thesis (i.e. primary vs. secondary response genes), kinetics of activation, require-
ment for the SWI/SNF (SWItch/sucrose non-fermentable) nucleosome remodelling 
complex for transcriptional activation and other chromatin properties [ 98 ]. In mac-
rophages,  Il23a  is a primary response gene (PRG), characterised by rapid inducible 
expression. However, unlike other PRGs such as  Tnf  or  Cxcl1 , the GC content, basal 
H3K4me3 marks and RNA polymerase II occupancy at the promoter region are low. 
Under steady state, NF-κB p50/p50-dependent recruitment of corepressor com-
plexes maintains low transcriptional activity. In response to LPS, several inducible 
histone modifi cations occur at the  Il23a  promoter region, including H4K5/8/12 
acetylation (possibly mediated by PCAF or GCN5, two histone acetyltransferases) 
that allows Brd4 (bromodomain-containing protein 4) and P-TEFb (positive tran-
scription elongation factor) recruitment and effi cient transcriptional elongation. 
This makes  Il23a  partially susceptible to synthetic histone mimics that interfere 
with the recognition of acetylated histones by the bromodomain and extra terminal 
domain (BET) family of proteins [ 85 ].  Il12b  is a prototypical secondary response 
gene that requires the activity of the SWI/SNF remodelling complexes [ 99 ]. Upon 
stimulation, a single nucleosome located in the promoter region is selectively dis-
placed [ 129 ]. Furthermore, changes in chromatin accessibility are also observed in 
an enhancer element located 10 KB upstream of the transcription start site. Analysis 
of chromatin landscape at the genome-wide level indicates that other enhancer ele-
ments are likely to participate to  Il12b  expression in macrophages and DC subsets. 
Hence, dynamic changes in  Il12b  transcription involve both local nucleosomal 
remodelling and long-distance chromatin looping between enhancer-promoter 
regions. Taken together, these data indicate that  IL23a  and  IL12b  expression follows 
distinct molecular rules that account for the fact that they can be dissociated.  

8.4     Microbial Signals Leading to IL-23 Synthesis 

 As previously discussed, IL-23 is expressed mainly by dendritic cells and macro-
phages at barrier tissues, where these cells act as sentinels for the immune system. 
They express a range of receptors, both intracellular and extracellular, that allow 
them to sense microbial-derived products. These receptors include Toll-like recep-
tors (TLRs), NOD-like receptors (NLRs), RIG-I-like receptors (RLRs), C-type 
lectin-like receptors (CLRs) as well as receptors that can sense extracellular metab-
olites such as ATP. The signalling pathways triggered by these receptors activate 
downstream transcription factors that are critical for the regulation of both IL-12/
IL-23p40 and IL-23p19 subunits. These pathways are summarised in Figs.  8.2  and 
 8.3 .

    TLR stimulation is a major inducer of cytokines of the IL-12 family. However, 
the balance between IL-12 and IL-23 depends on the specifi c TLR that is engaged 
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and on the subsequent signalling events. IL-12/IL-23p40 is potently induced by dif-
ferent TLR ligands and is usually produced in excess of the IL-12p35 and IL-23p19 
subunits that are therefore considered limiting. Activation of human DCs by the 
TLR4 ligand LPS induces p19, p35 and p40 expression, while a TLR2 agonist, 
peptidoglycan only increases p19 and p40 mRNA [ 102 ]. TLR3 and TLR7 can 
induce IL-23p19 expression following viral challenge in mouse cells, but while 
TLR3 knockdown upregulates p40 expression, TLR7 knockdown decreases p40 
mRNA in the same model [ 2 ]. Different combinations of TLR ligands can also pro-
mote IL-23 expression. In human monocyte-derived DCs, a combination of LPS 
and R848, a TLR7/TLR8 agonist, induces strong expression of p19 and p40, coin-
ciding with secretion of IL-23 [ 67 ]. IRF5 is involved in the synergies between TLRs 
for the induction of p19 and p40. Stimulation of mouse peritoneal macrophages 
with CpG DNA and poly(I:C), ligands of TLR9 and TLR3, respectively, leads to the 
synergistic induction of p40 and p19 expression in an IRF5 manner [ 88 ]. Additionally, 
IRF5 directly binds to the promoters of the  IL12B  and  IL23A  genes in human pro- 
infl ammatory M1 macrophages [ 60 ]. In line with these observations, IRF5 poly-
morphisms are associated with an increased risk for Crohn’s disease [ 31 ]. 

 Transcription factors of the NF-κB family are also involved in TLR-mediated 
induction of cytokines of the IL-12 family. c-Rel, a member of this family, binds to 
the promoters of p19, p35 and p40 and regulates their expression [ 12 ,  41 ,  77 ]. In 
addition, IL-23p19 mRNA expression is signifi cantly reduced in c-Rel-defi cient 
cells [ 12 ]. In agreement with these observations, c-Rel-defi cient mice are protected 
against several autoimmune diseases involving IL-23, such as colitis or experimen-
tal autoimmune encephalitis (EAE) [ 14 ,  127 ]. Furthermore, c-Rel alterations are 
strongly associated with human autoimmune diseases such as RA, coeliac disease 
or psoriasis (reviewed in [ 34 ]). 

 TLR-mediated signalling events can activate another transcription factor of the 
NF-κB family, RelB, in DCs. RelB cooperates with c-Rel after stimulation with 
TLR2 or TLR9 agonists to induce DC maturation and the expression of pro- 
infl ammatory genes such as  Tnf  and  Il23a  [ 115 ]. RelB was shown to directly bind 
the promoter of the  Il23a  gene upon TLR stimulation [ 115 ]. Nuclear localisation of 
RelB and the DNA-binding capacity of the RelB-p50 dimer following TLR4 stimu-
lation are dependent on the kinase RIPK3 (receptor-interacting serine-threonine 
kinase 3) and RIPK3-induced reactive oxygen species (ROS) production [ 80 ]. 

 Transcription factors belonging to the AP-1 family have also been shown to 
induce p19 expression following TLR stimulation. Ligation of TLR4 by LPS leads 

Fig. 8.2 (continued) (also known as ER stress responses) induce the recruitment of CHOP, a tran-
scription factor of the C/EBP family. IL-23p19 can also be negatively regulated, both transcription-
ally and post-transcriptionally. The pro-Th1 cytokine IFNγ initiates STAT1 signalling that activates 
IRF1. This factor interferes with IRF5 binding to the  p19  promoter and inhibits transcription. The 
pro-Th2 cytokine, IL-4, triggers ATF3 that inhibits IL-23p19 transcription through an unknown 
mechanism. Multiple pathways, including IFNγ and MAPK signalling, regulate the expression and 
activity of tristetraprolin (TTP) that binds AU-rich elements in the 3′UTR of IL-23p19 mRNA, 
thereby promoting its degradation. Finally, the microRNA miR-107 directly targets IL-23p19 
mRNA       
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expression through multiple mechanisms: NFIL3 binds to the enhancer region and represses tran-
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to the activation of the ERK, JNK and p38 MAP-kinases which in turn stimulate the 
binding of c-Jun and ATF2 to an AP-1 site on the  Il23a  promoter [ 66 ]. 

 Intracellular pathogen recognition receptors can alter TLR-mediated induction 
of IL-12 and IL-23. NOD2, a cytoplasmic receptor that recognises muramyl dipep-
tide (MDP) produced by both Gram-negative and Gram-positive bacteria, can have 
either a positive or negative effect on IL-12 and IL-23 production when combined 
with TLR ligation, depending on the context. Prestimulation of human and mouse 
DCs with MDP activates NOD2 and leads to a decrease in TLR-induced cytokine 
production, including p40 [ 128 ]. This reduction is dependent on the upregulation 
IRF4, although the exact mechanism still needs to be elucidated. However, when 
cells are stimulated with MDP and TLR ligands simultaneously, MDP does not 
inhibit TLR signalling. On the contrary, TLR7/TLR8 ligands combined with MDP 
induce a strong increase in IL-12 production, and TLR2 ligands + MDP lead to 
increased production of IL-23 [ 32 ,  126 ]. Thus, NOD2 ligands on their own have a 
protective effect in intestinal infl ammation, but if a pathogen expresses both NOD2 
and TLR ligands, production of pro-infl ammatory cytokines occurs to preferentially 
activate the IL-12/Th1 or IL-23/Th17 axis. 

 Another cytoplasmic pathogen recognition receptor, RIG-I, an RNA helicase 
that recognises viral double-stranded RNA, can inhibit p40 production induced by 
TLRs. As previously stated, TLR ligation leads to the activation of IRF5-dependent 
transcription of p40 expression. Activation of RIG-I leads to the recruitment of 
another member of the IRF family, IRF3, to the promoter of the  Il12b  gene [ 83 ]. 
IRF3 interferes with IRF5 binding to the promoter and limits the assembly of an 
activating transcription factor complex, blocking p40 expression and inhibiting 
IL-12 and IL-23 production. Viral infection can therefore interfere with antibacte-
rial and antifungal immune responses, by inhibiting TH1 or TH17 responses trig-
gered by IL-12 or IL-23 through this mechanism. 

 The role of IL-17 in response to fungal pathogens is controversial. Whereas most 
studies have shown that Th17 responses are protective against yeast infections [ 50 , 
 51 ], detrimental effects of Th17 responses and IL-23 have been published [ 68 ,  140 ]. 
Nevertheless, the signalling pathways induced by yeasts leading to IL-23 production 
are well understood. Among TLRs, TLR2 and TLR4 are the main contributors to 
yeast recognition. TLR2 recognises β-glucan, the major component of fungal cell 
walls, and TLR4 recognises  C. albicans -derived mannan [ 84 ]. However, C-type lec-
tin receptors (CLRs), such as Dectin-1 that also recognises β-glucan and Dectin-2 
that recognises mannose-based structures, seem to be the major fungal recognition 
receptors in mice [ 120 ] and humans [ 27 ]. The balance between IL-12 and IL-23 can 
be regulated by co-ligation of these different receptors. Initial experiments showed 
that two forms of yeast can trigger the release of different cytokines. Yeast forms of 
 C. albicans  can induce both IL-12 and IL-23 production, while tissue-invasive 
hyphal forms only trigger IL-23 production [ 1 ]. This observation may be explained 
by the recognition of different signals by Dectin-1 and Dectin-2. Dectin-1 can only 
recognise the yeast form of  Candida , because β-glucans become masked by man-
nans in the hyphal form [ 30 ]. On the other hand, Dectin-2 recognises mannose struc-
tures that are present after hyphal transformation [ 107 ]. While Dectin-1 activates 
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several NF-κB subunits in human DCs leading to the production of IL-12 and IL-23, 
Dectin-2 only activates c-Rel that, as previously stated, is critical for IL-23p19 
induction [ 39 ]. Dectin-1 and Dectin-2 both signal via Syk (Spleen tyrosine kinase), 
which drives the formation of a protein complex containing CARD9, BCL-10 and 
MALT1. This complex then activates c-Rel-dependent transcription of  IL23A . 
Dectin-1 however, contrary to Dectin-2, also triggers a Syk-independent, Raf-1- 
dependent pathway [ 38 ]. Raf-1 signalling decreases binding of RelB to the  IL12B  
promoter, allowing binding of the activating transcription factor RelA/p65 [ 38 ]. 
Indeed, binding of the non-canonical member of the NF-κB family, RelB, to the 
 IL12B  promoter has been shown to decrease p40 transcription [ 105 ]. 

 Crosstalk between TLRs and CLRs can fi ne-tune responses to fungal pathogens, 
modify the IL-12/IL-23 balance and steer the immune system towards Th1 or Th17 
responses. Co-stimulation of TLRs and Dectin-1 increases the production of IL-23 
and decreases production of IL-12, by modifying the balance between the p19 and 
p35 transcripts in both murine and human dendritic cells [ 23 ,  32 ]. Raf-1 could be 
involved in the crosstalk between these receptors via both the regulation of p65 
acetylation and the repression of Syk-induced RelB [ 38 ]. Simultaneous activation 
of TLRs and Dectin-1 can activate both NF-κB and ATF-2, which could also explain 
the specifi c induction of IL-23 by these two stimuli [ 104 ]. Indeed, stimulation of 
DCs with zymosan triggers Dectin-1 activation of the PLC-ϒ/PKC route. This leads 
to ATF2 recruitment to the  IL23A  promoter, which induces p19 but not p40 mRNA 
expression [ 104 ]. These observations have possible clinical implications for the 
treatment of fungal infections. Chromoblastomycosis is a diffi cult to treat subcuta-
neous infection caused by fungi such as  Fonsecaea pedrosoi  and has low cure rates 
[ 95 ]. Mouse studies have shown that infl ammatory responses to  F. pedrosoi  can be 
restored by administration of TLR ligands [ 21 ]. In line with this observation,topical 
application of imiquimod, a TLR7 agonist, shows great potential in the treatment of 
this human disease [ 118 ]. 

 Adenosine triphosphate (ATP) is the main intracellular energy carrier for many 
biological processes. It is present in both prokaryotic and eukaryotic cells but can be 
released to the extracellular milieu where it acts like a signalling molecule [ 10 ]. 
Extracellular ATP inhibits IL-12 and increases IL-23 production in dendritic cells 
via the purinergic P2 receptors [ 106 ,  110 ]. Consequently, ATP derived from com-
mensal bacteria can lead to the production of IL-23p19 by intestinal lamina propria 
cells and drive Th17 responses in mice [ 5 ]. ATP and TLR2 signalling can also have 
a synergistic effect on human monocytes through a P2Y-cAMP-dependent pathway, 
promoting IL-23 and IL-1β production leading to enhanced Th17 responses [ 91 ].  

8.5     Control of IL-23 Synthesis by Endogenous Ligands 

 The previous sections focused mainly on pathogen-derived signals that can stimu-
late p40 or p19 synthesis, although ATP can be either released from pathogens or 
from endogenous cells. When released from these cells, it serves as a danger signal 
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and can also activate purinergic receptors on DCs [ 29 ]. Cytokines and cell-to-cell 
interactions also modulate IL-12 or IL-23 production. Original data showed that 
TNF was critical for the induction of p40 expression in mouse macrophages, as cells 
from  Tnfr1  −/−  mice could not produce this subunit [ 28 ]. More recent data show that 
there is signifi cant crosstalk between TNF and IL-23. Treatment of patients suffer-
ing from psoriatic lesions with etanercept, a soluble TNF receptor that blocks TNF 
signalling, decreases DC activation and IL-23p19 production in these lesions [ 37 ]. 
Etanercept also decreases serum levels of IL-23 in patients suffering from rheuma-
toid arthritis [ 52 ]. Blocking of TNF in mouse models of IL-23-induced epidermal 
hyperplasia strongly decreases acanthosis [ 13 ]. Finally, the absence of TNF signal-
ling decreases IL-23p19 expression in mouse skin lesions [ 78 ], indicating that TNF 
and IL-23 could be part of the same positive feedback loop. However, the situation 
is not as clear-cut: other data show that TNF signalling via TNFR1 can exert a nega-
tive effect on p40 production in human and mouse cells, therefore inhibiting both 
IL-12 and IL-23 [ 69 ,  138 ]. TNF and p40 can be produced following activation of 
APCs through similar signals, and IL-23 can induce TNF expression in murine 
macrophages [ 20 ]. TNF could therefore be a key negative feedback regulator for the 
expression of IL-12 or IL-23, limiting the intensity or duration of Th1 and Th17 
responses. Blockade of TNF signalling, either via anti-TNF antibodies or in  Tnfr1  −/−  
mice, leads to the expansion of Th1 and Th17 cells in mouse collagen-induced 
arthritis models [ 86 ]. Anti-TNF agents are used successfully for the treatment of 
many infl ammatory disorders, but increasing evidence suggests that these therapies 
can also lead to the development of autoimmune diseases [ 101 ]. The absence of 
TNF-mediated IL-12 and IL-23 inhibition could explain these observations. 
Depending on the disease model or on the kinetics of expression, TNF can either 
have a positive or negative regulatory role on IL-12 and IL-23 expression. 

 Another major regulator of IL-23 production is IL-10. This anti-infl ammatory 
cytokine inhibits both IL-12 and IL-23 production by targeting IL-12/IL-23p40 
transcriptional activity. The mechanisms involved are not fully elucidated. Several 
early events required for the activation of  Il12b  gene, such as nucleosomal remodel-
ling, C/EBP or NF-κB recruitment, were not (or marginally) affected by IL-10 
despite robust transcriptional inhibition [ 142 ]. IL-10 induces nuclear factor, inter-
leukin 3-regulated (NFIL3), a B-ZIP transcription factor in a STAT3-dependent 
manner. This transcription factor binds to the −10 kb enhancer region of the  Il12b  
gene and represses its activity [ 117 ]. Furthermore, Kobayashi et al. showed that 
IL-10 promotes HDAC3-mediated histone deacetylation of the  Il12b  proximal pro-
moter region [ 56 ]. Whether  Il23a  expression is also repressed by IL-10 has not been 
specifi cally addressed. 

 IFN-γ production is a hallmark of Th1 responses and is secreted by T cells in 
response to IL-12, but it also regulates both IL-12 and IL-23 expression in innate 
cells. IFN-γ induces both p35 and p40 expression forming a positive feedback loop 
[ 70 ]. LPS and IFN-γ stimulation of murine macrophages leads to the recruitment of 
IRF1 to an ISRE site at the  Il23a  promoter [ 113 ]. This inhibits RelA binding to and 
histone modifi cation at the  Il23a  promoter [ 114 ]. Furthermore, IFN-γ has a protec-
tive effect in an IL-10-defi ciency experimental model of murine colitis [ 114 ]. 
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 CD40 is a co-stimulatory molecule found on the surface of antigen-presenting 
cells. Ligation of CD40L (CD154) present on the surface of T helper cells to CD40 
activates APCs and leads to the production of many pro-infl ammatory cytokines. 
Activation of DCs by microbial stimuli upregulates IL-12/IL-23p40 and increases 
CD40 expression. CD40 ligation by CD40L can induce the production of both 
IL-12p35 and IL-23p19 by dendritic cells [ 111 ,  112 ]. Stimulation of CD40 signal-
ling in T- and B-cell-defi cient mice via the injection of an agonistic CD40 antibody 
mediates both systemic and intestinal infl ammatory responses [ 125 ]. Systemic 
infl ammation seems to be dependent on TNF and IL-12, while intestinal infl amma-
tion is induced by IL-23 in this model. Furthermore, CD40 ligation induces much 
higher expression of p19 mRNA in colonic CD11c +  cells compared to splenic cells. 
The type of cell targeted by CD40L or the microenvironment could therefore direct 
the response through production of IL-12 or IL-23. The CD40-dependent produc-
tion of IL-23 by DCs appears to rely on prostaglandin E2 (PGE2): blocking of 
PGE2 signalling inhibits IL-23 production by mouse splenic DCs cultured in vitro 
[ 134 ]. PGE2 signals through the prostaglandin EP4 receptor and triggers cAMP- 
dependent canonical and non-canonical NF-κB activation that amplifi es  Il23a  
expression [ 71 ]. 

 IL-4 is a cytokine that induces Th2 cell differentiation and IgE isotype switching 
in B lymphocytes. IL-4 can however also lead to elevated IFN-γ expression in mice 
and protective Th1 responses against parasites [ 7 ,  97 ]. In addition, IL-4 has a pro-
tective role in infl ammatory autoimmune diseases, and its mode of action has been 
recently uncovered [ 42 ]. Guenova et al. have shown that IL-4 has opposing effects 
on IL-12 and IL-23 production. Human and mouse DCs treated with IL-4 produce 
large amounts of IL-12 and low amounts of IL-23 following LPS stimulation. The 
mRNAs for IL-12 p35 is upregulated, while the mRNAs for IL-12/IL-23p40 and 
IL-23p19 are downregulated. This leads to suppression of Th17 responses both 
in vitro and in vivo. ATF3 is, at least partly, responsible for this repression. ATF3 
has been shown to directly regulate  Il12b  transcription [ 33 ], and ATF3-defi cient 
BMDCs treated with IL-4 no longer downregulate IL-23 secretion. In line with 
these observations, IL-4 therapy of psoriasis improves the symptoms of the disease 
and is correlated with a decrease in IL-23 expression in psoriatic plaques [ 42 ]. 

 The endoplasmic reticulum (ER) stress pathway, also known as the unfolded 
protein response (UPR), is activated when an imbalance between protein synthesis 
and the folding capacity of the ER occurs. It is involved in a number of pathological 
processes such as neurodegenerative diseases, obesity, diabetes, atherosclerosis, 
heart disease, cancer and infection [ 49 ]. Components of the ER stress pathway are 
also activated downstream of TLRs, contributing to infl ammatory cytokine produc-
tion [ 76 ]. Activation of the ER stress in conjunction with TLR ligation leads to 
enhanced IL-23p19 expression and IL-23 production [ 35 ]. This is mediated by the 
UPR-inducible transcription factor CHOP (C/EBP homologous protein) that was 
shown to be directly recruited to the  IL23A  promoter region. There is strong evi-
dence for crosstalks between pathogen and cellular stress sensors [ 19 ]. Activation of 
DCs by zymosan or hypha forming  Candida  yeast drives the disappearance of 
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nuclear CHOP protein, indicating that this pathway is not involved in IL-23 produc-
tion under these conditions [ 104 ]. 

 The HLA-B27 transgenic rat recapitulates many features of human spondyloar-
thritis. In this model, very high levels of HLA-B27 are expressed, with consequent 
misfolding of the B27 heavy chain in the ER. At sites of infl ammation, UPR is 
observed along with upregulation of IL-23 production, suggesting that this specifi c 
pathway could be involved in the pathological process [ 22 ,  124 ]. Interestingly, LPS- 
stimulated macrophages derived from monocytes of HLA-B27 +  ankylosing 
 spondylitis patients produce large amounts of IL-23. However, this does not corre-
late with signs of UPR activation in these cells [ 141 ]. Along this line, it was sug-
gested that in  lamina propria  mononuclear cells from ankylosing spondylitis 
patients, an autophagy- related pathway rather than UPR was associated with exces-
sive IL-23 expression [ 17 ]. In conclusion, the relevance of an UPR/IL-23 axis in 
pathological situations is still unclear.  

8.6     Regulation of IL-23 in the Tumour Microenvironment 

 Infl ammation is often associated with the development of solid tumours. In experi-
mental models, IL-23 was shown to promote tumour incidence and growth [ 62 ]. 
IL-23 is thought to favour angiogenesis while reducing CD8 T cell and NK-mediated 
immunosurveillance [ 62 ,  122 ]. IL-23 allows cancer cells to persist in a state of 
immune-mediated dormancy by opposing the antitumour effects of IL-12 [ 123 ]. 
This is particularly relevant for colorectal cancers. Indeed, there is a strong upregu-
lation of IL-23 expression by tumour-associated myeloid cells both in mouse mod-
els and human samples. It was proposed that adenoma-linked barrier defects lead to 
abnormal MyD88- and TLR-dependent activation of immune cells by microbial 
products [ 40 ]. Tumour-derived factors were also shown to contribute to IL-23 pro-
duction. Constitutive STAT3 activation is frequently observed in diverse cancers, 
both in tumour cells and infi ltrating immune cells including DCs and macrophages. 
Kortylewski and colleagues showed that STAT3 was directly recruited to the  Il23a  
promoter region in tumour-associated macrophages. Furthermore, STAT3 also 
repressed c-Rel-dependent  Il12a  gene expression [ 58 ]. Consistent with previous 
data [ 54 ], PGE2 secretion by breast tumour cells was shown to enhance  Il23a  gene 
expression through a cAMP-response element in the promoter region [ 93 ]. Another 
mechanism could explain tumour cell-induced IL-23 expression in macrophages. 
Tumour cells favour metabolic pathways such as glycolysis that lead to the produc-
tion of lactic acid that possesses immunosuppressive and angiogenic activities [ 16 ]. 
Lactic acid secreted by tumour cells can also enhance the transcription of IL-23p19 
and lead to increased IL-23 secretion by macrophages [ 116 ]. Stress response from 
the endoplasmic reticulum could also contribute to the propensity of tumour- 
associated macrophages to produce IL-23. ER stress response in tumour cells has 
been associated with tumour growth and progression [ 72 ]. Activation of this path-
way could be transmitted to myeloid cells in the tumour microenvironment, thereby 
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leading to heightened IL-23-dependent pro-infl ammatory responses [ 75 ]. Along 
this line, tumour-associated macrophages strongly upregulate the expression of a 
downstream effector molecular chaperone glycoprotein 96 (gp96) [ 103 ]. In the con-
text of experimental colon tumorigenesis model, effi cient IL-23 expression was 
found to be gp96-dependent [ 79 ]. As this chaperone is a major effector of ER stress 
responses and catalyses the folding of most TLRs, this could be secondary to 
impaired responsiveness of tumour-associated macrophages to microbial stimuli. 
Taken together, microbial and stress-related signalling pathways seem to converge 
to promote IL-23 production in the tumour microenvironment, thereby favouring 
immune evasion.  

8.7     Post-transcriptional Regulation of IL-23 

 In addition to transcriptional regulatory networks, dynamic expression of cytokine 
and chemokine genes is strongly infl uenced by mRNA decay [ 46 ]. Indeed, 3′ 
untranslated regions (UTRs) of these genes are enriched in adenine and uridine-rich 
elements (AREs), sequences that control mRNA stability and translation through 
recruitment of protein complexes [ 8 ]. Tristetraprolin (TTP, encoded by  Zfp36 ) is 
one of the best-characterised ARE-binding protein. In macrophages or DCs, TTP 
acts as a major regulator of RNA degradation [ 96 ] and controls the production of 
many infl ammatory cytokines such as TNF, IL-6 or GM-CSF [ 59 ]. Several AREs 
can be found within the 3′UTR regions of human and murine IL-23p19 mRNAs, 
and in vitro experiments indicate the direct binding of TTP to these elements. As a 
consequence, LPS-stimulated  Zfp36  −/−  BMDCs cells produce high levels of IL-23. 
Interestingly, Qian and colleagues observed that inhibition of IL-23 production by 
IFN-γ treatment was mediated by the induction of TTP and subsequent IL-23p19 
mRNA destabilisation [ 94 ]. TTP-defi cient mice spontaneously develop a complex 
TNF-dependent infl ammatory syndrome that combines cachexia, dermatitis, arthri-
tis, conjunctivitis and myeloid hyperplasia [ 119 ]. All these clinical parameters were 
also found to be dependent on dysregulated IL-23 production and subsequent over-
production of IL-17 by various lymphoid subsets, indicating the importance of this 
regulatory mechanism in maintaining homeostasis [ 78 ]. 

 MicroRNAs (miRNAs) are small, non-coding RNA molecules that also play an 
important role in the regulation/modulation of infl ammatory cytokines. miRNA- 
induced silencing complex assembles with sequences located mostly in the 3′-UTRs 
of target mRNAs and induces changes in their subcellular localisation, translation 
effi ciency or stability [ 44 ]. IL-23p19 mRNA is a direct target of miR-107. The pres-
ence of microbiota downregulates miR-107 expression in intestinal DCs and mac-
rophages, thereby favouring IL-23 expression [ 133 ]. In human DCs, miR-29 
expression is upregulated in response to NOD2 signals. miR-29 targets IL-12p40 
mRNA directly and IL-23p19 indirectly, likely via reduction of ATF2 expression. 
As NOD2 polymorphisms are associated with Crohn’s disease, this NOD2/miR-29 
axis might contribute to exacerbated IL-23 in these patients [ 11 ].  
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8.8     Concluding Remarks 

 The recent clinical results clearly demonstrate that targeting IL-23 has important 
medical benefi t for serious immune-mediated diseases such as psoriasis or ankylos-
ing spondylitis. The data outlined herein indicate that its regulation is highly com-
plex as expression of both subunits follows distinct rules and involves different 
epigenetic, transcriptional and post-transcriptional mechanisms. The use of novel 
technological tools such as transgenic reporter mice, transcriptional analysis at the 
single-cell level and genome-wide profi ling of the chromatin state will help defi ne 
the molecular requirements for bioactive IL-23 production by specifi c subpopula-
tions. A better understanding of how genetic and environmental factors initiate and 
maintain excessive IL-23 expression in pathological contexts will help to develop 
new preventive or therapeutic strategies.     
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    Chapter 9   
 Regulation and Immune Function of IL-27                     

     Qinghong     Wang     and     Jianguo     Liu    

    Abstract     IL-27 is a pleiotropic cytokine that has diverse immune regulatory activi-
ties under both physiological and pathological conditions. IL-27 enhances the func-
tions of Th1 and CD8 +  T cells, promotes the development of Tfh and Tr1, and 
suppresses the functions of Th2, Treg, Th9, and Th17 cells. IL-27 is also involved 
in regulation of immune responses of B cells, NK, DCs, and macrophages. IL-27 
production is strictly regulated at both transcriptional and posttranscriptional levels. 
Given its broad effects on immune regulation, IL-27 has been implicated in the 
pathogeneses of autoimmune and infectious diseases as well as cancers. In this 
chapter, the biological characters of IL-27 have been reviewed, including the molec-
ular mechanisms of IL-27 production and the underlying cellular signaling path-
way. The regulatory effects of IL-27 on immune responses in autoimmune disease, 
infectious disease, and cancer are also discussed.  

  Keywords     IL-27   •   T cell function   •   DC and macrophage   •   Cancer   •   Autoimmune 
diseases   •   Infectious diseases   •   Signaling pathway  

   IL-27 is a member of the IL-12 family and composed of Epstein-Barr virus-induced 
gene3 (EBI3) and p28 subunits, with the former subunit shared with IL-12 p35 and 
the latter being the unique subunit for IL-27. IL-27 signals cells through its receptor 
composed of two intracellular chains, with gp130 shared with IL-6 and a specifi c 
chain called IL-27Ra (also known as WSX-1 or TCCR). By engaging its receptor, 
IL-27 activates Janus kinase (JAK)/signal transducer and activator of transcription 
(STAT) and mitogen-activated protein kinase (MAPK) signaling to exert diverse 
immune regulatory activities under different physiological and pathological condi-
tions. In T cells, IL-27 enhances the functions of Th1 and CTL cells and suppresses 
the functions of Th2, Treg, and Th17 cells. IL-27 also promotes the proliferation 
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and survival of B cells and suppresses the functions of DCs. IL-27 has been impli-
cated to be involved in the pathogeneses of autoimmune and infectious diseases as 
well as cancers. 

9.1     The Structure and Biological Features of IL-27 

 EBI3 was fi rst reported in 1996 and its structure resembles type I cytokine receptor 
family, namely, IL-12 p40 [ 1 ]. EBI3 has no membrane-anchoring motif and there-
fore cannot be secreted effectively by itself. Ectopically expressed EBI3 was accu-
mulated in the endoplasmic reticulum of COS7 cells and could not be secreted as 
monomer or homodimer [ 2 ], suggesting that EBI3 needs partners to provide the 
membrane-anchoring domain for secretion. p28 is a long-chain protein having four- 
helix bundle domain and binds to type I cytokine receptor. Through computational 
analysis and co-immunoprecipitation approaches, p28 has been found to form a 
heterodimer with EBI3 to compose IL-27 [ 3 ]. 

 The major producers of IL-27 are DCs, monocytes, and macrophages. Other 
types of cells, such as plasma cells, endothelial cells, microglia, placental tropho-
blasts, and NK cells, also can secrete lower amounts of IL-27. IL-27 production is 
triggered by various TLR agonists, including LPS, poly(I:C), CPG, and Gram- 
negative and Gram-positive bacteria [ 4 – 8 ]. LPS induces IL-27 expression, espe-
cially the p28 subunit, through MyD88/NF-kB pathway. On the other hand, IFN-γ 
secreted from T cells and NK cells can induce the expression of IFN-γ regulatory 
factors (IRFs), including IRF1, IRF3, IRF7, and IRF8, that either alone or together 
with LPS synergistically enhance IL-27 production. IRF8 promotes p28 transcrip-
tion through binding to p28 promoter located at -57 to -48 sites. IRF1 is a critical 
transcription factor for IFN-γ-induced p28 and can cooperate with IRF8 to enhance 
p28 production. AP-1/c-Fos also can directly bind to p28 promoter and induce p28 
gene expression [ 4 ,  9 ,  10 ]. IFN-γ alone can induce IL-27 production through c-Jun 
N-terminal kinases (c-JNK), MAPK, and phosphoinositide 3-kinase (PI3K) [ 11 ]. 
IFN-α/IFN-β enhances p28 expression by activating IRF1 through STAT1/STAT2/
IRF9 complex [ 5 ,  12 – 15 ]. It is clear that LPS or IFN-γ activates NF-kB and MAPK 
through adapter MyD88 to induce transcription factors IRF1, IRF8, or AP-1 that 
bind to p28 promoter to induce p28 gene expression. Toll/IL-1R-related domain 
containing adaptor-inducing IFN (TRIF) is another adaptor involved in IL-27 pro-
duction. p28 and EBI3 expression were increased by activating IRF3 and IRF7 
through TLR3/TLR4/TRIF pathway. Though IRF3 is important for p28 expression, 
it is not essential for the expression of EBI3. So far, much has been learned about 
the mechanisms of IL-27 production. However, the mechanisms by which IL-27 
expression is inhibited are relatively less studied. Osteopontin (OPN) has shown to 
have suppressive effects on IL-27 production both in vivo and in vitro [ 16 ]. p38 
MAPK is reported to be able to suppress IL-27 expression through  MLK3/MKK3/
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MK2 [ 10 ]. Tristetraprolin (TTP) is a RNA-binding protein and can directly bind to 
ARE sites in the 3′UTR of target mRNAs for degradation [ 17 ]. We found that TTP 
inhibits IL-27 production through binding to multiple ARE sites in the 3′UTR of 
p28 subunit for mRNA degradation. Factors and pathways involved in regulation of 
IL-27 production are summarized in Fig.  9.1 .

   IL-27 receptor consists of two chains, WSX-1 and gp130. WSX-1, found in 1998 
[ 18 ], contains the WSXWS domain. In 2002, WSX-1 was identifi ed as IL-27- 
specifi c receptor subunit and later found to partner with gp130 to convey IL-27 
signal [ 3 ,  19 ]. WSX-1 is highly expressed in lymphoid tissues, such as spleen, 
lymph node, and thymus, as well as in several types of tumor cell lines [ 18 ,  20 – 22 ]. 
There is a Box1 motif in the cytoplasmic domain of WSX-1, indicating that IL-27/
WSX-1 signal can active Janus kinase (JAK) pathway [ 18 ]. Studies confi rm that 
IL-27 can activate JAK1, JAK2, and TYK2 [ 23 ,  24 ]. STATs are the downstream of 
JAKs. IL-27 induces the phosphorylation of STAT1/STAT3/STAT5; activates 
Blimp-1, T-bet, c-Maf, and Eomes expression; and then exerts its effects on T cells.  

9.2     The Effects of IL-27 on T Cell Development 
and Function 

 IL-27-specifi c receptor WSX-1 is preferentially expressed in T cells, particularly in 
CD4 +  T cells [ 19 ,  20 ]. Initial studies showed that WSX-1 mRNA levels were highly 
expressed in naïve CD4 +  T cells and decreased in activated CD4 +  T cells upon Th1/
Th2 differentiation [ 20 ]. Recent studies found that memory and activated CD4 +  T 

  Fig. 9.1    Mechanisms of IL-27 production       
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cells under nonpolarizing condition express high levels of WSX-1 and IL-2 selec-
tively controls IL-27Ra expression [ 25 ]. 

9.2.1     IL-27 Is Involved in Th1 Responses 

 IL-27 was fi rst observed to be important in Th1 responses against  Listeria monocy-
togenes  and  Leishmania major  infection, in that mice lacking IL-27Ra were more 
susceptible to  Listeria monocytogenes  and  Leishmania major  [ 20 ,  26 ,  27 ]. In vitro 
studies also showed reduced levels of IFN-γ production in T cells isolated from 
these knockout mice in response to IL-12 plus concanavalin A (ConA) or to anti-
 CD3 antibody treatment. Although these WSX-1/TCCR-defi cient mice produced 
low levels of IFN-γ at the early stages of  L. major  infection, there was no impair-
ment of IFN-γ production during the later phases. Moreover, WSX-1/TCCR is not 
required for maintenance of the Th1 response. There studies suggest that there are 
no intrinsic defects in IFN-γ production in WSX-1 KO mice, rather the ability to 
prime Th1 response is impaired. IL-27 promotes Th1 differentiation through two 
different pathways. One is that IL-27 can activate p38 MAPK and upregulate T-bet; 
the other is to induce the expression of adhesion molecules (ICAM-1/LFA-1) to 
further activate the ERK1/2. Activation of both pathways leads to upregulation of 
the IL-12RB which facilitates Th1 differentiation and IFN-γ production during 
IL-12 stimulation [ 23 ,  28 ]. 

 However, most recent studies found that IL-27 can inhibit Th1 response in vivo. 
In infection models of  T. gondii ,  T. cruzi ,  P. berghei ,  L. donovani , and malaria [ 29 –
 33 ], IL-27 inhibited IFN-γ production and attenuated disease pathology. Villarino 
et al. [ 29 ] indicated that IL-27 directly suppresses Th1 responses through depleting 
CD4 + T cells in the  T. gondii  model. But the underlying mechanisms of suppression 
remain elusive. IL-27 can indirectly control Th1 responses through suppression of 
IL-2 via suppressor of cytokine signaling (SOCS)3 [ 34 ,  35 ]. IL-10 is another media-
tor for IL-27 inhibition of Th1 cells. IL-27 can activate CD4 +  T cells and CD8 +  T 
cells to produce IL-10 that acts through STAT1, STAT3, and Blimp-1 to suppress 
Th1 responses [ 36 – 40 ].  

9.2.2     IL-27 Inhibits Th2 Responses 

 WSX-1 −/−  mice showed increased resistance to  T. muris  infection. Mesenteric LN 
cells from WSX-1 −/−  mice produced signifi cantly more IL-4, IL-5, and IL-13 than 
WT mice. Administrating anti-IL-4 mAb led to a signifi cant reduction in IL-4 and 
IL-13 in mesenteric LN. Under Th2 polarization condition, naive WSX-1 −/−  CD4 T 
cells secreted higher levels of IL-4, IL-5, and IL-13 [ 41 ]. IL-27 inhibits GATA3 
expression, while induces T-bet expression in naive CD4 +  T cells [ 42 ,  43 ]. High 
levels of Th2 cytokines in the IL-27R −/−  or EBI3 −/−  mice were detected during  T. 
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cruzi  infection and experimental asthma [ 30 ,  43 ,  44 ]. Administration of IL-27 atten-
uated Th2-mediated disease such as  L. major  and  S. venezuelensis  infection and 
allergic airway infl ammation induced by OVA [ 43 ]. Th2-related cytokines in pan-
creatic cancer patients were reduced by IL-27 plus IL-12 treatment [ 45 ]. IL-27 also 
inhibits γδT cells to produce Th2-related cytokines, such as IL-5 and IL-13, through 
STAT1 and STAT3 [ 46 ]. In addition, IL-27 inhibits the development of Th9 cells 
partially dependent on STAT1 and T- bet . Exogenous IL-27 completely abrogated 
Th9 cells in an EAE model [ 47 ].  

9.2.3     IL-27 Represses Treg Generation 

 Treg is a critical regulator for immune responses and homeostasis. It has been 
reported that 47 % Treg cells express high levels of WSX-1 [ 25 ], indicating that 
IL-27 may regulate the function or phenotype of Treg cells. The effects of IL-27 on 
Treg were initially shown in vitro experiments [ 48 ,  49 ]. Studies found that IL-27 
inhibited the expression of Foxp3, CD25, and CTLA4 through inhibiting STAT3 
and therefore suppressed the generation of Treg. In IL-27 transgenic mice, both 
CD4 + CD25 +  T cell and bone marrow transfer models showed a defi ciency in Treg 
differentiation. Since IL-2 levels are decreased in IL-27 Tg mice, it is possible that 
Treg defi ciency may be due to IL-2 reduction. In CD4 + CD45Rb hi  transfer colitis 
model, IL-27Ra −/− CD45Rb hi  cells contain two to three times more Foxp3 +  T cells 
than IL-27Ra +/+ CD45Rb hi  in the blood, spleen, mesenteric LN, and lamina propria, 
resulting in attenuation of colitis. In OVA-tolerance model, IL-27 limits Treg con-
version from naive CD4 + T cells and directly downregulates Foxp3, CD25, and 
CD69 [ 50 ]. All these evidences indicate that IL-27 suppresses the generation and 
function of Treg. However, the precise underlying mechanisms remain elusive. On 
the other hand, IL-27 has been reported to promote Treg. Aisling O’Hara Hall et al. 
found that during  Toxoplasma gondii  infection, IL-27 promoted T-bet and CXCR3 
expression in Treg cells through STAT1, STAT3, and STAT5 [ 51 ]. IL-27 also acti-
vated Treg to express Lag3 and therefore enhanced Treg function. In addition, IL-27 
can upregulate IL-10 expression through STAT1, STAT3, ICOS, aryl hydrocarbon 
receptor (AhR), and c-Maf in Foxp3 −/−  Treg, resulting in an increase in Tr1 function 
[ 37 ,  52 – 54 ].  

9.2.4     IL-27 Suppresses Th17 Cell Development and Function 

 Th17 cells play an important role in the development of infl ammatory diseases, such 
as IBD, EAE, RA, and hepatitis. IL-27 suppresses Th17 cell differentiation in sev-
eral disease models, such as  Toxoplasma gondii ,  T. Cruzi , and  L. major  infection as 
well as multiple sclerosis (MS), pulmonary fi brosis, and IBD [ 32 ,  55 – 63 ]. We found 
that IL-27 inhibited severe arthritis mediated by tristetraprolin defi ciency via Th17 
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inhibition (manuscript is under preparation). Both IL-27R −/−  and EBI3 −/−  T cells 
produce more IL-17 under Th17 polarization condition [ 32 ,  64 ]. IL-27 inhibits 
naive CD4 +  T cells to differentiate into Th17 cells but has little effect on committed 
Th17 cells [ 58 ,  65 ]. In human non-small cell lung cancer and MS, IL-27 levels in 
blood negatively correlate with the number of circulating Th17 cells. IL-27 also 
suppresses the expression of IL-27R and RORrt in naive CD4 + T cells [ 57 ,  60 ,  61 ]. 

 IL-27 binding to IL-27R (WSX-1) phosphorylates JAK1 and then activates 
STAT1 that plays a critical role in IL-27-mediated inhibition of Th17 cells. STAT1 −/−  
mice produced more IL-17 +  cells and were susceptible to EAE development [ 66 , 
 67 ]. STAT1 −/− CD4 +  T cells secrete more IL-17 than WT CD4 T cells under Th17 
condition in the presence of IL-27 [ 32 ,  56 ,  59 ], indicating that STAT1 is required for 
IL-27-mediated Th17 suppression. STAT1 is also involved in IFN-α production by 
T cells stimulated with IL-27 [ 23 ]. How STAT1 contributes to the distinctively dif-
ferent functions of IL-27 remains unknown. The suppression of Th17 cells by IL-27 
is independent of T-bet and SOCS3, partially depends on STAT3 [ 32 ,  58 ]. 

 IFN- α  inhibits Th17 cell development. IFN-α −/−  T cells secrete twice IL-17 than 
IFN-α +/+  T cells. IFN-α inhibits Th17 function, even in STAT1-defi cient T cells [ 56 , 
 59 ]. More evidence is needed to confi rm whether IFN-α directly inhibits Th17 cells 
independent of STAT1. In addition, IL-27 inhibits Th17 cell differentiation through 
suppressing IL-6 and IL-23 production in DCs [ 57 ]. PD-L1 is another mediator of 
IL-27-mediated Th17 inhibition. PD-L1 is induced in naïve CD4 +  T cells primed by 
IL-27 through STAT1 but not Foxp3, since PD-L1 expression on naïve CD4 +  T cells 
was completely blocked in STAT1 −/−  cells. After transferring PD-L1 expressing 
CD4 +  T cells into mice, the Th17 cells were signifi cantly decreased. These mice 
were resistant to EAE development, further confi rming that IL-27 inhibits Th17 cell 
differentiation through upregulating PD-1 in naive CD4 +  T cells [ 68 ].  

9.2.5     IL-27 Promotes Tfh Cell Development 

 T follicular helper (Tfh) cells help B cells to differentiate into high-affi nity B cells 
and antibody-producing plasma cells. BCL6 is the master transcription factor for 
Tfh cell development [ 69 ,  70 ]. Tfh cells express CD44, CXCR5, ICOSL, and PD-1 
on the cell surface, and produce IL-4 and IL-21 which then activates Tfh cell dif-
ferentiation as a feedback loop. IL-27 increases IL-21 production in naïve T cells 
stimulated by anti-CD3/CD28 antibody, dependent on STAT3 but not STAT1 [ 52 , 
 60 ]. IL-27 derived of DC-SIGN-primed DCs induces Tfh cell polarization [ 71 ]. 
CD4 +  T cells from IL-27Ra −/−  mice immunized by OVA/CFA secreted less IL-21 
than T cells from WT mice. IL-27Ra −/−  mice showed intrinsic defect in Tfh develop-
ment, resulting in prevention of the development of murine lupus [ 60 ]. However, the 
molecular mechanisms by which IL-27 inhibits Tfh development and function still 
need further study.  
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9.2.6     IL-27 Enhances CD8 T Cell Development and Function 

 Under physiological condition, 22 % of CD8 +  T cells express WSX-1. The percent-
ages of WSX-1 +  CD8 +  T cells were increased during  T. gondii  infection [ 25 ]. IL-27 
activates STAT1, STAT2, STAT3, STAT4, and STAT5 in naïve CD8 +  T cells, induces 
T-bet and Eomes expression, and then enhances the levels of granzyme B, perforin, 
and IL-12Rβ2. Among them, STAT1 plays a critical role in IL-27-mediated T-bet, 
granzyme B, and IL-12Rβ2 expression, since these molecules were greatly dimin-
ished in naïve CD8 +  T cells defi cient of STAT1 [ 72 ]. In addition, IL-27 increases 
IFN-γ production in CD8 +  T cells in the presence of IL-12. IL-27Ra was also 
detected in human CD8 +  T cells. IL-27 rapidly activates STAT1 and STAT3 and then 
induces T-box transcription, leading to enhanced cell proliferation, IFN-γ, and gran-
zyme B production in human CD8 +  T cells. IL-27 also can increase IL-21 and gran-
zyme B levels in human CD8 +  T cells [ 73 ,  74 ]. 

 IL-27 is important for CTL generation and function. In HLA-A*0201 transgenic 
mice, administration with IL-27 and IL-12, in a prime-boost immunization model, 
increased HCV-specifi c CTL generation [ 75 ]. During subsequent immunization, T 
cells require IL-27/IL-27R signal to elicit responses [ 76 ]. In tumors, IL-27 pro-
motes CTL to suppress tumor growth and metastasis. There are at least four mecha-
nisms involved in the development of IL-27-mediated tumor-specifi c CTL. Firstly, 
IL-27 directly induces T-bet and Eomes expression in CD8 +  T cells, augments gran-
zyme B and IFN-γ production, and then increases cytotoxic function. Secondly, 
IL-27 induces IL-21 production in CD8 +  T cells. IL-21 plays an important role in 
antitumor immune responses and in enhancing proliferation, survival, and cytotoxic 
function of tumor-specifi c CTL. Thirdly, IL-27 facilitates infi ltration of CD8 +  T 
cells into tumors. There are dramatically more CD8 +  T cells in TBJ-IL-27 tumors 
than TBJ-FLAG or TBJ parental tumors. Finally, IL-27 regulates the intake and 
processing of antigens in DCs, which makes DCs more effi cient to activate CD8 +  T 
cells [ 77 – 79 ]. Collectively, IL-27 promotes Th1, Tfh, and CD8 +  T cells, and inhibits 
Th2, Th17, Th9, and Treg T cells (Fig.  9.2 ).

9.3         The Effects of IL-27 on B Cell Development 
and Function 

 The initial study found lower total serum IgG2a in TCCR −/−  mice than WT mice, 
while other immunoglobulin isotypes are compatible. TCCR −/−  mice challenged by 
OVA had much lower OVA-specifi c IgG2a [ 20 ]. Further study discovered that 
WSX-1 expression in B cells is independent of anti-CD40 stimulation. In in vitro 
experiments, IL-27 induces IgG2a in primary B cells dependent on STAT1, inde-
pendent of IFN-γ, and represses IgG1 class switching induced by IL-4. T-bet is 
required for IL-27-induced IgG2a class switching in response to LPS stimulation 
but not required to anti-CD40 stimulation [ 80 ]. In humans, IL-27R and gp130 are 
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detected in B cells, and the expression of IL-27R is variable depending on the dif-
ferentiation stages of B cells [ 19 ,  81 ,  82 ]. High levels of IL-27R were detected on 
both IgD + CD38 -  naïve B cells and IgD - CD38 -  memory B cells, but very little on 
IgD - CD38 + GC B cells. IL-27 activates STAT1, STAT3, and T-bet and enhances 
IL-12Rβ2 surface expression in B cells. IL-27 also induces ICAM-1, CD95, CD86, 
and CXCL9 expression on B cells and promotes B cell proliferation [ 81 ,  82 ]. In 
addition, IL-27 indirectly regulates B cell functions through IL-21, IL-10, and Tfh 
[ 39 ,  60 ,  71 ]. IL-27 induces IL-21 production in CD4 +  T cells, which increases the 
expression of Blim-1 and Bcl-6 in B cells and then promotes plasma cell differentia-
tion and antibody production. Tfh cells are critical for B cell development. IL-27 
directly or indirectly induces Tfh cells and then enhances IgG production and sur-
vival of B cells. IL-27 may also promote IL-10 +  B cell (B10) generation and effect 
function.  

9.4     The Effects of IL-27 on DC and Macrophage Function 

 IL-27Ra is expressed on activated DCs. Upon LPS stimulation, higher levels of 
CD80/CD86 and Th1-related molecules were induced in WSX-1 −/−  DCs than WT 
DCs. DCs from WSX defi cient mice promote T and NK cells to produce higher 
IFN-γ than WT DCs [ 83 ]. Treatment of DCs with IL-27 prior to LPS stimulation 
reduced the levels of CD40, CD86, and MCH II compared with DCs activated with-
out IL-27, which may be due to increased CD39 expression by IL-27. CD39 limits 
ATP concentration and downregulates NLRP3 infl ammasome activation [ 84 ]. DCs 
with high levels of CD39 suppress pathogenic T cell responses and autoimmune 
disease development. In humans, both immature and mature DCs express functional 
IL-27R. IL-27 upregulates B7-H1 in DCs, diminishes APM, decreases HLA 
restricted antigen presentation, and inhibits proliferation and cytokine production of 
allogeneic T cells [ 85 ,  86 ]. Taken together, IL-27 inhibits DC functions in both mice 
and humans. However, in cord blood dendritic cells (CB DCs), IL-27 augments 
CXCL10, CCR1, IRF8, IL-8, and TNF-α expression, suggesting that IL-27 can also 
enhance the function of DCs [ 87 ]. Whether this is unique to CB DCs needs further 
study. 

 IL-27 has minimal effects on murine macrophages. However, in human resting 
monocytes or macrophages, IL-27 signifi cantly promotes differentiation of mono-
cytes into macrophages and enhances pro-infl ammatory cytokine production as well 
as antiviral activity. IL-27 increases infl ammatory cytokine production in mono-
cytes dependent on STAT1, while inhibits IL-10 induced by TLR [ 88 ]. Monocytes 
pretreated by IL-27 increase TLR4 expression through STAT3 and NF-kB and fur-
ther enhance NF-kB activation induced by LPS, leading to higher levels of IL-6, 
TNF-α, MIP-1α, and MIP-1β [ 89 ]. IL-27 suppresses spectrin β nonerythrocyte 
1(SPTBN1) through the TAK-1/MAPK pathway and prevents HIV-1 infection. 
IL-27 also upregulates HLA-E in human monocytes [ 90 ]. The pro-infl ammatory 
effects of IL-27 were rapidly reversed by LPS stimulation in resting macrophages. 
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IL-27 has been found to inhibit macrophage functions through TNF-α and IL-1β 
[ 91 ], indicating that the effects of IL-27 on macrophages depend on different 
stimuli.  

9.5     The Effects of IL-27 on NK Cell Development 
and Function 

 Resting NK cells express high levels of WSX-1. Its expression is reduced once NK 
cells are activated [ 25 ]. IL-27 promotes phosphorylation of STAT1 and STAT3, 
induces T-bet and granzyme B expression, and increases cytotoxic function of NK 
cells both in vitro and in vivo [ 92 ]. IL-27 also indirectly activates and recruits NK 
cells through CXCL10 [ 93 ]. In human NK cells, IL-27 increases IFN-γ production 
in the presence of IL-2 and IL-12 [ 3 ,  94 ]. IL-27 not only enhances IFN-γ production 
but also upregulates CD25, CD69, and T-bet expression in NK cells. IL-27 triggers 
NK cell cytotoxicity through upregulation of perforin and granule exocytosis via 
NKp46. On the other hand, IL-27 inhibits the activity of regulatory NK subsets 
(CD56bright) [ 95 ]. Taken together, these studies suggest that IL-27 promotes NK 
cell cytotoxic activity.  

9.6     The Effects of IL-27 on Autoimmune Diseases 

 IL-27 plays pleiotropic roles in regulation of immune responses in autoimmune 
diseases. IL-27 exerts pro-infl ammatory roles through promoting Th1, CD8, NK, 
Tfh, and B cell proliferation/function and through inhibiting Treg and Th2 cell gen-
eration. On the other hand, IL-27 also plays an anti-infl ammatory role through 
enhancing IL-10 production and inhibiting DC function. High levels of IL-27 are 
existed in synovial fl uid of RA patients. The increased IL-27 is positively correlated 
with IFN-γ levels, whereas negatively correlated with IL-17 expression. IL-27 is 
produced by synovial monocytes and macrophages [ 25 ,  96 ,  97 ]. The fi rst arthritis 
animal model indicated the involvement of IL-27 is adjuvant-induced arthritis in 
Lewis rats. In this model, antibody against IL-27 p28 quickly suppressed ongoing 
disease through regulating the polarization of naïve CD4 + T cells and through affect-
ing the proliferation and cytokine production from Ag-specifi c Th1 cells [ 98 ]. Later 
on, it was found that IL-27 −/−  mice delayed to develop the proteoglycan-induced 
rheumatoid arthritis compared with IL-27 +/+  mice, due to reduced IFN-γ production 
[ 99 ]. These studies indicate that IL-27 plays a pro-infl ammatory role in arthritis 
development. However, in collagen-induced arthritis model, if IL-27 was adminis-
trated in short-term at the onset of disease, the disease severity was signifi cantly 
attenuated compared with untreated mice. IL-27 suppresses IL-17 production and 
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increases IL-10 and Foxp3 expression in CD4 + T cells. So, the effects of IL-27 on 
arthritis depend on different models and administration time. 

 The role of IL-27 in colitis is complicated. Low IL-27 p28 gene expression is 
observed at the early stage in IBD patients. In active CD (but not UC) patients, both 
IL-27 p28 and EBI3 levels are increased [ 100 ,  101 ]. IL-27Ra and gp130 are 
expressed in intestinal epithelial cells and upregulated during infl ammation and 
bacterial infection. IL-27 induces ERK/p38 MAPK, STAT1, STAT3, and STAT6 
and increases the proliferation and restitution of IEC [ 102 ]. In colitis mouse model, 
IL-27 inhibits infl ammatory responses in the colon and prevents colitis develop-
ment. Both IL-27Ra −/−  and IL-27Ra −/− /Rag −/−  were susceptible to high-dose (5–10 
%) and short-time (3 days) DSS-induced colitis through increasing Th17 cells 
[ 103 ]. Another DSS model showed that the severity of colitis in WSX-1 −/− mice was 
decreased and the cytokines, such as IFN-γ, IL-6, and TNF-α, were reduced com-
pared with WT mice [ 104 ]. Treatment with exogenous IL-27 either at the onset or 
active stage of colitis in mice fed with 0.25 % DSS or TNBS prevented mice from 
developing colitis. However, there are reports showing that IL-27 promotes colitis. 
In the low-dose (0.5 %) and long-time (14 days) DSS and  Helminth  infection model, 
IL-27Ra −/− mice are resistant to develop colitis [ 104 ,  105 ]. In T cell transfer model, 
IL-27 was found to promote colitis [ 106 – 108 ]. IL-27Ra −/− CD4 + T cells did not 
induce exacerbated colitis in SCID mice due to high levels of Treg and low levels of 
IFN-γ. In Visperas’s T cell transfer model, IL-27 was found to promote colitis 
through indirectly inducing Th17 cells dependent on APCs. It seems that the effects 
of IL-27 on colitis depend on different mouse models. IL-27 also involves in the 
pathogeneses of EAE, SLE, psoriasis, type I diabetes mellitus, and uveitis through 
regulating immune responses. Strategies blocking or promoting IL-27 pathway to 
prevent or dampen autoimmune diseases need to be carefully considered on differ-
ent diseases.  

9.7     The Effects of IL-27 on Infectious Diseases 

 The roles of IL-27 in parasitic infections are broadly elaborated. During  L. major , 
 L. donovani ,  Plasmodium berghei ,  T. gondii ,  Trichuris muris , and  Trypanosoma 
cruzi  infection, IL-27 signal pathways are impaired; while Th1 response is normal, 
Th2 and Th17 responses are increased [ 29 ,  30 ,  32 ,  41 ,  83 ,  109 ]. In  L. monocyto-
genes  infection, initial study showed that there were defective Th1 cells in 
IL-27Ra −/− mice, but later studies showed that Th1 cells were normal, whereas Th17 
cells were increased and IL-10 decreased [ 20 ,  39 ,  110 ]. IL-27 is involved in 
 Mycobacterium tuberculosis  (Mtb) infection. Both  M. tuberculosis  and BCG can 
induce IL-27 production in humans. High levels of IL-27 were found in granulomas 
of TB patients and in active TB patients [ 111 – 114 ]. Mice lacking IL-27Ra showed 
lower burden of  M. tuberculosis  in the lung and increased infl ammatory responses. 
The possible reason is that IL-27R −/−  T cells have reduced T-bet expression, 
decreased cell death markers and increased IL-2 production, resulting in T cell 
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activation and Mtb repression. Therefore, during  M. tuberculosis  infection, IL-27 
plays a detrimental role in protective immune responses. IL-27 also has antiviral 
effects. Studies showed that IL-27 prevents HIV-1 replication in PBMCs, CD4 +  T 
cells, macrophages, and dendritic cells [ 64 ,  115 ,  116 ]. IL-27 activates STAT1 and 
antiviral factor protein kinase R (PKR) phosphorylation and then dampens infl u-
enza A virus replication. In hepatitis B patients, there were high levels of IL-27 in 
plasma. IL-27 has also been shown to be involved in resisting CMV, HSV-2, SIV, 
and KSHV infection [ 117 – 121 ]. Therefore, IL-27 is a promising antiviral 
cytokine.  

9.8     The Effects of IL-27 on Antitumor Immune Responses 

 IL-27 has complex effects on antitumor immunity. Firstly, IL-27 acts as an antitu-
mor cytokine through enhancing CTL function. CTL is the most important cells in 
antitumor immune response [ 41 ]. IL-27 promotes the generation, proliferation, and 
survival of CTL and increases IFN-γ, perforin, and granzyme B production through 
STAT1/T-bet. Overexpression of IL-27 in Colon26 (CT26) tumors induced CTL 
development with augmented IFN-γ production [ 78 ,  79 ]. Local delivery of IL-27 to 
tumors signifi cantly decreased the metastasis and growth of neuroblastoma through 
inducing tumor-specifi c CTL [ 122 ]. Mice bearing CT26 tumors treated with IL-27 
intramuscularly induced lots of tumor-specifi c IFN-γ + CD8 +  T cells and promoted 
tumor eradication [ 123 ]. CTL functions and recall responses were enhanced by 
IL-27-mediated IL-10 production [ 38 ,  124 ,  125 ]. NK cells are one of the key anti-
tumor innate immune cells. IL-27 upregulates IFN-γ production and cytotoxic 
activity of NK cells [ 92 ]. In B16 melanoma, IL-27 derived of DCs promotes the 
recruitment and activation of NK cells. Reconstitution of IL-27 in local tumor sites 
restores the number and activity of NK cells and represses tumor growth [ 93 ]. In 
addition, IL-27 also battles with tumors through inhibiting Treg, Th2, and Th17 
cells. Treg cells promote tumor growth and metastasis through repressing antitumor 
immune response and inducing tumor-promoting factors, such as COX-2, PGE2, 
and VEGF. Th2 cells are well known as an immune suppressor, and Th17 cells pro-
mote tumor growth and angiogenesis mediated through IL-17. IL-27 dampens both 
Th2 and Th17 cells directly or indirectly and therefore exerts its antitumor effects. 

 Secondly, IL-27R is expressed in several types of tumors originated from epithe-
lial cells, such as colon, breast, and from melanocytes [ 22 ,  126 ,  127 ]. IL-27 acti-
vates STAT1 and STAT3 to inhibit melanoma cell growth. Overexpressing WSX-1 in 
B16F10 increases MHC I levels and induces IRF1 and IRF8 expression through 
STAT1 upon IL-27 treatment. Overexpression of IL-27 in B16F10 cells markedly 
inhibits the neovascularization induced by tumors and suppresses lung metastasis 
and angiogenesis [ 127 ,  128 ]. In leukemia, B-ALL cells treated by IL-27 decreased 
miR-155 expression and promoted apoptosis. IL-27 signifi cantly dampens leukemia 
growth and spreading in vivo [ 129 ,  130 ]. Studies indicated that IL-27 also inhibited 
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the proliferation of tumors and angiogenesis in multiple myeloma and lymphoma 
[ 131 ,  132 ]. In summary, IL-27 shows a direct antitumor characteristic. 

 Finally, IL-27 may indirectly promote tumor growth through IL-10 production. 
IL-27 induces IL-10 production from CD4 + T cells in vivo and in vitro. Moreover, 
IL-27R −/−  mice secreted lower IL-10 than WT in toxoplasmic encephalitis or EAE 
model [ 36 ,  37 ]. IL-27 also stimulates CD8 +  T cells and B cells to produce more 
IL-10 and induces IL-10 +  Tr1 cells [ 38 ,  124 ,  133 ,  134 ]. IL-21 mediates IL-10 pro-
duction in response to IL-27. Induction of IL-21 by IL-27 can also induce more 
IL-10 [ 52 ,  135 ]. IL-10 contributes to the immunosuppressive environment and facil-
itates tumor escape from immune elimination [ 136 ]. In addition, IL-27 also inhibits 
the functions of DCs by suppressing co-stimulatory molecular expression and cyto-
kine production related to Th1, CD8 +  T cells, and NK cell function as discussed 
previously. Furthermore, IL-27 induces PD-L1 expression on DCs that also medi-
ates tumor immune escape [ 137 ]. A few studies also showed that IL-27 inhibits 
GM-CSF production and Th9 generation [ 47 ,  63 ], with both being reported to be 
able to suppress tumor progression [ 138 ].  

9.9     Conclusion 

 IL-27 is a pleiotropic cytokine having both anti-infl ammatory and pro-infl ammatory 
effects. As an immune regulator, IL-27 suppresses the occurrence and development 
of autoimmune diseases; while as an immune activator, IL-27 prevents infection and 
cancer development. In general, IL-27 is an attractive candidate for immune thera-
pies in treating autoimmune and infectious diseases and cancers. Prior to clinical 
application, more work needs to be done, including the following: (1) the mecha-
nisms and functions of endogenous IL-27 in different diseases need to be elabo-
rated; (2) the doses of IL-27 need to be fi gured out in different diseases; (3) the time 
starting IL-27 administration needs to be determined; (4) last but not the least, the 
effective mechanisms of exogenous IL-27 need to be investigated. Overall, IL-27 is 
a promising cytokine for treating different human diseases.     
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    Chapter 10   
 The Immunobiology of Interleukin-35 
and Its Regulation and Gene Expression                     

     Mei     Song     and     Xiaojing     Ma    

    Abstract     Interleukin-35 (IL-35) is the latest addition to the IL-12 family of het-
erodimeric cytokines, consisting of IL-12 p35 subunit and IL-27β subunit Epstein–
Barr virus induced 3 (EBI3). Since its discovery, IL-35 has been shown to exhibit 
immunosuppressive activities which are distinct from other members of IL-12 fam-
ily. IL-35 is also unique in that it is expressed primarily by regulatory T-cells (T regs ) 
rather than by antigen-presenting cells (APCs). IL-35 can directly suppress effector 
T-cell proliferation and function and inhibit the differentiation of Th17 cells. It is 
also able to expand regulatory responses to promote tolerance to infections by gen-
erating a potent population of IL-35-producing inducible Tregs (iTr35). As the new 
cellular sources of IL-35 such as CD8 + T regs , B regs , and tolerogenic dendritic cells 
DCs (tolDCs) are identifi ed, more immunoregulatory functions of this cytokine are 
explored. IL-35 has been shown to be associated with a range of autoimmune dis-
eases and cancer models. It appears to be a promising diagnostic biomarker. A 
greater understanding of the expression and regulatory mechanisms of IL-35 will be 
benefi cial to the development of novel immune therapies.  
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10.1        IL-35 Composition, Expression, Receptors, and Target 
Cells 

 IL-35 belongs to the IL-12 family of cytokines, which is the only heterodimeric 
cytokine family consisting of an α chain (p19, p28, or p35) and a β chain (p40 or 
Ebi3) [ 6 ]. Chain pairing in various combinations to form IL-12 [ 18 ], IL-23 [ 31 ], 
IL-27 [ 32 ], and IL-35 [ 7 ], as illustrated in Fig.  10.1 , IL-35, the newest member of 
this family, was identifi ed as an inhibitory cytokine produced by natural, thymus- 
derived regulatory T-cell (nT reg ) populations [ 7 ]. In contrast to all other known IL-12 
family members, which are primarily produced by activated APCs [ 17 ,  23 ,  24 ], 
IL-35 appears to be primarily produced by non-stimulated mouse T reg  cells but not 
detected in non-stimulated human T regs  [ 1 ]. Recently, IL-35 was shown to be 
expressed in regulatory B-cells [ 36 ,  42 ] and DCs [ 12 ], to a lesser extent, in endothe-
lial cells, smooth muscle cells, and monocytes [ 3 ]. Mice in which only B-cells did 
not express IL-35 lose their ability to recover from the T-cell-mediated demyelinat-
ing autoimmune disease experimental autoimmune encephalomyelitis (EAE) and 
are more susceptible to Gram-negative bacterium  Salmonella enterica  serovar 
Typhimurium. In addition, some tumor cells seem to produce IL35 [ 22 ,  43 ].

   IL-35 is the newest member in IL-12 family. It is composed of the IL-12α chain 
p35 and the IL-27β chain Epstein–Barr virus induced 3 (EBI3) and utilizes IL-12Rβ2 
and gp130 heterodimers/homodimers to transduce signals. 

 IL-35 is composed of the IL-12α chain p35 and the IL-27β chain Epstein–Barr 
virus induced 3 (EBI3). Despite their shared components, they possess contrasting 
biological functions: IL-35 is so far believed to be strictly immunosuppressive, 
while IL-12, IL-23, and IL-27 all have immunostimulatory or proinfl ammatory 
functions. IL-35 mediates regulatory B- [ 36 ] and T-cell function [ 7 ,  26 ] and con-
verts naïve T-cells into IL-35-producing induced regulatory T-cells (iTr35) [ 4 ], as 
well as inhibits effector T-cell proliferation and Th17 differentiation in vitro [ 26 ]. 

 Using cells defi cient in the IL-12 family receptor chains, it was demonstrated 
that IL-35 signals through IL12Rβ2 and gp130 in T-cells [ 5 ], which are also 

  Fig. 10.1    Four known members of the IL-12 cytokine family and their downstream signaling 
pathways       
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 associated with the IL-12 and IL-27 receptors, respectively. IL-35 was also demon-
strated to signal through IL12Rβ2 homodimers and gp130 homodimers in T-cells 
[ 5 ]. These homodimeric receptors can only activate one branch of its signaling path-
way (either STAT1 or STAT4 for gp130–gp130 or IL12Rβ2–IL12Rβ2 homodimers, 
respectively), which are able to suppress T-cell proliferation, but cannot induce 
iTr35 conversion (Fig.  10.1 ). In contrast, T-cell suppression and iTr35 induction can 
be mediated by IL12Rβ2–gp130 heterodimeric receptor. Signaling through this 
fully functional receptor is transduced through STAT1 and STAT4, which then form 
a unique heterodimer and promote the expression of target genes  Il12α  and  Ebi3 , 
thus resulting in a feedback loop promoting IL-35 expression. Recent studies have 
also suggested that IL-35 signaling in B-cells is mediated through an IL-12Rβ2–
WSX-1 heterodimer and induces STAT1 and STAT3 [ 36 ]. Gp130 is expressed in 
most cell types [ 34 ], whereas IL-12Rβ2 is expressed predominantly on activated 
T-cells, NK cells, and to a lesser extent DCs and B-cells [ 39 ]. In addition, IL-12Rβ2 
is undetectable on most resting T-cells, but rapidly induced in the presence of cyto-
kines (such as IL-2, IFN-γ, IL-12, IL-27) [ 5 ]. WSX1 (IL-27Rα) is expressed in 
many immune cell types (such as monocytes, DCs, T- and B-cells, NK cells, and 
master cells) [ 2 ]. The use of these receptors may shed some light onto the targets of 
IL-35 signaling.  

10.2     Immunoregulatory Activities of IL-35 

 The predominant mechanism of suppression associated with the activity of IL-35 is 
its ability to suppress T-cell proliferation and effector functions. IL-35 is required 
for maximal suppressive activity of T regs , as genetic deletion ( Ebi3  −/−  and  Il12α  −/− ) 
signifi cantly reduces Treg’s proliferation and regulatory activities in vitro and fails 
to cure infl ammatory bowel disease (IBD) in vivo [ 7 ]. Ectopically expressed EbI3–
p35–Fc fusion protein suppresses CD4 + CD25 -  effector T-cell proliferation and 
IFN-γ production [ 26 ]. The suppressive activity of IL-35 is not restricted to CD4 +  
T regs , as a novel population of CD8 +  CTLA4 +  IL-35-secreting tumor Ag-specifi c T regs  
in prostate cancer patients was found to suppress the proliferation of autologous 
T-cells by an IL-35-dependent mechanism [ 29 ]. In addition, IL-35 inhibits the dif-
ferentiation of Th17 cells in vitro and effectively attenuated established collagen- 
induced arthritis in vivo [ 26 ]. EBI3-defi cient mice have a signifi cant increase in the 
production of IL-17 [ 20 ,  38 ]. Intratracheal delivery of single-chain recombinant 
IL-35 signifi cantly attenuated allergic airway infl ammation by reducing the Th2 
effector and humoral response [ 16 ]. Recombinant IL-35 treatment induced IL-10- 
secreting B regs , which suppressed proliferation of CD19 B-cells. IL-35 also con-
verted B-cells into a B reg -cell population that secreted IL-35(IL-35B regs ). Treatment 
of mice with IL-35 or IL-35B regs  conferred protection from experimental autoim-
mune uveitis (EAU). This IL-35  +  B reg -mediated protection was dependent on 
increased induction and expansion of endogenous B regs  and Foxp3 +  T regs  and inhibi-
tion of pathogenic Th1 and Th17 effector cells [ 42 ]. 
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 Furthermore, IL-35 seems to mediate infectious tolerance, similar to IL-10 and 
TGFβ [ 13 ]. Naïve human or mouse T-cells treated with IL-35 are not only sup-
pressed but also converted into a IL-35-producing (but not IL-10 or TGFβ) regula-
tory population, called iTr35 cells [ 4 ]. Mouse iTreg35 cells suppress T-cell 
proliferation in a contact-independent fashion through the activity of IL-35. The 
stability and effi ciency of iTr35 are relative to TGFβ-iTr and IL-10-iTr cells. iTr35 
cells were almost as effi cient as nT regs  in restoring homeostasis and preventing auto-
immunity in Foxp3 −/−  mice, limiting T-cell proliferation in lymphopenic settings, 
curtailing infl ammation in experimental autoimmune encephalitis (EAE) and colitis 
models, and promoting tumor growth in the B16 melanoma model. iTr35 cells func-
tion independently of Foxp3, IL-10, and TGFβ and exhibit tolerance-promoting 
abilities in several tumor mouse models. R-DC (DC activated by Human 
rhinoviruses)-induced T reg  produced and released IL-35, which is responsible for the 
inhibitory effect of these iTr35 [ 35 ]. 

 Inhibition of effector T-cell proliferation, modulating T-cell differentiation, and 
induction of iTr35 seem to be the major mechanisms for IL-35-mediated regulatory 
functions. 

 Several diseases have been shown to be associated with IL-35, including multi-
ple infl ammatory diseases (IBD, EAE, EAU) [ 7 ,  36 ,  42 ], coronary artery disease 
[ 26 ], and cancer. In acute myeloid leukemia [ 47 ] patients, the development of dis-
ease has been shown to be associated with elevated plasma levels of IL-35. Evaluated 
Ebi3 levels were found in lung cancer patients with malignancy [ 28 ]. In murine 
models of melanoma and colorectal carcinoma, the establishment of tumors leads to 
increased IL-35 expression in CD4 +  tumor-infi ltrating lymphocytes [ 4 ]. In the tumor 
microenvironment, Foxp3 +  T regs  are considered to be the primary IL-35 producer 
[ 46 ]. T reg -derived IL-35 has been found to potently inhibit antitumor T-cell responses 
[ 4 ]. In addition, iTr35 was shown to contribute to the regulatory milieu in the tumor 
microenvironment, thus confi rming a critical role for regulatory triad of IL-35 and 
iTr35 cells in tumor progression [ 4 ]. IL-35 can be induced in human cancer cell 
lines following TNF-α and IFN-γ stimulation [ 22 ]. Tumor-derived IL-35 promoted 
tumor growth through the accumulation of suppressive myeloid cell populations 
(MDSCs) and increasing angiogenesis [ 43 ]. IL-35 over expression in tumor cells 
can also induce cell cycle arrest at the G1 phase and sensitize tumor cells to serum 
starvation-induced apoptosis [ 22 ].  

10.3     IL-35 Coding Genes 

 The two IL-35-encoding genes  IL12A  (for p35) and  EBI3  (for IL-27 β) are located 
on separate chromosomes (3p12-q13.2 and 19p13.3, respectively, in humans; chro-
mosomes 6 and 17qD, respectively, in the mouse) [ 11 ]. Sequence comparisons 
showed that p35 is related in sequence to ligands of the cytokine receptor family, 
most closely to IL-6 and GCSF [ 14 ]. 

M. Song and X. Ma



217

 EBI3 was fi rst identifi ed from a subtractive hybridization screen of genes in B 
lymphocytes in response Epstein–Barr virus (EBV) infection. It encodes a 34-kDa 
(229 amino acids) glycoprotein which is 30 % identical to the ciliary neurotrophic 
factor receptor (CNTFR) and 27 % identical to the p40 unit of IL-12 [ 30 ]. 

 Coimmunoprecipitation analysis showed that EBI3 can specifi cally be associ-
ated with the p35 in lysates and culture media of transfected EBV-negative Burkitt 
lymphoma cells and COS-7 cells [ 8 ]. Co-expression of EBI3 and p35 mutually 
facilitates their secretion. EBI/p35 heterodimer was also coimmunoprecipitated 
from trophoblasts of a human full-term normal placenta. Covalently linked EBI3 
with p35–Fc protein was found in human and mouse to form the heterodimeric 
protein IL-35 [ 26 ]. The mRNA of  IL12A  is ubiquitously and constitutively expressed 
in many cell types at low levels [ 44 ], while  EBI3  is expressed in EBV-transformed 
B lymphocytes, spleen, tonsil, placental trophoblasts, and activated APCs in vivo 
[ 10 ,  11 ,  32 ].  

10.4     Transcriptional Regulation of  EBI3  

  EBI3  was initially discovered as a transcriptionally activated gene in Epstein–Barr 
virus-infected human B lymphocytes. While typically low or absent in resting cells, 
EBI3 expression is constitutive in several human tumor cells, including Hodgkin 
lymphoma cells [ 27 ], and acute myeloid leukemia cells [ 33 ]. Immunohistochemical 
analysis revealed that EBI3 is highly expressed in tumor tissues originated from 
lung cancer, colon cancer, esophageal carcinoma, hepatocellular carcinoma, and 
cervical carcinoma [ 22 ]. It can be induced by pathogen- and host-derived infl amma-
tory stimuli: In B lymphocytes, EBI3 mRNA expression was directly induced by 
EBV latent membrane protein 1(LMP1) [ 9 ]; in CD40L/IFN-γ-stimulated immature 
human DCs, IFN-β enhanced EBI3 mRNA levels [ 41 ]. It is also highly expressed in 
LPS-stimulated mature and activated DCs (MADCs) [ 15 ]. Infl uenza A virus (IAV) 
infection enhanced EBI3 promoter activity through a PGE 2 -PKA-CREB signaling 
pathway [ 21 ]. 

 Consistent with the fi nding that the TLR2, TLR4, and TLR9 agonists induced 
EBI mRNA production in murine macrophages and B-cell as well as mouse BMDC, 
the adapter protein MyD88 was found to be required for these events [ 45 ]. EBI3 
gene expression was reduced or abrogated in TLR2-/TLR4, TLR9, and MyD88 
knockout mice. In addition, the NF-κB family members p50 and p65 directly bind 
to the EBI3 promoter in bone marrow-derived dendritic cells (BMDCs) (Fig.  10.2 ). 
The absence of p50 resulted in decreased EBI3 gene expression in response to LPS; 
p50/p65 was able to synergize with the Ets transcription factor PU.1 to increase 
EBI3 transcription [ 45 ]. In contrast, EBI3 levels were virtually unaffected in B-cells 
from NF-κB p50 knockout mice, suggesting the existence of p50-independent path-
ways for the regulation of EBI3 expression in B lymphocytes. Besides MyD88, 
another adaptor protein linked to TLR signaling – TRIF – was shown to be required 
for EBI3 expression [ 25 ]. TRIF is associated with TLR3 and TLR4 and serves to 
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activate IFN regulatory factor 3 (IRF3). BMDCs from TRIF-defi cient mice stimu-
lated with LPS cannot upregulate EBI3 gene expression [ 48 ]. As illustrated in 
Fig.  10.2 , bioinformatics analysis determined that there are several consensus  cis - 
elements within EBI3 promoter, including bind sites for NF-κB, CREB, and AP1 
[ 21 ,  33 ]. IAV (H3N2) infection signifi cantly activated EBI3 promoter activity by 
enhancing CREB binding to the specifi c enhancer element site within the EBI3 
promoter. This may be achieved by activated PKA-CREB signaling, which is the 
consequence of triggered COX-2 expression and PGE2 accumulation after IAV 
infection. Thus EBI is signifi cantly upregulated in A549 cells and peripheral blood 
mononuclear cells (PBMCs) [ 21 ]. In mice, while p35 mRNA was comparable in 
Foxp3 - CD4 +  and Foxp3 + CD4 +  thymocytes, EBI3 mRNA was present in Foxp3 +  
CD4 +  thymocytes, but was essentially absent in CD4 + CD8 +  and CD4 + Foxp3 -  thy-
mocytes [ 7 ]. Intracellular Ebi3 expression was detected in resting wild-type T reg  
cells, but not wild-type T eff  or  Ebi3  –/–  T reg  cells.  Foxp3 -transduced T eff  cells exhibited 
increased levels of  EBI3  transcripts (Foxp3-GFP encoding gene on retroviral vec-
tor) compared with the GFP-alone controls, suggesting that  EBI3  is a downstream 
target of Foxp3. Foxp3 is a transcription factor which is required for T reg -cell devel-
opment, homeostasis, and function [ 37 ]. This may partially explain the preferential 
expression of IL-35 by T reg  cells.

   (1) EBI3 expression in DCs is transcriptionally regulated by TLR signaling via 
MyD88, NF-κB, and PU.1. NF-κB and Ets binding sites were found at −99 and −77 
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  Fig. 10.2    Transcriptional regulation of  EBI3        
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bp upstream of the transcriptional state site, respectively. This −99 to −84 NF-κB 
binding site is not present in the murine EBI3 promoter. (2) Another conserved 
NF-κB binding site was found in the region between −331 and −319, a region of 
high homology between the murine and the human EBI3 promoter [ 33 ]. (3). Besides 
MyD88, TRIF was found to be another TLR4 downstream mediator to regulate 
EBI3 mRNA expression. As EBI mRNA levels upon LPS stimulation were 
decreased in BMDCs from both MyD88- and TRIF-defi cient mice. (4) EBI3 expres-
sion was upregulated in A549 human lung epithelial cells and human peripheral 
blood mononuclear cells infected with IAV (H3N2). IAV activated EBI3 promoter 
activity by enhancing CREB binding to the specifi c enhancer elements site within 
the EBI3 promoter through PKA-CREB signaling, which was mediated by COX2 
derived PGE 2 . (5) EBI3 was identifi ed as a downstream target of FOXP3 in murine 
T-cells, whereas the regulatory mechanism and binding site for FOXP3 are not 
clear. 

 The transcriptome of EBI3 and p35 in different cell types determine the produc-
tion and function of IL-35. It was also reported that p35 needs to be part of a het-
erodimer in order to be secreted [ 40 ]. Indeed, IL-35 is only upregulated when the 
expressions of both subunits are induced [ 19 ]. 

 EBI3 and p35 are constitutively secreted by T reg  (CD4 + CD25 + ) but not T eff  cells 
(CD4 + CD25 – ). T reg -cell restriction of IL-35 occurs because EBI3 is a downstream 
target of Foxp3 [ 7 ]. Foxp3 is an exclusive marker of murine T reg  cells because of its 
strictly restricted expression in T reg  cells [ 50 ]. EBI3 −/−  and p35 −/−  T reg  cells had 
 signifi cantly reduced regulatory activity in vitro and failed to control homeostatic 
proliferation and to cure infl ammatory bowel disease in vivo. In contrast to murine 
T reg , neither CD4 + CD25 +  Foxp3 +  nor CD8 + CD25 +  Fox3 +  regulatory thymocytes 
express EBI3, suggesting that in humans, Foxp3 expression is not suffi cient to 
induce signifi cant EBI3 expression [ 1 ]. As shown in Fig.  10.3 , besides CD4 +  T reg , a 

  Fig. 10.3    IL-35 expression in T-cells       
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novel population of CD8 + CTLA4 +  IL-35-secreting tumor Ag-specifi c T regs  in pros-
tate cancer patients was identifi ed to suppress T-cell proliferation in a IL-35-
dependent, contact-independent fashion. In CD8 + CTLA4 +  T-cells, the mRNA 
expressions of EBI3 and p35 were induced after the DNA vaccine encoding pros-
tatic acid phosphatase (PAP) stimulation. Blockage of CTLA4 using an anti-CTLA4 
antibody decreased the expression of IL-35 subunits in a PAP-specifi c fashion [ 29 ]. 
In mice, EBI3 and p35 mRNA also have been shown to be constitutively co-
expressed in CD8+ T-cells, albeit at a lower level [ 7 ]. In addition, naïve human or 
murine T cells were stimulated with IL-35 and converted into a regulatory popula-
tion, termed iT r 35 [ 4 ]. Transcription profi ling suggested that these iT r 35 exhibit a 
highly restricted gene signature (CD4 + Foxp3 -  EBI3 +  p35 + IL10 - TGFβ - ), compared 
with other two types of iTr: TGFβ-iTr (CD4 +  Foxp3 +  TGFβ + ) and IL-10-iTr (CD4 +  
Foxp3 −  IL-10 + ). Half of the regulatory microenvironment within the tumor is medi-
ated by T reg - induced iTr35. Mouse iTr35 cells exhibited potent suppressive potential 
in fi ve distinct disease models. Human iTr35 cells also suppressed primary human 
T-cell proliferation through IL-35 [ 35 ].

   (1) IL-35 is constitutively secreted by mouse T reg  but not T eff  cells. T reg -cell restric-
tion of this cytokine occurs because  Ebi3  is a downstream target of Foxp3. In con-
trast, EBI3 (as well as IL-35) is not expressed in human T reg  cells, constitutively or 
upon stimulation. (2) Antigen-specifi c CD8 + CTLA4 +  T regs  in human prostate cancer 
produce IL-35. This induction depends on CTLA4, as blockage of CTLA4 using 
specifi c antibody decreased the expression of IL-35 subunits. In addition, 
 antigen- specifi c induction of IL-35 was not observed in CD8 + CTLA4 -  T-cells. 
Naïve human or murine T cells were stimulated with IL-35 and converted into a 
regulatory population – iTr35 cells – which exhibit a highly restricted gene signa-
ture (CD4 + Foxp3 −  EBI3 +  p35 + IL10 - TGFβ − ). 

 Transcriptome analysis in B-cells showed that EBI3 was one of the differentially 
regulated genes in B-cell activated by TLR4 plus CD40 relative to TLR4 priming 
alone [ 36 ]. B-cells constitutively express the IL-35 alpha chain, p35, but do not 
express p40. Thus, B-cell receptor for antigen (BCR) engagement along with TLR4 
and CD40 increased EBI3 and p35 transcription and IL-35 secretion, confi rming 
B-cells as a novel source of IL-35. The regulatory potential of B-cell-derived IL-35 
was further confi rmed and complemented by another study: Recombinant IL-35 
(rIL-35) treatment promoted the generation and conversion of IL-10 secreting B reg . 
It also mediated conversion of B-cells into a B reg  subset that produces IL-35 
(IL-35 + B reg ) [ 42 ]. rIL-35 induced the binding of STAT1 to p35 and EBI3 proximal 
promoter in B-cells and upregulated p35 and EBI mRNA expression and secretion 
of IL-35 by B reg  cells. In B-cells, IL-35 signals through IL-12Rβ/IL-27Rα (WSX1) 
and mediates its biological effects by activating STAT1 and to a lesser extent, 
STAT3, as IL-12Rβ2- or IL-27Rα-defi cient B-cells could not inhibit proliferation of 
B-cells or induce IL-35 +  B regs  in the presence of rIL-35. IL-12Rβ/IL-27Rα-STAT1/3 
pathway is different from the IL-35 signal in T-cells (Fig.  10.4 ).

   IL-35 mediates conversion of B-cells into a B reg  subset that produces IL-35 
(IL-35 + B reg ). B-cells respond to IL-35 through IL-12Rβ2/IL-27Rα (WSX1) het-
erodimers and STAT1/STAT3 pathways, which are required for the generation of 
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IL-35-producing B regs . In T-cells, IL-35 signals through gp130 and IL-12Rβ2 
homodimers or gp130/IL-12Rβ2 heterodimer. 

 Distinct from other members of the IL-12 family, the expression of IL-35 has not 
been described in antigen-presenting cells (APCs). Recently, IL-35 was shown to be 
produced in human tolerogenic dendritic cells (tolDCs) [ 12 ]. TolDCs don’t express 
IL-12p40 transcript, but maintain mRNA and protein expression of p35 and EBI3. 
EBI3 was strongly upregulated by IFN-γ alone or plus LPS, while IL-12p40 was not 
expressed using any stimuli in tolDCs, suggesting that IL-35 producing in tolDCs 
may due to the lack of competition between EBI3 and IL-12p40. In addition, p35 
produced in tolDCs is required for their full tolerogenic potential, thereby implying 
a role of IL-35 in tolDCs. In addition, heat-killed  C. albicans  induced EBI3 expres-
sion at a high level in type2 anti-infl ammatory macrophages (M2 macrophages) 
[ 49 ]. EBI3 served as a suppressor for LPS-induced M1 to M2 transition and 
IL-12p70 production. However, IL-35 production was not detected in M2 
macrophages. 

 Gene expression analysis has revealed that IL-35 may have much broader tissue 
distribution [ 19 ]. Based on experimental evidence, the authors demonstrated that 
IL-35 is a responsive anti-infl ammatory cytokine that could be induced by proin-
fl ammatory cytokines in non-T-cells (intestinal epithelial cells, primary aortic 
smooth muscle cells, and intestinal microvascular endothelial cells).  

  Fig. 10.4    The expression and signaling pathway of IL-35 in B-cells       
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10.5     Concluding Remarks 

 With an increasing expansion of expression sources and cellular targets of IL-35 
since its identifi cation, more and more novel functions of IL-35 beyond inhibition 
of T-cell proliferation are being uncovered. IL-35 seems unique in the IL-12 family 
in that it does not appear to have opposing activities. Assessment of the tissue and 
cellular sources of IL-35 in disease settings will help us determine its potential as a 
diagnostic and/or prognostic biomarker. Elucidating its role and regulatory mecha-
nisms of IL-35 in disease progression may aid in the development of IL-35-directed 
therapies.     
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