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Abstract

IL-10 plays an essential part in controlling inflammation and instructing adaptive immune responses.

Consequently, dysregulation of IL-10 is linked with susceptibility to numerous infectious and

autoimmune diseases in mouse models and in humans. It has become increasingly clear that

appropriate temporal/spatial expression of IL-10 may be the key to how IL-10 contributes to the

delicate balance between inflammation and immunoregulation. The mechanisms that govern the cell

type- and receptor-specific induction of IL-10, however, remain unclear. This is due largely to the

wide distribution of cellular sources that express IL-10 under diverse stimulation conditions and in

a variety of tissue compartments. Further complicating the issue is the fact that human IL-10

expression patterns appear to be under genetic influence resulting in differential expression and

disease susceptibility. In this review, we discuss the cellular sources of IL-10, their link to disease

phenotypes and the molecular mechanisms implicated in IL-10 regulation.
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Introduction

In the absence of appropriate feedback control, inflammatory responses can lead to vast

immunopathology and death. Due to its primary ability to restrain inflammation, IL-10 has

been a topic of long-standing interest. The majority of the work describing the biological roles

of IL-10 in vivo has been done in the mouse by taking advantage of robust models of infectious

and autoimmune diseases. Numerous clinical observations, however, have validated mouse

studies by linking IL-10 levels with disease outcomes. Likewise, disease association studies

identifying correlations between single nucleotide polymorphisms (SNPs) around the IL10

gene and disease susceptibility (as well as IL-10 levels) have bolstered the belief that

appropriate regulation of IL-10 expression is fundamental to governing host inflammatory

responses.

IL-10 was originally described by its ability to inhibit T-helper (Th) 1 activation and Th1

cytokine production. Thus, IL-10 was previously named cytokine synthesis inhibitory factor

(CSIF) [1] and was found to be expressed by a variety of cell types including macrophages,

dendritic cell subsets, B cells, several T-cell subpopulations including Th2 and T-regulatory

Present Address: C. M. Hedrich, Department of Pediatric Rheumatology and Immunology, Children’s Hospital Dresden, University
Medical Center, “Carl Gustav Carus”, Dresden, Germany

NIH Public Access
Author Manuscript
Immunol Res. Author manuscript; available in PMC 2011 July 1.

Published in final edited form as:

Immunol Res. 2010 July ; 47(1-3): 185–206. doi:10.1007/s12026-009-8150-5.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



cells (Tregs) and NK cells [2]. It is now recognized that the biological effects of IL-10 are

directed at antigen-presenting cells (APCs) such as macrophages and DCs. Thus, the actions

of IL-10 on T-cell development and differentiation are largely indirect by inhibiting

macrophage/dendritic cell activation and maturation [3]. IL-10 antagonizes the expression of

MHC class II and the co-stimulatory molecules B7.1/B7.2 (CD80/CD86) as well as the pro-

inflammatory cytokines IL-1β, IL-6, IL-8, TNF-α, and notably IL-12 [4,5]. Inhibition of

antigen-presenting cell function may be a predominant mechanism by which IL-10 regulates

antigen-specific Th-cell populations and adaptive immune responses in general with the goal

of limiting immunopathology [6]. However, the biological role of IL-10 is not limited to

inactivation of APCs as IL-10 is also known to enhance B cell, granulocyte, mast cell, and

keratinocyte growth/differentiation, as well as NK-cell and CD8+ cytotoxic T-cell activation

[2,5,7–9]. In addition, IL-10 has been shown to enhance NK-cell proliferation and/or

production of IFN-γ [10–12].

IL-10 has been implicated as a key regulator of host inflammatory responses during infection

with a variety of parasitic, bacterial, viral, and fungal pathogens [reviewed in 13]. Although

there is a clear association between IL-10 and disease susceptibility, less is known regarding

the cellular sources of IL-10 which mediate disease phenotypes. This is complicated by the

fact that IL-10 is regulated by various receptor systems and is expressed by a wide array of

cell types. In the case of infectious disease in particular, anti-inflammatory properties of IL-10

creates somewhat of a paradox. On the one hand, the initiation of inflammatory responses is

required for effective responses against harmful pathogens, but if left unchecked, can result in

inflammatory disorders, autoimmunity and even some cancers. On the other hand, in IL-10

expression can facilitate pathogen survival and the establishment of persistent infection such

as during Leishmania and LCMV infection [14,15]. Therefore, resolving the cellular sources

and temporal/spatial expression profiles of IL-10 in vivo remains a priority.

Cell-specific expression

T cells

Based on a large body of evidence, T cells are thought to be the main source of IL-10 in vivo

and by utilizing various mouse models, the critical role of T cell-derived IL-10 has been clearly

demonstrated both in maintaining immune homeostasis and in enabling microbial persistence

[reviewed in 16]. IL-10-expressing CD4+ T cells come in a variety of flavors, but each is

suspected of delivering IL-10 at sites of inflammation. An important question pertains to the

developmental origins of IL-10 expressing T cells, and the advent of several IL-10 transgenic

reporter mice in recent years has proven useful in tracking IL-10-producing cells in vivo and

provided more insight into how and perhaps where these regulatory cells develop the capacity

to express IL-10 [17]. Nonetheless, it is now accepted that IL-10 is expressed by subsets of all

CD4+ T helper populations including Th1, Th2, and Th17 [18]. In addition, T regulatory (Treg)

subsets are also a key source of IL-10 in vivo and play a central role in mediating inflammatory

control functions [19].

The importance of IL-10 in such responses is particularly evident in the gut, where despite the

large burden of commensal bacteria, there is a delicate balance of pro-inflammatory and anti-

inflammatory cytokines which act in concert to maintain a steady state. In Il10−/− mice,

however, the inflammatory balance is disrupted, and these mice exhibit exaggerated

inflammatory responses in the intestinal mucosa and develop severe inflammatory bowel

disease (IBD) [20,21]. When Il10−/− animals are cleared of the gut flora, mice are free of IBD,

indicating the indispensible role of IL-10 in brokering tolerance in the gut microenvironment

[reviewed in 22]. This evidence is supported by studies that suggest that defective IL-10

expression is central to the pathogenesis of IBD in humans, while other reports have linked

SNPs around the IL10 gene with IBD [23–25].
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While the origins of IBD are unclear, T cell-derived IL-10 has been linked to the control of

inflammation at mucosal surfaces and IL-10-producing regulatory T cells have been shown to

protect against enterocolitis in mice [26]. Conditional deletion of the Il10 gene in CD4 T cells

demonstrated a role for T cell-derived IL-10 in regulating inflammatory responses in the gut

as these mice not only developed colitis, but also displayed augmented contact hypersensitivity

reactions [27]. In addition, conditional deletion of Il10 in Foxp3+ Tregs results in a failure to

regulate inflammation in the gut, skin, and lung [28] which ultimately makes a solid argument

for the significance of CD4 T cell-derived IL-10 in limiting inflammatory responses

particularly at “environmental surfaces”.

Other model systems have been instrumental in defining the importance of T cell-derived IL-10

in regulating effector T-cell responses. For example, in the absence of IL-10, infection with

the intracellular parasite Toxoplasma gondii leads to severe immunopathology and eventual

death due to a failure to down-regulate inflammatory and effector responses [reviewed in 29].

Again, T cells have been implicated as a critical source of IL-10, as T cell-specific deletion of

IL-10 also results in immunopathology following infection with T. gondii [27]. Recent work

indicates that T-bet+Foxp3− Th1 cells are in fact the predominant source of IL-10 during T.

gondii infection and play a critical role in controlling the collateral damage associated with the

Th1 response to this intracellular pathogen [30]. The significance of this work is indicated by

the conclusion that a single CD4 subset (Th1 cells) appears to mediate resistance to the

pathogen and limit immuno-pathology by acquiring the ability to express IL-10.

Conversely, under circumstances when there is inappropriate induction of IL-10, the host may

be resistant to immunopathology yet susceptible to infection due to dampened inflammatory

responses. As an example, transgenic mice that constitutively over-express human or mouse

IL-10 are highly susceptible to infection with intracellular pathogens [31,32]. This may be

particularly relevant for pathogens that look to establish persistent infections. This is well

illustrated by the discovery that several viral genomes contain highly homologous, functional

IL-10 homologues including cytomegaloviruses [33], a pox virus [34], and various

herpesviruses [35–38]. The capture of cellular IL10 genes (or mRNAs) by these viruses

suggests a survival advantage for viruses that encode their own source of IL-10 to presumably

impede host immune responses [39]. Similarly, the preferential induction and/or expansion of

IL-10-expressing host cells is another tactic to repress immune responses that some viruses

(such as lymphocytic choriomeningitis virus—LCMV) utilize to gain a selective survival

advantage in vivo [15].

Along these lines, Leishmania parasites establish persistent infections in susceptible hosts, and

IL-10 is a critical player in leishmaniasis pathology as lack of IL-10 confers resistance to

disease [14,40–42]. Although human forms of leishmanial infection are associated with

elevated IL-10 levels [43], the cellular source(s) have been difficult to determine and direct

evidence for the role of IL-10 in leishmaniasis is based primarily on mouse models.

Nonetheless, in patients suffering from visceral leishmaniasis, splenic aspirates depleted of

CD25+ cells expressed the highest IL-10 mRNA levels and were the main lymphocyte subset

in the spleen [44]. In another report, increases in IL-10+ CD4 and CD8 T cells in patients

correlated with active disease [45]. Likewise, in mouse models, T cell-derived IL-10 from

CD4+ subsets also plays a critical role in pathogen persistence in Leishmania major [46] and

L. donovani (a causative agent of visceral leishmaniasis) infection models [47]. Although

multiple cell types express IL-10 during leishmania infections, recent findings suggest that

IL-10-producing Th1 cells are key players in the IL-10-mediated immune suppression as

CD4+CD25−Foxp3− Th1 cells were found to be necessary for suppression of acquired

immunity in leishmania major-infected Rag−/− recipient mice [46]. Leishmania pathogenesis

is discussed in more detail by S. Stäger in this issue.
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Various CD4+ and even some IL-10-expressing CD8+ [48,49] T-cell subpopulations have been

implicated in contributing to if not mediating disease pathology. Yet it is still not clear how

these subsets acquire the capacity to express IL-10 and whether innate-derived IL-10 fosters

the development of IL-10-secreting T cells in vivo. In that regard, IL-12 and the IL-12 homolog

IL-27 have been clearly linked to the development of IL-10-expressing T cells in both humans

and mice [50–54]. In mouse and human T cells, IL-12 has been implicated in the differentiation

of T-cell subpopulations that express both IL-10 and IFN-γ [55,56]. As mentioned, these

IL10+IFN-γ+ T cells are well described in response to infection with certain intracellular

pathogens and are thought to involve the Th1 transcription factor T-bet [30,57,58]. Recent

efforts suggest that Stat4-dependent IL-12 signaling works in conjunction with high antigen

dose to preferentially induce IL-10 in Th1 cells [59]. While IL-12 appears to be required for

the development of both IL-10 and IFN-γ expression in Th1 cells, the IL-27 pathway seems to

have more broad ability to induce IL-10 expression from several CD4+ subsets namely Th0,

Th1, Th2, and Th17 cells which could be in part a function of differential receptor distribution.

Thus, T cell-derived IL-10 has been demonstrated to play an integral role in restricting host

responses, sometimes to the detriment to the host. Nevertheless, other cellular sources of IL-10

have established links to disease susceptibility.

Innate APCs

Antigen-presenting cells (APCs) are another potentially an important source of IL-10 given

that expression of IL-10 by innate cells may represent an early autocrine feedback mechanism

to constrain activation of APCs thereby influencing the development of adaptive responses.

Within the innate APC compartment, various cell types can be divided into distinct

subpopulations based on IL-10 expression patterns. Most notably, monocytes, alternatively

activated macrophages (AAM), type II macrophages, and some dendritic cell (DC) subsets

including myeloid (but not plasmacytoid) DCs provide sources of IL-10 from the myeloid

lineage [60, reviewed in 61].

The immunoregulatory function of myeloid-derived IL-10 in vivo is well characterized during

sepsis and the anti-inflammatory response to lipopolysaccharide (LPS) [62,63]. In animal

models of endotoxic shock, blockade of IL-10 (with blocking antibodies or in Il10-deficient

mice) results in uncontrolled systemic inflammatory responses typified by pro-inflammatory

cytokines which leads to death [62,64–68]. Treatment with IL-10 or IL-10-expressing cells

reduces inflammatory cytokine production and prevents lethality [69–74]. Similarly, in human

sepsis IL-10 administration inhibits pro-inflammatory cytokines [75] and blocks the activation

of monocytes [76]. Human IL-10 protein has conserved biologic properties in mice and thus

can control sepsis either by administration of recombinant human IL-10 or by transgenic over-

expression of human IL-10 in the myeloid compartment [77,78]. A clear role for myeloid-

derived IL-10 in mediating the anti-inflammatory response to endotoxin was demonstrated in

mice deficient for IL-10 specifically in myeloid cells [63]. Similarly, the skin irritation response

to tetradecanoyl-phorbol acetate (TPA) is enhanced in Il10−/− and myeloid-specific Il10−/−

[79] mice but not mice deficient in T cell-derived IL-10 [27].

IL-10-producing APCs have distinct biological features and gene expression profiles which

are known to have a profound influence on the differentiation, maintenance, and function of

various T-cell subsets [80]. Some macrophage subsets develop a high IL-10/low IL-12

phenotype in response to FcγR engagement which can lead to the skewing of adaptive immune

responses [74]. In the context of IL-10-dependent phenotypes generally attributed to T cell-

derived IL-10, including susceptibility to leishmania and maintenance of gut homeostasis, the

supply of innate IL-10 should be considered in defining the phenotype. In fact, Leishmania-

specific antibodies have also been shown to induce IL-10 production by macrophages through

ligation of FcγRs with IgG-opsonized parasites [40]. Indeed, antibody-induced macrophage-
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derived IL-10 has been shown to play a very important role in disease progression in a low

dose model of L. major [81]. Similarly, in experimental autoimmune encephalomyelitis (EAE)

model of multiple sclerosis, type II monocytes were shown to have increased IL-10 (and TGF-

β) production leading to the differentiation of Th2 and Tregs cells that modulated T cell-

mediated inflammation in the brain [82].

As discussed previously, T cell-derived IL-10 is a critical factor influencing inflammatory

responses in the gut. Recent studies, however, point to tissue-localized CD11b+ myeloid cells,

which express IL-10 (and other anti-inflammatory molecules) in the lamina propria (LP) and

induce Foxp3+ Tregs [83]. Another group detailed the influence of IL-10-expressing myeloid

cells in maintaining Foxp3 expression in regulatory T cells in the context of gut inflammation,

suggesting that maintenance of gut homeostasis depends on the carefully orchestrated

temporal/spatial regulation of IL-10 from its numerous cellular sources [84]. Since APCs are

critical for sensing potentially harmful pathogens, initiating inflammatory responses and

directing adaptive immunity, it will be important to determine how innate sources of IL-10

influence host-adaptive responses to inflammation.

NK cells

Natural killer (NK) cells are another potentially important, yet underappreciated, innate source

of IL-10. NK and NKT cells are integral parts of the innate immune system and are critical to

host defense against infectious pathogens such as herpes viruses [85,86], and choriomeningitis

virus [87]. NKT cells are also a source of IL-10 production that has been suggested to be

required for antigen-specific Treg differentiation and the induction of tolerance in some mouse

models [88]. Both NKT and NK cells provide early sources of IFN-γ in vivo. As mentioned

previously, IL-12 has been implicated in the regulation of IL-10 expression in T cells and

similarly is a known regulator of NK cell-derived IL-10 [89]. Our group and others have shown

that IL-2, IL-12, and the combination are potent regulators of IFN-γ expression in NK cells

[90]. Interestingly, IL-2 [91] and IL-12 also induce IL-10 expression in NK cells, and the

combination of IL-2 and IL-12 is synergistic for mouse and human IL-10 [92,93]. We found

this effect is dependent on Stat4 and identified a conserved STAT motif within a conserved

non-coding sequence (CNS) in the 4th intron of the mouse and human IL10 genes which binds

IL-12-induced Stat4. Unlike IL-12, we found that IL-27 did not induce IL-10 expression in

NK cells, suggesting that the role of IL-27 in regulating IL-10 may be restricted to T cells.

The functional significance of NK cell-specific IL-10 is not clear, but several reports have

suggested NK cells may have regulatory activity in certain contexts including pregnancy,

during tumor development, and chronic hepatitis C infection [94–96]. By adding experimental

evidence, a series of recent publications provide further indication that NK cell-derived IL-10

may contribute to disease susceptibility. In the case of experimental visceral leishmaniasis,

Maroof et al. found that NKp46+CD49b+ NK cells are recruited to sites of inflammation (spleen

and liver) and contributed to the inhibition of host protective immunity [97]. In addition, NK

sources of IL-10 were implicated to provide protection to immunopathology associated with

mouse cytomegalovirus (MCMV) infection [98]. Finally, in a comprehensive report, Perona-

Wright and colleagues assessed the role of NK-specific IL-10 during infection based on

whether the pathogen established local or disseminated infections. Their results suggest that

in response to rapidly disseminating pathogens (such as Yersinia pestis, and T. gondii), NK

cells quickly begin expressing IL-10 in an IL-12-dependent fashion. Interestingly, during

locally restricted infections (influenza and a Y. pestis strain which cannot establish systemic

infection) NK cells did not express IL-10 and enlisted other sources of the cytokine (Perona-

Wright et al. unpublished data) (personal communication M. Mohrs). The biological

significance of NK-derived IL-10 is not completely established but not surprisingly appears to
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be part of an important feedback mechanism during infection to restrict inflammatory responses

perhaps at specific tissues sites [99].

B cells

IL-10 is also expressed by B cells, and negative regulatory roles for B cells have been implicated

in a number of autoimmune and infectious diseases [reviewed in 100]. A recently reported B-

cell Il10-deficient reporter mouse indicated a role for B cell-derived IL-10 in limiting virus-

specific CD8+ T-cell responses [101]. Just as T-cell subsets seem to preferentially express

IL-10, B-cell subpopulations (B1 and B2) are also known to differentially produce IL-10

[102,103]. In particular, CD5+ (Ly1+) B cells produce more IL-10 than CD5− B cells [102,

104,105]. More specifically, the CD1dhiCD5+ B-cell subset (B10 cells) has been suggested to

account for the majority of B cell-derived IL-10 [106]. Other reports, however, indicate that

the CD5− subset can also express IL-10 in response to LPS treatment [107], and in an IL-10-

GFP reporter mouse, GFP expression was noted in multiple CD19+ B-cell subsets following

LPS challenge. In addition, other Toll ligands such as TLR9 have been shown to regulate B-

cell production of IL-10 [108], and incubation of B cells with Staphylococcus aureus also

induces IL-10 expression [109]. Furthermore, transformed B-cell lines are known to produce

significant amounts of IL-10 [110].

The role of B-cell production of IL-10 has been suggested as an autocrine mechanism to

promote B-cell survival and effector function [104,111]. However, as mentioned, IL-10-

producing B cells can play an important role in directly suppressing immune responses and

inflammation [101]. Thus, B cells express IL-10 in response to various signaling pathways,

yet very little is known about the mechanisms that control B-cell expression of IL-10.

Genetic control of IL-10

A potentially important consideration in the analysis of human IL-10 expression is the well-

described inter-individual variation in IL-10 production which is associated with single

nucleotide polymorphisms (SNPs) in the IL-10 promoter [112–115]. As mentioned, there are

links between absolute levels of IL-10 and disease susceptibility [114]. In addition, numerous

studies have demonstrated that IL-10 promoter SNPs are also correlated with differential risk

for a variety of infectious and autoimmune diseases and some cancers presumably due at least

in part to altered IL-10 expression [112–120]. In fact, IL-10 production levels can be stratified

from low to high [121] which is based on SNP haplotype blocks upstream of IL10 [122–

124]. This may make evolutionary sense, as evidence suggests that the IL10 locus is under

selective pressure from various pathogens [125,126]. The indication that IL-10 production is

determined on a genetic basis is supported by the concordance of IL-10 levels in monozygotic

twins, which suggests that up to 70% of IL-10 production is genetically determined [122].

Another group, however, suggests that 50% of the variability observed in IL-10 expression

patterns between people may be explained by genetic factors [127]. Nonetheless, the analysis

of IL-10 regulation in humans is obscured by genetic as well as other host factors [127].

The majority of genetic association studies have focused on a series of 3 SNPs in the 5′ proximal

region adjacent to IL10 consisting of –1082G/A (rs1800896), –819C/T (rs1800871), and –

592C/A (rs1800872) [128]. These SNPs are in tight linkage disequilibrium which results in 3

well-defined haplotypes: ATA, ACC, and GCC. For example, a recent report has demonstrated

that susceptibility to infection with L. braziliensis is linked to a certain polymorphism in the

IL10 promoter, the IL10-819C/C genotype, which is associated with higher levels of IL-10

[124]. Previously, we identified that these IL10 alleles were predictive of HIV progression

rates [119]. In addition, we found that the SNPs in this haplotype block display unique DNA–

protein-binding patterns, which suggests that these allelic variants may influence gene

expression. It is important to appreciate, however, that individual IL10 promoter SNPs are part
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of larger haplotypes that may extend several hundred kilobases over the entire lL10 gene cluster

[123,125,129]. In fact, a recent study was unable to find a link between IL10 promoter SNPs

and IBD, but did find a strong association between a SNP 3′ to the IL10 gene and ulcerative

colitis [23]. Thus, SNPs with putative function may actually be in linkage disequilibrium or a

part of a cumulative effect of the extended haplotype. Nevertheless, this highlights the need to

characterize the molecular and genomic requirements for appropriate cell type-specific IL-10

expression in both mouse and human systems.

The hIL10BAC model

The importance of appropriate cell type-specific IL-10 regulation has been clearly

demonstrated in the mouse, yet the contribution of cell-specific IL-10 expression in human

disease is lacking. For obvious technical, ethical, and practical considerations, much of the

work to characterize the cellular sources of IL-10 in vivo has been done in mice. As mentioned,

however, the study of human IL-10 regulation is potentially complicated by interindividual

variation in gene expression. To address the issue of tissue-specific human IL-10 regulation

and function while avoiding variation introduced by host genetic factors, we created transgenic

mice with a human bacterial artificial chromosome (BAC) in which the IL10 gene is positioned

centrally (hIL10BAC) [50]. Our goal was not only to monitor tissue-specific human IL-10

expression, but also to determine the functional impact of genomic regulation of human IL-10

in vivo. Since human IL-10 protein has conserved biologic properties in mice [31,77], our

model offers the opportunity to monitor gene regulation and in vivo function simultaneously.

We tested the function of the human IL10 BAC construct in vivo by reconstituting Il10−/− mice

with the hIL10BAC transgene through backcrossing (Il10−/−/hIL10BAC). We found that

Il10−/−/hIL10BAC mice (which only express human IL-10) competently regulate IL-10-target

genes and normalize sensitivity to LPS-induced lethality observed in Il10−/− mice, presumably

by human IL-10 derived from myeloid sources. Indeed, human IL-10 is faithfully expressed

in hIL10BAC bone marrow-derived macrophages (BMM) and DCs. To examine the likely

contribution of T cell-derived human IL-10 on disease susceptibility, we utilized the IL-10-

dependent Leishmania donovani model of chronic infection. WT mice predictably exhibited

high parasite burdens in the liver and spleen; however, we were surprised to find that both

Il10−/− and Il10−/−/hIL10BAC mice efficiently cleared the parasites. Similarly, CD4+ T cells

cultured with the IL-10-promoting cytokine IL-27 strongly enhanced mouse but not transgenic

human IL-10 production.

We concluded that the human IL10 BAC construct encodes for weak IL-10 expression in T

cells. We cannot completely rule out the possibility that the BAC is missing a key regulatory

element(s) which governs IL-10 expression in T cells. However, BACs (and other large

genomic DNA constructs) are generally recognized to contain most, if not all, regulatory

regions to support proper cell type-specific transgene expression profiles [130]. An additional

question is whether the mouse transcriptional machinery can appropriately regulate a large

human DNA cassette. Multiple studies indicate that cell-specific gene expression can be

transferred across species to mice [131,132]. In fact, Frazer and colleagues showed that the

gene encoding human apolipoprotein(a) is appropriately regulated in yeast artificial

chromosome (YAC) transgenic mice, despite the fact that this gene is not present in the mouse

genome [133]. Another recent study demonstrated that the mouse transcriptional machinery

supports faithful species-specific gene expression profiles across an entire human chromosome

[134].

There is no question that human T cells have the capacity to express IL-10, sometimes at high

levels [55,58,135]. In naïve human CD4+ T cells, we observed inter-individual variation in

IL-10 production in response to IL-27 co-culture ranging from low (as observed in hIL10BAC

mice) to high [50]. Therefore, the hIL10BAC is a model for low T cell-derived IL-10
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production. Another group has also described IL-27 regulation of IL-10 in human CD4+ T cells

[51]. Another report suggests that high levels of T cell-derived human IL-10 may arise from

specific cellular subsets including a recently described rare population of

CD4+CD45RA−CD25−IL-7R− which produce high levels of IL-10 and IFN-γ [136].

There are still unresolved questions raised from the hIL10BAC model including if other tissue-

compartments (beyond the spleen) can harbor T cells enriched for human IL-10 production,

such as the gut. This could suggest the molecular mechanisms which regulate cell type-specific

IL-10 may depend on the tissue source of the cell population and emphasize importance of the

microenvironment in the development of IL-10-expressing cellular subsets. In addition, it will

be important to determine whether other stimulation conditions can normalize the weak T cell-

specific human IL-10 expression observed in hIL10BAC mice. Finally, this model may serve

as a template to characterize the influence of non-coding SNPs on human IL-10 gene expression

profiles and the subsequent influence on disease susceptibility.

IL-10 gene regulation

There is still much to learn about the genomic and molecular requirements for appropriate

IL-10 expression, but it is clear that IL-10 is regulated at both the transcriptional and post-

transcriptional levels [137,138]. The majority of the work on IL-10 regulation, however, has

been concentrated on acute transcription and only more recently on epigenetic events

associated with cell type-specific expression. The net result of which is altered accessibility of

DNA to transcriptional regulators which lead to competency or repression of gene expression.

These approaches have been employed to dissect both epigenetic and transcriptional control

mechanisms that determine tissue-specific expression of IFN-γ in Th1 cells and IL-4, IL-13,

and IL-5 expression in Th2 subsets [139–141]. These robust approaches are just beginning to

be applied to the regulation of the IL-10.

Signaling pathways, receptors, and transcription factors

Regarding transcriptional control of IL-10, toll receptor signaling in the myeloid compartment

has been studied somewhat more extensively. The literature has implicated the ubiquitously

expressed transcription factors Sp1 and Sp3 as dominate players in controlling transcription

of the II10 gene at least in macrophages [142,143]. The proximal promoter region of IL-10 has

several GC-rich sequences, which the Sp-family of transcription factors preferentially bind.

Several studies have documented that LPS-induced Sp1 and Sp3 can bind to these sequence

motifs in the proximal IL-10 promoter [142,144,145]. Site-directed mutagenesis and deletion

analysis of short reporter constructs indicates the involvement of these Sp-family sites in

regulating IL-10 promoter activity in LPS-stimulated cell lines. Interestingly, both the p38 and

ERK MAPK pathways have been linked to recruitment of Sp1 to the IL-10 promoter [144,

146,147].

It is now evident that multiple regulatory pathways are involved in IL-10 regulation. For

instance, analysis of the proximal IL-10 promoter revealed several putative cAMP-response

elements (CRE) which bind cAMP-responsive element-binding protein/activating

transcription factor (CREB/ATF) [148,149]. Signal transducer and activator of transcription 3

(Stat3) is activated by IL-10 receptor signaling and is required for the anti-inflammatory

properties of IL-10. Interestingly, Stat3 has also been linked to regulation of the IL10 gene via

several different signaling pathways including IFN-α [150], LPS [151], and glucocorticoids

[152]. In addition, the regulation of IL-10 expression in CD4+ T cells by IL-27 is at least partly

dependent on Stat3 and Stat1 [52]. This is interesting given that Stat3 is critical for IL-10

receptor signaling and could suggest a positive feedback mechanism.
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Other STAT family members have been implicated in IL-10 regulation. IL-12 has been shown

previously to regulate IL-10 expression in human T-cell clones [55], and recent reports

identified a role for IL-12-induced Stat4 in the development and maintenance of IL-10-

expressing Th1 cells [59,153]. This line of evidence was also reported to include Stat4-

dependent notch signaling [154]. Our group identified a Stat4-binding element in the 4th intron

of the mouse and human IL10 gene [93]. The dependence of Stat4 on IL-12-induced expression

of IL-10 in NK cells was determined in Stat4−/− mice which failed to up-regulate IL-10 in

response to IL-12 stimulation. Stat4 is a substrate for the map kinase p38 [155], and we also

found that by blocking the p38 pathway, IL-12 regulation of IL-10 was impaired. In addition,

another group shortly after identified the same intronic site bound IL-2-induced Stat5 in human

T cells [156]. Interestingly, the STAT-motif is completely conserved between mouse and

human, yet IL-2 does not induce the recruitment of DNA-binding complexes to this region in

the mouse Il10 gene [93].

A recent study characterized a role for Ikaros (and GATA3) in regulating IL-10 in mouse Th2

cells where several Ikaros-binding elements were identified, and one of these conserved sites

interestingly was in the 4th intron [157]. Still other groups have found members of the AP-1

family bind the IL-10 promoter in Th2 cells [158], and in a B-cell line, an NF-Y/HMG-I(Y)

binding element has been identified [159]. The protooncogene c-Maf has also been implicated

in regulating LPS induction of IL-10 expression, specifically in macrophages [160]. In

addition, the MAPK c-Jun N-terminal kinase 1 (JNK1) has been implicated as a negative

regulator of IL-10 [161]. Finally, members of the NF-κB family including p50 [162] and p65/

RelA [163] have also been associated with LPS induction of IL-10 expression in APCs. Thus,

it is clear that multiple receptors, signaling pathways and transcriptional activators play a part

in the regulation of IL-10 transcription. Other data is continuing to emerge, suggesting that

various epigenetic events may help to shape cell type-specific regulation of IL-10 expression.

Chromatin structure

The status of post-translational histone modifications adjacent to a gene locus are correlated

with the ability of a gene to be transcribed and serves as a marker of epigenetic changes and

perhaps disease status [164,165]. Recently, some groups have begun to consider chromatin

structure in the II10 locus, as it relates to cell type-specific IL-10 expression (Fig. 1). For

instance, studies from the Mosser group indicate stimulation-specific (FcγR) induction of

chromatin remodeling in the IL-10 promoter in macrophages [146]. In addition, this group

found FcγR-inducible, ERK-dependent histone phosphorylation and Sp1 recruitment to the

IL-10 promoter in macrophages [166]. Another study indicates the presence of Th2-specific

chromatin structure, inducible histone modifications, and DNA methylation patterns within

the II10 gene that correlate with IL-10 expression and localize to several conserved non-coding

(CNS) regions in the II10 locus [167]. Other reports have identified intronic regions and/or

sites 3′ to II10 that are remodeled in T cells which express IL-10 [158,163]. Interestingly,

Saraiva and colleagues have identified a lineage-specific DNaseI hypersensitivity site (HS) in

macrophages that maps to a region 5′ to the Il10 gene in the promoter. This group has also

implicated the Th2 transcription factor GATA3 in regulating mouse Il10 locus in T cells,

despite the fact that GATA3 binding did not transactivate the IL-10 promoter [168] but was

found to bind the Il10 promoter in Th2 cells [153].

A more comprehensive analysis of the mouse II10 gene structure and expression focused on

CD4+ Th1/Th2 cells in which the authors identified multiple DNase I hypersensitivity sites

between the II10 and Il19 genes in the mouse and described three distal enhancer elements

[169]. In addition, they demonstrated that some, but not all of the most highly conserved CNS

regions between II10 and Il19 transcribe intergenic RNA in mouse T cells. This work provides

Hedrich and Bream Page 9

Immunol Res. Author manuscript; available in PMC 2011 July 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



an insight into Th1/Th2-specific IL-10 expression and chromatin structure between the murine

II10 and ll19 genes.

Recently, Villagra showed that histone deacetylase 11 (HDAC11), by interacting with the distal

segment of the promoter Il10, negatively regulated the expression of IL-10 in mouse and human

APCs [170]. Along those lines, others have proposed that in models of inflammation-mediated

tumorigenesis, inhibition of histone deacetylases resulted in a significant suppression of tumor

growth in terms of size and number, along with reduced signs of inflammation [171]. It was

suggested that as a result of deacetylase inhibition, increased acetylation of histone 3 and

subsequent expression of IL-10 lead to reduced production of IFN-γ, enhanced apoptosis in

lamina propria mononuclear cells and activation of NF-κB. It will be important to define the

chromatin structure of the Il10 locus in the various IL-10-expressing cell types, as they acquire

the ability to express IL-10 under different physiological conditions.

DNA methylation

Changes in cytidine phosphate guanosine (CpG) DNA methylation is a key mechanism

controlling transcription while establishing stable heritable epigenetic marks [172]. At present,

DNA methylation is the sole mechanism by which epigenetic information is faithfully

propagated to the next generation [173]. Accumulating evidence indicates a role for DNA

methylation in regulating cytokine expression largely based on studies in the Il4 and Ifng gene

clusters [174]. In IL-4-expressing Th2 subsets, demethylation of regulatory regions of the

Il4 gene was detected compared to Th1 and naïve CD4+ T cells [175,176], whereas Ifng was

selectively demethylated in IFN-γ-secreting Th1 cells [139,177]. Less is known about the role

of DNA methylation in cell type-specific regulation of IL-10 however.

Dong et al. [178] found no clear correlation between DNA methylation and IL-10 expression

in selected conserved noncoding sequence (CNS) regions over the human IL10 cluster in Th1

and Th2 cells. Recently, another group demonstrated the involvement of CpG DNA

methylation around a Stat5-binding element in the 4th intron of the human IL10 gene response

to IL-2 stimulation in human T-cell lines [156]. In contrast, Szalmas showed that a high degree

of DNA methylation in primary human “normal” and neoplastic cells, as well as in cell lines

is associated with transcriptional silencing, whereas IL-10-expressing PBMCs showed low

degrees of IL10 promoter methylation [179]. In agreement with these findings, another group

[180] observed a negative correlation between IL10 promoter methylation and IL-10

expression in human PBMCs of RA patients and a higher degree of methylation of the IL10

promoter in RA patients compared to healthy controls.

In our hIL10BAC model, we observed disparities in CD4+ T cell-derived human and mouse

IL-10 expression, and questioned if differential DNA methylation was involved. Across the

mouse and human IL10 genes, there were no obvious patterns of CpG methylation in naïve

and polyclonally activated CD4+ T cells. However, when compared to mouse Il10, the human

gene showed higher levels of overall DNA methylation even following activation. Nonetheless,

Th0 cells cultured in the presence of IL-27 displayed a site-specific reduction in DNA

methylation of the mouse, but not human IL10 gene which correlated with high levels of mouse

IL-10 expression. Demethylation occurred in the 4th intron previously reported to undergo

activation- and differentiation-dependent epigenetic changes and transcription factor

recruitment. Collectively, these results suggest that during T-cell activation, there are variable

changes in DNA methylation patterns across the mouse and human IL10 genes. Our data,

however, indicates a putative molecular mechanism by which IL-27 controls IL-10 induction

at least in mouse CD4+ T cells (Hedrich, CM, unpublished data).
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Intergenic transcription

Intergenic transcription is a potentially important, yet poorly understood mechanism to

influence gene expression that is thought to be at the interface between chromatin remodeling

and transcription of adjacent genes [181]. There is a strict correlation between chromatin

structure (including hyperacetylation) and the presence of intergenic transcripts that is thought

to be a mechanism to maintain an extended, “open” chromatin conformation [182]. This could

permit interactions between distal regulatory elements and core promoters, potentially of co-

regulated genes in a cluster [183,184].

Tissue-specific intergenic transcription has been indicated to play a role in regulating gene

expression in the Il4 gene cluster [185], and intergenic transcripts have also been detected

between the mouse Il10 and Il19 genes [169]. In this study, the authors found that two enhancer

regions contained in CNS sites around the mouse Il10 gene also express transcripts in Th2 cells

and stimulated macrophages. Some other, but not all, CNS regions between Il10 and Il19 were

also found to transcribe intergenic RNA.

Since we have identified some differences between mouse and human IL-10 expression in

hIL10BAC mice including a more prominent presence of constitutive human IL-10 mRNA in

various tissues, we have begun to search for intergenic transcripts in the human IL10 locus in

hIL10BAC mice [50]. We have found that in BMM from hIL10BAC mice, human and mouse

intergenic transcripts are abundant both 5′ and 3′ of highly conserved CNS sites between

IL10 and IL19 (Fig. 2). Interestingly, we find that some intergenic regions between mouse

Il10 and Il19 have inducible transcripts, while human transcripts are present to a larger extent

flanking all CNS sites tested with the exception of CNS 5. Some of the transcripts we detected

map to CNS sites previously reported to transcribe intergenic RNA in mouse T cells [169]. It

is not clear what these findings mean with respect to IL-10 regulation, but it is possible that

alternative promoters may be involved in the complex cell type (and potentially species) -

specific regulation of IL-10 expression beyond the TATA-containing proximal promoter

currently identified.

4th Intron

Although multiple regions around the Il10 gene have been implicated in the cell type-specific

regulation of IL-10 expression, as mentioned, evidence is accumulating that the 4th intron in

particular may harbor important regulatory sequences. This is based on results from several

studies and the presence of two highly conserved CNS sites, multiple conserved transcription

factor binding elements, and a prominent DNase I HSS site localize to this genomic region.

As mentioned, we identified a conserved Stat4 DNA-binding element within the 4th intron of

the Il10 gene that is located within a CNS (CNS + 3.10) of both the mouse and human IL10

genes [93]. In addition, we found that the CNS + 3.10 region is also a target for cytokine-

induced chromatin remodeling based on the enhancement of histone H3 acetylation levels

following cytokine stimulation. This is the same site that binds IL-2-induced Stat5 in human

T cells [156], and another region of intron 4 binds Ikaros [157]. Meanwhile, Jones and Flavell

reported the presence of a non-Th-lineage-specific DNaseI hypersensitivity site in the 4th

intron at position +2.98 (HSS + 2.98) (Fig. 1) [169]. Although this is likely to be the same HS

site reported by Im and colleagues (HSII) [167], there are inconsistencies as to whether this

HS is Th-lineage specific. Furthermore, we found that IL-27 co-culture results in selective

DNA demethylation of sites in the 4th intron of the mouse Il10 gene (Hedrich et al. manuscript

submitted). It will, therefore, be interesting to determine whether the genomic regulatory

elements within the 4th intron of the Il10 gene plays a prominent role in regulating signal- and/

or cell type-specific IL-10 expression in mouse and human cells.
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Overall, by using transgenic mice, targeted deletion strategies, fine mapping of transcription

factor binding sites, and epigenetic signatures, the in vivo significance of various regulatory

sites across the Il4 and Ifng clusters clearly demarcate permissive and repressive loci in Th1

and Th2 cells. This is a logical method to address the molecular mechanisms and genomic

regions which control cell type-specific IL-10 expression. Given the diversity of IL-10

expression profiles within the CD4+ pool alone however, it may be more challenging to define

the chromatin signatures unique to each subset.

Conclusions

The precise temporal/spatial control of IL-10 expression in vivo is a key to determining host

responses to inflammation. In that regard, the cellular sources of IL-10 influence disease

outcomes by carefully coordinating the localization and availability of IL-10 during immune

responses. It will be important to resolve the molecular mechanisms including genomic

boundaries, epigenetic modifications and transcriptional as well as posttranscriptional

regulators which govern cell type-specific IL-10 expression. This insight will help to facilitate

the development of treatment strategies aimed at regulating inflammation and perhaps

persistent infections by manipulating IL-10 [186]. In addition, it will be critical to expand our

understanding of how IL-10 is regulated in humans in relation to mice. To do this, a more

complete understanding of how and to what extent SNPs influence IL-10 expression and

disease susceptibility will be needed.
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Fig. 1.

Known regulatory regions within and flanking the IL10 gene. In the top panel, the physical

organization of the IL10 cluster is displayed, including intergenic regions and distances

between all genes in the cluster. The lower panel displays regions of epigenetic remodelling

that have been investigated by various groups and in different cellular subsets. The tables

beneath the figure explain the used symbols and give an overview on the cellular subsets and

specific epigenetic modifications in each investigated region
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Fig. 2.

Intergenic transcription around the mouse and human IL10 genes in BMM of hIL10BAC mice.

Alignment of the human and mouse IL10 genes and surrounding sequences using human as

the base genome for comparison (VISTA Genome Browser—

http://pipeline.lbl.gov/cgi-bin/gateway2). The height of the peaks indicates the degree of

sequence conservation. Noncoding sequences with a conservation degree of 70% or more over

a length of 100 base pairs or more are shaded gray and indicated by black boxes and CNS

numbers. Exons are shaded black and indicated by numbered black bars under the gene. The

regions flanking the indicated CNS regions were analyzed for mouse and human transcripts

and are indicated by boxes. DNA contamination was ruled out by including DNase treatment

controls for each sample. The results are shown in boxes with thinner lines. Upper boxes

indicate human transcripts, while lower boxes indicate mouse transcripts. −/+ represents no

transcripts in non-stimulated (NS) cells but inducible transcripts after stimulation (LPS + IL-4).

(+)/+ represents weak transcription in NS cells with inducible transcription after stimulation.

−/− represents for no transcripts in NS cells or after stimulation. CNS3 here was reported as

CNS-9 previously by Jones and Flavell and may act as enhancer element in Th1 and Th2 cells

[169]. CNS4, which could be an origin of intergenic transcripts in human IL10 in macrophages,

map to the previously reported CNS-20B that was shown to have basic promoter function in

(transfected) D10 cells. CNS5 here maps to CNS-20A [169]
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