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Abstract

Inflammation is a fundamental response of the immune system whose successful termination involves the elimination
of the invading pathogens, the resolution of inflammation and the repair of the local damaged tissue. In this context,
the interleukin 10 (IL-10)-mediated anti-inflammatory response (AIR) represents an essential homeostatic mechanism
that controls the degree and duration of inflammation. Here, we review recent work on the mechanistic character-
ization of the IL-10-mediated AIR on multiple levels: from the cataloguing of the in vivo genomic targets of STAT3
(the transcription factor downstream of IL-10) to the identification of specific co-factors that endow STAT3 with
genomic-binding specificity, and how genomic and computational methods are being used to elucidate the regulatory
mechanisms of this essential physiological response in macrophages.
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THE IL-10-MEDIATED

ANTI-INFLAMMATORY RESPONSE
Inflammation is a crucial response to threats to
homeostasis, and the complex molecular events trig-
gering inflammation are best understood in the con-
text of infection and tissue injury in mammals [1-3].
The anti-inflammatory response (AIR) is to a large
extent controlled by interleukin 10 (IL-10), a multi-
functional cytokine whose vast range of effects in
cells of the immune system we are only beginning to
understand. A general consensus, however, is that
[L-10 is a major immunosuppressive cytokine with
such potent effects that its activity must be tightly
regulated. Otherwise the outcomes typically include
serious diseases related to IL-10 over-production

leading to unwanted immunosuppressive effects
(e.g. Epstein—Barr virus
tumour growth and lupus erythematosus), or to IL-

associated lymphomas,

10 deficiency leading to unrelenting immune activa-
tion (e.g. psoriasis, theumatoid arthritis and chronic
inflammatory bowel diseases) (reviewed in [4]).
IL-10 is the founding member of the so-called
IL-10 family (including IL-10, IL-19, IL-20, IL-22,
IL-24 and IL-26) [5] as well as one of the best-stu-
died anti-inflammatory cytokines, both in the con-
text of acute and chronic inflammation [4]. IL-10 is
produced by nearly all leukocytes, including macro-
phages, dendritic cells (DC), natural killer (NK)
cells, neutrophils, eosinophils, mast cells, B cells
and a number of CD4" T-cell subsets (including
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Th1, Th2, Th17, Th22, Treg and Tr1) (reviewed in
[4]). All these cell types secrete IL-10 in response to
different stimuli, thus providing the immune system
with an exquisitely regulated mechanism to control
the effects of IL-10 in a tissue-specific and temporal
manner. For instance, in some of the best-under-
stood examples monocytes and macrophages respond
to IL-10 upon TLR 4 stimulation with bacterial lipo-
polysaccharide (LPS) [4], whereas T cells secrete IL-
10 upon stimulation of their T-cell receptor (TCR)
[6,7]. Whereas IL-10 produced by T cells is required
to control chronic inflammation, it seems to be dis-
pensable during acute inflammation [8].

IL-10 exerts its effects by binding to its cognate
receptor (IL-10R), a tetramer composed of two
distinct chains (IL-10R1 and IL-10R2). IL-10R1
specifically binds IL-10, allowing a conformational
change that enables the oligomerization with IL-
10R2 [9]. IL-10R2 is relatively widely expressed,
whereas IL-10R1 is restricted to leukocytes and
lymphoid organs with particularly high levels in
monocytes and macrophages (both in human and
mouse), although it is also expressed in NK cells,
CD4" and CD8' T cells, DCs, B cells and mast
cells (BioGPS [10]). Therefore, the effects of IL-10
appear to be restricted to differentiated cells of the
immune system. In the context of the AIR, IL-10
binding to IL-10R activates the IL-10/JAK1/
STAT3 cascade, where phosphorylated STAT3
homodimers translocate to the nucleus within se-
conds to activate the expression of target genes
(Figure 1). Extensive efforts to dissect the IL-10/
JAK1/STAT3 anti-inflammatory pathway have led
to some clear conclusions, previously summarized by
Murray [11]. Most importantly, both IL-10 and
STAT3 are essential for the AIR and cannot be
replaced by any other cytokine or transcription
factor (TF). STAT3 activity by itself does not result
in an AIR; instead STAT3 activates a number of
effector genes (the AIR factors), which subsequently
repress the pro-inflaimmatory genes primarily at the
level of transcription (Figure 1) [12]. The IL-10/
STAT3-mediated AIR is known to function in cell
types other than macrophages such as DCs, where it
works in opposition to the pro-inflammatory IL-6,
which also signals via STAT3 [13]. In addition, IL-10
also suppresses cytokine production in neutrophils
[14]. On a systemic level, the IL-10 knockout
mouse gives rise to chronic intestinal inflammation
in a model of Crohn’s disease [15], but the wide
expression of the IL-10 receptor throughout the

LPS IL10 IL10

L %@'&ﬁ'@'@'@"@"@'"ﬁ’ﬁ"'@"’"ﬁ'ﬁ'@’%’@"’m’@"%’M"@"ﬁ"ﬁ'ﬁﬁ"@

MYD88/adapters

? MKK IKK [ ] JAKA1

l IKB
|

NFKB -

l NFKB [ ]

STAT3 responsive
genes

AIR factors

Figure I: The IL-10 AIR in the context of inflammation.
The TLR-initiated inflammatory response activates a set
of well-understood signalling pathways, which ultimately
lead to the expression of thousands of pro-inflammatory
genes. IL-10 initiates the AIR upon binding to its cognate
receptor, where JAKI phosphorylates STAT3. Neither IL-
10, the IL-10R, the Janus kinase or STAT3 can be function-
ally replaced in this pathway. Upon entering the nucleus,
STAT3 activates specific target genes among which the ul-
timate effectors of the AIR (the ‘AIR factors’) are found.
The AIR factors repress the expression of pro-inflamma-
tory genes mostly at the transcriptional level, with only
~20% of the genes activated by LPS in macrophages even-
tually being repressed by IL-10. Adapted from Murray [I1].

immune system suggests the existence of additional
roles. For example, IL-10 regulates apoptosis in B
cells [16], and IL-10 produced by Th2 cells directly
suppresses Th1 cells and can indirectly suppress Th2
cell activity [17,18]. Indeed, IL-10 was originally dis-
covered (as ‘cytokine synthesis inhibitory factor’) in
the context of Th1/Th2 cross-regulation [19]. Still,
the mechanisms whereby all of these cell type-spe-
cific IL-10 functions combine to orchestrate a sys-
temic IL-10-mediated AIR remain to be elucidated.

The anti-inflammatory effect of IL-10 in macro-
phages manifests as the transcriptional inhibition of
~20% of the LPS-induced genes [20], including
pro-inflammatory mediators such as cell surface
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receptors, chemokines and cytokines. As mentioned
above, STAT3’s role is to stimulate the expression of
specific genes (AIR factors), which in turn suppress
the expression of pro-inflammatory genes. The
search for the AIR factors has been particular intense,
and several factors have been identified. These include
Bcl3, which works by impairing NF-kB’s ability to
bind DNA, recruits HDAC1 and suppresses TNF-o
production [21-23]; Etv3, a transcriptional co-repres-
sor that inhibits NF-kB’s activity [24]; SHIP-1, which
acts via a STAT3-independent mechanism to inhibit
TNF-a translation [25]; miR-155, which targets
SHIP-1 [26]; ABIN-3, which inhibits NF-kB activa-
tion but is dispensable in human [27]; Nfil3, which
suppresses IL12b expression [28,29] and Zfp36, an
RNA-binding protein shown to target AU-rich
elements in the 3’ untranslated region (UTR) of
TNF-a mRNA [23,30,31] (Table 1). However, this
list of factors with anti-inflammatory properties
cannot account for the full IL-10-mediated AIR for
three reasons: (i) formal proof that their absence partly
impairs the IL-10 AIR has only been shown for Bcl3
[21] and Zfp36 [31]; (i1) they cannot account for the
inhibition of all pro-inflammatory mediators that are
induced by TLR4 stimulation and (iii) not all of them
have been shown to be directly regulated by STAT3;
indeed, SHIP-1 is completely independent of STAT3
activity [25].

HIGH-THROUGHPUT GENOMICS
AND THE QUEST FOR THE
ELUSIVE AIR FACTORS

STAT3 does not ultimately inhibit the transcription
of all LPS-induced genes, but only ~20% [20], al-
though the inhibition of this fraction is sufficient and
essential for a functional IL-10-mediated AIR.
Therefore, the next logical step is to characterize
the genomic-binding sites of STAT3 during the
AIR. In the first systematic approach to study the
IL-10-mediated AIR using next-generation sequen-
cing, we integrated STAT3 ChIP-seq and RINA-seq
with computational analysis to obtain a global under-
standing of the eftect of IL-10 on macrophages [32].
The most important conclusions of this study are:
(i) the genome-wide binding patterns of STAT3
are specific to the AIR as the overlap between the
STAT3 peaks in unstimulated (n=602) and IL-10
treated macrophages (n=1302) is <1%. Moreover,
the canonical STAT3-binding motif (the GAS motif)
can be retrieved from the vast majority of IL-10-

specific peaks, which also appear to be under
moderate evolutionary selection and are broadly
associated with immune functions. (i) The major
effect of STAT3 on its target genes (by proximity)
is to promote their transcriptional activation; there-
tore, STAT3 functions as a positive transcriptional
regulator during the AIR. (iii) As new protein pro-
duction is essential for the AIR, we reasoned that the
ultimate eftectors of the AIR might be found among
the STAT3 targets that become activated upon IL-10
stimulation [32]. Of those genes with a STAT3-
binding site within 20 kb of their transcription start
sites (TSS), 351 were found to be up-regulated upon
IL-10 stimulation. Among these, previously identi-
fied STAT3 targets such as Bcl3 and Socs3 were
found. Although we cannot rule out the possibility
that the AIR is mediated by certain factors released in
a form of paracrine signalling, or by STAT3-regu-
lated factors that compromise the stability of certain
mRINA messages or their translation, a likely possi-
bility is that STAT3 up-regulates a number of tran-
scriptional repressors, which in turn suppress the
expression of pro-inflaimmatory genes. Focusing on
sequence-specific DNA-binding factors, a filtered list
of 42 distinct genes emerged which contains a
number of relevant candidates with sustained pat-
terns of gene expression over an 8h period (thus
supporting their putative involvement in the AIR).
These candidates may be grouped into distinct cate-
gories: (1) repressive TFs previously linked to inflam-
mation (e.g. Ikaros, Ppard, Nfkbiz); (i) repressive
TFs not linked to inflaimmation before (e.g. Cic,
whose Drosophila homologue, Capicua, is a well-
known repressor involved in dorsoventral patterning)
and (iii) a bunch of TFs about which very little is
known (e.g. Vavl, RIf, Fblim1, Brd2) [32].

STAT3 IS A PLEIOTROPIC TF WITH
CELL TYPE-SPECIFIC AND
UNIVERSAL FUNCTIONS

STAT?3 has a crucial role in the IL-10 mediated AIR
but it is also involved in a great diversity of cellular
functions, which naturally leads one to questioning
the underlying mechanisms that make this possible.
For instance, what properties determine how STAT3
can be anti-inflammatory in one cell type and pro-
inflammatory in another? Indeed, even within the
same cell type, STAT3 can be both pro- and anti-
inflammatory: when DCs are stimulated by IL-6,
STAT3 is pro-inflammatory, but when stimulated
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by IL-10, STAT3 is anti-inflammatory [13]. By seek-
ing to understand how STAT3 can function in a
diversity of cellular contexts, we might be able to
unveil the mechanisms whereby STAT3 specifically
activates an anti-inflammatory programme in macro-
phages and DCs. STAT3 is constitutively expressed,
in contrast with other TFs whose expression is re-
stricted to a single cell type [e.g. OCT4/Pou5fl is
virtually only expressed in embryonic stem cells
(ESC)], or to single germ lineages, such as STAT4
(mesodermal) or SoxB1 subfamily members (ecto-
dermal) [33]. Therefore, STAT3 is the quintessential
pleiotropic TF as it is involved in the regulation of a
myriad processes, including metabolism (with spe-
cific effects on obesity and glucose tolerance [34—
38]), development (e.g. cardiomyocytes [39], liver
regeneration [40], haematopoiesis [41-44]) and in
orchestrating responses to environmental stimuli,
particularly the previously described anti-inflamma-
tory effect in IL-10 stimulated myeloid cells
[20,32,45—47]). Not surprisingly, mutations in the
coding region of STAT3, which can have both acti-
vating and inactivating effects, are responsible for
many diseases, including the Hyper-IgE syndrome
and cancers [48,49]. Given the plethora of functions
that STAT3 regulates, it is intuitive to think that
STAT3 regulates distinct genes in different cell
types. This was first shown for a small selection of
genes (summarized in [50]), and more recently gen-
ome wide by combining ChIP-seq, microarrays and
RNA-=seq in ESCs [51], CD4" T cells [52,53],
macrophages [32], AtT-20 (pituitary) cells [54] and
conventional DCs [44].

Our analysis of the genome-wide binding patterns
of STAT3 in ESCs, CD4" T cells, macrophages and
AtT-20 cells unveiled two important regulatory
mechanisms encoded in distinct sets of STAT3-bind-
ing sites [23]: (i) the vast majority of STAT3-binding
events are cell type-specific and likely reflect the dif-
ferent functions that STAT3 performs in these cells
and (i) a small core of 35 STAT3-binding events is
found in all four cell types. We call these the ‘cell
type-specific’ and ‘universal’ binding modes of
STAT3. Whereas the former seems to encapsulate
the specific functions that STAT3 executes in distinct
cells, the universal core of 35 STAT3-binding sites
encodes a crucial self-regulatory mechanism of
STATS3 signalling, which: (i) perpetuates Stat3’s tran-
scription by binding to its own promoter; (ii) is a
master regulator of important TFs downstream of
STATS3; (iii) transcribes specific signalling modulators

and cytoplasmic enzymes that fine-tune STAT3
signalling and (iv) ensures a robust cell division pro-
gramme and the maintenance of a stable phenotype
[23]. Some of the target genes of STAT3 in all cell
types include Socs3 (which blocks the IL-6 mediated
pro-inflammatory response by binding to the IL-6
receptor [55]), Bcl3 (which suppresses TNF-o ex-
pression in IL-10-stimulated macrophages [21]) and
the protein tyrosine phosphatase Ptpnl, a negative
regulator of JAK-STAT signalling that works by
dephosphorylating phospho-STAT3 [56]).

In summary, STAT3 is capable of binding to
widely divergent sites in distinct cell types, as well
as to a small core of evolutionarily conserved sites in
all cell types that regulates its own signalling.
Collectively, the STAT3-binding sites as determined
by ChIP-seq amount to a few thousands at most in
any of the cell types investigated [23]. However, in
the mouse genome there are potentially over
1.3 million STAT3-binding sites [57], yet ChIP-seq
experiments conclusively demonstrate that STAT3 is
only ever recruited to a few thousand binding sites at
most [23]. An outstanding question here is: How
does STAT3 select its ~1700 genomic targets
during the AIR [23,32]?

SPECIFIC CO-FACTORS
DETERMINE STAT3’S FUNCTIONS
DURING THE AIR
As the functions of STAT3 are directly linked to its
ability to bind specific genomic sites and thus regu-
late the expression of specific genes, working out the
underlying mechanism is essential for understanding
how the AIR is regulated at the genomic binding
level. The DNA-binding preferences of STAT3 are
indistinguishable from those of most other STAT
family members, a ‘DNA binding degeneracy’ trait
common to virtually all TF families as shown by
protein-binding microarray and high-throughput
SELEX  technologies [58-60]. Moreover, the
analysis of the STAT3-binding sites identified by
ChIP-seq in macrophages, CD4" T cells, ESCs
and AtT-20 cells showed that, although small vari-
ations of the GAS motif were identified, these alone
cannot account for specific STAT3 functions in any
one cell type, and they probably represent alternate
methods for STAT3 recruitment [23].

To explain how STAT3 discriminates and selects
specific-binding sites during the IL-10-mediated
AIR, we developed a novel method for identifying


(
)
-
embryonic stem cells (
)
dendritic cells
STAT3 
STAT3 
;
STAT3 
STAT3 
;
STAT3 
3 
STAT3 
4. 
Since 
protein 
(PBM) 
(HT-SELEX)
STAT3 
In order 
specific 

494 Hutchins et al.

A (1) TF binding (experimental) (2) TF binding (computational)
ChIP-seq ’
J\/\\ ITQCe ;AAA PWM
enrichment

(3) Gene expression (4) Protein-protein interactions

Interactome - % a0

- | [ |
B
. M STAT
STAT3 TRM Md-specific STAT3 TRM universal & Ets-domain
@ Forkhead
O Max/Myc/E-box
B@ @ . . [ C2H2/Kruppel
B CREB/leu-zipper
@ @%@GB . B Androgen Receptor
N ) O NFkB/Rel
QN34 @ 6@ @ NFIC/CTF-domain
(s @ . B AP-1/leu-zipper
@kwx H@ @ E SMAD-domain
~7 Q . B ESR1 nuclear receptor hormone
@ CEBPA/leu-zipper
. @ 2 O E2F-family
I BRCA1/BRCT-domain
[J Homeobox
. [J No motif

Figure 2: Characterization of TRMs. (A) The goal of the rTRM method is to reconstruct TRMs by integrating mul-
tiple data sources. Starting with a set of experimentally characterized genomic-binding sites (e.g. from ChlIP-seq)
(), these sites are investigated for the presence of over-represented TF binding motifs using computational
approaches (2). The over-represented motifs are matched to their corresponding TFs, and these are further filtered
by expression data from the same cell type (3). Finally, rTRM harnesses the power of PPls by investigating the
entire PPl space from the BioGRID database to build TRMs from the TFs that have survived the previous filtering
steps. (B) The genomic-binding patterns of STAT3 encode two distinct modes of regulation: a ‘macrophage-specific’
regulatory mode characterized by a specific set of co-TFs and co-factors (left panel) and a ‘universal’ regulatory
mode characterized by a distinct TRM. Whereas the universal mode of STAT3 regulation serves to perpetuate
STATS3 signalling and fine-tune the JAK-STAT pathway, the macrophage-specific mode is responsible for the AIR.
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the co-factors that endow STAT3 with DNA-
binding selectivity and thus constitute what are
called ‘transcriptional regulatory modules’ (TR M:s)
[23]. The assembly of TFs and co-factors around
master regulatory TFs has been shown to operate
in ESCs (OCT4, SOX2, NANOG, KLF4,
SMAD1, ESRRB and STAT3 [51]), B lympho-
cytes (PU.1 centres around E2A, EBF1 and
FOXO1 [61,62]) and macrophages (PU.1,
CEBPA, CEBPB and AP-1 [61]). Our method,
called rTRM, systematically reconstructs TRMs
by integrating motif enrichment analysis on sets
of experimentally characterized binding regions
(by ChIP-seq), gene expression data and protein—
protein interactions (PPIs) (Figure 2A). By applying
rTRM we predicted that STAT3 assembles around
two distinct TRMs to enact the AIR and control
its cell type-independent (universal) self-regulatory
network (Figure 2B) [23]. The macrophage-spe-
cific TRM suggests that STAT3 is being recruited
to a network containing AP-1 TF family members
as well as ETS family members. Intriguingly,
CEBPA is a member of the TRM: CEBPA and
AP-1 family members together are cell type-spe-
cific determinants for macrophages [61], suggesting
that STAT3 is co-operating with cell type-specific
factors to enact the AIR. This situation is strongly
reminiscent of that observed by Natoli and co-
workers in their studies of inflammation in macro-
phages. The authors found that challenging the
macrophages with an inflammatory signal leads to
NF-kB recruitment at genomic-binding sites al-
ready ‘primed’ by the presence of cell type-specific
TFs [63,64]. In this way it appears that cell type-
determining TFs, besides specifying the macro-
phage cell type also encode the repertoire of pos-
sible signalling responses. Indeed, the macrophage
cell type-determining factors PU.1, CEBPA and
CEBPB are pre-bound at sites of future STAT3
recruitment: of 1724 STAT3-binding sites, 498
sites are also bound by PU.1, 434 by CEBPA,
474 by CEBPB and 181 by JUNB [23,33,61,63].
Remarkably for PU.1, CEBPA and CEBPB, all
three factors are bound to a core of 339 binding
sites of future STAT3 recruitment. This finding
suggests that the macrophage determining factors
PU.1, CEBPA and CEBPB function to specify
the macrophage cellular type as well as the

genomic locations of future STAT3 binding
during the AIR. The experimental exploration
of these TRMs will be of great value in
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Figure 3: The IL-10/JAKI/STAT3 anti-inflammatory
pathway: current state of affairs. The ChIP-seq of
STAT3 in IL-10-stimulated macrophages, coupled with
RNA-seq, has unveiled the repertoire of genes that
are activated by STAT3 during the AIR. Among these
the AIR factors shall be found, followed by a detailed
characterization of the AIR factor-target gene relation-
ships, and their mechanisms. Another fundamental
aspect of the AIR that needs addressing is the role
that the epigenetic landscape plays in regulating the
AIR, as well as the potential regulation of the AIR by
STAT3-induced enzymes, such as PTPIB, a tyrosine
phosphatase previously shown to target phospho-
STAT3 [56]. An integrated understanding of the AIR fac-
tors and their mechanisms of action on their targets,
the genomic regulation of the AIR by specific TRMs
and by the epigenetic landscape, as well as the cytoplas-
mic-level regulation of the AIR will provide us with an
unprecedented degree of detail on this essential physio-
logical response that we may harness to develop tai-
lored anti-inflammatory therapies.

understanding macrophage responses and the IL-
10/STAT3 AIR.

CONCLUDING REMARKS AND
PERSPECTIVES

Despite the unquestionable importance of the IL-
10/JAK1/STAT3 AIR in the negative regulation
of both acute and chronic inflammation, a number
of essential aspects still elude our understanding.
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These include the identities of the AIR factors and
the multiple levels of regulation of the AIR. Many
putative AIR factors have so far been described
(Table 1), but no single factor has yet been able to
account for the complete AIR. Emerging evidence
suggests that the AIR is a multi-factorial response
and that we may never identify a single, universal
AIR factor downstream of STAT3. Therefore, sys-
tematic experimental and computational approaches
will be invaluable in teasing apart the many combin-
ations of factors required to enact a full AIR. The
putative AIR factors described so far will need to be
explored further using a combination of functional
genomics screens, AIR factor-target gene relation-
ships (e.g. by ChIP-seq), as well as in the context
of other AIR factors to gain a global understanding
of the regulation of the AIR by STAT3-regulated
genes. The ultimate aim of research into the AIR
should be to achieve a network-based mechanistic
understanding with a view to developing tailored
and tissue-specific anti-inflammatory therapies. We
should be able to cancel specific pro-inflammatory
molecules without suppressing the entire inflamma-
tory response, which would leave us defenseless
against pathogens (Figure 3).

Inflammation is not the principal cause of many
diseases, such as asthma, obesity, cancer atheroscler-
osis and rheumatoid arthritis, but it is a very import-
ant aggravating factor [67]. Current cytokine-based
anti-inflammatory therapies include the use of anti-
TNF-a humanized monoclonal antibodies and sol-
uble TNF-« receptors, which only target specific
factors. The identification of the AIR factors that
are specifically activated by STAT3 upon IL-10
stimulation, and the mechanisms whereby these
interfere with pro-inflammatory genes alone or in
combination with other AIR factors, is an obvious
outstanding question. However, the IL-10/JAK1/
STAT3 AIR, like all signalling pathways, has mul-
tiple levels of regulation that should also be taken
into account as these may illuminate additional
points for therapeutic intervention.

Key Points

e The IL-10/JAKI/STAT3 AIR is an essential negative regulator that
controls the degree and duration of inflammation.

e Combined ChIP-seq/RNA-seq studies in IL-10 stimulated macro-
phages have generated an important list of putative effectors of
the AIR (the AIR factors) that are activated by STAT3 and which
potentially suppress the expression of pro-inflammatory genes.

e Genomic studies across various cell types have unveiled two
modes of STAT3 binding: a macrophage-specific mode (respon-
sible for the AIR), and a universal (cell type-independent) mode
that regulates STAT3’s own signalling and the fine-tuning of the
JAK-STAT pathway.

e The reconstruction of TRMs using a combination of experimen-
tal and computational techniques, have shown that STAT3 com-
bines with specific factors to perform the AIR.

e Additional levels of regulation of the AIR include the combination
of AIR factors with other co-factors to target and suppress the
expression of pro-inflammatory genes, the regulation of specific
AIR factors in the context of the local epigenetic environment
and the regulation of the JAK-STAT pathway by cytoplasmic
enzymes.

e The ultimate aim of research into the AIR is achieving a network-
based understanding of this essential physiological response
with a view to developing tailored and tissue-specific anti-inflam-
matory therapies.
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