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Interleukin-10: new perspectives on an old cytokine
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Summary

Interleukin-10 (1L-10) has long been recognized to have potent and broad-spectrum anti-
inflammatory activity, which has been unequivocally established in various models of infection,
inflammation, and even in cancer. However, because of the marginal successes of the initial clinical
trials using recombinant IL-10, some of the interest in this cytokine as an anti-inflammatory
therapeutic has diminished. New work showing IL-10 production from regulatory T cells and even
T-helper 1 T cells has reinvigorated the field and revealed the power of this cytokine to influence
immune responses. Furthermore, new preclinical studies suggest that combination therapies, using
antibodiesto IL-10 along with chemotherapy, can be effective in treating bacterial, viral, or neoplastic
diseases. Studies to understand I1L-10 gene expression in the various cell types may lead to new
therapeutics to enhance or inhibit IL-10 production. In this review, we summarize what is known
about the regulation of IL-10 gene expression by various immune cells. We speculate on the promise
that this cytokine holds to influence immune responses and mitigate immune pathologies.
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Introduction

Interleukin-10 (IL-10) isa Type Il cytokine and the “founding” member of a family of cytokines
that include I1L-19, IL-20, IL-22, 1L-24, IL-26, 1L-28, and IL-29 (1). All of these cytokines
have similar intron—exon genomic organization, bind to receptors with similar structures and
in some cases shared components (2), and all activate Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) signaling pathways. Despite these commonalities, the
cytokines in this family have very different biological activities, which are largely determined
by the cells producing the cytokine, the cells responding to them, and the immune environment
in which they are released. A brief description of the IL-10-related cytokines is listed in Table
1. More detailed descriptions of each of these individual cytokines can be found elsewhere
(3). Inthe present review, we focus on IL-10, the cytokine that has the most potent anti-immune
and anti-inflammatory activity of all the family members.

IL-10 was originally identified by Mosmann and colleagues (4,5). Since this original
description, the list of cells producing IL-10 has expanded rapidly, as have the number of cells
that are capable of responding to this cytokine. The four major T-cell sources of IL-10 are T-
helper type 2 (Th2) cells, subsets of regulatory T cells designated Tr1, Th1, and Th17 cells
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(6). CD8* T cells also produce IL-10. Other important producers of IL-10 include monocytes
and appropriately stimulated macrophages, as well as some subsets of dendritic cells (DCs).
Human B cells are also a potentially important source of IL-10 (7), as are some granulocytes,
including eosinophils and mast cells (8). Non-immune cell sources of I1L-10 include
keratinocytes, epithelial cells, and even tumor cells (9,10).

It is difficult to determine which cells are the most important producers of IL-10. The recently
developed IL-10/green fluorescence protein (GFP) reporter mice may provide us with this
information (11), but at the present time, we must resort to conjecture regarding this important
question. From our own perspective, it seems reasonable to assume that Th2 cells represent a
very important source of antigen-specific IL-10. These cells exhibit epigenetic commitment to
IL-10 production (described later in this article), which assures that clonal progeny cells will
also retain high levels of 1L-10 production over extended periods of time. Type 1 regulatory
T cells have also emerged as important sources of IL-10 (12). There are now numerous
examples in animal models where the presence of Trl cells can permit pathogen persistence,
ameliorate or prevent autoimmunity, and even suppress graft or tumor rejection. Consequently,
numerous studies to manipulate this subset of regulatory T cells are underway. There is no
question that Th1 cells and more recently Th17 cells are capable of producing IL-10, and these
cells represent an important source of 1L-10 during infectious diseases (13,14), but it seems
more likely that this production may occur as a homeostatic mechanism to prevent uncontrolled
T-cell activation (6). This IL-10 production in Th1 and Th17 cells may occur via a ‘strength
of stimulus” mechanism, which may also be true of B cells. In our hands, the production of
IL-10 from myeloid DCs is fairly modest relative to macrophages, and plasmacytoid DCs do
not seem to be important sources of 1L-10 (15). The stimulus used to induce cytokine
production from DCs may also dictate the amount of IL-10 produced by them. In general, Toll-
like receptor 2 (TLR2) ligands seem to be better stimuli than TLR4 ligands for IL-10 production
by DCs (16). It should be emphasized that even though some populations of DCs may not
produce large amounts of IL-10, these cells are extremely sensitive to the inhibitory effects of
IL-10, whether produced by the DCs themselves or by neighboring cells (see tumor-infiltrating
DCs below). The production of IL-10 from macrophages may also depend on the stimulus used
to induce it. For example, bacterial flagellin, which interacts with TLR5, seems to be a
particularly poor inducer of IL-10 relative to TLR2 and TLR4 ligands. The hyper-induction of
IL-10 that has been associated with regulatory macrophages may also occur by a “strength of
signal” mechanism that results in the activation of the mitogen-activated protein kinase
(MAPK) extracellular signal-regulated kinase (ERK), resulting in high levels of IL-10
production. IL-10 production by mast cells in the skin may serve to limit local pathology in
the skin during contact dermatitis or ultraviolet irradiation (17). Thus, there are several
potentially important cellular sources of IL-10, and it is quite likely that the relative importance
of each cell type may vary with the type, strength, and location of stimuli.

The human IL-10 gene spans about 4.7 kb on chromosome 1921-32 and contains five exons
that are separated by four introns. The murine IL-10 gene is organized in a similar fashion with
5.1 kb spanning chromosome 1E4. There are several genes adjacent to IL-10 gene within a
segment of approximately 200 kb that forms the IL-10 gene cluster (Fig. 1). Within this cluster
in both human and mouse, the genes encoding 1L-20 and I1L-19 are found approximately 90 kb
upstream of IL-10, whereas genes encoding Mapkapk2 and Dyrk3 are localized downstream
of IL-10. Among these five genes, the transcription of the IL-10 gene is initiated in one
direction, whereas the others proceed in the opposite orientation.

The IL-10 receptor

IL-10 signals through a two-receptor complex consisting of two copies each of 1L-10 receptor
1 (IL-10R1) and IL-10R2 (18). IL-10R1 binds IL-10 with a relatively high affinity (50-200
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pM), and the recruitment of IL-10R2 to the receptor complex makes only a marginal
contribution to ligand binding. However, the engagement of this second receptor to the complex
enables signal transduction following ligand binding. Thus, the functional receptor consists of
a dimer of heterodimers of IL-10R1 and IL-10R2 (Fig. 2). Most hematopoietic cells
constitutively express low levels of IL-10R1, and receptor expression can often be dramatically
upregulated by various stimuli. Non-hematopoietic cells, such as fibroblasts and epithelial
cells, can also respond to stimuli by upregulating IL-10R1. The IL-10R2 is expressed on most
cells, and therefore a large number of diverse cells have the ability to bind to and consume
IL-10. This represents a problem for the therapeutic administration of recombinant IL-10
(r1L-10), because much of the cytokine can be diverted to non-immune cells thereby
diminishing the effective dosage administered. This effect almost certainly contributed to the
marginal success of some of the early clinical trials in which I1L-10 was administered
subcutaneously at sites distal to the sites of inflammation.

The binding of IL-10 to the receptor complex activates the Janus tyrosine kinases, JAK1 and
Tyk2, associated with IL-10R1 and IL-10R2, respectively, to phosphorylate the cytoplasmic
tails of the receptors. This results in the recruitment of STAT3 to the IL-10R1 (2). The site of
STAT3 recruitment is conserved between the human and murine receptor and is shared by
other STAT3-recruiting receptors, including gp130, IL-20R1, and IL-22R1. The
homodimerization of STAT3 results in its release from the receptor and translocation of the
STAT homodimer into the nucleus, where it binds to STAT-binding elements in the promoters
of various genes (18) (Fig. 2). One of these genes is IL-10 itself, which is positively regulated
by STAT3 (19). STAT3 also activates the suppressor of cytokine signaling 3 (SOCS3), which
controls the quality and quantity of STAT activation (20,21). SOCS3 is induced by I1L-10 and
exerts negative regulatory effects on various cytokine genes. Importantly, the IL-10R does not
have SOCS-binding sites and therefore is not subject to the regulation by SOCS3 that other
cytokine receptors may be (20). SOCS proteins contain two major domains: a Src homology
2 (SH2) domain that binds to the substrate and a Socs box that complexes with elongins B and
C, acullin and Rbx2, to form a E3 ubiquitin ligase. It has been postulated that following SOCS
binding to their substrates via the SH2 domain, the E3 activity directs the substrates for
ubiquitination and the proteasome-mediated degradation (21). However, direct evidence in
support of this degradation is lacking, and there is no evidence that SOCS3 can bind to IL-10
receptors and direct them for degradation. The phosphoinositide 3-kinase (P13K) pathway is
also activated by IL-10 (10). Although the roles of STAT3 and SOCS in IL-10 signal
transduction have been well established (22), a complete understanding of the molecular
mechanisms whereby IL-10 inhibits immune responses remains somewhat elusive. An
engineered EpoR that activates STAT3 activates an anti-inflammatory response identical to
IL-10, but other STAT3 activating receptors, such as the IL-6R, fail to exert anti-inflammatory
responses (22). This finding suggests that STAT3 activation is required but not sufficient for
the anti-inflammatory activity of IL-10. The differential regulation of signaling by SOCS
proteins may also contribute to differences between IL-6 and IL-10R (22). Furthermore, the
STAT3-dependent silencing of many cytokine genes in IL-10-treated macrophages is in stark
contrast to the enhanced production of genes such as IL-1 receptor antagonist in these same
cells. Several groups have demonstrated that IL-10 treatment results in diminished nuclear
factor-kB (NF-«B) activation in response to a variety of different stimuli (10), although this
effect may be cell-type specific. This may occur through the suppression of inhibitor of NF-
kB (IxB) kinase (IKK) activity by IL-10, resulting in the retention of NF-xB subunits in the
cytoplasm. IL-10 may also inhibit NF-«B translocation to the nucleus and DNA binding (23),
and this inhibition may be specific to the p65 subunit, resulting in the preferential induction of
p50 monomers and homodimers (24). The inhibition of NF-xB by IL-10 would explain the
large number of immune response genes that are less responsive to stimuli following IL-10
treatment. Defective NF-kB activation would also prevent DC maturation and diminish
antigen-presenting cell (APC) functionality, both of which have been attributed to IL-10.
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Furthermore, the inhibition of specific Rel family members, such as p65, may explain the ability
of IL-10 to inhibit inflammatory genes but activate others. In human monocytes, 1L-10
inhibition may not work at the level of NF-«xB inhibition (25), and therefore other molecular
mechanisms are likely to be involved. These possibilities may include an inhibition of MAPKSs
and/or an activation of an inhibitory PI3K/AKT pathway (10).

IL-10 bioactivity

The main biological function of IL-10 appears to be exerted on DCs and macrophages. IL-10
is a potent inhibitor of antigen presentation. It inhibits major histocompatibility complex class
Il expression as well as the upregulation of costimulatory molecules CD80 and CD86. IL-10
inhibits the differentiation of DCs from monocyte precursors, and it also inhibits DC
maturation. Thus, many of the immuno-inhibitory characteristics of IL-10 can be traced to their
effect on APCs to prevent the production of the Th1-associated cytokines IL-2 and interferon-
v (IFN-y), and also the Th2-associated IL-4 and IL-5. Thus, the original description of 1L-10
asacross-regulator of Th1/Th2 immunity is probably no longer applicable. The other profound
effect of IL-10 is to inhibit the production of proinflammatory cytokines and mediators from
macrophages and DCs. The major inflammatory cytokines, IL-1, IL-6, IL-12, and tumor
necrosis factor (TNF), are all dramatically repressed following exposure to IL-10.
Inflammatory chemokines of both the CC and CXC type are also suppressed by IL-10, as is
the production of macrophage matrix metalloproteases. 1L-10 can further inhibit inflammation
by increasing the release of IL-1 receptor antagonist by macrophages. IL-10 can also target
naive CD4* T cells, possibly via an inhibition of CD28 signaling pathway. IL-10 has little or
no direct effects on activated or memory T cells due to the reduction of IL-10R upon T-cell
activation (26).

It is important to also note that not all 1L-10 bioactivity results in a suppression of immune
responses. IL-10 can costimulate B-cell activation, prolong B-cell survival, and contribute to
class switching in B cells. It can also costimulate natural killer (NK) cell proliferation and
cytokine production (27). IL-10 can also act as a growth factor to stimulate the proliferation
of certain subsets of CD8* T cells (28-30). These stimulatory activities of IL-10 may be dose
dependent, and this may explain the overproduction of inflammatory cytokines in humans
treated with high doses of rIL-10 (31).

IL-10 transcriptional regulation

IL-10 is made by many different immune cells, and there are aspects of 1L-10 gene regulation
that are conserved among all these cells, while other mechanisms that appear to be cell specific.
The promoters for IL-10 in all the cells producing IL-10 are essentially the same and therefore
the transcription factors that initiate transcription are conserved. These transcription factors
and their binding sites are reviewed individually below and depicted schematically in Fig. 3.
In contrast to the conserved transcription factors, the signaling pathways that induce 1L-10 are
generally unique to each cell type. The chromatin encompassing the IL-10 locus may also be
uniquely modified in each of the different cells, and the post-transcriptional modifications may
also be cell specific.

In the murine IL-10 gene, a TATA box is found between 98 and 95 bp upstream of the first
methionine codon, while in the human IL-10 gene locus, its location is between 91 and 88 bp
(Fig. 3). Note, for clarity and consistency we designate these locations relative to the
translational start codon ATG. A CCAAT box is located between —233 and —237 bp in human
IL-10 gene and between —244 and —240 bp (CCAGT) in the murine I1L-10 gene. A predicated
transcriptional initiation site for IL-10 gene — ACA is located 66 bp upstream of the first ATG
for the murine gene and at 57 bp for the human gene.

Immunol Rev. Author manuscript; available in PMC 2009 August 11.
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The transcription of the IL-10 gene has been studied in detail in a variety of cells, including T
cells, B cells, NK cells, monocytes, and macrophages. Transcription factors such as Sp1 and
Sp3, STAT3, C/EBPp and 6 (CCAT T/enhancer-binding protein § and 8), IRF-1 (IFN
regulatory factor-1), c-Maf (cmusculoaponeurotic fibrosarcoma), AP-1 (activator protein-1),
CREB (cAMP response element binding) protein, and NF-«xB (family members, including p65-
containing heterodimers as well as p50 homodimers, were all found to positively regulate 1L-10
transcription. The binding of each of these transcription factors has been mapped to specific
sites on the murine and human IL-10 promoters (Fig. 2). The role that each plays in IL-10
transcription is summarized briefly below.

Spl is one of the first cellular transcription factors to be identified by virtue of its ability to
bind to G-rich motifs in the SV-40 early promoter. The Sp1-binding site in the IL-10 promoter
is located between —162 and —146 bp of the murine IL-10 gene (32—34). The element consists
of six bases AGGAGG. The requirement for Sp1l in transcription of murine IL-10 gene was
demonstrated convincingly in studies using Sp factor-deficient Drosophila SL2 cells. The
addition of both Sp1 and Sp3 could restore transcription, and both factors bound to the same
element. Importantly, while Sp1 uniformly drives transcription, in some settings Sp3 was
shown to repress Sp1-mediated transcription. A similar AGGAGG-containing element is found
in the human IL-10 promoter region, and this element is located within the region between
—183and —171 bp (35,36). When this element was replaced with GAATTC, the IL-10 promoter
activity was dramatically diminished. A second Sp1-binding site in human IL-10 promoter was
identified between —636 and —631 bp (agacCCCGCCt gtc) (37). Human IL-10 promoter
activity was abolished when a mutant Sp1 expression plasmid was introduced into cells. A
single nucleotide polymorphism (SNP) of A—C at —627 bp renders the Sp1 elements fully
repressive, possibly through interaction of Sp proteins with Ets family proteins that bind to a
downstream Ets-like element (tgtAGGAAcca).

The STATS are cytoplasmic transcription factors that translocate to the nucleus to regulate
gene expression in response to cytokines and growth factors. The canonical STAT-binding site
contains the sequence TTCCNGGAA. In the human IL-10 gene, two putative STAT-binding
sites have been reported (38,39). The first one is located between —740 and —720 bp (CCAAG
CACagTTGGG). A second one is found in the proximal promoter region between —154 and
—134bp (ATCCTGTgCCGGGAAACCTTG). Inthe murine IL-10 gene, the site corresponding
to the first human IL-10 STAT site is found between —714 and —700 bp
(TCATgCTGGGATCTG), whereas the second one is located at —130/-110 bp
(ACCTTTgCCAGGAAGGCCCC). The proximal STAT-binding element has been shown to
interact with STAT3 and mediate IFN-a-induced IL-10 production in a human B-cell line
(40). Bream and colleagues (41) recently showed that STAT4 can induce IL-10 production in
NK cells (42). STAT1 may play a negative regulatory role in IL-10 gene expression in
monocytes (42). In T cells, however, both STAT1 and STATS3 are critical for 1L-27-induced
IL-10 gene expression, whereas STAT3 is essential for IL-6-induced 1L-10 production (43).

The C/EBPs are a family of leucine zipper transcription factors that bind to DNA as
homodimers or heterodimers. The C/EBP consensus sequence is ATTGCGCAAT. Two
putative C/EBP sites were identified in the murine IL-10 promoter region at —475/ —450 bp
relative to the translation start codon (TGGAGGAAACAATTATTTCTCAATCC). The
downstream region of —463/ —450 bp (TTATTTCTCAATCC) appears to be a major C/EBP
site on the promoter (44). In the human IL-10 promoter, the corresponding putative C/EBP site
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can be found in the region of —452/-439 (TTATTTCTCAATCC). It has been demonstrated
that in the murine 1L-10 gene both C/EBP-3 and § can interact with the downstream putative
site to activate IL-10 gene transcription (45). In addition, C/EBP can synergize with Sp-1 to
induce IL-10 production (46).

The IRF family of transcription factors consist of nine members in both human and mice: IRF1,
IRF2, IRF3, IRF4 (PIP, LSIRF, or ICSAT), IRF5, IRF6, IRF7, IRF8 (ICSBP), and IRF9
(ISGF3y). The well-conserved N-terminal IRF DNA-binding domain (DBD) recognizes a
DNA sequence corresponding to the IFN-stimulated response element (ISRE) (A/
GNGAAANNGAAACT). Further analysis reveals that 5-AANNGAAA-3' is the consensus
IRF recognition sequence. A putative IRF motif is found in the human IL-10 promoter region
of —215/—201 bp relative to the translation start codon: 5-CAAAAATTGAAAACT-3'. In the
murine 1L-10 promoter region, several putative IRF motifs can also be spotted (47). There are
5-GCTAAAAAGAAAAAA-3' (—=377/-306 bp), 5-AAAAAAGGGAAAGGAAAAAA
(—218/-202 bp with two overlapping motifs), and 5-AAAAGAAAGAAATTA-3' (-197/-183
bp). In a study using a human B-cell line, Ziegler-Heitbrock et al. (38) showed that IFN-a
upregulated IL-10 production through an mechanism that was interdependent on the IRF and
nearby STAT motifs, whereas lipopolysaccharide (LPS)-induced IL-10 transcription was
independent of the IRF motif. Further analysis revealed that IRF-1 but not IRF-2 bound to the
human IL-10 IRF motif. Recently, retinoic acid inducible gene-1 (RIG-I)-mediated IRF-3
signaling has been attributed to Epstein-Barr virus-encoded small RNA-induced IL-10
production in promoting the growth of Burkitt’s lymphoma cells (48).

AP-1 is a heterodimeric transcription factor composed of proteins belonging to the c-Fos, c-
Jun, activating transcription factor (ATF), and Jun Dimerization Partner (JDP) family. AP-1
recognizes a DNA sequence defined as tissue plasminogen activator (TPA)-response element
(TRE: 5-TGAC/cTCA-3') via a leucine zipper. Association of AP-1 activity with I1L-10
production has been shown in T cells and monocyte/macrophages (49,50). An AP-1-specific
binding motif (5'-TGACTCA-3") was identified in the non-coding region that is approximately
1 kb downstream of the IL-10 transcription initiation site (51). This element is the motif that
binds to Jun/AP-1 protein and it is responsible for IL- 10 production in Th2 cells (52). An
additional AP-1 site is located further downstream (approximately 6.45 kb) that binds AP-1 in
the absence of nuclear factor of activated T cells (NFAT) and expresses intergenic RNA in a
Th2-specific manner (53).

The CREB proteins bind to cAMP response elements that consist of 5-TGACC/cTCA-3".
The human IL-10 promoter is responsive to cAMP stimulation in THP-1 cells and macrophages
(44,54,55). Four putative CREB elements have been identified in the human IL-10 promoter
region. They are CRE1 at —1272/ —1265 bp (5'-TGAtGTCA-3'), CRE2 at —1055/-1048 bp (5'-
TGACtTCt-3"), CRE3 at —862/—855 bp (5'-TGAtGTaA-3'), and CRE4 at —411/-404 bp (50-
ccACGTCA-3'). CREL, CRE3, and CRE4, but not CRE2 are able to form DNA-protein
complexes and slow migration in electrophoretic mobility shift assays. Antibody against CREB
and ATF-1 can supershift and reduce DNA—protein complex formed by CRE1 and CRE4 but
not CRE3. The complexes do not contain ATF-2, AP-1, or CREM-1. CRE1 and CRE4 are
functional in reporter assays, affirming their importance in 1L-10 regulation, and mutations in
either CRE1 or CRE4 diminish cAMP-induced IL-10 promoter activity. An element that is
identical to CRE4 can be found at —422/—415 bp of the murine IL-10 promoter, and this element
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may be critical for adiponectin-induced IL-10 production. The IFN-a-mediated suppression of
IL-10 may be due to CREB and AP-1 mediated mechanisms (50).

c-Maf is the cellular homolog of the avian viral oncogene v-mal, which belongs to the Maf
family of basic region and leucine zipper transcription factors. The consensus Maf recognition
sequence (MARE) has been defined as 5'-TGC(TGAS/-TCA) GCA-3' or 5-TGC
(TGACC/-cTCA)GCA-3'. This palindromic MARE sequence contains a TPA-responsive
element [TGA(C/c) TCA] or a cAMP-responsive element [TGA(CC/c) TCA]. The former is
the binding sequence for AP-1 (Jun/Fos) family proteins, whereas the later is for the proteins
of CREB/ATF family. The MARE core is flanked on both ends by extended sequence: 5'-TGC-
MARE-GCA-3’, which is a unique signature of the binding site of Maf family proteins. A
putative Maf-binding element was found in the human IL-10 promoter region at —233/-200
bp: 5'-TCATTTTIGC(TtACgaT)GCA AAAATTGAAAACTA-3' (56). A second possible
Maf binding sequence may be in the distal region of —491/-512 [5-TGACTGC(ctAAGLITA)
GCAAGGA-3. The proximal Maf site in humans contains an atypical TPA-response element,
whereas the distal site contains an atypical cAMP-response element. The proximal putative
site has been identified as a c-Maf-binding element for LPS-induced IL-10 production in
macrophages. Whether the distal site is functional remains in question. A third possible
candidate, which is conserved in the human and murine IL-10 genes, is in the region around
the translation start site of+2/+14 bp: 5-TGC(acAGCTCA)GCA-3' in humans and 5'-TGC
(ctgGCTCA)GCA-3'" in mouse. The sequence contains an atypical cCAMP-response element.
c-Maf was originally identified as Th2 transcription factor directing the expression of the IL-4
gene and thereby promoting Th2 differentiation (57,58). IL-4 may enhance LPS-induced I1L-10
production from macrophages via its activity on c-Maf (56).

Five DNA-binding members of NF-xB have been identified: p65 (RelA), c-Rel, RelB, p50,
and p52. They all have a Rel homology domain (RHD) that imparts DNA binding. p105-
derived p50 and p100-derived p52 lack trans-activation domains (59). The consensus sequence

for NF-kB binding is GGG*/2/.TT¢/,CC. In an earlier study on human monocytederived
macrophages, the overexpression of l1kBa an inhibitor of p65 nuclear translocation which leads
to a reduction in heterodimers formed between p65/other NF-kB proteins, had only minor
effects on LPS-mediated IL-10 production, and no effect on IL-1-induced production (60).
LPS-induced production of other inflammatory cytokines including IL-1p, IL-6, IL-8, and
TNFa was significantly reduced by this, suggesting that NF-«xB played little to no role in IL-10
biosynthesis. In LPS-treated macrophages derived from mouse bone marrow, a unique DNase
I-sensitive site around —4.5 kb upstream of the I1L-10 gene has been identified (61). Within this
region, a putative NF-xB-binding site with p65 binding was revealed with a sequence of
GGGGAATTCC. An identical sequence is conserved in a similar location of the human I1L-10
gene, suggesting a role for this hypothetical region in IL-10 regulation. Another putative NF-
kB-binding site in the murine IL-10 promoter region at —925/-916 bp has been recently
identified: 5'-GaGAAGTCCC-3'. This element appears to be the regulatory motif responsible
for PKR [double-stranded RNA (dsRNA)-dependent protein kinase]-mediated IL-10 induction
in murine macrophages following stimulation with dsSRNA (62). A putative NF-xB-binding
site specific for p50—p50 homodimers has been identified in the proximal region of the
promoter —124/-103 bp: 5-GCCAGGAAGGCCCCACTGAGC-3' (63). Preferential binding
of p50 homodimers to this element specifically recruits p300, a coactivator with histone
acetyltransferase activity, to initiate IL-10 gene transcription. The candidate for a putative p50
homodimer-binding site in the human IL-10 proximal promoter region can also be found in
region of —110/—100: 5’-GaGGCcTCCC-3'. Given the controversial findings regarding a role
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for NF-«B in IL-10 gene expression (64), additional studies on individual Rel family members
and IL-10 induction are clearly warranted.

Pre-B-cell leukemia transcription factor (Pbx) homeoproteins are cofactors for the Hox family
of homeodomain-containing transcription factors that contribute to body pattern by promoting
the expression of specific genetic programs. Pbx1 is required for hematopoiesis as well as for
multiple developmental processes such as skeletal patterning and organogenesis (65). A
binding site for Pbx1 in the human IL-10 promoter region has been located to the nucleotide
of —163/—155 bp (—106/-98 bp relative to transcription initiation site): 5'-TTGATTGTGT-3'
(66). The consensus sequence for a Pbx-binding element is 5-TGATTTAT-3'. Ma and
colleagues (66) recently showed that Pbx1 together with another Hox cofactor, Pbx-regulating
protein 1 (Prep-1), mediates the transcription of 1L-10 genes in the macrophages following
their interaction with apoptotic cells.

In summary, there are a variety of transcription factors that exhibit the potential to bind to the
IL-10 promoter. This understanding explains, in part, the variety of different stimuli that can
induce 1L-10 production from immune cells. If we were asked to prioritize the importance of
each transcription factor for IL-10 production, Sp1 and STAT3 would probably top the list.
Some of the other transcription factors may be stimuli specific. For example, the stimulation
of IL-10 production by cAMP would logically depend more on CREB. The contribution of the
p65 subunit of NF-xB remains controversial and may be cell specific. Therefore, there certainly
exist the potential to inhibit the production of inflammatory genes by targeting p65 without
preventing IL-10 production in many cells.

Epigenetic modifications of IL-10 gene locus

The influence of epigenetics on 1L-10 gene expression has been studied in a variety of different
cells, and in all of these cells, epigenetic mechanisms appear to play significant roles in 1L-10
gene regulation. However, in non-dividing cells, such as macrophages and DCs, these
mechanisms confer transient regulation of gene expression, whereas in committed T cells,
epigenetic mechanisms may stabilize gene expression and maintain it over several generations
of daughter cells.

Nucleosome-poor regions are generally DNase | hypersensitive (HS) sites, which are often
located at the regions close to protein-bound regulatory elements. These nucleosome-poor
regions can be enhancers, locus control regions, matrix attachment regions, or insulator/
boundary elements. Naive resting T cells exhibit essentially no HS sites in the neighborhood
of the IL-10 gene (53). In Th1 and Th2 cells, a constitutive HS site (HS I11) is found in a region
immediately 3’ (downstream) of the last exon of the IL-10 gene. A HS site in the proximal
region of IL-10 promoter is found only in Th2 cells (67). A phorbol myristate acetate (PMA)/
ionomycin-inducible HS site common to both Th1 and Th2 cells has been located in a region
further 3’ (downstream) of HS 11l. Two PMA/ionomycin-inducible HS sites specific to Thl
cells are located within intron 3 (HS 1) and intron 4 (HS I1). In IL-10-producing regulatory T
cells, three HS sites have been identified upon activation. There are HSS—0.12 that is located
at 0.12 kb of 5'-flanking region, HSS+1.65, and HSS+2.98, which are located respectively at
1 65 kb and 2.98 kb of 3’-downstream region of the IL-10 gene. In Th2 cells, there are HSS
—0.12, HSS-2.0, and HSS+2.88. In macrophages, HSS+1.65, HSS—0.12, and HSS—2.0 as well
as HSS—4.5 are found. HSS—4.5 is specifically present in LPS-stimulated macrophages and
contains an NF-kB-binding motif (61). It appears that HSS—0.12 is present among all I1L-10-
producing cells examined. All of the HS sites have an open chromatin configuration, as
characterized by constitutive hyperacetylation at histones H4 and H3.
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In IL-10-producing T cells, GATA-3 expression is correlated with IL-10 production. GATA-3
appears to function as a promoter to enhance histone hyperacetylation around the HS sites, as
suggesting by the observation that ectopic expression of GATA-3 does not increase I1L-10
promoter activity in reporter assays. GATA-3 is specifically recruited to the sites of —86/—61
bp that are in the vicinity region of HSS—0.12. HSS+6.4 is another site specific for GATA-3
binding to remodel chromatin. Of note, HSS16.4 also contains AP-1 site for Jun protein (51).
GATA-3 acts as a direct regulator to instruct chromatin remodeling at IL-10 gene locus, which
is independent of IL-4.

In macrophages, histone phosphorylation rather than acetylation appears to be an important
element in the control of IL-10 gene expression (34). Phosphorylation of serine 10 of histone
H3 (H3S10) correlates temporally with the initiation of IL-10 gene transcription in
macrophages. H3S10 phosphorylation is downstream of ERK activation, and multiple ERK
activators can enhance macrophage IL-10 production (33). Macrophages stimulated with TLR
ligands in the presence of FcyR cross-linking exhibit a rapid activation of ERK, which results
inadynamic enhancement of H3S10 phosphorylation at nucleosomes associated with the IL-10
promoter. H3S10 phosphorylation is transient and vanishes within 60min after stimulation.
These changes in histone phosphorylation promote the rapid recruitment of Sp1 to the IL-10
promoter, which is followed by minor changes in histone H3 acetylation. It appears as though
H3S10 phosphorylation in macrophages is sufficient for transcriptional activation of the IL-10
gene, because IL-10 mRNA levels are not dramatically affected by inhibitors of histone
deacetylase. We have correlated histone phosphorylation with DNase sensitivity and showed
that the 1L-10 promoter becomes much more accessible following H3S10 phosphorylation.

Post-transcriptional regulation of IL-10

Similar to the majority of cytokine genes, IL-10 mRNA contains a long segment of 3'-
untranslated region (UTR) (702 bp for the murine IL-10 and 1033 bp for the human one) that
plays a role in mMRNA instability (68). IL-10 mMRNA becomes more stable after the 3'-UTR is
deleted, extending the half-life from 1 h to >12 h. IL-10 mRNA contains class Il AU-rich
elements (ARES) in its 3'-UTR, which are classified based on the number and spacing of the
canonical AUUUA pentamer. Class Il AREs have a cluster of 4-7 overlapping pentamers
within the U-rich context, typically an extended UUAUUUAUU nonamer. IL-10 3'-UTR
contains six AUUUA pentamers, four of which are surrounded by U residues to form octameric
motifs that are very similar to the nonamer. Tristetraprolin (TTP), an RNA-binding protein, is
known to bind nonamers and trigger the rapid degradation of mRNA. IL-10 mRNA decay rate
is reduced in the primary macrophages obtained from TTP knockout mice relative to control
littermates (69). The half-life for IL-10 mRNA in these mice is increased from 1.5 to 3 h.
Stability of mRNA is not the only mechanism for post-transcriptional regulation of IL-10.
IL-10 production can also be regulated at the translational level. In LPS-stimulated
macrophages, activation of adenosine receptor induced IL-10 production without affecting
IL-10 gene transcription and mRNA stability. Instead, adenosine-mediated signals specifically
relieve the translational repressive effects of the IL-10 mRNA 3'-UTR that contains the
GUAUUUAUU nonamer (70). This post-transcriptional mechanism has been reported only in
macrophages. Another 1L-10-dependent mMRNA destabilizing factor has also been identified
in monocytes, and this may be a mechanism to rapidly terminate IL-10 production in these
cells (71,72).

Polymorphisms in the IL-10 promoter

There have been several studies showing strong correlations between disease prevalence and
polymorphisms in the IL-10 gene. However, definitive ‘cause-and-effect’ studies to
demonstrate how these polymorphisms contribute to pathology are less well developed.
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Polymorphisms in the IL-10 gene promoter have been associated with diseases, such as graft-
versus-host disease (GVHD) and survival after hematopoietic cell transplantation (73). Five
SNPs tagging the promoter haplotypes of the IL-10 gene have been widely studied. They are
—3575,-2763,-1082, 819, and —592, which are defined relative to their positions in the IL-10
gene sequence upstream of the transcription initiation site. The lowest incidence of severe acute
GVHD and remission is associated with homozygosity for the haplotype of T-C-A-T-A at
(—=3575)-(— 2763)-( — 1082)-( — 819)-( — 592), possibly due to the overproduction of 1L-10,
thereby inducing tolerance in donor T cells to foreign antigen in the recipients. Polymorphisms
in the 1L-10 promoter that have been linked to more severe forms of asthma have been
associated with reduced levels of IL-10 production (74). The molecular effects of these SNPs
in the 1L-10 gene promoter region, however, are not precisely understood. The study of the
SNP of A to C at —571 (a site with Sp1-binding motif) suggests that changes in IL-10 promoter
activity may be one of the mechanisms underlying the alteration of IL-10 production (37). In
Drosophila SL2 cells, which are devoid of Sp proteins, Sp1 functions as a positive regulator
when a human IL-10 gene reporter construct with A allele is transfected, but Sp1 becomes a
repressor when a C allele reporter construct is transfected. The A—C change converts the Spl
element into a repressor, through the interaction of Sp proteins with Ets family proteins. Ets-1
has been shown to repress IL-10 gene expression in T cells (75,76). The molecular mechanisms
underlying this observation require further study.

IL-10 and the potential for therapeutics

Numerous studies using mice that are genetically deficient in IL-10 have illustrated the
importance of this cytokine in limiting autoimmune pathologies. Mice lacking IL-10 or treated
with blocking anti-receptor antibodies succumb to what would normally be sublethal doses of
LPS (77). Furthermore, some bacterial and parasitic infections that are normally self-contained
result in lethal autoimmune mortality in 1L-10-deficient mice (78,79). Virtually every murine
model of autoimmunity, including experimental autoimmune encephalitis, rheumatoid
arthritis, and inflammatory bowel disease, disease is dramatically exacerbated in mice lacking
IL-10. These studies illustrate the power of IL-10 in limiting an over-exuberant immune
response and preventing autoimmunity. Other mouse models in which IL-10 is overexpressed
have illustrated the immunosuppressive power of this cytokine. Bacteria that are cleared in a
normal host can cause lethal infections in mice in which IL-10 is genetically overexpressed.
Viruses encode IL-10 homologs to suppress immunity and persist in an otherwise
immunocompetent host, and there is now evidence that tumors and tumor-associated
macrophages produce IL-10 to contribute to the immunosuppressive environment of the tumor.
Thus, manipulating host IL-10 responses holds great promise, but this is a two-edged sword
that is not without considerable risk. Blocking IL-10 introduces the risk of autoimmunity,
whereas inducing IL-10 overexpression can lead to immunosuppression.

riL-10 as a therapeutic

Human clinical trials on the use of rIL-10 to treat inflammatory diseases were initiated more
than a decade ago. Some of the earliest trials were done in patients with psoriasis, and the initial
studies performed on small numbers of patients were quite encouraging. Unlike many other
recombinant cytokines, 1L-10 was relatively well tolerated, and the subcutaneous injection of
IL-10 beneath psoriatic lesions had significant clinical benefits. In one small study involving
10 patients, there were significant decreases in the size of psoriatic areas as well as the severity
index following rlL-10 administration. In subsequent studies on larger numbers of patients
with more severe forms of psoriasis, however, the administration of rIL-10 resulted in only
temporary clinical improvement. A similar experience was observed in patients with Crohn’s
disease (CD) who were treated with rIL-10. The Crohn’s Disease Cooperative Group
concluded that the subcutaneous administration of riL-10 (8 pg/kg) to adults with CD was well
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tolerated and resulted in “a tendency toward clinical improvement, but not remission’ (80).
These trends toward modest clinical improvements were largely repeated in subsequent studies
in both CD and rheumatoid arthritis. Furthermore, high doses of IL-10 were actually associated
with enhanced inflammatory responses (31). There was some speculation that the subcutaneous
administration of rIL-10 was at least partially responsible for the modest improvements
observed in some of the trials, because IL-10 was not delivered locally to the area of
inflammation. Although it should be emphasized that in the psoriasis studies described above,
the rlL-10 was administered directly beneath the psoriatic lesions of the skin. This speculation
was perhaps based on earlier studies in which the delivery of IL-10 to murine central nervous
system by an adenovirus vector prevented experimental autoimmune encephalitis, whereas
systemic administration was ineffective (81). The local delivery of IL-10 to sites of
inflammation remains a major challenge, and exciting new experimental approaches are being
undertaken in this area. Encouraging studies using Lactococcus lactis to deliver IL-10 to the
gastrointestinal tract are beginning to show some promise. Early studies in mice resulted in a
50% decrease in experimental colitis (82), and in Phase | human clinical trials the genetically
engineered bacteria were well tolerated in a small group of patients (83). Similar approaches
with other bacterial delivery systems are being undertaken. Recently, a rIL-10 gene has been
fused to the Type 11 secretion apparatus of Shigella, and the secreted cytokine appeared to
inhibit bacterially induced inflammatory responses (84). Other potentially interesting new
approaches have included the delivery of biologicals to specific areas of the gastrointestinal
tract via the oral administration of gelatin nanoparticles. The I1L-10 gene has been delivered to
the gastrointestinal tract using this technique. These nanoparticles preferentially accumulate
in the large intestine where the IL-10 gene expression could be detected by reverse transcriptase
polymerase chain reaction. In a murine acute colitis model, this approach resulted in the
restoration of colon length, suppression of inflammatory responses, and increased body weight
(85).

Despite what must be considered modest clinical effects of rIL-10, there remain reasons to be
optimistic about the prospects for IL-10 therapy. The local delivery of IL-10 is an area that
continues to grow, and the use of rIL-10 in combination with other cytokines, growth factors,
or therapeutics continues to hold potential. Finally, our understanding of IL-10 gene expression
may allow us to manipulate specific immune cells to ‘program’ them to home to lesions and
preferentially produce IL-10 rather than inflammatory cytokines.

Antibodies to IL-10 and its receptors

While rIL-10 holds some promise as an anti-inflammatory therapeutic, substantially more
progress has been made in blocking the effects of 1L-10 using antibodies to the cytokine or its
receptor. These studies have been undertaken to enhance immune responses to infection and
improve vaccines. Thus, the prevention of immune suppression or the reversal of immune
biasing by transiently blocking IL-10 is an important emerging area of study.

One of the major areas of IL-10 intervention has been in the area of anti-viral responses and
vaccinations against viral infections. One of the defining characteristics of persistent viral
infections is the lack of functional anti-viral effector T cells. One way that this can occur is via
the production of IL-10 to suppress cellular immune responses. It has long been appreciated
that viruses can encode viral homologs of IL-10, which can bind to mammalian receptors for
IL-10 and suppress immune responses to allow viral persistence. Other viruses appear to
preferentially induce host IL-10 production to the same effect. In persistent lymphocytic
choriomeningitis virus (LCMV) infection, for example, there is a pronounced increase in
murine 1L-10 levels during infection, and blockade of the IL-10 receptor resulted in a rapid
resolution of infection (86). Blocking I1L-10 activity may also improve anti-viral vaccine
strategies. In recent studies using a DNA vaccination approach to LCMV, the blocking of IL-10
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improved vaccine responses and provided protection against subsequent infection (87). New
combination approaches to enhance immunity and enable therapeutic vaccination against
intracellular pathogens may include the blockade of IL-10 and other immune-inhibitory
molecules, such as programmed death-1 (PD-1) (87).

The therapeutic manipulation of IL-10 is not restricted to enhancing anti-viral responses. The
addition of antibodies to the IL-10R resulted in enhanced murine immune responses to
Mycobacterium avian (88) and importantly improved the effectiveness of chemotherapy when
added late in a chronic infection (89). This protective effect may be due to the specific
enhancement of Th1 responses following IL-10R blockade. Early studies demonstrated that
immunization of mice with a nominal protein antigen, ovalbumin, in the presence of antibody
to block the IL-10R gave rise to Thl responses to that antigen (90). Conversely, we
subsequently demonstrated that overexpressing IL-10 in APCs can preferentially induce Th2
responses (91).

IL-10 has been associated with tumor progression, and studies to block IL-10 in cancer continue
to show great promise. In many different types of cancers, tumor IL-10 levels correlate with
disease severity (92). Because IL-10 works primarily at the level of APCs, it is perhaps not
surprising that tumor-associated DCs and macrophages exhibit profound phenotypic and
functional alterations. Tumor-associated DCs are defective in antigen presentation and fail to
activate cytotoxic T cells (93). Although there are undoubtedly many tumor-derived factors
that contribute to DC dysfunctionality, the high levels of IL-10 derived from both the tumor
and host cells is emerging as one of the most important immunosuppressive cytokines in cancer.
Tumor-associated macrophages, for example, produce minimal amounts of the
immunostimulatory cytokines IL-12 (92) and TNF (Fig. 4), but they constitutively produce
relatively high levels of IL-10 (Fig. 4). Regulatory T cells producing IL-10 have also been
isolated from tumors (94). IL-10 can prevent DC maturation, and it can inhibit DC
differentiation from mononuclear cell precursors (95). Blocking the effects of IL-10 in many
cases can reverse DC dysfunction and restore immune responsiveness. In vitro studies using
small interfering RNA to silence IL-10 in human DCs have resulted in enhanced 1L-12
production and improved cytotoxic T-cell responses to tumor epitopes (96).

The basic studies on the role of IL-10 and immunosuppression described above have given rise
to some exciting new combination therapies in which tumors are treated with cytotoxic
therapeutics in combination with antibodies to block 1L-10. The rationale behind these studies
is that the antigens released from dying tumor cells can be processed and presented by DCs if
their functionality is restored by blocking IL-10. In fact, several groups have suggested that
the death of tumor cells may be precisely what induces host I1L-10 production and therefore
DC unresponsiveness (97). Other combination therapies include not only the addition of
antibodies to block the immunosuppressive IL-10R but also immunostimulatory TLR ligands
to activate DCs and promote DC maturation. In small animal models, these approaches are
beginning to bear fruit (98). Continued studies in this area hold the potential to lead to the long-
awaited dream of effective vaccinations against cancer.

There can be little doubt that IL-10 exerts a profound effect on immune responses. This
conclusion is based on a vast number of studies using transgenic mice expressing IL-10 in
various cellular compartments, on 1L-10-deficient knockout mice, on studies utilizing
monoclonal antibodies to 1L-10 or its receptor, and on studies utilizing natural or genetically
modified viruses that express I1L-10-like molecules. These observations have given rise to the
hope that the reliable manipulation of immune responses by controlling IL-10 levels may some
day become a reality. There can be no doubt, however, that manipulating this cytokine carries
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a high degree of risk due to the fine balance between immunopathology and immuno-

su
as
be

ppression. Further-more, the myriad activities of IL-10 that include both immunosuppressive
well as immunostimulatory activities suggest that optimal doses of 1L-10 must be defined
fore we can achieve the desired effects. Our understanding of the regulation of IL-10 in

various immune cells paves the way to augment or suppress IL-10 without affecting other
immune activities. Studies on combination therapies to temporarily suppress I1L-10 to augment
immune responses hold particular promise. The hope is that one day we can augment immune
responses or prevent immunopathology by making small alterations in the levels of IL-10
production or in the cellular location where it is produced.
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Fig. 1. A schematic of mouse chromosome 1, showing the IL-10 gene and its neighbors

Arrows depict orientation of gene expression. The sizes of intervening sequences are
designated below. Regulatory elements, such as insulators, enhancers, and silencers, are not
shown.

Immunol Rev. Author manuscript; available in PMC 2009 August 11.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Mosser and Zhang Page 19

ERIEEREEES amEm .llll' AESEEEEERERERES

e
5

IL-10R1

IL-10R1
1L-10R2

Tyk2
el Jak1 Jak1

— Y446 —
» — vase —_

!

Fig. 2. The IL-10 receptor and a simplified version of signaling from this receptor

The functional receptor complex is composed of two subunits each of IL-10 R1 and I1L-10R2.
The Janus tyrosine kinases JAK1 and Tyk2 associate with the cytoplasmic tails of the receptor
and phosphorylate tyrosine residues in IL-10R1, to which STAT3 is recruited. STAT3
homodimers translocate into the nucleus and bind to STAT elements in several immune
response genes, including IL-10 itself and the SOCS genes.
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Fig. 3. A diagram of regulatory elements in the murine and human IL-10 promoters
The binding sites for transcription factors (circles and boxes) in the murine (top) and human
(bottom) IL-10 promoter with numbering relative to the translation start site. For details on

each transcription factor, please consult text.
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Fig. 4. The production of cytokines from tumor-associated macrophages
The relative levels of MRNA for IL-10 (left) and TNF (right) from tumor-associated

macrophages were determined by reverse transcriptase polymerase chain reaction and were
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compared with peritoneal macrophages from normal non-tumor-bearing mice. mRNA levels
were determined 2 h after in vitro stimulation with LPS and are compared with unstimulated
cells (0").
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Table 1
The IL-10-related cytokines
Member Primary cell source Receptor Biological effect
IL-19 Monocytes IL-20R1/IL-20R2 Immunoregulatory, skin development
1L-20 Monocytes, keratinocytes IL-20R1/1L-20R2, IL-22R1/IL-20R2 Inflammation, hematopoiesis, skin
development
1L-22 T cells, NK cells, Th17 cells IL-22R/IL-10R2 Innate immunity, acute-phase responses
1L-24 Monocytes, Th2 cells IL-20R1/IL-20R2, IL-22R1/IL-20R2 Inflammation, proapoptotic, epidermal
melanocytes cell function
I1L-26 Monocytes, memory T cells IL-20R1/IL-20R2 Mucosal and cutaneous immunity
1L-28, I1L-29 DCs IFNLR1/IL-10R2 Antiviral immunity
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