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Abstract

/110 forms a cytokine cluster with /19, 1/20, and //24in a conserved region of chromosome 1. The
later genes are in the 1L-20 subfamily of IL-10-related cytokines and though not as well-studied
their biologic actions and expression patterns suggest they have little in common with 1L-10.
IL-24, like IL-10, however is uniquely expressed in T cells and is a signature gene of the Th2
lineage suggesting they could be co-regulated in certain cell types. Little is known about other
cellular sources of 1L-24. We investigated IL-24 and IL-10 expression in murine macrophages and
NK cells and found that while co-expressed under most stimulation conditions, 1L-24 and I1L-10
are controlled by distinct, cell type-specific pathways. In BMM, optimal IL-24 expression required
LPS + IL-4 co-stimulation and STAT6 but was independent of type I IFN receptor signaling and
STATA4. Conversely, LPS-induced IL-10 was independent of 1L-4/STAT6 and STAT4 but,
consistent with other reports, required type | IFN receptor signaling for optimal expression.
Remarkably, NK-specific IL-24 (but not 1L-10) expression was dependent on both type | IFN
receptor signaling and STATA4. Induction of IL-24 expression was accompanied by cell-specific
recruitment of STAT6 and STAT4 to multiple sites we identified within //24 which mediated
STAT-dependent histone modifications across the gene. Collectively, our results indicate that
despite being co-expressed, IL-10 and IL-24 are independently regulated by different type | IFN
receptor signaling pathways in innate immune cells and provide insight into the mechanisms
which fine-tune cell type-specific gene expression within the //Z0 cluster.
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INTRODUCTION

Cell type-specific gene expression programs are fundamental to development and disease. In
the genome, related genes may form regulatory clusters which can help to synchronize
shared gene expression programs as well as biological functions. Cytokine genes can be
organized into gene clusters in which shared regulatory information across the locus
coordinates gene expression. The //4locus, consisting of //4, //13and //5is a prime example
of a homologous gene cluster that, despite being disrupted by the unrelated gene Rad50, is
controlled by the cooperative actions of distal cell type-specific regulatory elements across
the locus (1-3) in T helper subsets. On the other hand, some cytokine gene clusters lack
homology and/or have distinct gene regulatory programs despite being in relatively close
proximity. For instance, /fngand //22 (and in humans, /L26) form a cytokine cluster despite
having unique cell-specific gene expression patterns governed by discrete, gene-specific
regulatory elements (4).

The IL-10 family is a relatively large group of related cytokines that is divided into
subfamilies based several factors including; degree of similarity, use of shared receptor
subunits, similarities in cellular targets/biological functions and location in the genome. The
IL-20 subfamily, consisting of 1L-19, IL-20, IL-22, IL-24 and 1L-26 meet most of these
criteria (5). As mentioned, while mouse //22 co-localizes with the /fng gene on chromosome
10, the remaining subfamily members, //19, //20and //24 are located in a highly conserved
region of chromosome 1, flanked by the //Z0gene. There is little overlap in the cellular
subsets which co-express IL-10 and any of its neighboring homologs. IL-24 is a notable
exception because both IL-10 and IL-24 are highly inducible in Th2 cells, (6,7). Previous
studies have established that IL-4/STAT6 signaling is critical for IL-24 and 1L-10 expression
in Th2 cells (6,8,9). However, a ChlP seq-based study identified //24 as one of the top
STAT6-target genes in Th2 cells and classified //24, along with //4, Gata3, and //4ra, as a
major Th2 lineage-specifying gene (10). It should be noted that the biological functions of
IL-24 are still not well-defined and the biologic significance of 1L-24 expression in Th2 cells
has yet to be studied.

Compared to IL-10, our understanding of 1L-24’s functions as well as its regulation in other
cells types is limited. In polyclonally-stimulated human PBMCs or PBMC subsets
(monocytes, NK cells, B cells and T cells), IL-24 was expressed predominately in T cells
and monocytes (11,12). Another study found that cross-linking of the B cell receptor by
CD40L plus anti-IgM stimulation triggers I1L-24 expression in B cells (13). IL-24 can also
be expressed in non-hematopoietic cells. IL-24 was originally cloned from melanoma cells
(14). IL-24 can be expressed by both melanocytes and keratinocytes and 1L-24 has been
shown to have tumor suppressor activity (14-17). In addition, a recent report has linked
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keratinocyte-specific IL-24 expression with skin inflammation in human and mouse models
(18).

We have been mapping cell-type-specific IL-10 regulatory elements as a means to better
understand the molecular basis of how IL-10 expression patterns impact host inflammatory
responses and disease outcomes. In this study, we sought to explore the possibility that I1L-10
and IL-24 may share regulatory features by comparing and contrasting IL-10 and IL-24
regulation in cell types in which IL-24 expression is not well characterized. Specifically, we
focused on two important innate sources of 1L-10, macrophages and NK cells (19). We
chose these cells because both macrophage-derived IL-10 as well as NK-derived IL-10 have
been implicated in several disease models. For example, macrophage-derived IL-10 is
required for protection against LPS-induced shock (20), while NK-derived IL-10 plays a key
role in dampening inflammatory responses during infection with several pathogens including
MCMV, Toxoplasma gondii, Yersinia pestisand Listeria monocytogenes (21,22).
Additionally, NK-derived 1L-10 has been shown to contribute to parasite burden during
visceral leishmaniasis (13). Our data indicate that although I1L-10 and IL-24 are largely co-
expressed in NK cells and macrophages, different cell type-specific mechanisms have
evolved to regulate their expression. This provides new insight into the exquisite fine-tuning
of gene expression programs within the immune system which could prove useful for
designing therapeutic strategies to target inflammation based on cell type and/or
environmental context.

MATERIAL AND METHODS

Mice

Wild-type (WT), Stat6™'~, and /fnra™~ mice on the C57BL/6 background were maintained at
the Johns Hopkins University animal facility. Staz4~/~ mice are known to lose viability when
backcrossing to the C57BL/6 background. Thus, Stat4/~ mice on the BALB/c background
were used. In all experiments using Stat4~ mice, WT BALB/c mice were used as controls.
Both were purchased from Jackson Laboratory and bred at our facility. All mice were
maintained under specific pathogen-free conditions and were used between 8 and 12 weeks
of age. All experimental procedures were approved by the Johns Hopkins University
Institutional Animal Care and Use Committee.

Cytokines and antibodies

Recombinant human IL-2 was obtained from the NCI repository. Recombinant murine I1L-4,
IL-12 (p70), and 1L-13 were purchased from Peprotech (Rocky Hill, NJ, USA). Purified
Lipopolysaccharide (LPS) in lyophilized powder from Escherichia coli 0111:B4 was
purchased from Sigma (St. Louis, MO, USA). Anti-STAT6 (Sc-981) and anti-STAT4
(Sc-486) monoclonal antibodies were obtained from Santa-Cruz Biotechnology (Santa Cruz,
CA, USA) and anti-STAT5 was from R&D Systems (Minneapolis, MN, USA). Anti-
acetylated histone H3 (AcH3; 06-599B) and anti-histone H3 lysine 27 trimethylation
(H3K27me3; 07-449) were obtained from Upstate Biotechnology (Millipore, Billerica, MA,
USA).
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Media for cell culture

NK cell tissue culture media was prepared with RPMI 1640 medium (Lonza, Walkersville,
MD, USA) supplemented with 5% or 10% heat-inactivated Fetal Bovine Serum (FBS) from
Atlanta biologicals, Inc. (Flowery Branch, GA, USA), 2 mM of L-glutamine (Cellgro®,
Mediatech, Inc., Manassas, VA, USA), 1X of Non-essential amino acids (Gibco®, life
technologies, Grand Island, NY, USA), 1mM of Sodium pyruvate (Gibco®, life
technologies, Grand Island, NY, USA), 10mM of 2-mercaptoethanol (Gibco®, Life
Technologies, Grand Island, NY, USA), 100 U/ml of penicillin (Cellgro®, Mediatech, Inc.,
Manassas, VA, USA), and 100 mg/ml of streptomycin (CellgroR, Mediatech, Inc., Manassas,
VA, USA). Culture media for Bone-marrow derived macrophages (BMM media) were made
as follows: DMEM medium (Lonza, Walkersville, MD, USA), 10% of heat-inactivated FBS,
2 mM of L-glutamine, 10mM of 2-mercaptoethanol, 100 U/ml of penicillin, 100 mg/ml of
streptomycin and 50 pg/ml of gentamycin (Quality Biological, Gaithersburg, MD, USA).

Isolation and culture of NK cells

Freshly isolated spleens were mashed in 5% fetal bovine serum (FBS) RPMI 1640 and
passed through a cell strainer (BD) to obtain single-cell suspensions as previously described
(23). The cell suspensions were pelleted by centrifugation. The red blood cells (RBC) were
lysed from the pellet with ACK lysis buffer (Quality Biological, Gaithersburg, MD, USA).
RBC-free cells were washed and resuspended in 5% FBS RPMI 1640. The suspensions were
passed through a sterile, pre-wetted nylon wool column and incubated for 50 min at 37°C.
Cells that were not bound to the nylon wool were eluted out with the 5% FBS RPMI 1640,
washed, counted and routinely were between 70-95% NK1.1*CD3". Cells were
resuspended in 10% FBS RPMI media supplemented with high dose IL-2 (10,000 U/ml) and
cultured for 6 days at a density of 1x10° per ml to obtain activated NK cells. Using this
method for isolating/preparing NK cells we previously characterized the cultured NK cells
(referred to through the manuscript as NK cells) to be phenotypically similar to freshly-
isolated NK cells (23). At day 6 of culture, adherent cells were harvested from flasks with
1mM EDTA (Quality Biological, Gaithersburg, MD, USA), washed two times and starved
for 3 hours to remove IL-2. The cells were seeded at a concentration of 1x10° cells/ml well
in 6-well plates and stimulated with the following cytokine concentrations: IL-2 (100 Ul/ul),
IL-12 (10ng/ml), IL-4 (10ng/ml).

Isolation and culture of bone-marrow derived macrophages (BMM)

Bone-marrow cells were flushed from femurs and tibias of mice with the BMM culture
media. The cells were then passed through a cell strainer, pelleted down and resuspended in
the BMM media supplemented with 30% of L929-conditioned media from the American
Type Culture collection (ATCC, Manassas, VA). Three ml of the cells at 1x10° per ml were
seeded in a 6-well plate and maintained for 5 days with media change at day2 and day4. At
day5, fully differentiated cells were washed three times with 1X PBS then maintained in
BMM media overnight. Fresh media was added at Day6 and the cells were stimulated with
LPS (100ng/ml), IL-4 (10ng/ml), or 1L-13 (10ng/ml) alone or in combination.
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MRNA and real time PCR

Total RNA was isolated with TRIzol® reagent (Ambion, life technologies, Carlshad, CA,
USA). One microgram of mRNA was used as a template to generate complementary DNA
(cDNA) using SuperScript® First-strand Synthesis System (Invitrogren™, life technologies,
Carlsbad, CA, USA). Quantitative real time PCR (RT-gPCR) was performed by SYBRGreen
assay (Applied biosystems, life technologies, Grand Island, NY, USA). mRNA levels
between samples were normalized to the murine B-2-microglobulin. The primers used for
gene expression analysis were the following 5 -ACTTCAGCAGGCTGTGGG-3" and 5’-
GATGACATCACAAGCATCCG-3" for mouse //24,5'-TCGGCCAGAGCCACATG-3" and
5 -TTAAGGAGTCGGTTAGCAAGTATGTTG-3" for mouse //10, and 5'-
AAATGCTGAAGAACGGGAAAA-3” and 5'-
ATAGAAAGACCAGTCCTTGCTGAAG-3" for mouse B-2-microglobulin. Unless
otherwise noted, data are shown as fold induction over non-stimulated cells (NS).

Chromatin Immunoprecipitation assays (ChlIP)

ChIP assays were conducted as previously reported (24) using the EZ-Magna ChlP kit from
Upstate Biotechnology (Millipore, Billerica, MA, USA) with minor modifications. NK cells
and BMM were stimulated for 2h with the appropriate stimuli and fixed with 1%
paraformaldehyde (Fisher Scientific, Fair Lawn, NJ, USA) for 10 min. Nuclei were isolated
from fixed cells and sonicated in short bursts in the cold to shear the genomic DNA into
manageable fragments. A sample of lysate was run on a 2% agarose gel to validate that the
sonication steps yielded DNA fragments of the appropriate size. Sonicated DNA was diluted
in assay diluant in the presence of protein A beads and protease inhibitors and
immunoprecipated (IP) with specific antibodies for 4h at 4 °C. DNA/ protein crosslinks were
reversed by protease K digestion at 62°C for 2h followed by incubation at 95°C for 10min.
DNA was then purified and used as template for gPCR. The primers used for qPCR are the
followings: 5'-GGTCATGCTTCCCTGGAGAA-3" and 5'-
ACCCCCCTGTCTAAGAGCAAA-3’ for Site 0 published by Wei et. al. 2010 (10), 5’-
CAGTTAACCCTGCTACCTTG-3" and 5'-CAGGCCAACTTAAGCAG-3’ for Site 1,5'-
CTGCTTAAGTTGGCCTG-3" and 5'-CATCAAGAGGTTCTAGACTC-3’ for Site 2,5'-
CCCCTGTGTGGTGTAGCTTCA-3” and 5'-AAAGCCCTGCCTCTCATCCT-3" for Site
3,5’-CAGAGGCCATTCCACACA-3" and 5'-GGGGTCAGGTATGTTAATG-3’ for Site 4.
An IgG-IP control was included in each experiment and use to control for non-specific DNA
binding. The results are shown as the percent input (% of Input).

Statistical analysis

Statistical differences between experimental groups were analyzed with the Mann-Whitney
U test using GraphPad Prism software (version 5.0, GraphPad Software, Inc., La Jolla, CA).
Pvalues of =0.05 was considered statistically significant.
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10 are co-expressed in NK cells and macrophages but may be regulated by

cell-specific mechanisms

As mentioned, depending on the inflammatory trigger different IL-10-secreting cell types,
including NK cells and macrophages, emerge to control host inflammatory responses.
Regulation of IL-24 expression in these cells types however, is not well understood.
Previously, we reported that IL-10 is regulated by IL-2 and IL-12 in NK cells (25). We found
that 1L-24 expression is also potently induced by these cytokines (particularly in
combination) but unlike IL-10, IL-24 is synergistically upregulated by IL-2+IL-4 stimulation
(Fig. 1A). We compared IL-24 and IL-10 mRNA expression patterns over time, under
IL-2+IL-12 stimulation conditions, to determine if these genes are induced with similar
kinetics. IL-10 expression peaked at 3h and was sustained until 12h before returning to near
baseline by 24h post-stimulation (Fig. 1B). Interestingly, IL-24 mRNA appeared to be
induced in two distinct phases in NK cells. The first phase occurred slightly later at 4h
followed by a second burst of mMRNA at 6h before returning to baseline by 24h (Fig. 1B).

The accumulation of IL-24 transcripts after 6h may result from increased stability of the
IL-24 mRNA which has been reported as a mechanism regulating IL-24 expression in
keratinocytes (17). NK cells were stimulated as indicated for 3h (control) before treatment
with the transcriptional inhibitor actinomycin D (ActD) and mRNA abundance was
determined 2 and 4h later. Cytokine mRNA half-life was defined as the point at which
MRNA levels fall to 50% or below of control levels (set to 100%) following ActD treatment.
For both IL-24 (Fig. 1C) and IL-10 (Fig. 1D), mRNA stability in NK cells was relatively
short (less than 2h) regardless of the stimulation conditions. Of note, although it is possible
that cytokine receptor upregulation is a mechanism for amplifying cytokine-induced gene
expression, we previously determined that these stimulation conditions do not significantly
affect cytokine receptor expression (23). These data indicate that while induction of 1L-24
MRNA appears to be bi-phasic, it is likely not due to stabilization of the mRNA suggesting
that additional pathways may contribute to the regulation of IL-24 expression in NK cells.

In macrophages, LPS induced both IL-24 and IL-10 expression (Fig. 1E) however, LPS co-
stimulation with IL-4 or, to a lesser extent, IL-13 was highly synergistic for IL-24 but not
IL-10. Examination of gene expression kinetics under LPS+IL-4 stimulation revealed that
both IL-24 and IL-10 mRNA levels peaked by 3h (Fig. 1F). IL-10 mRNA levels rapidly
declined after 3h however, the level of IL-24 transcripts declined more slowly. Both returned
to baseline by 12h after stimulation. Again, we considered if the greater abundance of 1L-24
transcripts over time could be explained at least partly by stability of IL-24 mRNA.
Interestingly, in contrast to NK cells, IL-24 mRNA levels remained highly stable for up to
4h in macrophages (Fig. 1G) while levels IL-10 mRNA were significantly decayed by 2h
(Fig. 1H). Of note, although IL-4 was required for optimal IL-24 expression, stabilization of
IL-24 transcripts occurred independently of IL-4. These findings suggest that IL-24 mRNA
may be inherently more stable in macrophages and that effects of IL-4 on 1L-24 expression
are mediated by mechanisms other than mRNA stability. Together, these data indicate that
IL-24 and IL-10 are induced by overlapping signaling pathways in NK cells and
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macrophages but may have developed separate mechanisms to fine-tune cell-specific gene
expression.

STATG6 is required for IL-4-induced IL-24 expression in NK cells and BMM

It is established that the IL-4/STATG6 pathway is a potent regulator of IL-24 expression in
Th2 cells (6,8,10). Our data indicate that IL-4 also plays a role in IL-24, but not I1L-10
expression in both NK cells and BMM (Fig. 1). We investigated the molecular basis of IL-4-
induced 1L-24 and IL-10 expression in NK cells and macrophages using Stat6~/~ mice. In
Stat6™~ NK cells, cytokine-induced IL-24 expression was largely intact while IL-10
expression was unaffected by STAT6 deficiency (Fig. 2A, B). However, the synergistic
induction of IL-24 by IL-2+IL-4 stimulation was significantly reduced in the absence of
STATS6 (Fig. 2A). In Stat6”~ macrophages, LPS-induced IL-24 remained intact but the
synergistic activity of IL-4 and IL-13 was completely ablated (Fig. 2C). As in NK cells,
STAT6 was largely dispensable for IL-10 expression in macrophages (Fig. 2D). These data
indicate that the STAT6 pathway plays an important role in regulating 1L-4/IL-13-induced
IL-24 but is dispensable for IL-10 expression in both NK cells and macrophages.

STAT4 is required for maximal IL-24 and IL-10 co-expression in NK cells but not BMM

We previously demonstrated that IL-12-induced STAT4 is required for optimal induction of
IL-10 expression in IL-2+IL-12-treated NK cells (25). Because I1L-2+1L-12 co-stimulation
also strongly induces IL-24 in NK cells, we hypothesized that STAT4 may regulate IL-24
expression under IL-12 stimulation conditions. Indeed, like IL-10, IL-24 expression was
significantly diminished in Stat4™~ NK cells stimulated in the presence of IL-12 (Fig. 3A,
B). Unexpectedly, the capacity for other cytokines (IL-2, IL-4) to induce 1L-24 mRNA
expression was also significantly reduced in the absence of STAT4 (Fig. 3A). Conversely,
the effect of STAT4-deficiency on IL-10 expression was only evident under 1L-12
stimulation conditions (Fig. 3B). In macrophages, STAT4-deficiency also resulted in an
overall trend towards reduced 1L-24 mRNA expression but was statistically different
compared to WT controls (Fig. 3C). Notably, LPS-induced IL-10 expression was unaffected
by STAT4 deficiency in BMM (Fig. 3D). These data suggest that IL-12-independent STAT4
signaling is required for NK-specific I1L-24 expression.

Cytokine-induced STAT recruitment to the 1124 gene in NK cells and macrophages

The //24 gene, comprised of 6 exons and spanning ~5kb, flanks one end of the /10 cluster
on human/mouse chromosome 1 (Fig. 4A). Though a few STAT-motifs in //24 have been
described in T cells, relatively little is known about transcription factor recruitment to //24
particularly in innate immune cells. Because STAT-regulated genes frequently contain
multiple binding sites and can attract multiple STAT family members in a cell type-specific
manner (26,27), we searched for additional STAT-binding elements around the //24 gene
utilizing bioinformatics approaches. In addition to the previously described STAT-binding
motif in the proximal promoter (Site 0) (10) we identified 3 additional putative STAT-
binging regions based on sequence homology. Sites 1 and 2 are separated by 23bp in intron
1 and positioned approximately 113bp 3" to a previously described pair of tandem STAT
motifs (28). Sites 3 and 4 are located in introns 2 and 5 of the //24 gene respectively (Fig.
4B).
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We examined STAT4 and STAT®6 recruitment to these STAT sites in NK cells and
macrophages by ChIP. In NK cells, co-stimulation with IL-4 (plus IL-2) induced STAT6
binding to all five STAT elements across the //24 gene (Fig. 4C). The strongest enrichment
of STAT6 occurred at Site 0 in the promoter followed by Site 3 in intron 2 however, only
Site 1 in the 15t intron reached statistical significance. Sites 0 and 3 also displayed evidence
of STAT6 binding in non-stimulated (NS) cells. Interestingly, STAT4 binding was identified
at all five STAT sites in NK cells, even in the absence of IL-12 (Fig. 4D). In the presence of
IL-12 however, STAT4 binding was highly enriched, particularly at Sites 0, 1 and 3. In
macrophages, low levels of STAT6 binding was detected at each site under NS and LPS
treatment conditions (Fig. 4E). Co-stimulation with IL-4 however, resulted in a strong
induction of STAT6 binding across the locus with the weakest binding occurring at Site 4.
Meanwhile, lower levels of STAT4 binding were observed in BMM that were largely
unaffected by the stimulation condition (Fig 4F).

In addition to the sites described here, STAT5 has been shown to bind to a tandem repeat
upstream of our Sites1/2 in the 15t intron of //24in T cells activated under non-polarizing
conditions (28) and to a more distal upstream region in Th2 cells (29). We also found that
IL-2 induced IL-24 (and to a lesser extent IL-10) in NK cells (Fig 1A) but did not observe
appreciable STAT5 recruitment to the sites in //24 tested here (data not shown). Overall,
these results demonstrate that STAT6 and STAT4 are recruited to multiple sites within the
endogenous //24 gene in NK cells and macrophages.

STAT6 and STAT4 mediate cytokine-induced epigenetic modifications of 1124

During Th2 differentiation, STAT6-dependent epigenetic remodeling of the //24 gene occurs
(8,10) but the role that STAT6 and/or STAT4 may play in other cell types have not be
defined. Having established that STAT6 and STAT4 bind multiple regions of the //24 gene in
innate immune cells, we sought to examine the cell-specific impact of these STAT family
members on epigenetic modifications in NK cells and macrophages. We evaluated post-
translational modifications to histone proteins which are associated with permissive (acetyl-
H3 [AcH3]) or repressive chromatin (H3K27me3) in WT, Stat6~'~ and Stat4™'~ cells by
ChIP assay.

We first assessed STAT6. In NK cells, AcH3 was enriched at the promoter (Site 0) and Site 3
upon cytokine stimulation though deficiency in STAT6 had little impact on AcH3 levels
(Fig. 5A). However, we observed an increased accumulation of the silent chromatin mark
H3K27me3 in cytokine-stimulated Stat6~ NK cells, most predominantly at Sites 0, 1, and
3 (Fig. 5B). In BMM, IL-4+LPS stimulation resulted in a sizeable increase of AcH3 marks
specifically at Sites 0 and 1 which was dependent on STAT6 (Fig. 6A). The distribution of
AcH3 across the other STAT sites in //24 were largely similar with limited effects of
stimulation in both WT and Stat6~ cells. Site 0 and Site 1 also preferentially accumulated
STAT6-dependent H3K27me3 marks in non-stimulated (NS) macrophages (Fig. 6B).
Interestingly, the levels of repressive H3K27me3 marks in at Sites 0 and 1 were effectively
reduced in LPS+IL-4-stimulated BMM from both WT and Stat6/~ mice.

Next, we assessed the role of STAT4 in regulating epigenetic modifications to //24. Because
there was little evidence of stimulation-induced STAT4 recruitment in macrophages (Fig.
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4F) and no significant differences in IL-24 expression were observed in STAT4-deficient
BMM (Fig. 3C), we restricted our analyses of STAT4 to NK cells. As before, cytokine
stimulation resulted in the enrichment of AcH3 marks predominantly at Sites 0 and 3 (Fig.
7A). Although STAT6-deficiency had little impact on AcH3 in NK cells (Fig. 5A),
unexpectedly AcH3 levels were enhanced mostly at Site 3 in Stat4”~ NK cells. Similar to
STAT6-deficient NK cells, cytokine stimulation induced a large enrichment of repressive
H3K27me3 marks in Stat4”'~ NK cells but were particularly concentrated at Sites 0 and 3
(Fig. 7B). Of note, this effect was observed even in the absence of IL-12 stimulation. Thus,
STAT4 and STATG6 play distinct roles in IL-24 regulation in innate immune cells through
binding to multiple sites in the gene and mediating epigenetic tuning of the surrounding
chromatin. However, in NK cells, STAT4 and STAT6 acted cooperatively to block the
accumulation of repressive H3K27me3 marks. Taken together, these data suggest that, as in
Th2 cells, STAT6 is required for IL-4-induced IL-24 expression in macrophages and NK
cells. Meanwhile, STAT4 is broadly required for IL-24 expression in NK cells, however,
largely dispensable in BMM.

Cell type-specific type | interferon signaling differentially regulate IL-24 and IL-10 in innate
immune cells

We were intrigued that IL-24 expression in NK cells was dependent on STAT4 even in the
absence of IL-12 stimulation (Fig. 3A). We considered the possibility that an intermediary
cytokine-induced autocrine pathway was involved in IL-24 regulation in NK cells. We
examined the role of type | interferons in regulating IL-24 based on the following: 1) IL-10
expression in macrophages is partially dependent on type | interferons (30), 2) type | IFN
receptor signaling can activate the STAT4 pathway (31); 3) NK cells are not an endogenous
source of I1L-12 (32), and 4) IFN-p has been shown to induce IL-24 expression in melanoma
cells (14).

IL-24 expression from type | IFN receptor-a chain deficient (/fnra™~) NK cells was
dramatically impaired under all treatment conditions, including co-stimulation with 1L-12
(Fig. 8A). Interestingly, induction of IL-10 in NK cells was independent of type | IFN
signaling (Fig. 8B). Remarkably, the role(s) of type I IFN signaling in macrophage-specific
IL-24 and IL-10 expression were reversed. As reported previously, induction of 1L-24 was
intact in /fra”’~ BMM, while LPS-induced IL-10 was substantially reduced (Fig. 8C, D
respectively) (30). We also examined the capacity of type | IFN to directly induce cell type-
specific IL-24 and IL-10 expression. In NK cells, IFN-p alone did not induce IL-24 but
synergized with IL-2 to enhance IL-24 mRNA expression (Supplemental Figure 1A). This
suggests that type | IFN receptor signaling alone is insufficient to regulate 1L-24 in NK cells.
Interestingly, although IFN-y is also regulated by the type | IFN/STAT4 pathway in NK
cells, direct stimulation with type | IFNs (IFN-a or IFN-B) was insufficient for IFN-y
induction (33,34). IFN-B had little effect on IL-10 expression in NK cells. In contrast, IFN-
B-induced IL-10 but not IL-24 expression in macrophages (Supplemental Figure 1B). Taken
together, these data suggest that, though //Z0and //24 are in close genomic proximity and
can be co-expressed, they are controlled by distinct cell-specific IFN signaling pathways
operating in macrophages and NK cells (Fig. 9A, B respectively).
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DISCUSSION

Cytokines play key roles in coordinating host immune responses and must be tightly
regulated in order to maintain effective immune defenses. Cytokine genes are frequently
organized in clusters and considerable effort has been focused on defining the molecular
basis of cytokine expression patterns as a means to understand immune development and
disease risk. Intense study of the //4and /fng loci has revealed important clues about
cytokine gene structure/function/regulatory relationship(s) and has also offered a means to
understand the molecular basis of disease risk.

Comparatively little is known regarding the genomic control of cell specific expression of
the genes within the //10cluster (35,36). In addition, the biological properties of IL-19,
IL-20 and IL-24, though still being defined, appear to have limited overlap with the anti-
inflammatory activities of IL-10 (35). Of these //Z0homologs, IL-24 has been studied more
intently with distinct, sometimes opposing functions compared to IL-10. For example,
IL-24’s role as a tumor suppressor is well-documented (37,38) and IL-10 has been shown to
antagonize this activity (39). In addition, accumulating evidence suggests that 1L-24
contributes to pathological conditions in the skin (18,40,41). These functional differences
coupled with the fact that 1L-20 subfamily cytokine receptors are largely restricted to
epithelial cells (35,40) suggests that IL-10 expression is regulated independently from I1L-20
subfamily cytokines including its neighbors 1L-19, IL-20 and IL-24.

IL-24 and IL-10 can be uniquely co-expressed however, most notably in Th2 cells (6) which
prompted us to explore the possibility that //24 and //10 may share cell type-specific
regulatory mechanisms. To address this, we first examined whether IL-24 and IL-10 are co-
expressed in other immune cells. Since macrophage- and NK-derived IL-10 plays a distinct
role in regulating host responses to inflammation and infection, we focused on NK cells and
macrophages. In both NK cells and BMM, a primary characteristic distinguishing between
regulation of IL-24 and IL-10 was responsiveness to IL-4. Although IL-4 alone was
insufficient to induce IL-24 or IL-10 mRNA expression in either NK cells or macrophages
(Fig 1A, E), IL-4 acted synergistically with IL-2 or LPS-, inducing IL-24 expression in NK
cells and BMM respectively, while having little or no effect on IL-10. While IL-24
regulation has not been extensively studied in innate immune cells (42), LPS-induced 1L-24
expression has been observed in human monocytes (11,12,43,44) and rat macrophages (43).
In the latter, IL-4 stimulation alone modestly induced IL-24 expression in rat alveolar
macrophages (43). A recent report indicated that IL-4 induces I1L-24 expression in normal
human airway epithelial cells. The authors also reported significantly elevated levels of
IL-24 in nasal scrapings from asthmatic patients when compared to healthy controls (45). In
line with our findings, others have reported that I1L-4 stimulation failed to induce IL-24
expression in human monocytes or NK cells (11). Notably, the ability of IL-4 to synergize
with other stimuli, such as LPS, was not examined in these studies. Overall, these data
indicate that the IL-4/STAT6 pathway cooperatively regulates IL-24 expression in BMM and
NK cells by amplifying gene induction signals delivered through other receptors and is
largely dispensable for IL-10 expression.
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STATG6 regulates both //Z0and //24in Th2 cells, however, //24is considered a Th2 lineage-
specifying gene and as such is actively repressed by STAT4 in Thl cells. //20on the other
hand is one of only a few genes that can be positively regulated by both STAT4 and STAT6
in Thl and Th2 cells respectively (6,8,10). Therefore, our observation that STAT4 is required
for NK cell-specific 1L-24 expression was particularly unexpected. To our knowledge, the
STAT4 pathway has not been linked to positive 1L-24 regulation. However, a recent study
reported that dogs undergoing IL-12 gene therapy for cancer had elevated levels of I1L-24 (as
well as IFN-y and 1L-10) in the serum (46). Previously we reported a role for STAT4 in
regulating IL-10 expression in NK cells exclusively under IL-12 stimulation conditions (25).
Surprisingly, STAT4-deficiency resulted in broadly impaired IL-24 expression in NK cells.
With that said, it is important to note that although we did not detect appreciable binding of
STATS to the //24 gene at the time point tested, we cannot exclude a role for STAT5 in
regulating IL-24 and/or IL-10 in NK cells (Figure 9B). Additional studies will be required to
determine if/lhow STATS5 contributes to 1L-24 and IL-10 expression.

Our data suggested that an alternate IL-12-independent, STAT4-dependent pathway operates
in NK cells to broadly control 1L-24 expression. We suspected the type | IFN pathway for
several reasons: 1) type | IFN receptor signaling in NK cells induces STAT4 phosphorylation
(31,34,47), 2) type | IFNs regulate numerous NK cell functions some of which are
dependent on STAT4 (48), and 3) 1L-24 was originally identified through a subtractive
hybridization screen of IFN-B-stimulated melanoma cells (14). In addition, type | IFNs have
an established role in regulating 1L-10 expression in macrophages (30,49).

Although type I IFNs can regulate both IL-24 and IL-10 under certain conditions, we were
intrigued by the distinctive cell type-specific requirements for type I IFN signaling by IL-24
and IL-10 in NK cells and macrophages respectively. Consistent with other reports, LPS-
induced IL-10 expression in macrophages was dependent, at least in part, on signaling
through the type I IFN receptor (Fig. 8D) (30), while the induction of IL-24 remained intact
in /fara”’~ BMMs (Fig. 8C). Conversely, induction of I1L-10 in NK cells was completely
independent of type | IFN signaling while IL-24 expression was broadly impaired in NK
cells from /fnra”~ mice (Fig. 8B, A respectively). Importantly, type I IFN receptor signaling
selectively co-opted the STAT4 pathway in NK cells to regulate IL-24 as evidenced by
similar IL-24 expression patterns observed in /fira'~ and Stat4™= NK cells (Fig. 8A and 3A
respectively). Of note, elegant work by others has demonstrated that type | IFNs selectively
engage different STAT family members in NK cells to fine-tune the response to viral
infection. Specifically, STAT4 is more highly expressed than STAT1 in NK cells and is in
fact constitutively associated with the type I IFN receptor (47). Upon NK cell activation,
type | IFNs induce IFN-y expression through a STAT4-dependent, STAT1-/STAT2-
independent mechanism (33). However, as STAT1 levels rise, NK cell type | IFN receptors
switch from STAT4 to STAT1 utilization which results in the downregulation of IFN-y
(31,47). Thus, IL-24 and IFN-+y, but not IL-10, are regulated by the IFN-STAT4 pathway in
NK cells and though it is likely that similar to IFN-y, induction of IL-24 is STAT1-
independent, we cannot rule out this possibility at this time (Figure 9B). The remarkable cell
type specificity of IFN signaling networks is supported by the fact that type | IFN receptor-
mediated regulation of IL-10 in macrophages is independent of STAT4 (Fig. 3D). Thus, our
findings indicate that although IL-24 and IL-10 are similarly expressed in innate immune
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cells, they are under the control of distinct, cell type-specific signaling pathways operating
through the type I IFN receptor.

Based on their close proximity, structural similarity (50) and their co-regulation by STAT6 in
Th2 cells (10), we hypothesized that the //24and //10 genes are co-regulated in other cell
types by common pathways. Our findings indicate that despite sharing overlapping
expression patterns in NK cells and macrophages, //24 and //10have evolved distinct
regulatory requirements (Fig. 9). As such, //24and //10are “co-expressed” but not “co-
regulated” in these innate immune cells. Taken together, these data provide the molecular
basis for IL-24 and IL-10 co-expression in NK cells and macrophages and may offer
evolutionary insight into regulation of the //Z0gene cluster. In this regard, it is important to
note that while the significance of cell type-specific IL-10 expression programs has been
well-documented (20,51,52), the biological roles of I1L-24 are still being explored (5). In
addition to it’s known antitumor activities, recent studies suggest that IL-24 contributes to
skin immunopathology (18,40) however, the cellular sources of IL-24 in these contexts are
not well-defined. Conversely, a biological role for IL-24 in Th2 immunity has yet to be
defined despite the fact that IL-24 is a Th2 lineage-defining gene (6,10). Thus, together with
our findings, it is tempting to speculate that there are additional, yet to be defined roles for
IL-24 in immune regulation that are mediated by different 1L-24-expressing cell subsets.
Characterizing the molecular mechanisms that regulate the expression of IL-24 and other
members of the IL-10 family will provide further insight into the biological roles these
cytokines play in the etiology/pathology of inflammatory diseases and may point to new
therapeutic strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.1L-24 and IL-10 are co-expressed in cultured NK cellsand BMM

NK cells (A) were stimulated with the indicated cytokines for 6h and IL-24 (black) and
IL-10 (gray) mRNA expression was determined by RT-gPCR analysis. Data represent the
mean + SEM of at least 4 independent experiments with 3-5 mice per group. (B) Kinetics of
IL-24 and IL-10 mRNA expression in IL-2+IL-12-stimulated NK cells (one of two
representative experiments with 3-5 mice per group). Data are presented as the relative fold
increase (MRNA (Fold induction)) compared to non-stimulated cells which were assigned an
arbitrary value of 1. (C, D) mRNA stability analysis of IL-24 (C) and IL-10 (D) in NK cells
stimulated for 3h with IL-2 or IL-2+IL-12 (IL-2+12). Cells were then harvested (Control
(Oh)) or treated with actinomycin D (ActD) and incubated for and additional 2h (black bar)
or 4h (gray bar). mRNA levels were measured by RT-gPCR and normalized to stimulated
control cells that did not receive ActD (Control (Oh). The data are presented as a percent of
control of IL-24 or IL-10 mRNA expression which was assigned a value of 100%. Data are
from one of two representative experiments with 3-5 mice per group. Dashed line indicates
mRNA decay at 50% of the control. (E) Bone-marrow derived macrophages (BMM) were
treated with the indicated stimuli for 3h and IL-24 and IL-10 mRNA expression was
determined by RT-gPCR analysis. Data represent the mean + SEM of at least 4 independent
experiments with 3 mice per group. (F) Kinetics of IL-24 and IL-10 mRNA expression in
LPS+IL-4-stimulated BMM (one of two representative experiments with 3 mice per group).
Data are presented as the relative fold increase (MRNA (Fold induction)) compared to non-
stimulated cells which were assigned an arbitrary value of 1. (G, H) mRNA stability
analysis of IL-24 (G) and 1L-10 (H) in BMMs stimulated for 2h with LPS or LPS+IL-4
(LPS+4). Cells were then harvested (Control (0h)) or treated with actinomycin D (ActD) and
incubated for and additional 2h (black bar) or 4h (gray bar). mRNA levels were measured by
RT-gPCR and normalized to stimulated control cells that did not receive ActD (Control (Oh).
The data are presented as a percent of control of 1L-24 or IL-10 mMRNA expression which
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was assigned a value of 100%. Data are from one of two representative experiments with 3
mice per group. Dashed line indicates mMRNA decay at 50% of the control.
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Figure2. STAT6isrequired for IL-4-induced IL-24 in NK cellsand BMM
NK cells (A, B) and BMM (C, D) were generated from WT (black) and Stat6~~ mice (gray)

in vitro and treated with the indicated stimuli for 6h (NK cells) or 3h (BMM). IL-24 (A, C)
and IL-10 (B, D) mRNA expression was determined by RT-gPCR analysis. Data represent
the mean + SEM for 3 independent experiments with 3-5 mice per group, *p < 0.05, **p <
0.01 (Mann-Whitney U'test). Data are presented as the relative fold increase (induction)
compared to non-stimulated cells (for the respective strains), which were assigned a value of

1.
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Figure 3. STAT4 isessential for optimal induction of IL-24 and IL-10in NK cells
NK cells (A, B) and BMM (C, D) were generated from WT (black) and Stat4~~ mice (gray)

in vitro and treated with the indicated stimuli for 6h (NK cells) or 3h (BMM). IL-24 (A, C)
and IL-10 (B, D) mRNA expression was determined by RT-gPCR analysis. Data represent
the mean + SEM for 3 independent experiments with 3-5 mice per group, *p < 0.05, (Mann-
Whitney Utest). Data are presented as the relative fold increase (induction) compared to
non-stimulated cells (for the respective strains), which were assigned a value of 1.
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Figure 4. STAT6 and STAT4 recruitment to newly-identified sitesthe [124 genein NK cellsand
BMM
(A) Genomic organization of the //70cluster (black boxes) including the 3” flanking gene

Femrspanning ~180kb of mouse chromosome 1. (B) Exon (black boxes)/intron structure of
1124 gene (~5.5kb) including UTRs (gray). STAT-binding sites are indicated by white
triangles. Sites 1 and 2 are separated by 23bp. Genomic features not drawn to scale. (C)
STAT6 and (D) STAT4 recruitment to Sites 0—4 of the //24 gene in NK cells by ChIP. (E)
STAT6 and (F) STAT4 recruitment to Sites 0-4 of the //24 gene in BMM by ChIP. NS =
non-stimulated. NK cells (C, D) or BMM (E, F) were stimulated for 2h with the indicated
stimuli and ChlIP analysis was performed. Anti-STAT6- or anti-STAT4-immunoprecipitated
genomic DNA was subjected to RT-gPCR analysis to determine the enrichment of STAT
proteins at the indicated sites. Data are presented as the relative percent of input DNA (% of
Input) based on the mean + SEM for 3—4 independent experiments with 3-5 mice per group,
*p < 0.05, (Mann-Whitney U'test). In each experiment an 1gG IP control was used to
normalize samples for non-specific DNA binding.
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Figure 5. STAT 6-dependent epigenetic modifications of the 1124 genein NK cells
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Cytokine-induced post-translational modifications of histone proteins in the //24 gene in NK
cells from WT (black) and Stat6~~ (gray) mice. Cells were either not stimulated (NS) or
treated with the indicated stimuli. Levels of (A) AcH3 and (B) H3K27me3 were determined

2h after stimulation by ChiIP analysis. Anti-acytIH3- or anti-H3K27me3-immunoprecipitated

genomic DNA was subjected to RT-qPCR analysis to determine enrichment at the indicated
sites. Data are presented as the relative percent of input DNA (% of Input) of one of two
representative experiments with 3-5 mice per group. In each experiment an IgG IP control

was used to normalize samples for non-specific DNA binding.
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Figure 6. STAT 6-dependent epigenetic modifications of the 1124 genein BMM
Activation-induced post-translational modifications of histone proteins in the //24 gene in

BMM from WT (black) and Stat6~~ (gray) mice. Cells were either not stimulated (NS) or
treated with the indicated stimuli. Levels of (A) AcH3 and (B) H3K27me3 were determined
after 2h stimulation by ChIP analysis. Anti-acytlH3- or anti-H3K27me3-immunoprecipitated
genomic DNA was subjected to RT-gPCR analysis to determine enrichment at the indicated
sites. Data are presented as the relative percent of input DNA (% of Input) of one of two
representative experiments with 3 mice per group. In each experiment an 1gG IP control was
used to normalize samples for non-specific DNA binding.
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Figure 7. STAT 4-dependent epigenetic modifications of the 1124 genein NK cells
Cytokine-induced post-translational modifications of histone proteins in the //24 gene in NK

cells from WT (black) and Stat4~~ (gray) mice. Cells were either not stimulated (NS) or
treated with the indicated stimuli. Levels of (A) AcH3 and (B) H3K27me3 were determined
2h after stimulation by ChiIP analysis. Anti-acytIH3- or anti-H3K27me3-immunoprecipitated
genomic DNA was subjected to RT-gPCR analysis to determine enrichment at the indicated
sites. Data are presented as the relative percent of input DNA (% of Input) of one of two
representative experiments with 3-5 mice per group. In each experiment an IgG IP control
was used to normalize samples for non-specific DNA binding.
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Figure8. Typel IFN receptor signaling differentially controls|L-24 and IL-10 expression in
innateimmune cells

NK cells (A, B) and BMM (C, D) prepared from WT (black) and /frra—/- (gray) mice were
stimulated with the indicated cytokines for 6h. IL-24 (A, C) and IL-10 (B, D) mRNA
expression was determined by RT-qPCR analysis. Data represent the mean + SEM for 3
independent experiments with 3-5 mice per group, *p < 0.05, **p < 0.01 (Mann-Whitney U
test). Data are presented as the relative fold increase (induction) compared to non-stimulated
cells (for each respective mouse strain) which were assigned a value of 1.

J Immunol. Author manuscript; available in PMC 2019 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dabitao et al.

Page 25

A B
Macrophage NK cell
o O
© 00
LPS IL-4 L1212 L4
g% e
£ s :

. A
\\\ST 5?

STAT4) (SJATS?) ‘\\

1o | 1124 1110 1124

Figure 9. Model of cell type-specific type regulation of IL-24 and IL-10in NK cellsand
macrophages

Pathways leading to IL-24 induction shown with red arrows. Pathways leading to 1L-10
induction shown with green arrows. (A) In macrophages, work from other groups has shown
that optimal LPS-induced IL-10 expression requires signaling through both the type | IFN
and IL-27 receptors (30, 49). We show that optimal LPS induction of IL-24 in macrophages
is entirely independent of type | IFN receptor signaling but requires co-stimulation through
the IL-4/STAT6 pathway. LPS+IL-4 stimulation induces STAT6 recruitment to multiple
regions within //24 and STAT6-dependent chromatin remodeling of the //24locus. Enhanced
stability of IL-24 mRNA in BMM occurs independently of the IL-4/STAT6 pathway (not
shown). Of note, we also determined that type | IFN receptor-mediated regulation of IL-10
in BMM is independent of STATA4. (B) In NK cells however, we identified a reversal of type
I IFN’s broad role in regulating 1L-10 and IL-24. Though IL-10 induction is completely
independent of the type | IFN receptor, cytokine-induced IL-24 expression broadly requires
both the type I IFN receptor and STAT4. The dependence on type | IFNs and STAT4 is
evident even in the absence of 1L-12 co-stimulation suggesting that type I IFN receptor
signals through STAT4 to regulate I1L-24 expression in NK cells. The alternate type I IFN/
STAT4 pathway has been shown previously to regulate key functions in NK cell biology (31,
33, 47). Of note, we cannot rule out a role for IL-2-induced STATS5 or type | IFN-induced
STAT1 (semitransparent) in NK-specific IL-24 or IL-10 regulation. Also, STAT4 but not
type | IFN receptor, is required for the synergistic induction of IL-10 by IL-2+I1L-12 (25).
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