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Abstract

IL-10 is a critical immunoregulatory cytokine expressed in virtually all immune cell types.
Maintaining a delicate balance between effective immune response and tolerance requires
meticulous and dynamic control of IL-10 expression both epigenetically and transcriptionally. In
this Review, we describe the epigenetic mechanisms controlling 1L-10 expression, including
chromatin remodeling, 3D chromatin loops, histone modification and DNA methylation. We
discuss the role of transcription factors in directing chromatin modifications, with a special
highlight on the emerging concept of pioneer transcription factors in setting up the chromatin
landscape in T helper cells for //Z0induction. Besides summarizing the recent progress on
transcriptional regulation in specialized IL-10 producers such as type 1 regulatory T cells,
regulatory B cells and regulatory ILCs, we also discuss common transcriptional mechanisms for
IL-10 regulation that are shared with other 1L-10 producing cells.
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1 Introduction

Interleukin-10 (IL-10) is a pluripotent immune-regulatory cytokine indispensable for
maintaining immune homeostasis and restricting autoimmunity[1]. It has broad-spectrum
immunosuppressive activity on mainly the innate but also the adaptive arm of the immune
system. IL-10 dampens activation of antigen presenting cells (APCs) by suppressing the
expression of the major histocompatibility complex (MHC), co-stimulatory molecules and
pro-inflammatory cytokines. It promotes the differentiation, survival and function of
regulatory T cells, but can also directly inhibit the effector function of Thl, Th2 and Th17
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cells. Under some circumstances, IL-10 can promote antibody responses of B cells and anti-
tumor capabilities of CD8 T cells.

Corresponding to its widespread activity, IL-10 can be expressed by almost all types of
immune cells. Type 1 regulatory T (Tr1) cells are specialized 1L-10 producers in the T cell
compartment that exert their major regulatory function through IL-10 [2-4], as do regulatory
B (Breg) cells[5] in the B cell compartment and the recently discovered regulatory innate
lymphoid cells (ILCs)[6]. Foxp3* regulatory T (Treg) cells, all other T helper cells, CD8 T
cells, as well as innate cells including dendritic cells, macrophages, mast cells, natural killer
cells, eosinophils, and neutrophils, are capable of producing IL-10, which could then
mitigate overexuberant immune responses.

Deficiency in 1L-10 or IL-10 signaling leads to spontaneous colitis in mice and very early
onset inflammatory bowel disease (VEO-IBD) in humans[7]. IL-10 deficient mice suffer
from lethal immunopathology due to uncontrolled CD4 T cell responses in acute infections
such as Toxoplasma gondif[8]. In addition, disease is exacerbated with IL-10 deficiency in
animal models of autoimmune disease, including experimental autoimmune
encephalomyelitis (EAE)[9], collagen-induced arthritis [10], and MRL/Ipr lupus [11]. On
the other hand, dysregulated enhancement in IL-10 expression can contribute to chronic
infection[12]. Of note, the role of IL-10 under some circumstances can be dependent on the
specific animal model that is examined. For example, unlike the MRL/lpr lupus model,
neutralization of 1L-10 in lupus-prone NZB/W F1 mice substantially delays the onset of
lupus-like autoimmunity[13].

Highly dynamic yet precise mechanisms are required to regulate 1L-10 transcription in order
to maintain immune homeostasis in a wide range of cellular and environmental contexts
while preserving the capability to mount effective immune responses. We now appreciate
that regulation of IL-10 transcription involves multistep epigenetic reprogramming of
chromatin structure and precise expression and recruitment of transcription factors. In this
Review, we summarize the current state of knowledge regarding epigenetic mechanisms for
IL-10 regulation and the role of pioneer and other transcription factors in orchestrating these
epigenetic modifications. In addition to reviewing recent findings on specific transcription
factors that regulate IL-10 in different immune cell types, we will also discuss how diverse
signals in discrete cell types may converge to a similar transcriptional program to regulate
IL-10 expression.

2 Epigenetic regulation of IL-10

2.1 Chromatin remodeling in 1110 locus by ATP-dependent chromatin-remodeling

complexes

Genomic DNA of eukaryotic cells is tightly packaged to fit into the nucleus. Nucleosomes
are the basic repeating unit of DNA packaging where 146 bp of DNA wrap around a histone
octamer containing two each of the histones H2A, H2B, H3 and H4. In transcriptionally
silent heterochromatic regions, nucleosomes are tightly spaced and further folded into higher
order of chromatin condensation such as 30nm fibers. This chromatin organization occludes
the target sequences for DNA binding proteins and creates a state of inaccessibility for the
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transcriptional machinery. The chromatin structure of tightly regulated genes such as 1L-10
are dynamically regulated by a process called “chromatin remodeling” to create accessibility
to the gene by transcription factors and RNA polymerases.

ATP-dependent chromatin-remodeling complexes provide a major means of chromatin
remodeling by mediating nucleosome assembly, ejection and editing. In these processes,
ATP hydrolysis is utilized to translocate DNA and reposition nucleosomes. The complexes
are classified based on homology of their catalytic ATPase subunit: switch/sucrose non-
fermentable (SWI/SNF) subfamily, imitation switch (ISWI) subfamily, chromodomain
helicase DNA-binding (CHD) subfamily, and INO80 subfamily. Each subfamily is
preferentially (but not solely) specialized for one of the following three functionalities: 1)
ISWI and CHD subfamily complexes facilitate the assembly and maturation of nucleosomes,
and space them at a relatively fixed distance apart. These processes can happen during the
transcription process in which nucleosomes are dynamically ejected by the transcription
machinery. 2) SWI/SNF subfamily complexes modify chromatin access by nucleosome
sliding, eviction of nucleosome components or ejection of the whole nucleosome. 3) INO80
subfamily complexes have the unique ability to replace a specific histone with a canonical or
variant histone and thus affect the recruitment and function of other factors[14,15]. These
complexes target specific genes mainly through interaction with DNA-specific transcription
factors and can contribute to both gene activation and suppression.

SWI/SNF subfamily complexes are major players in the regulation of chromatin
accessibility and they orchestrate extremely diverse gene expression programs across a range
of different tissues from embryonic stems cells[16] to postmitotic neurons[17]. Upon LPS
stimulation in mouse macrophages, induction of primary and secondary response genes have
a differential dependence on SWI/SNF[18,19]. SWI/SNF is required for chromatin
remodeling during T cell development[20], Th1l and Th2 differentiation[21,22], as well as
Treg function[23]. The functional specificity of SWI/SNF complexes is provided by its great
diversity of composition. SWI/SNF complexes can contain more than eleven subunits, many
of which have cell specific isoforms that are assembled in a combinatorial way to control
gene expression in a cell- and context- dependent manner. The specific composition of
SWI/SNF complexes that drive distinct gene programs in various immune cells is only
beginning to be elucidated. In addition, cooperation with cell-type-specific transcription
factors adds a second layer of specificity to SWI/SNF complexes.

Three versions of mammalian SWI/SNF (mSWI/SNF) complexes have been identified:
BRG1/BRM-associated factor complexes (BAFs), polybromo-associated BAF complexes
(PBAFs), and non-canonical BAFs (ncBAFs). BAFs use either BRG1 or BRM as ATPase,
and contain subunit BAF250a or BAF250b; PBAFs use BRG1 but not BRM as ATPase and
contain Protein polybromo-1 (PB1/BAF180). We currently have very limited knowledge
regarding how IL-10 is regulated by specific chromatin remodeling complexes. //10stood
out as the most differentially expressed gene in /in-vitro differentiated Th2 cells that are
genetically deficient in BAF180. BAF180 inhibits IL-10 production in Th2 cells without
affecting their differentiation. BAF180 binds to the —29.8kb, —9kb and +6.2kb region of the
//101ocus and in the absence of BAF180, binding of BAF250 to //10is enhanced, indicating
that PBAFs and BAFs might be playing opposite roles in IL-10 regulation. It is still not clear
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which isoforms of the other subunits are utilized in the 1L-10 regulating PBAFs, and which
transcription factors are directing the specificity of the target gene in this process. Besides

Th2 cells, BRG1 also binds to the //Z0locus in Thl and Th17 cells. As BRGL1 can exist in

both PBAF and BAF complexes, it remains to be addressed which complex is in charge of

IL-10 regulation in these cell types[24].

2.2 Regulation of IL-10 by 3D chromatin loops

Cis-regulatory enhancers can be located 100bp to Mb away from the transcription starting
site (TSS) of the gene they regulate. Distant enhancers are brought into close proximity to
the promoters through 3D chromatin loops formed by DNA folding[25]. The formation of
DNA loops between long-distance enhancers and promoters is best illustrated by two types
of experimental evidence: 1) chromosome conformation capture (3C) technology, which
chemically fixes and ligates DNA in close 3D proximity; 2) fluorescence /n situ
hybridization (FISH), which enables visualization of the /n situ spatial proximity of
enhancer and promoter[26]. Hi-C, a 3C-based technique that allows unbiased quantification
of DNA-DNA interactions in the whole genome, revealed that the genome is
compartmentalized into topologically associating domains (TADs) where intradomain
interactions are strongly favored compared to interdomain interactions. Boundaries of TADs
are demarcated by the zinc finger protein CTCF. The current working model holds that
TADs are formed when a pair of cohesin rings slides in opposite directions along the
chromatin and continuously extrudes a loop until a properly oriented CTCF site is reached
on both sides[25]. Additionally, CTCF has binding sites within the TAD to facilitate
promote-enhancer interactions[27]. Disruptions of CTCF-associated TADs cause rewiring of
gene-enhancer interactions and can result in aberrant gene activation that leads to
disease[28,29].

Precise control of 3D genome organization is critical for the development and function of
immune cells. For example, commitment to the T cell lineage relies on changes in 3D
genome organization[30], as does recombination of the TCR and BCR loci [31-33], and the
germinal center response[34]. In addition to CTCF and cohesin, transcription factors are
demonstrated to be important orchestrators in genome organization in immune cells: Bcl11b
and Pax5 regulates genome organization during T and B cell development[30,35]; GATA3
and STATG6 orchestrate the chromatin interactions among Th2 genes including //4, //5and
1113[36]; Musculin (MSC) strengthens a unidirectional Treg differentiation program by
repressing Th2 differentiation, which involves antagonizing GATA3 and disruption of
intrachromosomal interactions within the Th2 locus[37].

Disruption of TADs impairs IL-10 production in many contexts. For instance, genetic
deletion of CTCF in T cells impairs 1L-10 production in both Th1 and Th2 cells[38].
Similarly, conditional knockout of CTCF in macrophages impaired the production of IL-10
as well as other IL-10 family members such as IL-19, IL-20 and IL-24, which are located in
the same locus[39]. It has to be pointed out that genetic deletion of CTCF disrupts all CTCF-
associated TAD domains in the genome. Consequently, it’s difficult to interpret from these
studies how the //70locus specifically is regulated by chromatin looping. It would be of
interest to couple such genetic studies with chromosome conformation capture methods, or
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to mutate CTCF binding sites in or surrounding the //Z0locus rather than depleting CTCF
globally.

As of now, the 3D chromatin organization at //Z0locus remains poorly characterized. Most
cis-regulatory elements for //10were assigned to the //10simply because its TSS is the
closest. The ENCODE Project and NIH Mouse Regulome Project are generating promoter-
enhancer interactomes of many cell types including some immune cells, which will be very
informational for discovery of distal enhancers of //10. However, studies that focus on
dynamic regulation of chromatin organization at the //Z0locus in relevant biological settings
are still lacking.

2.3 Regulation of IL-10 by histone modifications

Covalent post-translational modification of histones not only marks distinct chromatin states
associated with gene expression, but also critically regulates gene expression either by
directly influencing chromatin structure or by recruiting “readers” with effector function.
These modifications include methylation, acetylation, phosphorylation, ubiquitylation, and
sumoylation. The best studied and most prevalent modifications occur on lysines (Lys/K) in
the N-terminal ‘tail” of the histones, although they can also occur in the nucleosome core.

2.3.1.1 Histone acetylation—Histone acetylation facilitates gene expression by
neutralizing the positive charge of lysine residues, thereby weakening the charge-dependent
interactions between histone and nucleosomal DNA, and enhancing chromatin accessibility
to transcription machinery. Acetylation can occur on numerous lysines in the histone tail and
act in a cumulative way. For example, H3K27ac is highly associated with permissive
chromatin and actively transcribed regions. Two groups of functionally opposing enzymes -
histone acetyltransferases (HATS) and histone deacetylases (HDACS) act as “writers” and
“erasers” of histone acetylation. HAT1 has been implicated in upregulation of IL-10
expression in breast cancer associated Treg cells that predominantly produce 1L-10, but very
little TGF-B. Treg cells cultured in the presence of supernatants from breast-cancer tissues
showed an increase in IL-10 production accompanied by enhanced recruitment of HAT1 to
the //210 promoter. HAT1 predominantly acetylates histone H4 at K5 and K12 residues and to
a lesser extent H2A at K5 residues in the //Z0locus. In HAT1-silenced tumor Tregs, histone
acetylation at the 1L-10 locus drops to a level that’s comparable to that of control Tregs,
indicating that enhancement of histone acetylation in the IL-10 locus in tumor-associated
Tregs is mainly mediated by HAT1[40]. In contrast, the deacetylase HDAC11 inhibits 1L-10
production in macrophages in response to LPS. IL-12 expression, however, is not inhibited
by HDAC11, illustrating that HDAC11 targets a specific gene program rather than mediating
global suppression. HDAC11 physically interacts with a distal region (-807 to —1653bp) of
the //10promoter, and interestingly, addition of this particular DNA element to the proximal
/112 promoter is sufficient to confer susceptibility to HDAC11-mediated inhibition.
HDAC11 inhibits acetylation of both H3 and H4 proteins in the //Z0locus and hinders
binding of the IL-10 promoting transcription factors including Sp and STATS3. In the
meanwhile, it promotes the binding of transcriptional suppressor PU.1[41]. As HDACs don’t
have a sequence specific DNA binding domain, it’s unclear how HDAC11 activity is
targeted to a specific region in the //10locus. Additional HDACs likely play a role in
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regulation of IL-10 expression. The HDAC1-3 inhibitor MS-275 enhances IL-10 in
macrophages and reduces cigarette smoke-induced airway inflammation in mice[42]; HDAC
inhibitor TsA targeting HDAC 1, 3, 5, 6, 10 enhances IL-10 production in Th1 cells as well
as B cells[43,44]. Unexpectedly, HDAC6 was found to promote IL10 in macrophages and
dendritic cells (DCs) in response to LPS[41,45,46]. It’s unknown if the deacetylase activity
is required in this process, but one study showed that HDAC6 can bind to STAT3 and
promote its phosphorylation, which could potentially influence IL-10 production[46].
Another study found that HDAC6 promotes PD-L1 expression in melanoma cells through a
similar mechanism, where PD-L1 downregulation due to HDACS6 deficiency can be rescued
by overexpression of constitutively active STAT3[47].

The bromodomain and extra-terminal domain (BET) protein family use bromodomains as
“readers” of histone acetylation that serve to bridge recognition of acetylated residues in
chromatin with recruitment of chromatin remodelers (i.e. SWI/SNF), histone modifiers (i.e.
HAT) and transcription regulators (i.e. PTEF-b), thereby changing chromatin structure and
regulating gene expression[48]. This family comprises four members: BRD2, BRD3, BRD4
and BRDT. JQ1, a BET inhibitor, inhibits binding of BRD4 and NF-xB p65 to the proximal
promoter of //10(-200bp) and downregulates IL-10 transcription in Breg cells in response
to LPS [49].

2.3.1.2 Histone methylation—Unlike histone acetylation, histone methylation is
electrically neutral. Depending on the chromatin factors recruited, histone methylation can
be either stimulate or suppress gene expression. For instances, H3K9me3 and H3K27me3
are associated with heterochromatin and gene silencing; H3K4me3 is highly enriched at
transcriptionally active promoters; Enhancers are characterized by high H3K4mel and low
H3K4me3 marks, and active enhancers can be further distinguished by H3K27ac marks
written by HAT p300/CBP; H3K36me3 is located along actively transcribed gene
bodies[50].

For the suppressive marks, H3K9 methylation can be catalyzed by multiple histone
methyltransferases (HMTs), including G9a, yet H3K27 methylation is solely mediated by
Ezh2, the catalytic subunit of polycomb repressive complex 2 (PRC2). H3K9me3 and
H3K27me3 are recognized respectively by heterochromatin protein 1 (HP1) and polycomb
repressive complex 1 (PRC1) to create compacted heterochromatin[51,52]. In addition, both
HP1 and Ezh2 serve as a scaffold for DNA methyltransferases (DNMTS), therefore
providing a direct link between histone methylation and DNA methylation at the repressed
regions[53,54]. Deficiency in Ezh2 leads to upregulation of IL-10 transcription in ThO, Th2
and iTreg cells, but not Thl cells[55]. Jarid2 is essential for recruiting PRC2 to their target
sites in the genome. In Th17 cells, Jarid2 promotes H3K27me3 and suppresses the
production of effector cytokines, including IL-17A, IL-17F, IL-22 as well as IL-10. Jarid2
MRNA is limited by miR-155 during Th17 differentiation to ensure proper cytokine
production[56]. Bmil is a component of PRCL1 that’s essential for the H2A ubiquitin E3
ligase activity and repressive function of PRC1 on gene expression. Activation of TLR4 in
macrophages induces Bmil and it limits IL-10 expression[57]. In reverse, Jmjd3, a H3K27
demethylase that converts H3K27me3 to H3K27mel, controls M2 macrophage
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polarization[58] and is required for IL-10 induction in foamy macrophages during
mycobacterial infection[59].

2.4 Regulation of IL-10 by DNA methylation

DNA methylation mediates chromatin inaccessibility and suppresses gene expression. The
most widely studied type of DNA methylation 5-methylcytosine (5mC) is catalyzed and
maintained by DNA methyltransferases (DNMTSs), and TET cytosine dioxygenase family
members are critical for DNA demethylation through oxidation of 5mC into 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)
[60,61]. The demethylation intermediate 5hmC marks active DNA demethylation and is
associated with putative regulatory elements for signature genes that are turned on during T
helper cell differentiation. Tet2 deficient T cells have defects in expression of signature
cytokines in /n-vitro differentiated Thl and Th17 cells. In addition, Tet2 is required for DNA
demethylation and expression of //10in both Thl and Th17 cells. In Th17 cells, Tet2 is
recruited to //Z0locus by STAT3. Tet2 conditional knockout mice driven by CD2-Cre
develop more severe EAE due to the dominance of IL-10 deficiency. When IL-10 signaling
is blocked with anti-1L-10R, Tet2 conditional knockout mice produce less of the Thl and
Th17 effector cytokines /n vivo, and instead develop less severe EAE compared to IL-10R
antibody treated control animals [62].

3 Transcription factors as the conductor of chromatin regulation

3.1 Pioneer transcription factors set up the chromatin landscape of 1110

The unique ability of transcription factors to bind specific DNA sites in a sequence-
dependent manner with their DNA-binding domain puts them in control of epigenetic
regulation, allowing them to directly recruit chromatin remodeling complexes and histone-
modifying enzymes to their specific targets. A subset of transcription factors are capable of
binding to target sequences occluded in nucleosomal DNA within closed chromatin and of
initiating chromatin remodeling events that create nucleosome-free chromatin regions that
allow further binding of additional regulatory factors. These transcription factors are termed
“pioneer factors” as they are the first to engage chromatin during transitions in cell fate or
cell status and to determine the chromatin landscape of accessible regulatory elements in a
given cell type[63].

Naive CD4 T cells lack open chromatin regions in the vicinity of the /10 gene as measured
by DNase | hypersensitivity assays[64]. However, in all differentiated T helper cells, the //10
locus is in a transcriptionally competent state characterized by the presence of chromatin
accessible regions by ATAC-seq ([65], and our data), enrichment of the active histone
marker H3K4me3, and absence of the repressive histone marker H3K27me3[66,67]. Pioneer
transcription factors are essential for chromatin remodeling that allows for poised or active
/L 10transcription during the differentiation of various T helper cells.

The role of pioneer transcription factors in opening up the //Z0locus for transcription is best
demonstrated in the context of Trl cells. Differentiation of naive CD4 T cells into IL-10
producing Trl cells is induced by IL-27 signaling through STAT1 and STAT3[68-71]. IRF1
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and Batf are induced by STAT1 and STAT3 respectively as early as 2 hours upon T cell
activation in Tr1l cells, and act as pioneer factors for Trl cell differentiation. Deficiency of
either IRF1 or Batf disables IL-10 production in Tr1 cells and impairs the suppressive
function of Trl cells in autoimmunity in vivo. ATAC-seq analysis showed that Batf
deficiency alters the accessibility of ~20,000 genomic loci in Trl cells, including the
majority of loci that distinguish Tr1 cells from ThO cells. IRF1, although having a more
restricted effect, regulates accessibility of a distinct set of ~1200 Tr1 unique loci, most of
which are not affected by Batf. In contrast, Ahr and cMaf, two other IL-10 regulators in Trl
cells, don’t have much influence on chromatin accessibility. Furthermore, cMaf cannot
induce IL-10 in the absence of IRF1 or Batf, nor can it bind to the //Z0locus, indicating that
chromatin remodeling mediated by IRF1 and Batf is an indispensable step for IL-10
induction by other transcription factors in Trl cells[72]. Both IRF1 and Batf directly bind to
the //10locus, but Batf lacks a transactivation domain[73] and only IRF1 can transactivate
the //10 promoter. Deficiency of either IRF1 and Batf limits binding of the other
transcription factor to the //Z0locus, suggesting a cooperative binding mechanism [72]. It is,
however, unclear how IRF1 and Batf contribute to regulation of the other unique loci in Trl
cells, which may also directly or indirectly influence I1L-10 production.

IL-10 production is characteristic of nonpathogenic immune-regulatory Th17 cells[74]. IL-6
and TGF-B synergistically induce IL-10 and generate nonpathogenic Th17 cells in a STAT3
dependent manner[68]. Cooperation between Batf and IRF4, another IRF family member, is
required to set up the epigenetic landscape of Th17 cells. The master transcription factor of
Th17 cells, RORyt, however, has a surprisingly small impact on Th17 related epigenetic
features[67]. IRF4 itself binds DNA weakly due to a carboxy-terminal auto-inhibitory
domain. Batf heterodimerizes with Jun proteins to form a complex that facilitates IRF4
binding to AP1-IRF composite elements (AICESs) in their target genes, including
1110[73,75]. Batf/Jun and IRF4 complexes cooperatively promote //Z0transcription in Th17
cells[76]. In contrast to IRF1/Batf interactions in Trl cells, IRF4 and Batf have a striking
overlap in their genomic binding sites and deficiency in either affects chromatin accessibility
of a largely shared sets of loci[67], indicating that the global effect of IRF4 is more
dependent on Batf than IRF1. The specific signaling pathway that drives Batf/IRF4
expression in Th17 or Trl cells is not well addressed. Both Batf and IRF4 can be induced by
TCR activation[77-79]. Besides Th17 cells, IRF4 regulates IL-10 in Th2[80,81] and Tregs
cells[82], and Batf is also required for Th2 differentiation[83]. To what extent IRF4/Batf is
involved in chromatin remodeling in these cell types is unknown.

A similar role for pioneering factors was defined in Th1 and Th2 cells in which STAT4 and
STAT1 (for Thl cells) and STAT6 (for Th2 cells) initiate lineage specification by
establishing the chromatin landscape. Expression of STAT proteins in Thl and Th2 cells is
required for p300 binding to lineage specific enhancers and for characteristic chromatin
markings, including H3K4mel. Overexpression of T-bet, the master transcription factor for
Th1 cells, only restored 23% of active enhancers marked by histone acetyltransferase p300
that are lost in STAT4-deficient Th1 cells[84]. More specifically, STAT4 is required for
IL-10 production in Th1 cells[85]. Although STAT6 and GATA3 overall follow a similar rule
in Th2 cells, GATAS3 has a greater capacity for remodeling the enhancer landscape than
other lineage defining master transcription factors[84]. Overexpressing GATA3 in STAT6-
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deficient Th2 cells can rescue half of the active enhancer sites including those in the //4-1/13
locus[66]. GATA3 can induce H3 and H4 acetylation and increase chromatin accessibility in
the //101ocus even in the absence of 1L-4 signaling[86]. This is consistent with the notion of
the GATA family as pioneer factors that can bind nucleosomal DNA and open
chromatin[87]. GATA3 deficiency leads to reduced IL-10 in Th2 cells [88-90], but GATA3
doesn’t transactivate the //70 promoter[66], even in the presence of multiple known
enhancers (data not shown), indicating that GATA3 regulates IL-10 transcription mainly by
setting the stage for recruitment of other transcription factors.

The above-mentioned studies all support hierarchical roles for different transcription factors
to act in a precise temporal order for the epigenetic reprogramming and transcriptional
activation during T helper cell differentiation and concurrent IL-10 induction. These studies
underscore the profound effects of pioneer transcription factors in shaping the transcriptional
program in T cell differentiation. Although the current data with genetic approaches support
the role of Batf, IRF1, IRF4 and several STATS as pioneer factors, two key molecular
properties must still be addressed: 1) Can these factors bind directly to nucleosomal DNA in
heterochromatin? 2) Do they recruit chromatin modifiers and what are the chromatin
modifiers they interact with? One preliminary study suggests that Batf can recruit CTCF to
affect chromatin organization[91]. As both STAT4 and STAT6 have been proposed as
pioneer factors, it would be reasonable to consider the possibility that STAT3 may have a
similar function in Trl and Th17 cells. However, a comparison of the role of STAT3 in
regulating the epigenetic landscape as compared to IRF1/Batf in Trl cells and IRF4/Batf in
Th17 cells is still lacking.

3.2 Other transcription factors that modulate the chromatin status of 1110

Transcription factors other than pioneer factors can also modify the chromatin status of //10
by recruiting various effector proteins using their protein-interaction domains. For example,
Foxp3 is required for IL-10 production in tumor-associated Treg cells[40]. Foxp3 doesn’t
appear to establish new enhancers as it is overwhelmingly bound to enhancers that pre-exist
in precursor cells[92]. The //10 promoter lacks a binding site for Foxp3, and Foxp3 decoy
oligonucleotides (dODN) do not affect //10expression, indicating that regulation of 1L-10
by Foxp3 is independent of direct DNA binding. Instead, Foxp3 promotes /L 10transcription
by recruiting HAT1 complexes, which predominantly acetylate histone H4 at K5 and K12
residues at the STAT binding site of the //10 promoter, making it more permissive to binding
by phosphorylated STAT3[40]. Moreover, Nfil3, a transcription factor that contributes to
IL-10 production in Thl, Th2, Treg as well as NKT cells, can promote H3 acetylation in the
/1101ocus, although the HAT involved has not been identified[93]. A reverse example is that
Ets1, a suppressor of IL-10 in Th1l and Th2 cells, promotes recruitment of HDACL1 to inhibit
histone H3 acetylation at the /10 promoter and enhancer regions, including at sites HSS
+1.65kb and HSS+6.45kb, and thus reduces chromatin accessibility in the //101locus[43,94].
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4 Recent progress on transcriptional regulation of IL-10

As the role of transcription factors in regulating IL-10 in various cell types has been
extensively reviewed elsewhere[95-99], here we will focus on the more recent discoveries
and their implications.

4.1 Transcriptional regulation of IL-10 in CD4 T cells

Given the potential clinical significance for Trl cells and IL-10, progress has been made in
elucidating the detailed transcriptional circuits for IL-10 regulation in Tr1 cells. Egr2 was
previously known to regulate T cell anergy and was recently demonstrated to be required for
IL-10 production induced by IL-27. IL-27 induces Egr2 expression in a STAT3-dependent
but STAT1-independent manner. Mechanistically, Egr2 doesn’t bind the //Z0 promoter. It
instead binds to and transactivates the promoter for Prdm21[100], which drives IL-10
production in response to IL-27 in both CD4 and CD8 T cells[101-103]. Eomes, on the
other hand, acts downstream of Prdm1 and can promote IL-10 in mice through direct
binding to the //Z0 promoter [104]. Eomes can also induce 1L-10 in human CD4 T cells,
although a direct binding site of Eomes in the human //Z0locus has not been identified[105].
Aerobic glycolysis was found to be essential for Trl differentiation. At early time points,
Hifl-a transcriptionally reprograms the metabolic status of the cell towards aerobic
glycolysis to support Trl differentiation. However, it destabilizes Ahr and therefore inhibits
IL-10 production during later time points[106].

Environmental cues can impact the differentiation and function of Tr1 cells, which may have
clinical implications. A negative correlation between disease exacerbations and seasonal
changes in melatonin levels has been observed in MS patients. Administration of melatonin
to mice with EAE, a model of MS, ameliorated disease, at least in part by regulating the
differentiation and function of Tr1 cells. Binding of melatonin to its membrane receptor
MTNRZ1A activated p-Erk1/2, and melatonin binding to the nuclear receptor Ror-a
promoted its binding to the //210promoter. Both p-Erk1/2 and Ror-a activation promoted the
transcription of cMaf and Ahr, and Ror-a. in turn synergized with Ahr and cMaf to
transactivate the /210 promoter[107].

In Th17 cells, the regulation of 1L-10 and IL23R expression by multiple transcription factors
was linked with Th17 cell pathogenicity. The master transcription factor Roryt can exhibit a
differential binding preference for the //23rversus //101ocus depending on availability of
Rorvyt ligands. Polyunsaturated fatty acids increased Ror+yt binding to the //Z0locus,
whereas saturated fatty acids decreased it. CD5L binds to fatty acid synthase and modulates
the intracellular lipidome to promote //Z0 production and the nonpathogenic phenotype in
Th17 cells[108,109]. RBPJ is a key transcription factor that drives IL23r expression in Th17
cells, and contributes to the pathogenicity of Th17 cells by repressing IL-10 production
induced by cMaf [110].

4.2 Transcriptional regulation of IL-10 in B cells

It is now recognized that B cell have indispensable regulatory roles in immune responses.
IL-10-producing regulatory B (B10) cells are the most widely studied Breg subset, and their
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regulatory function is dependent upon IL-10. BCR signaling, CD40 ligation, Tim-1
ligation[111], and activation by TLR ligands have all been implicated in B10 development
and IL-10 secretion from B cells. However, a transcriptional program that defines this
population remains unknown[5,112]. Limited data link transcription factors to the regulation
of IL-10 in B cells. For instance, conditional knockout of HIF-1a in B cells leads to a
diminished 1L-10-producing CD1d"iCD5* Breg cell population. These mice display
exacerbated collagen-induced arthritis (CIA) as well as EAE, which can be rescued by
adoptive transfer of Hifla-deficient CD1d"'CD5* B cells with ectopic IL-10 expression.
These results indicate that regulation of IL-10 by Hifla is essential for the suppressive
function of CD1d"CD5* Breg cells. HIF-1a binds to hypoxia-responsive element (HRE)
sites in the //Z0locus and transactivates /0. Additionally, HIF-1a physically interacts with
p-STAT3 at the //101ocus, although the functional consequence of this interaction is still
unclear[113]. In addition, cMaf expression is associated with IL-10 production in B cells
both /n vitroand /n vivoin the CIA model. Knocking-down cMaf expression downregulated
IL- 10 expression in LPS- stimulated B cells in vitro, but the role of cMaf in regulating B10
cells /in vivo remains to be investigated[114]. Conversely, mice with a conditional NFATc1
deficiency present with an increased number of IL-10 producing CD1d"CD5* Breg cells,
develop milder EAE[115], and display attenuated inflammation in the imiquimod induced
model of psoriasis[44]. NFATc1 binds to the //20 gene and dampens IL-10 expression in
association with HDAC1 upon imiquimod stimulation[44].

4.3 Transcriptional regulation of IL-10 in ILCs

ILCs are innate counterparts of adaptive CD4 T helper cells that are functionally defined
discrete lineages (ILC1, ILC2, ILC3) mirroring Thl, Th2 and Th17 cells respectively. They
share similar cytokine profiles with corresponding CD4 T cell subsets and are specified by
the same master transcription factors[116]. A Foxp3 expressing ILC counterpart of Treg
cells has not been identified. However, a newly discovered ILC population with regulatory
properties (ILCreg) is characteristic of, and functionally dependent on production of
IL-10[6]. Otherwise,IL-10 has only been reported in ILC2s, which are a major cellular
source of IL-10 in the lung upon stimulation by IL-33 or chronic exposure to the allergen
papain[117,118]. One distinctive feature of transcriptional regulation in ILCs is that the cis-
regulatory elements that control signature cytokine expression are already poised or active in
mature ILCs, whereas identical regions in naive CD4 T cells only become accessible upon
activation[119]. ILCregs are thought to develop from a distinct pathway from other ILC
subsets that is dependent on 1d3. It would be intriguing to investigate if the //Z0locus in
ILCregs is already imprinted by 1d3 or other transcription factors during development.
Transcriptional mechanisms that control the dynamics of IL-10 production in ILCs is a new
field that awaits exploration.

4.4 cMaf/Bhlhe40 orchestrate a shared mechanism for IL-10 regulation across cell types

Some aspects of transcriptional regulation of the IL-10 locus are shared among different
cellular subsets. In T cells, TCR activation, CD28 co-stimulation and polarizing cytokine
signaling all contribute to regulation of IL-10 transcription. Strong and chronic TCR
stimulation favors IL-10 production via activation of p-Erk1/2 signaling[85,120], which then
induces the expression of the IL-10 promoting transcription factor cMaf. p-Erk1/2 activation
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is required for IL-10 production in Thl, Th2 as well as Th17 cells. In addition, signaling of
polarizing cytokine through various STATs (STAT4 in Thl cells, STAT6 in Th2 cells, STAT3
in Th17 and Trl cells) can contribute to IL-10 production by generating a poised chromatin
structure at the //Z0locus, and they can all induce cMaf as well[40]. cMaf is a common node
for IL-10 regulation in all T helper cell subsets both /n vitro and in vivo[121], including in
Th1[85,101], Th2[122], Th17[74,123], Tr1[124,125] and Treg[126,127] cells. In contrast, a
co-stimulatory signal via CD28 keeps IL-10 in check by inducing the transcription factor
Bhlhe40. In the absence of Bhlhe40, CD4 T cells display a surge in IL-10 production and
lose their effector function. Bhlhe40 deficient CD4 T cells are unable to induce EAE or clear
infections such as Mycobacterium tuberculosis and Toxoplasma gondii, a phenotype that can
be rescued by IL-10 blockade[128-130]. Suppression of IL-10 transcription by Bhlhe40 is
also a shared mechanism in Thl, Th2, and Th17 cells[131]. Interestingly, Bhlhe40 and cMaf
inversely regulate each other[121,132], suggesting that the balance between cMaf and
Bhlhe40 serves as critical molecular switch for IL-10 production across all T helper cell
subsets.

Beyond T cells, cMaf is required for IL-10 expression in B cells [114] and
macrophages[133], and Bhlhe40 suppresses IL-10 production in myeloid cells[130]. It is
therefore very likely that the cMaf/Bhlhe40 balance may regulate IL-10 regulation in other
immune cell types, although we currently have a limited understanding about the signaling
pathways that regulate cMaf and Bhlhe40 expression in contexts other than T cells.

5 Concluding remarks

As multiple immune cell types can produce IL-10, this raises the question of how IL-10
expression is regulated in each of these cellular contexts. A unique transcription factor that
defines the lineage of 1L-10 producing Tr1 or B10 cells has not been identified. As described
above, shared mechanisms such as cMaf may contribute to 1L-10 expression in these cell
types. Additionally, unlike signature cytokines of T helper cell subsets that are
predominantly controlled by one master transcription factor, as is the case for T-bet to IFN-
v, GATAS3 for IL-4, and RORs for IL-17A, the regulation of IL-10 involves more complex
interactions between different signaling pathways and transcription factors. Although cMaf
by itself can transactivate //10, cooperation with additional transcription factors such as Ahr
and Ror-a is required for robust expression[107,125]. A number of additional activating and
suppressing transcription factors work together with cMaf to integrate information from
environmental and metabolic stimuli, and fine tune the expression of IL-10 in a context
dependent manner. It’s likely that IL-10 expression represents more of a functional state
rather than a discrete cell lineage, as stabilization of cell lineage often requires suppression
of other cell fates mediated by master transcription factors. However, master transcription
factors of T helper cell subsets, including T-bet[104,134], GATA3[86], and RORyt[108], do
not inhibit but rather promote IL-10, and the transcriptional program for 1L-10 regulation
can co-exist with the effector cell program in the same cell type.

IL-10 expression is tightly regulated at multiple levels, including mechanisms involving
chromatin structure, histone modifications, DNA methylation and active transcription
factors, in a time- and context-restricted manner. More than 20 transcription factors have
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been shown to directly activate 1L-10[95-99], including: Specificity factors (Sps), Signal
Transducers and Activators of Transcription (STATS), Activator Proteins (AP-1), CCAAT/
Enhancer Binding Proteins (C/EBPs), cAMP Response Element Binding Protein (CREB),
Interferon Regulatory Factors (IRFs), Nuclear Factor-kappa B (NF-xB), cMaf, Prdm1, Hifl-
a, Ahr, Nfil3, GATA3, ROR-a, ROR+t, etc. The cMaf/Bhlhe40 axis is critical for IL-10
regulation in all T helper cells and potentially many other cell types including myeloid cells
and B cells, yet it is not clear as to what extent the other transcription factors are playing a
role among different cell types. It’s largely unknown how cMaf and other transcription
factors interact with each other in the regulation of IL-10. Although a number of studies
have revealed a role for epigenetic regulation of 1L-10 expression, so far this has been shown
only in a limited number of cellular contexts. Additional studies will be needed to connect
specific chromatin remodeling complexes or histone modifiers with the specific transcription
factors that target them to the //Z0locus in each specific cellular context.

It will be important to understand how the stability of IL-10 expression is influenced by
epigenetic mechanisms in different cellular contexts. This question is of particular value for
clinical applications of 1L-10 producing regulatory cells. One study showed that repeatedly
stimulated Th2 cells develop memory for IL-10, which is associated with H4 acetylation. In
contrast, Th1 cells failed to obtain H4 acetylation during repeated stimulation and remained
dependent on 1L-12 for 1L-10 expression[120]. The epigenetic mechanisms maintaining
IL-10 expression in specialized IL-10 producing Trl, B10 and ILCregs requires further
investigation. A more comprehensive understanding of all the cis- and trans- regulatory
elements for IL-10 will undoubtedly inform development of therapeutic strategies to
modulate IL-10 production in inflammatory diseases.
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Figure 1. Epigenetic mechanisms for IL-10 regulation
Heterochromatin and euchromatin are states of the chromatin that is respectively

transcriptional silent or active. Epigenetic mechanisms regulate transcription of //10gene by
influencing the chromatin status. 1) ATP-dependent chromatin remodelers regulate how
tightly DNA is packaged around nucleosomes and accessibility of transcription machinery to
the gene. Specifically, the PBAF chromatin remodeling complex containing the BAF180
subunit inhibits //70. 2) Histone modifications affect chromatin structure. Histone
acetylation enhances chromatin accessibility and promotes transcription. Foxp3 recruits
acetylation “writer” HAT1 to promote //Z0transcription, while Ets1 recruits “eraser”
HDACL to suppress //10. HDAC11 also inhibits //70expression. The histone acetylation
“reader” BRD4 recruits NFxb to promote //10. In contrast, H3K9me3 and H3K27me3 are
repressive histone markers. H3K27me3 is written by PRC2 complex and then recognized by
PRC1 to close the chromatin and suppress //10. Jmjd3 demethylates H3K27me3 and
promotes //10transcription. 3) DNA methylation mediates gene inaccessibility and inhibit
transcription. Tet2 is an DNA demethylation enzyme that promotes //Z0 expression. 4)
CTCF demarcates boundaries of topologically associating domains (TADs) and defines the
scope of active promoter- enhancer interactions.
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Figure 2. Pioneer transcription factors set up chromatin landscape for lineage specification and
IL-10 expression in T helper cells

a) Pioneer transcription factors are critical regulators of cell fate transition in that they
possess unique capabilities to bind nucleosomal DNA and open the chromatin to allow
binding of other lineage specific transcription factors. //Z0locus is closed in naive T cells
but all differentiated T helper cells can express IL-10. In Tr1 cells, IRF1 and Batf are
induced by STAT1 and STATS3 signaling respectively and are required to set up the
accessible chromatin landscape; whereas IRF4 instead of IRF1, together with Batf, are
required in Th17 cells. 1t’s likely that Batf/IRF complexes play a similar role in Th1 and Th2
cells. STAT proteins induced by polarizing cytokines determine the deposition of p300 and
H3K4mel at cell lineage specific enhancers in Thl and Th2 cells. Their roles in influencing
chromatin accessibility remain to be investigated. Unlike other master transcription factors,
GATAZ3 has the chromatin remodeling capability and can increase chromatin accessibility in
the //10locus.

b) Batf/IRF1 complex opens up //10locus to allow binding of transcription factors such as
cMaf, which further transactivates /210 gene transcription in Trl cells.
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Figure 3. cMaf/Bhlhe40 as a shared mechanism for IL-10 regulation across cell types
cMaf is required for IL-10 production in all T helper cells including Thi, Th2, Th17, Trl

and Treg cells. Both TCR induced ERK activation and cytokine induced STAT signaling can
induce cMaf expression in T cells. In addition, the co-stimulatory molecule ICOS promotes
IL-10 in T helper cells via induction of cMaf [135-137]. Inversely, co-stimulation signal
mediated by CD28 upregulates Bhlhe40, a potent inhibitor of IL-10 in Th1, Th2, and Th17
cells. cMaf and Bhlhe40 also antagonize the expression of each other. cMaf/Bhlhe40 axis
may represent a core mechanism for IL-10 regulation that’s shared among different cell
types because their function has also been implicated in myeloid cells and B cells.
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