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Expression of the key anti-inflammatory cytokine IL-10 in lipopolysaccharide
(LPS)-stimulated macrophages is mediated by a delayed autocrine/paracrine loop
of type | interferons (IFN) to ensure timely attenuation of inflammation. We have
previously shown that cAMP synergizes with early IL-10 expression by LPS, but
is unable to amplify the late type | IFN-dependent activity. We now examined the
mechanism of this synergistic transcription in mouse macrophages at the promoter
level, and explored the crosstalk between type | IFN signaling and cAMP, using the
B-adrenergic receptor agonist, isoproterenol, as a CAMP inducer. We show that silencing
of the type | IFN receptor enables isoproterenol to synergize with LPS also at the late
phase, implying that autocrine type | IFN activity hinders synergistic augmentation
of LPS-stimulated IL-10 expression by cAMP at the late phase. Furthermore, IL-10
expression in LPS-stimulated macrophages is exclusively stimulated by either IFNa or
isoproterenol. We identified a set of two proximate and inter-dependent cCAMP response
element (CRE) sites that cooperatively regulate early IL-10 transcription in response
to isoproterenol-stimulated CREB and that further synergize with a constitutive Sp1
site. At the late phase, up-regulation of Sp1 activity by LPS-stimulated type | IFN is
correlated with loss of function of the CRE sites, suggesting a mechanism for the loss
of synergism when LPS-stimulated macrophages switch to type | IFN-dependent IL-10
expression. This report delineates the molecular mechanism of cAMP-accelerated IL-10
transcription in LPS-stimulated murine macrophages that can limit inflammation at
its onset.

Keywords: IL-10 promoter, cAMP, type | interferons, IL-10 expression, lipopolysaccharide, cAMP response
element, CREB, toll-like receptor 4

INTRODUCTION

The TLR4 ligand, LPS, stimulates macrophages to produce and secrete multiple pro-inflammatory
mediators (1). Expression of the anti-inflammatory cytokine IL-10 peaks with a delay that is
due to the essential involvement of LPS-stimulated type I interferons (IFN) that act in an
autocrine and paracrine manner (2-7). For example, in LPS-stimulated RAW264.7 macrophages,
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there is an approximately 10h time gap between the TNFa and
IL-10 expression peaks (8). Yet, anti-inflammatory macrophages,
characterized by enhanced IL-10 expression, can be also
generated by a combination of LPS and a second signal, such
as an IgG immune complex, apoptotic cell remnants, or a
cAMP inducer (1). We have previously shown that short co-
stimulation of macrophages with LPS and a cAMP inducer results
in synergistic IL-10 transcription, while either stimulus alone is
largely ineffective (9). Synergistic IL-10 expression has also been
demonstrated in macrophages stimulated by a cAMP inducer and
agonists of other TLRs (9, 10). Recently, we further demonstrated
that the enhancement of LPS-stimulated IL-10 expression by
cAMP and by autocrine type I IFN is temporally distinct (11).
Exogenous agents that elevate cAMP, such as the B-adrenergic
receptor (B-AR) agonist isoproterenol or the phosphodiesterase
(PDE)-4 inhibitor rolipram, synergize with early type I IFN-
independent IL-10 expression by LPS, but in contrast, are unable
to amplify the late type I IFN-dependent activity (11). In the
current study we explored the mechanism of IL-10 expression
temporal regulation at the promoter level.

LPS-stimulated IL-10 induction strictly depends on the
p38 pathway, which inhibits IL-10 mRNA decay (12, 13).
Additionally, p38 activates several transcription factors (TFs),
among them Spl which has been shown to be involved in IL-10
expression (14). It has also been suggested that LPS-stimulated
p38 activates CREB by MSK1/2-mediated phosphorylation on
S133 (15), an event considered to be requisite for CREB function
(16). However, we have shown that cAMP-stimulated PKA
phosphorylates and activates CREB, whereas LPS-stimulated
p38-MSK1/2 phosphorylates CREB but fails to activate CRE-
dependent transcription (17), indicating that phosphorylation of
CREB is required but not sufficient for its transcriptional activity
(18). Indeed, the CREB-regulated transcription coactivator
3 (CRTC3) translocates to the nucleus following cAMP-
dependent PKA activation, but not in response to LPS, where
it cooperates with CREB in amplification of LPS-induced IL-10
expression (19). A cross-talk between LPS and cAMP signaling
might occur also at the level of p38 activation, as cAMP
induction in LPS-stimulated BMDM increased expression of
the MAPK phosphatase DUSP1, leading to reduced MAPK
activity (20). As expected, IL-10 expression is elevated in DUSP1-
deficient macrophages in a p38-dependent manner (21). As
the cAMP-DUSP1 axis down-regulates p38 activity and IL-
10 expression in LPS-stimulated macrophages (20), whereas
overall cAMP strongly amplifies IL-10 expression (11), we
hypothesized that cAMP magnifies LPS-induced IL-10 via a
p38-independent mechanism.

The repertoire of signaling pathways which are employed
to induce IL-10 depends on the studied species and cell type
(22-24). The TFs shown to be involved in LPS-stimulated IL-
10 induction in murine macrophages, and whose respective
response elements were mapped on the mouse IL-10 promoter,
are: C/EBP (25), Spl and Sp3 (26, 27), STAT1 and STAT3

Abbreviations: B-AR, P-adrenergic receptor; CRE, cAMP response element;
interferon, IFN; Iso, isoproterenol; TF, transcription factor; TSS, transcription
start site.

(3), KLF4 (28), and NF«B p50 (29). Brightbill et al. (26) used
a series of 5'-deletion mutants and point mutations of the
mouse IL-10 promoter reporter to show that the Spl site,
located at —89/—78 bp relative to the transcription start site
(TSS), is primarily responsible for IL-10 reporter transcription
in RAW264.7 macrophages stimulated by LPS (alone) for a
long period of 24h (26). The synergistic IL-10 transcription
displayed by LPS and cAMP inducers (9, 11), together with the
suppressive effect of CREB deficiency on IL-10 expression in
mouse macrophages (19, 30), led us to hypothesize that LPS-
stimulated Sp1 cooperates with cAMP-stimulated CREB at the
mouse IL-10 promoter. While the location of CRE at the mouse
IL-10 promoter remains elusive, Platzer et al. (31) stimulated
human THP-1 monocytes for 24 h with cell-permeable cAMP
(alone) and identified two functional and two non-functional
CREs in the human IL-10 promoter. However, only one of these
CRE sites is conserved in the mouse promoter, and importantly—
their relevance to IL-10 expression in LPS-stimulated cells
has not been explored. Binding of phosphorylated CREB to
the proximal region of the mouse IL-10 promoter has been
demonstrated, but the precise location of CRE has not been
revealed (32, 33).

The above reports examined transcriptional regulation of the
IL-10 promoter in cells stimulated for a prolonged period with
either LPS or a cAMP inducer alone. The objective of the present
study was to identify the mouse IL-10 promoter elements that
mediate synergistic induction by cAMP at the early phase in
co-stimulated macrophages, and to asses why up-regulation by
cAMP is lost upon switch of LPS-stimulated macrophages to type
I IFN-dependent IL-10 expression. We found that type I IFN
receptor silencing enabled synergism between LPS and cAMP
also at the late phase, suggesting that type I IFN stimulate IL-
10 expression at the late phase via a mechanism which is not
amenable for up-regulation by the cAMP pathway. We then
identified a novel set of two functionally-dependent CREs at the
mouse IL-10 promoter that is activated by the cAMP pathway
and drives IL-10 reporter transcription in a cooperative manner
with the Sp1 site, which is mainly constitutive at the early phase
and then further activated by LPS via type I IFN at a later
stage. Our results suggest that accelerated IL-10 transcription
achieved by synergism between cAMP inducers and type I IFN-
independent LPS signaling can limit inflammation at its onset in
specific contexts.

MATERIALS AND METHODS

Reagents and Plasmids

Lipopolysaccharide (LPS; Escherichia coli serotype 055:B5) and
isoproterenol were purchased from Sigma-Aldrich (St. Louis,
MO). L-glutamine and penicillin-streptomycin-nystatin were
purchased from Biological Industries (Beit Haemek, Israel).
DMEM, OptiMEM and FBS were purchased from Gibco. BSA
was purchased from Amresco (Solon, OH). The ELISA reagents
set for IL-10 was purchased from R&D Systems (Minneapolis,
MN). The rabbit anti-mouse CREB and monoclonal anti-
mouse tubulin antibodies were from Cell Signaling Technology
(Danvers, MA) and Santa Cruz Biotechnology (Santa Cruz,
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CA), respectively. Infrared dye-labeled secondary antibodies and
blocking buffer were from Li-Cor Biosciences (Lincoln, NE).
Immobilon-FL polyvinylidene fluoride (PVDF) membranes were
from Millipore (Billerica, MA). The full-length (—1,538/464)
mouse IL-10 promoter luciferase reporter gene construct and
the set of 5'-deletion mutants were a kind gift from Dr. S.
Smale (26) and the dominant negative construct named A-CREB
was generously given by Dr. C. Vinson (34). All vectors were
amplified using DH10B bacteria (Invitrogen, Carlsbad, CA), and
purified using Endofree Plasmid Maxi Kit (Qiagen, Hamburg,
Germany). HD-fugene, Lipofectamine2000 and TransIT2020
transfection reagents were purchased from Roche (Mannheim,
Germany), Invitrogen (Carlsbad, CA) and Mirus Bio (Madison,
WI), respectively. Dual-luciferase reporter assay kit was from
Promega (Fitchburg, WI). The siRNA against CREB (5-
GCAAGAGAAUGUCGUAGAA-3) and a scrambled control
sequence were purchased from Bioneer (Daejeon, Korea). Mouse
IFNo was from Miltenyi Biotec (Bergisch Gladbach, Germany).
PCERA-1 was kindly supplied by Dr. Nathanael Gray.

Cell Culture

Mouse RAW264.7 macrophage cells were obtained from
American Type Culture Collection (ATCC, Rockville, MD). A
RAW264.7 cell line stably expressing shRNA against CREB1la was
generously given by Dr. I.D.C. Fraser (30). The cells were grown
to 80-90% confluence in DMEM medium supplemented with
8 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin
and 1,250 U/ml nystatin (hereafter culture medium), and with
10% FBS, at 37°C in a humidified incubator with 5% CO,.

IL-10 Release Assay

RAW264.7 macrophages were maintained for 48 h prior to the
experiment in 96-well plates, at 1.0-10° cells per well, in culture
medium supplemented with 5% FBS, up to a confluence of 90%.
The culture medium was replaced 2 h before treatment in order to
avoid the artifact of medium replacement on signaling (35). The
cells were stimulated with LPS (10 ng/ml) and/or isoproterenol
(I1nM) at 37°C for 3-24h. IL-10 secretion to the medium
were measured with commercially available ELISA reagents sets,
according to the manufacturer’s instructions, using a microplate
reader (Bio-Tek, Winooski, Vermont). The samples were stored
at —80°C until used.

Transfection and Reporter Gene Assay

RAW264.7 macrophages were grown for 24h in 12-well plates,
at 3-10° cells per well, in culture medium supplemented with
10% FBS. The cells were then transfected for 24 h with 0.6 g of
reporter plasmid and 0.2 pg of Herpes Simplex Virus TK-renilla
luciferase (for normalization), and where indicated—also with a
dominant negative (A-CREB), silencing (sh-IFNaR1) or control
construct. The plasmids were initially incubated with HD-fugene
or TransIT2020 transfection reagent in OptiMEM for 15 min at
room temperature. Following transfection, the cells were washed
and stimulated with LPS (10ng/ml) and/or isoproterenol at
37°C for 3-24h, after which luciferase activity in cell extracts
was determined following the manufacturer’s instructions. Data

were expressed as a ratio of IL-10 promoter-driven luciferase
activity divided by the renilla luciferase activity. Transfection
with the empty reporter vector (pGL2B or pTAL) yielded no
detectable activity.

CREB Silencing Using siRNA

RAW264.7 macrophages were grown for 24h in 6-well plates,
at 6:10° cells per well, in culture medium supplemented with
10% FBS. Transfection with siRNA against CREB (or a scrambled
control sequence) was performed as described by Fraser et
al. (36). A mixture of each siRNA with Lipofectamine2000
transfection reagent, initially incubated in OptiMEM medium for
20 min at room temperature, was added to the cells at 100 nM
for the first 4h, after which the volume was increased so the
siRNA was at a concentration of 62.5nM for the following 20 h.
The cells were washed and the transfection process was repeated
the next day for another 24h. The siRNA-containing medium
was removed and the cells were seeded in a 48-wells plate for a
recovery period of 24 h. LPS (100 ng/ml) + isoproterenol (1 M)
were then added for 4 h at 37°C. CREB expression was analyzed
by western blotting and IL-10 production by ELISA.

Construction of Plasmids

The full IL-10 promoter (—1,538/464) luciferase reporter
plasmid was mutated at the CREs and/or Sp1 sites according to
the Quickchange™ standard protocol (37). The sense primers
for mutagenesis are listed below:

CRE1 - 5-TAGCCCATTTATCCACaaaATTATGACCTG
GGAGTGCG-3/,

CRE2 - 5-CGTCATTATGACCTGGGAGTaaaTGAATGGA
ATCCAC-3,

Spl - 5-GGTTTAGAAGAGGGAGGAaaAGCCTGAAT
AAC-3.

The heterologous reporter constructs: CRE1x4 (TTTATCCAC
GTCATTATG), CRE2x4 (GGGAGTGCGTGAATGGA), CRE
consensus x4 (GGGAGTGACGTCAATGGA), IL-10 promoter
Spl site x4 (GGAGGAGGAGCCQC) carrying four copies of the
respective cis element upstream to a luciferase reporter gene, and
the CRE14+CRE2 heterologous reporter carrying two copies of
the IL-10 promoter region encompassing both CRE1 and CRE2
(-362/-323 relative to TSS), were generated using double stranded
pre-synthesized oligonucleotides (Hylabs, Israel) cloned into the
PTAL vector (Clontech, CA). The shRNA vector against IFNaR1
was constructed by cloning the shRNA oligonucleotide sequence
(GATCGGAATGAGGTTGATCCGTTTATCTCGAGA
TAAACGGATCAACCTCATTCTTTTTG) into the pGFP-RS
shRNA vector (Origene, Rockville, MD). Sequence verification
was performed using the ABI PRISM 3100 Genetic Analyzer
sequencer. Plasmid production was done using Endofree Plasmid
Maxi Kit.

Transcription Factor-DNA Interaction

Assay
We used QPID to measure TFs affinity to a library of DNA
sequences derived from the mouse IL-10 promoter (38). A
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TABLE 1 | Ky values for binding of CREB and AP-1 heterodimers to CRE sequences.

Oligo Position? Sequence Kd (nM) for various TF dimers
Site Context CREB/ CREB ATF1 c-Jun/ c-Jun/
ATF1 c-Fos ATF2
CREP - —349/-315 consensus TGACGTCA 0.06 0.07 0.03 0.15 0.05
CRE1 —357/-350 —368/—336 wt CCACGTCA 0.06 0.56 0.05 3 2
mutant CCAaaaat 84 47 32
CRE2 —335/-329 —349/-315 wt TG CGTGA 13 66 16 n.d.c n.d.c
mutant Ta- aaTGA n.d.c 109 48
CRE1+ CRE2 As above —366/—298 wt As above 0.05 1.6 0.08
mut CRE1 As above 10 61 10
TREP - —349/-315 consensus TGA-GTCA 12 53 17 0.5 9

aPosition in the mouse IL-10 promoter, relative to TSS. Site = cis element, context = promoter region present in the oligonucleotide used for the binding assay.
bThe depicted consensus sequence (40) was inserted in the context of the IL-10 promoter —349/—315 oligonucleotide, replacing the CRE2 sequence. Similar results were obtained

when it was inserted in the context of the TNFa promoter CRE region.
°n.d., no binding detected.

microfluidic device was designed and fabricated as described
by Maerkl and Quake (39). The device was aligned to a
dilution series microarray of Cy5-labeled dsDNA sequences (see
Table 1) and its surface was derivatized as previously described
(41-43). A construct of CREB tagged with both Hiss and c-
Myc, and a construct of ATF1 tagged with both HA and V5,
were prepared and proteins expressed in-vitro as previously
described (41). Homo- and hetero-dimers of CREB and ATF1
were introduced into the microfluidic device, and spotted DNA
was solubilized, allowing interaction with the transcription
factors. Mechanically induced trapping of molecular interactions
(MITOMI) was performed after 1h incubation (39) to enable
quantification of each interacting component (41). Data were
fitted and Ky values determined using non-linear least squares
minimization. Binding experiments for some sequences were
repeated with AP-1 dimers, composed of doubly tagged c-Fos,
c-Jun, and ATF2.

Protein Determination

Protein was determined by a modification of the Bradford
procedure, which yields linear and thus more accurate results,
increased sensitivity, and reduced detergent interference, as
previously described by Zor and Selinger (44) and Ernst and Zor
(45). BSA served as standard.

Western Blot Analysis

Whole cell lysates were prepared and used for western blot assays
of CREB as previously described (17). Two-color imaging and
quantitative analysis of western blots was performed using the
Odyssey infrared imaging system (Li-Cor Biosciences), according
to the manufacturer’s instructions. Signal intensity was verified
to be linear with protein quantity. An antibody against a-tubulin
served for normalization.

Statistical Analysis
Data were analyzed using one- or two-ways ANOVA with the
appropriate multiple comparison test wherever applicable, as

indicated in the figure legend. In all cases, differences of p < 0.05
were considered to be significant. All experiments were repeated
at least twice.

RESULTS

The Autocrine Type | IFN Loop Confers
cAMP-Insensitive LPS-Stimulated IL-10

Expression at the Late Phase

We recently demonstrated that elevated intra-cellular cAMP
synergizes with LPS at IL-10 expression and secretion in LPS-
stimulated RAW264.7 macrophages only at the early (3h), but
not late (24 h), phase (11). The temporal regulation trend of IL-
10 protein expression was recapitulated in primary macrophages
(BMDM), as well as in-vivo and was demonstrated also at the
mRNA expression level in macrophages (11). We further showed
that the loss of cAMP effect at the late phase was specific to
IL-10 expression, while general cAMP-dependent transcriptional
activity was retained (11). In contrast, autocrine/paracrine type
I IEN activity is required for LPS-stimulated IL-10 expression
at the late phase (2-7). We showed that neither recombinant
IFNo nor secreted type I IFNs (conditioned medium from
LPS-stimulated macrophages) can synergize with cAMP in IL-
10 promoter activation (11). In the present study we further
examined the interplay between type I IFN and cAMP in time-
dependent IL-10 expression by silencing the common type I IFN
receptor subunit, IFNaR1. To this end, RAW264.7 macrophages
were co-transfected with a shIFNaR1 plasmid together with the
IL-10 promoter reporter plasmid. Consistently with our previous
report (11), the B-AR agonist isoproterenol, which stimulates
intra-cellular cAMP formation (17), synergistically elevated LPS-
stimulated IL-10 promoter reporter activity in control cells at
the early phase, but not at the late phase (Figure 1A). Silencing
the type I IFN receptor significantly reduced LPS-stimulated
and basal IL-10 promoter reporter activity in a time-dependent
manner, and strikingly—enabled synergism between LPS and
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FIGURE 1 | Type | IFN signaling dominates late LPS-stimulated IL-10 expression
enables synergistic IL-10 expression by LPS and isoproterenol also at the late ph
reporter construct, and with a plasmid encoding shRNA against either IFNaR1 or
(Iso, 1 wM) for the indicated time. Luciferase reporter data represent three indepel

was carried out three times with similar results. (B) Isoproterenol and IFNa exclus
were incubated with LPS (10 ng/ml) and/or isoproterenol (Iso, 1 wM) and/or IFNa
data representing six independent experiments are expressed as mean + SD; ***

isoproterenol, calculated from the data presented in the left panel.

renilla luciferase activity; ****p < 0.0001 compared to cells treated with LPS alone (two-way ANOVA followed by Tukey’s multiple comparison test). The experiment

cells that were not treated with LPS was undetectable (<40 pg/ml). The experiment was carried out 3 times with similar results. Right panel—fold-increase by

and hinders a synergistic effect of CAMP. (A) Silencing of the type | IFN receptor
ase. RAW264.7 macrophages were transfected with a full mouse IL-10 promoter
a control sequence. The cells were incubated with LPS (10 ng/ml) + isoproterenol
ndent experiments and are expressed as mean + SD of values normalized against

ively synergize with LPS in IL-10 expression. Mouse macrophage RAW264.7 cells
(1,000 units/ml) for 3h. IL-10 secretion to the medium was measured by ELISA and
*p < 0.0001 (two-way ANOVA followed by Tukey’s post-test). IL-10 secretion from

isoproterenol during the entire 24h time-course (Figure 1A).
This dramatic effect of IFNaR1 silencing, taken together with
the inability of exogenous IFNa to synergize with isoproterenol
(11), suggests that normally the cAMP pathway can amplify
only the low-direct IL-10 inducing effect of LPS at the early
phase, whereas an autocrine IFNaR1-dependent activity which
cannot cooperate with the cCAMP pathway dominates late IL-10
induction in LPS-stimulated macrophages.

We further examined how LPS-dependent IL-10 expression
is stimulated by isoproterenol vs. type I IFN by incubating
RAW264.7 macrophages with various combinations of LPS,
isoproterenol and IFNa for 3 h. LPS alone only slightly stimulated
IL-10 expression and secretion at this early time frame, while
isoproterenol alone and IFNa alone had no detectible effect.
Yet, either isoproterenol or IFNo synergistically amplified
LPS-dependent IL-10 secretion by nearly 8-fold (Figure 1B).
Importantly, the effect of isoproterenol on LPS-induced IL-10
expression was reduced in the presence of IFNa by 88%—
from 7.7-fold in cells treated by LPS, to 1.8-fold in cells co-
treated by LPS and IFNa together (Figure 1B). The usage of
IENp rather than IFNa similarly resulted in synergism with
LPS and diminished amplification by cAMP (not shown).
These findings indicate that LPS-dependent IL-10 expression
can be synergistically amplified by either the cAMP pathway
or type I IFN signaling, but in a largely exclusive manner.
Both stimuli act permissively, i.e., inducing IL-10 expression
only in macrophages co-treated with LPS. Moreover, even the
combination of isoproterenol and IFNa (Figure 1B) or IFN (not
shown) was incapable of inducing IL-10 expression in the absence
of LPS. Together with the lack of additivity of their synergistic
potentials, this suggests that cAMP signaling and type I IFN
signaling affect a common step in IL-10 expression.

CREB Is Required for Transcriptional
Activation by cAMP at the —376/—-295 bp

Region of the Mouse IL-10 Promoter

IL-10 mRNA and protein expression regulation by cAMP in
LPS-stimulated cells was most sensitively reflected in direct
up-regulation of transcription, as measured using an IL-10
promoter reporter (11). Induction of IL-10 promoter activity by
cAMP elevation was minimal, unless the macrophages were co-
stimulated by LPS (11). Thus, in the current study we set a goal to
identify the promoter region accountable for the synergistic IL-10
inducing effect of the cAMP elevating agent isoproterenol in LPS-
stimulated macrophages, using a series of 5" deletion mutants of
the mouse IL-10 promoter reporter (26). We reasoned that cAMP
sensitivity will be manifested by identifying a promoter region
critical for IL-10 reporter induction by a co-stimulus of LPS and
isoproterenol only at the early phase. We indeed found that the
promoter region at —376/—295 bp is most critical only during
the early phase (3h) of LPS and isoproterenol co-treatment
(Figure 2). In contrast, at the late stage (24 h) of co-stimulation,
the —376/—295 bp region was irrelevant while the —118/—78
bp region was important (Figure 2), as previously reported for
24h of stimulation by LPS alone (26). The —1,538/—938 bp
region was found to contribute to IL-10 expression at both early
and late stages (Figure 2). These results suggest that early IL-10
transcription critically depends on a cAMP-regulated TF binding
site located between 295 and 376 bp upstream of the TSS, and
that LPS-regulated response elements located at the —118/—78
and —1,538/—938 bp regions are the dominant regulatory sites of
IL-10 transcription at the late phase. We further focused on the
—376/—295 bp region, as it was the only region demonstrating
time-dependent relevance that fully matched the time course
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FIGURE 2 | The —376/—295 bp region of the mouse IL-10 promoter mediates
the early synergistic effect of CAMP. RAW264.7 macrophages, transfected
with either of the indicated mouse IL-10 promoter deletion mutant reporter
constructs, were incubated with LPS (10 ng/ml) and isoproterenol (Iso, 1 pM)
for 3 or 24 h. Luciferase reporter data represent three independent
experiments and are expressed as mean + SD of values normalized against
renilla luciferase activity, divided by unstimulated control cells and relative (in %)
to full (1,538 bp) promoter reporter activity (for which stimulation by LPS+Iso
was 35.5-fold and 40-fold, relative to resting cells, at 3h and 24 h,
respectively); **p < 0.001, ***p < 0.0001 for cells transfected with the
indicated deletion mutants compared to cells transfected with the —295 bp
(8h) or =78 bp (24 h) promoter reporter (two-way ANOVA followed by
Dunnett’s post-test). The experiment was carried out 3 times.

of regulation by cAMP on IL-10 promoter reporter activation
(Figure 1A) and endogenous IL-10 expression (11).

To explore the role of CREB in IL-10 promoter activation
and to confirm the location of the cAMP-sensitive region
(Figure 3A), we co-stimulated the cells with LPS and
isoproterenol and used the dominant negative construct A-
CREB, which sequesters native CREB by dimer formation and
is unable to bind the DNA (34). Figure 3B shows that at 3 h,
A-CREB inhibits reporter activity of the full 1,538 bp IL-10
promoter as well as of the shorter 376 bp construct, but has no
effect on transcriptional activation of the further-shortened 295
bp IL-10 promoter. A-CREB also inhibits co-stimulation of the
full (1,538 bp) IL-10 promoter reporter at 8 h but has no negative
effect at 24h (Figure 3C). These results support the finding
above regarding the location of the cAMP-regulated site at the
—376/—295 bp region of the mouse IL-10 promoter, and suggest
that CREB mediates the enhancing effect of isoproterenol on

IL-10 reporter activity at the early (and mid-) phase whereas late
IL-10 expression in LPS-stimulated cells is CREB-independent.
Next, we validated the involvement of CREB in the regulation
of endogenous IL-10 expression by the cAMP pathway, using
a previously described RAW264.7 cell line (30) that stably
expresses shRNA against CREB1a (hereafter shCREB), resulting
in 80% CREB silencing efficiency (compared to shControl cells,
Figure 3D). As observed with the dominant negative approach,
isoproterenol was unable to significantly stimulate LPS-induced
IL-10 secretion at the early phase in shCREB cells, unlike control
cells (Figure 3E). Furthermore, transient siRNA-mediated CREB
silencing (95% efficiency at the protein level) diminished the
synergistic effect of isoproterenol (data not shown). These results
indicate that CREB mediates the synergistic effect of cAMP
on IL-10 expression in LPS-stimulated macrophages, and is
consistent with a previous report, in which IL-10 mRNA levels
in shCREB cells stimulated with LPS for 2h were not further
increased by cell-permeable cAMP (30).

Cooperative Tandem CRE Sites at the

Mouse IL-10 Promoter

The human IL-10 promoter contains a single CRE which was
demonstrated to be functional upon stimulation with exogenous
cAMP for 24h and is also conserved in the mouse IL-10
promoter (31). This site resides at —357/—350 bp relative to the
TSS (hereafter CREL, Table 1), within the region identified in
Figure 2. Mutation of that conserved cis element at the human
promoter only partially reduced the response to a cAMP stimulus
(31), and thus we decided to perform a bioinformatics search
to identify additional putative CREs within the —376/—295 bp
region. A putative CRE-like 7 bp sequence was indeed found 21
bp apart from CRE1 (3’ to 3’), at —335/—329 bp relative to the
TSS (hereafter CRE2, Table 1).

To assess the binding of these sequences to CREB and its
closely-related family member ATF1, we used a microfluidics
approach named Quantitative Protein Interactions with DNA
(QPID) (38, 39). We spotted increasing concentrations of Cy5-
labeled oligonucleotides on a microfluidic array device; CREB
and ATF1 homo- and hetero-dimers were allowed to bind and
reach equilibrium, and we then quantified the protein-DNA
interaction via fluorescence of the tags present on the DNA
and the TF-bound antibodies. As shown in Table 1, the CREB
homodimer bound to a CRE1 oligonucleotide with an affinity
that was one order of magnitude lower than to a consensus
CRE sequence, but two orders of magnitude higher than to
a CRE2 oligonucleotide. CREB binding to an oligonucleotide
containing both CRE1 and CRE2 was comparable to CRE1
alone. The binding affinities of the CREB homodimer to CRE1
and CRE2 were an order of magnitude lower than those of a
ATF1 homodimer or CREB-ATF1 heterodimer. Compared to the
CREB family members, AP-1 heterodimers displayed comparable
high affinity to consensus CRE, low affinity to CRE1 and non-
detected binding to CRE2. Based on these results, we predicted
that CRE1 would be activated by cAMP-stimulated CREB/ATEF-1,
but not by LPS which stimulates AP-1 activity (40).
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FIGURE 3 | CREB mediates the early synergistic effect of CAMP.

(A-C) Dominant negative CREB (A-CREB) inhibits mouse IL-10 promoter
activity via the —376/—295 bp region. RAW264.7 cells were transfected with
the indicated (B) or with the full (1,538 bp) (C) IL-10 promoter reporter
plasmids and with A-CREB, or its control vector. The cells were treated with
LPS (10ng/ml) and isoproterenol (Iso, 1 uM) for 3h (B), 8h or 24 h (C).
Luciferase reporter data represent three independent experiments and are
expressed as mean £ SD of values normalized against renilla luciferase
activity; *p = 0.015, **p = 0.0002, ***p < 0.0001 for cells transfected with
A-CREB compared to cells transfected with empty vector (two-way ANOVA
followed by Sidak’s post-test). The activity in resting cells was at least 3-fold
lower than in treated cells. (D,E) CREB silencing blocks
isoproterenol-stimulated IL-10 expression in LPS-treated macrophages. Stably
CREB-silenced and shRNA-control RAW264.7 cells were incubated with LPS
(10ng/ml) + isoproterenol (Iso, 1 wM) for 3h. (D) CREB levels were analyzed
by western blot. (E) IL-10 secretion to the medium was measured by ELISA
and data representing eight independent experiments are expressed as mean
+ SD; *p = 0.025, *p = 0.002, ****p < 0.0001 for silenced cells compared to
control cells (two-way ANOVA followed by Sidak’s post-test). All experiments
were carried out twice with similar results.

To examine the potential of the CRE1 and CRE2 sequences to
mediate CREB-dependent transcription, we constructed reporter
plasmids carrying four repeats of either sequence and compared
their activity to that of the consensus CRE. Figure 4A shows that
the CRE1 construct was activated 6-fold by isoproterenol in a
3 h assay, whereas the CRE2 construct was not activated, and the
CRE consensus sequence was activated 43-fold by isoproterenol.
Notably, CREI contains one consensus position in addition to
a consensus CRE half-site (5 bp) which is known to be weakly
activated by CREB relative to the full 8 bp palindrome CRE

(46). In contrast to isoproterenol, LPS neither activated these
sequences by itself nor affected the activity of isoproterenol
(Figure 4A). Next, we created reporter plasmids regulated by
two repeats of the entire —362/—324 bp region of the IL-10
promoter containing both CRE1 and CRE2, wild-type (wt) or
mutated in either sequence. Surprisingly, the 16-fold reporter
activation induced by isoproterenol was not only completely
abolished by mutation of CRE1 but also completely abolished
by mutation of CRE2, indicating tight cooperativity between
the two CRE sequences (Figure 4B). Finally, we created CRE
mutants of the full IL-10 promoter reporter. These mutations
only modestly affected the low LPS-induced activity at 3h,
and thus, in order to focus on the relevance of each CRE
sequence to IL-10 transcription induction by cAMP, the Y axis
in Figure 4C depicts IL-10 reporter activities in cells stimulated
by LPS and isoproterenol, relative to LPS alone. Mutation of
either CRE1 or CRE2 sharply reduced isoproterenol’s effect on
LPS-induced IL-10 reporter activity at the early and mid- phases
(Figure 4C). Importantly, mutation of both CRE1 and CRE2 in
the context of the full IL-10 promoter was just as detrimental as
mutation of only a single CRE (Figure 4C). Consistent with the
previous experiments, isoproterenol’s effect on LPS-induced IL-
10 reporter activity was time-dependent (Figure 4C). Thus, these
results indicate complete synergism between CRE1 and CRE2 in
mediating amplification of early LPS-induced IL-10 transcription
in response to a cAMP stimulus.

Sp1 Critically Regulates IL-10 Transcription

in Cooperativity With CRE

The Spl site located at —89/—78 bp was shown to mediate
transcriptional induction of the mouse IL-10 promoter in
macrophages stimulated with LPS for 24 h (26). However, its role
at shorter LPS stimulation periods and its relevance regarding
synergistic IL-10 expression have not been reported. Therefore,
we initially compared the LPS-inducible activities of 5’'-deletion
constructs containing (—118 bp) or not containing (—78 bp)
the reported Spl binding site (Figure 5A). As shown above
(Figure 2), the activity of the —118 bp reporter in stimulated
cells relative to resting cells was surprisingly similar to that
of the shorter reporters at 3h and only modestly higher (~2-
fold) for the Sp1-containing construct at 24 h. However, separate
analysis of the activities in resting cells, LPS-stimulated cells
and cells co-stimulated by LPS and isoproterenol, indicated that
deletion of the region that includes the Sp1 loci greatly reduces
IL-10 promoter activity in all cellular activation states at both
3h and 24h (Figure 5B). These results imply that Spl has a
critical role in both basal and inducible transcription of IL-10.
Importantly, while LPS only slightly elevated the activities of
the —78 and —118 bp reporters at the early phase (Figure 5B,
left panel), it greatly stimulated the late phase activity of both
reporters, and in particular that of the promoter construct that
contains the Spl response element (—118 bp)—by an order of
magnitude (Figure 5B, right panel). The modest positive effect
of isoproterenol on LPS-stimulated activity of the —118 bp
promoter was significantly less pronounced than that of LPS
(Figure 5B, right panel), and isoproterenol had no effect on
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FIGURE 4 | Cooperativity between tandem CRE sites is essential for cAMP-stimulated IL-10 promoter activity. RAW264.7 macrophages were transfected with a
luciferase reporter regulated by four repeats of either CRE1 or CRE2 or a consensus CRE (A), two repeats of the —362/—324 bp region with either the WT sequence,
CRE1 mutant, or CRE2 mutant (B), or the full (—1,538 bp) IL-10 promoter, either wt, mutant in CRE1 (mCRE1), mutant in CRE2 (MCREZ2) or a double mutant
(MCRE1+2) (C). Site mutation is shown by red color. The cells were incubated with isoproterenol (Iso, 1 wM) and/or LPS (10 ng/ml) for 3 h (A,B) or with both stimuli for
the indicated time (C). Luciferase reporter data represent three independent experiments and are expressed as mean + SD of values normalized against renilla
luciferase activity, relative to unstimulated (A,B) or LPS-stimulated (C) control cells; (A,B) **p = 0.001, ***p < 0.0001 for cells treated with isoproterenol (4 LPS)
compared to control cells (two-way ANOVA followed by Dunnett’s post-test). (C) Error bars represent the sum of SD (%) of both values in the ratio. **p < 0.0001 for
mutants compared to wt (two-way ANOVA followed by Dunnett’s post-test). The experiments were carried out 3 times with similar results.

the basal activity of the 5'-deletion constructs or the full IL-
10 promoter reporter in resting cells (not shown). These results
suggest that at long incubations LPS up-regulates the activities
of Spl and of another TF binding downstream to —78 bp,
likely to be NFkB p50 homodimer, as we (47) and others (29)
have reported.

To further examine the ability of LPS to activate IL-10
transcription via the Spl site, we prepared a reporter plasmid
regulated by four repeats of the IL-10 promoter Spl site.
Consistent with the above findings, LPS was unable to induce
reporter activity at the early phase (not shown), but stimulated
its activity 3-fold at the late phase (24h) (Figure5C). In

contrast, isoproterenol was unable to increase, and even partially
decreased, both the basal activity and the LPS-stimulated activity
of the reporter (Figure 5C). The relatively modest effect of LPS
on the Spl reporter suggests that in the full IL-10 promoter the
Spl site cooperates with additional cis elements. Alternatively,
different spacing between the four Spl sites in the reporter may
enable a higher response to LPS. Nevertheless, our results indicate
that LPS, but not isoproterenol, stimulates Spl activity at the
late phase.

The opposite time-dependency of CREs activation by cAMP
and Sp1 activation by LPS (early vs. late, respectively), echo the
time-dependencies of IL-10 expression stimulation by cAMP and
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FIGURE 5 | The Sp1 response element at —89/—78 bp is constitutive at the early phase and further activated by LPS via type | IFN at the late phase. (A) Plasmid
constructs used in the following panels. RAW264.7 cells were transfected with either the —78 bp (B) or the —118 bp (B,D) 5’-deletion IL-10 promoter reporter
plasmid, or with a reporter construct regulated by four repeats of the putative IL-10 promoter Sp1 sequence (—89/—78 bp) (C,E). (E) The cells were co-transfected
with a plasmid encoding shRNA against either IFNaR1 or a control sequence. (B-E) The cells were incubated with vehicle, LPS (10 ng/ml) and/or isoproterenal (Iso,
1 M) or with mouse IFNa (1,000 units/ml), for 3h (B—left panel) or 24 h (B—right panel, and C-E). Luciferase Reporter data represent three independent
experiments and are expressed as mean + SD of values normalized against renilla luciferase activity and relative to unstimulated control cells. (B) ***p < 0.0001 for
cells transfected with —118 bp mutant compared to the —78 bp mutant (two-way ANOVA followed by Sidak’s post-test); ***p = 0.0004 for resting cells transfected
with —118 bp mutant compared to the —78 bp mutant (Student’s t-test); $$p = 0.008, $$$$p < 0.0001 for cells transfected with the same plasmid and treated with
different stimuli (two-way ANOVA followed by Sidak’s post-test). All values were above the detection limit, except for resting control cells transfected with the —78 bp
mutant. (C) *p = 0.01, **p = 0.001, ***p < 0.0001 (one-way ANOVA followed by Sidak’s post-test). (D) ***p = 0.001, ***p < 0.0001 (one-way ANOVA followed by
Dunnett’s post-test). (E) *o = 0.025, ****p < 0.0001 (two-way ANOVA followed by Sidak’s post-test). The experiments were carried out 3 times (B), 6 times (C) or
twice (D,E) with similar results.

autocrine type I IFN (11) (Figure 1A). We therefore examined
whether type I IFNs are involved in LPS-stimulated activation
of the Sp1 response element of the IL-10 promoter. This indeed
was demonstrated by the following two experiments. First, the
minimal IL-10 promoter reporter that includes the Sp1 site (—118
bp) was activated by a 24 h treatment with either LPS or IFNa
(Figure 5D). The lower reporter stimulation by IFNa, relative

to LPS, suggests that the autocrine type I IFN loop is required,
but not sufficient for maximal Sp1 activation in response to LPS,
as we showed also for the reporter of the full IL-10 promoter
(11). Second, silencing the common type I IFN receptor subunit,
IFNaR1, almost completely abolished LPS-stimulated activity (at
24 h) of the reporter for the Spl response element from the IL-
10 promoter (Figure 5E). Taken together, our results suggest that
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LPS up-regulates IL-10 transcription at the late phase, at least
in part via autocrine type I IFN stimulating Spl activity at the
—89/—78 bp cis element.

To examine the role of the Spl response element in the
context of the full IL-10 promoter and in relation to the CRE
sites, we mutated the Spl sequence in the full mouse IL-
10 promoter reporter, alone or together with mutation of the
CRE2 sequence. Figure 6 shows WT and mutant IL-10 promoter
reporter activities at 3, 8, and 24h, in resting cells (left panel)
and in cells stimulated with LPS in the absence or presence of
isoproterenol (middle and right panels, respectively). Note that
the Y axis has a logarithmic scale. Mutation of the Spl site
resulted in a loss of activity by at least an order of magnitude
at all incubation periods in resting and stimulated conditions.
The detrimental effect of substitution mutation (Figure 6) or
deletion (Figure 5B) of the Spl response element implies a
critical role for that TF in IL-10 expression. Mutation at the
CRE?2 site reduced IL-10 reporter activity in cells co-stimulated
with LPS and isoproterenol by an order of magnitude at 3 h,
but had a more modest effect at 8h and no effect at 24 h. The
CRE2 mutation only moderately affected IL-10 reporter activity
in both resting cells and cells stimulated with LPS alone for 3 h,
and had no effect on IL-10 reporter activity during the longer
LPS incubations of 8 and 24 h. This may represent a modest
contribution of basal cAMP levels to early LPS-stimulated IL-10
expression, or a modest role for autocrine LPS-induced factors
which elevate cAMP, such as eicosanoids (48), or a small medium
replacement artifact (35). In any case, the effect of Spl mutation
is considerably more pronounced than that of CRE2 mutation in
all cellular states and time points, except for 3 h of co-stimulation
with LPS and isoproterenol. Finally, while mutation of either
CRE2 or Spl reduces IL-10 reporter activity in response to 3h
of co-stimulation (LPS and isoproterenol) to 8.5 and 18.1%,
respectively, of WT IL-10 reporter activity, mutation of both
CRE2 and Spl together reduces the respective IL-10 reporter
activity to only 0.7% of WT activity (Figure 6, right panel). This
synergism between the two cis elements is also evident at 8 h.
Taken together, our results suggest (see cartoon in Figure 7) that
cAMP-elevating agents up-regulate early (3 h) LPS-induced IL-10
expression by transcriptional activation at the CRE sites, which
cooperate with the constitutive Spl site. At 24h, the role of the
Spl site is strengthened due to its activation by the LPS pathway
via an autocrine type I IFN loop, whereas the CRE sites become
largely irrelevant.

DISCUSSION

Crosstalk Between the cAMP Pathway and
Type | IFN Signaling Regarding IL-10
Expression in Macrophages

Anti-inflammatory macrophages, characterized by reduced
production of pro-inflammatory cytokines and increased levels
of IL-10, mediate inflammation resolution and homeostasis.
While these macrophages usually appear at a late stage of
LPS stimulation, such macrophage sub-populations can also be
generated following co-stimulation by a TLR ligand and a second

stimulus, including an IgG immune complex, apoptotic cell
remnants, or a cAMP inducer (1).

We have previously shown that elevation of cAMP stimulates
IL-10 expression in mouse macrophages in synergism with LPS
(9), which occurs only at the early, but not late, phase of
LPS stimulation (11). Mechanistically, we ruled out receptor
desensitization as a possible explanation for the loss of synergism
(11), and instead suggested that autocrine type I IFN signaling
which is required for IL-10 expression at the late phase of
LPS stimulation (2-7) interferes with cAMP effect at late IL-10
expression. Indeed we demonstrate that type I IFN and cAMP
amplify LPS-dependent IL-10 expression by exclusive, non-
additive and time-distinctive transcriptional mechanisms. This is
concluded from a combination of evidences: (i) The inability of
cAMP to synergistically elevate IL-10 expression with IFNa or
with autocrine type I IFN present in conditioned medium from
cells pre-treated with LPS for a prolonged time (11); (ii) The
regained ability of cAMP to synergize with LPS even in late IL-
10 reporter expression upon type I IFN receptor silencing; (iii)
The diminished ability of cAMP to synergistically elevate early
IL-10 secretion in cells treated with a combination of LPS and
IFNa; (iv) The opposing time-dependencies of the different IL-10
promoter sites activated by cAMP and type I IFN.

We show that an autocrine/paracrine type I IFN loop is
essential for efficient activation of the IL-10 promoter in LPS-
stimulated macrophages at the late stage, in accordance with
previous reports (2-7). Yet, IFNa, similarly to cAMP inducers,
can induce IL-10 expression only in the presence of LPS as a
co-stimulator. This permissive property insinuates that in order
to induce IL-10, both the LPS-driven autocrine type I IFN loop
and the cAMP pathway must cooperate with a LPS-activated
pathway(s) which is type I IFN-independent. Notably, LPS
rapidly induces IL-10 mRNA expression without a concomitant
activation of the IL-10 promoter reporter, pointing to IL-10
mRNA stabilization (11), which indeed was shown to occur via
p38 (12, 13). Additionally, the ability of LPS to synergize with
the cAMP pathway at the early phase, not only in endogenous
IL-10 expression but also in IL-10 promoter reporter activation,
suggests that LPS further augments cAMP-stimulated IL-10
transcription in a type I IFN-independent manner.

Regulation of the Mouse IL-10 Promoter by
the cAMP Pathway

In the current study we explored the molecular mechanism of
the time-dependent synergism between cAMP and LPS using a
set of mouse IL-10 promoter deletion mutants previously used
by Brightbill et al. (26). In that study the reporter series was used
to locate the Spl binding site at the mouse IL-10 promoter and
to demonstrate its critical role in IL-10 expression in RAW264.7
macrophages stimulated for 24h by LPS alone (26). We found
that synergistic IL-10 promoter activation in the early response
to LPS and cAMP requires, in addition to the Spl site, two
proximate CRE sites located at —357/—350 and —335/—329 bp
relative to the TSS. The CREs-dependent synergism is most
pronounced at short (3 h) duration of co-stimulation by LPS and
a cAMP-elevating agent and it is later reduced (8h) and even
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FIGURE 7 | A model showing that the cAMP pathway accelerates IL-10 transcription in LPS-stimulated macrophages at the early phase via a tandem set of CREs
that synergize with a constitutive Sp1 site. At the late phase, the strong LPS-induced IL-10 transcription is mediated in part by an autocrine type | IFN loop, which
relies on hyper-activation of the Sp1 site and obviates the requirement for the cAMP pathway. Additional LPS-regulated TFs, that are not depicted, include for example

p50 NFkB homodimer (47) and STAT1/3 (3).

abolished at the late phase (24h). In contrast, Spl activity is  low LPS-stimulated IL-10 production in the absence of a cAMP
constitutive at 3-8 h of LPS stimulation and is up-regulated only ~ inducer at the early phase (3h). These results are consistent
at 24 h. Basal activity at the CRE sites modestly contributes to the ~ with studies done on IL-10 mRNA expression in BMDM derived
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from mice bearing a CREB S133A knock-in mutation, preventing
phosphorylation (19, 32). The mutation reduced early (1h), but
not late (4h) IL-10 mRNA expression in response to either LPS
alone or to LPS and a cAMP elevating agent (19). Early IL-
10 expression in the CREB S133A knock-in macrophages was
reduced but still synergistic, likely due to ATF1 activation (19).

We confirmed the location of the cAMP-regulated region
by using a dominant negative version of CREB that specifically
inhibited the activity of only promoter constructs that include
that region, but not of a shorter construct. A bioinformatics
approach identified two putative CRE sites at that region, CRE1
and CRE2, whose critical role in mediating cAMP-dependent
synergistic IL-10 transcription was established by point
mutations. Surprisingly, the function of these adjacent CRE sites
is completely inter-dependent. CRE1 and CRE2 have high and
low affinities to CREB/ATF1 dimers, respectively, corresponding
to their differential ability to mediate cAMP-dependent
transcription from a heterologous promoter containing four
copies of a single cis element. Interestingly, binding of the TF
dimer to the weak CRE2 site does not increase the affinity of
binding to the strong CRE1 site. It should be noted that the
methodology used cannot exclude the opposite possibility that
binding to the strong CREL site increases the affinity of binding
to the weak CRE2 site. While our dominant negative approach
blocks activity of both CREB and ATF1, the RNAi approaches
specifically interfere with CREB and therefore suggest that CREB
is more dominant than ATF1 in IL-10 induction, in line with a
previous report (19). Consistently, there is a correlation between
the magnitude of CRE1 and consensus CRE reporter activities in
cells and their in-vitro binding affinities for CREB homodimers;
yet, there is no such correlation with binding of ATF1-containing
dimers. Taken together, these findings suggest that simultaneous
binding of CREB dimers to the two adjacent CRE sites is required
for synergistic IL-10 promoter activation at the early phase of
co-stimulation by LPS and a cAMP-elevating agent.

As LPS activates the AP-1 transcription factor, which can
potentially bind and activate CRE sites (40), it is important to
note that the affinities of the two IL-10 promoter CRE sites
for CREB/ATF1 are orders of magnitude higher than for AP-1
dimers and that these CREs were activated only by the cAMP
pathway and not by LPS.

The two inter-dependent CRE sites are located within a 21
bp spacing (3’ to 3’ distance), which corresponds to two DNA
helical turns. Therefore, the two CREB dimers are expected
to be positioned closely and in parallel to each other, possibly
interacting. This unique dual CRE arrangement also exists
in the promoter of CREB itself, where two CRE half sites
(TGACG) are distanced 21 bp apart from each other (3’ to
3’) and exhibit complete synergism (49), as we have shown
for the IL-10 promoter CREs. Interestingly, in both the IL-
10 and CREB promoters, the CRE sequences are imperfect,
suggesting that the synergism between two 21 bp-spaced CRE
sites results from or depends on relatively weak TF binding
affinity to at least one of the sites. In contrast, the promoter
of the human chorionic gonadotropin a-subunit is activated by
cAMP via either of two perfect CRE consensus sequences that are
distanced only 18 bp apart (3’ to 3’) and therefore the two CREB

dimers are non-parallel, have high affinity to both sites, and
act independently (50). Cooperative interactions with additional
proteins may be the mechanism of synergism between the two
CRE sites at the IL-10 promoter. The coactivators CBP/p300 (51)
and CRTC/TORC (52, 53) are recruited by CREB and act in
concert at promoters of CREB target genes (54). Thus, one can
envision that the concurrent binding of two CREB dimers to the
proximate CRE1 and CRE2 sites at the IL-10 promoter facilitates
recruitment of the multiple coactivators required for subsequent
promoter activation.

While CREL is conserved in sequence and location between
mouse and human, the mouse IL-10 promoter CRE2, discovered
in this study, is not conserved (31). Interestingly, the mouse
CRE2 is positioned equivalently to an AP-2 response element
at the human IL-10 promoter (31). AP-2 activation is achieved
by integration of cAMP-PKA and PKC signaling (55). As
LPS activates PKC (56) it can be inferred that a co-stimulus
of LPS and a cAMP inducer activates the AP-2 response
element at the human promoter. Thus, it is intriguing
that although CRE2 is not conserved, a location similarly
distanced from a conserved CRE has been conserved for
a TF that relays cAMP signaling, either by itself (mouse,
—335/—329 bp) or in combination with LPS signaling (human,
—337/—328 bp).

Regulation of the Mouse IL-10 Promoter by

LPS

Brightbill et al. (26) showed that Spl is the major TF that
mediates LPS-induced IL-10 transcription at 24h and that it
binds to a response element located at —89/—78 bp. We found
that site to be regulated also in cells co-stimulated for 24 h with
both LPS and a cAMP-elevating agent. Importantly, deletion of
the —118/—78 bp region or site-directed mutagenesis markedly
reduced IL-10 promoter reporter activities in both resting cells
and stimulated cells. These results imply that Sp1 plays a critical
role in both the basal transcription of IL-10 and in the inducible
transcription caused by LPS and by LPS + isoproterenol, in line
with a previous report (57). Consistently, Iyer et al. (3) found
that the Sp1 site was critical for IL-10 reporter induction in LPS-
stimulated RAW264.7 macrophages, but they showed that Sp1
is constitutively bound to the —89/—78 site at the chromosomal
IL-10 promoter. Yet, we found that at 24 h LPS stimulated the
activity of the promoter construct that contains the Sp1 response
element (—118 bp) by an order of magnitude compared to resting
cells, whereas a much smaller effect was observed for LPS at
3 h. This suggests that LPS significantly up-regulates Sp1 activity
mainly at long incubations. Consistently, we showed that LPS
stimulated expression of a reporter regulated by four copies of
the IL-10 promoter Sp1 response element at 24 h, but not earlier.
Furthermore, we show that IFNa also activates the minimal
(—118 bp) promoter construct containing the Spl response
element, and that autocrine type I IFN signaling mediates Sp1
reporter activation by LPS at the late phase. Taken together, the
temporal correlation we found between Spl hyper-activation by
LPS/type ITFN and loss of synergistic IL-10 induction by LPS and
a cCAMP-elevating agent insinuates that late Sp1 hyper-activation
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by LPS via type I IFN obviates the requirement for cAMP
signaling to achieve maximal IL-10 transcription and expression.

The Sp1-mutant IL-10 promoter reporter was still induced at
least 5-fold by LPS, suggesting that additional cis elements are
involved in LPS-induced IL-10 transcription. Indeed, the short
—78 bp reporter that lacks the Spl site was positively regulated
by LPS at 24h. Accordingly, over-expression of the NFkB
p50 subunit in LPS-stimulated mouse macrophages amplified
the activity of a short IL-10 promoter reporter that contains
a specific p50-binding cis element located at —55/—46 bp
in a CBP-dependent (29) and IkB¢-dependent (58) manner,
while NFkB p50 knockout in mice diminished IL-10 secretion
(29). Consistently, we have previously reported that selective
inhibitors of NFkB p50 (but not p65) nuclear translocation
blocked IL-10 secretion and reduced the activity of the short
—78 bp IL-10 promoter reporter construct which contains the
NFkB p50 homodimer response element, but does not contain
the upstream Sp1 and CRE sites (47).

In the current study we also found that the —938 bp 5'-
deletion mutant of the IL-10 promoter reporter has reduced LPS-
dependent activity relative to the full —1,538 bp construct both at
3 h and 24 h, suggesting that the —938/—1,538 region includes a
site regulated by LPS at both early and late phases. Indeed, Iyer
et al. (3) showed that STAT3 and STAT1 mediate type-I IFN-
dependent LPS-stimulated IL-10 expression via a cis element
located at —1,324/—1,319.

While the reporter gene assay, and in particular the 5'-
deletion approach, is useful for the study of gene regulation as
demonstrated here, some regulatory sites may be overlooked.
Examples include when a given cis element functions only in
concert with another cis element (and so deletion of the distal
site may prevent identification of the proximal site), when
two cis elements are partially redundant, or when proximate
cis elements are included in a single deletion. Furthermore,
epigenetic regulation is also overlooked when using reporter
constructs, as shown for immune complexes which synergize
with LPS to induce chromosomal IL-10 expression but not IL-
10 reporter (59). Nevertheless, we recently showed that the direct
regulation of LPS-stimulated IL-10 promoter reporter activity by
cAMP adequately reflects regulation of IL-10 mRNA and protein
expression by this pathway (11).

Mechanistic Basis for the
Time-Dependency of Synergistic IL-10
Expression Amplification by cAMP

Both CRE and Sp1 mutations are detrimental for synergistic IL-
10 reporter transcription at 3h. The effect of Spl mutation is
more pronounced in all other cellular states and time points.
Early IL-10 expression by LPS alone depends mainly on Spl
and to a lower extent on CRE, whereas during longer LPS
stimulation, Sp1 activity becomes even more critical but CRE is
irrelevant. Double mutation of the CRE and Sp1 sites reinforces
the observations made by single mutations and highlights the
synergism displayed between these two sites under all conditions

where CRE is relevant. Together, these results imply that cAMP-
elevating agents up-regulate LPS-induced IL-10 transcription at
short (3h) and medium (8h) periods in a synergistic manner,
via cooperativity of the cAMP-regulated CRE sites with the
constitutive Spl site which is only later up-regulated by LPS
via type I IFN. In support, CREB and Spl were reported
to synergistically drive transcription at the Na,K-ATPase p1
promoter and to co-immunoprecipitate together with CBP
(60). The interaction between CREB and Spl is likely to be
indirect, as no direct binding was observed with recombinant
proteins (61) and as both TFs independently bind CBP and
TFIID (62). Moreover, the glutamine-rich domain of Spl can
substitute for the equivalent Q2 domain of CREB in order to
increase the DNA retention time governed by CREB’s bZIP
domain (63). Indeed, Zhang et al. (64) showed that cAMP
induces activation of only a small and selective subset of the
promoters which are occupied with phosphorylated CREB, and
that this is reflected at the level of CBP recruitment which
presumably depends on additional TFs to cooperate with CREB.
We therefore propose that CREB and Sp1 synergize on the IL-
10 promoter by stabilization of a complex involving these two
TFs and co-activators (Figure 7). Notably, the Spl site appears
to be mainly constitutive at the early phase, and therefore it is
likely that additional LPS-regulated sites (such as those for p50
NFkB homodimer and STAT1/3) are involved in the synergistic
expression of IL-10.

We showed here that the cAMP pathway specifically amplifies
only the low type I IFN-independent IL-10 promoter activation
by LPS that occurs at the early phase, while the strong IL-10
induction by LPS at the late phase is largely indirect (type I
IFN-dependent) and not amenable for up-regulation by the
cAMP pathway. In this study we also explored the mechanism
of LPS-stimulated IL-10 expression via autocrine type I IFN, and
showed that IFNa can partially mimic LPS in late Sp1 activation,
and that type I IFN receptor silencing blocks activation of the
IL-10 promoter region containing Spl. Taken together with
the findings of time-dependent cooperativity at the promoter
level discussed above, our data suggest a model (Figure7)
where the cAMP pathway can synergize at the IL-10 promoter,
via novel tandem CREs, with Spl acting at a constitutive
level and with the TFs directly activated by LPS (e.g., p50 NFkB
homodimer and STAT1/3), whereas the autocrine type I IFN loop
dominates late LPS-stimulated IL-10 induction and prevents or
obviates synergism with the cAMP pathway. Sp1 transcriptional
activation by the autocrine type I IFN loop may explain, at
least in part, the switch from synergistic IL-10 expression at
the early phase to cAMP-insensitive IL-10 expression at the
late phase. The time lag in IL-10 induction by LPS, resulting
from the requirement for autocrine type I IFN, ensures a
proportional inflammatory response to pathogen detection
or tissue damage. However, certain pathogens manipulate the
immune system to elevate IL-10 expression and reduce pro-
inflammatory cytokine expression as a persistence mechanism
(24). The accelerated induction of IL-10 when LPS-stimulated
macrophages are exposed to a ligand of a GPCR upstream
to the cAMP pathway prematurely diverts macrophages to
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become anti-inflammatory and thus to diminish the innate
immune response early at its inception. We recently evaluated
the physiological effect of cAMP induction on IL-10 expression
in a mouse septic shock model. We demonstrated that in-vivo
administration of a macrophage-specific cAMP-elevating agent
amplified early (but not late) LPS-induced IL-10 secretion to
the serum, in accordance with the cell culture results (11).
Selective knockout of B2-AR in innate immune cells in mice
promotes death from sepsis in response to administration of
an otherwise sub-lethal LPS dose, while co-administration
of IL-10 rescues the mice (10). A rapid and synergistic
induction of IL-10 serum levels was also demonstrated in a
controlled human study, where subjects were administered
LPS and epinephrine (65). These studies imply that the cAMP-
inducing drug epinephrine, routinely used in the clinic for
the treatment of sepsis (66), may have a protective effect in
part via acceleration of IL-10 expression by macrophages
in synergism with LPS. However, this treatment might
exacerbate sepsis-induced immunoparalysis, a term describing
an acquired anti-inflammatory state preventing the clearance
of the primary infection and increasing the vulnerability to a
secondary infection (66). Thus, timely and proportional IL-10
expression is critical to achieve a balance between inflammation
and resolution.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

REFERENCES

1. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage
activation. Nat Rev Immunol. (2008) 8:958-69. doi: 10.1038/
nri2448

2. Chang EY, Guo B, Doyle SE, Cheng G. Cutting edge: involvement of
the type I IFN production and signaling pathway in lipopolysaccharide-
induced IL-10  production. ]  Immunol.  (2007)  178:6705-9.
doi: 10.4049/jimmunol.178.11.6705

3. Iyer SS, Ghaffari AA, Cheng G. Lipopolysaccharide-mediated IL-
10 transcriptional regulation requires sequential induction of type
I IFNs and IL-27 in macrophages. J Immunol. (2010) 185:6599-607.
doi: 10.4049/jimmunol.1002041

. Bode JG, Ehlting C, Haussinger D. The macrophage response towards LPS
and its control through the p38(MAPK)-STAT3 axis. Cell Signal. (2012)
24:1185-94. doi: 10.1016/j.cellsig.2012.01.018

5. Pattison M]J, Mackenzie KF Arthur JS. Inhibition of JAKs
macrophages increases lipopolysaccharide-induced cytokine production
by blocking IL-10-mediated feedback. J Immunol. (2012) 189:2784-92.
doi: 10.4049/jimmunol.1200310

6. Baliu-Pique M, Jusek G, Holzmann B. Neuroimmunological communication
via CGRP promotes the development of a regulatory phenotype in
TLR4-stimulated macrophages. Eur ] Immunol. (2014) 44:3708-16.
doi: 10.1002/ji.201444553

7. Howes A, Taubert C, Blankley S, Spink N, Wu X, Graham CM, et
al. Differential production of type I IFN determines the reciprocal
levels of IL-10 and proinflammatory cytokines produced by
C57BL/6 and BALB/c macrophages. | Immunol. (2016) 197:2838-53.
doi: 10.4049/jimmunol.1501923

in

AUTHOR CONTRIBUTIONS

TZ conceived and coordinated the study and wrote the
paper. OE and YG-G designed, performed, and analyzed most
experiments, and OE also participated in writing the paper. BB
and MA performed the experiment shown in Figure 1B. IB-D
participated in several experiments. DG coordinated and YG
designed, performed, and analyzed the experiments shown in
Table 1. All authors reviewed the results and approved the final
version of the manuscript.

FUNDING

This work was supported by grants from the United States — Israel
Binational Science Foundation (BSF #2011360) and the European
Commission (IRG #021862) to TZ and from the Israel Science
Foundation (ISF #715/11) to DG.

ACKNOWLEDGMENTS

We are grateful to Dr. I.D.C. Fraser for the stable CREB-silenced
cells, to Dr. S.T. Smale (UCLA, CA) for IL-10 promoter luciferase
plasmids, to Dr. C. Vinson (NIH/CCR, MD) for a dominant
negative A-CREB construct, and to Drs. G. Schreiber and A. Ariel
for recombinant mouse IFNa. We thank A. Lilja, M. Avitan and
Drs. ID.C. Fraser, R. Margalit, P.E. Wright and M.R. Montminy
for helpful discussions, and N. Silberstein and Dr. S. Katz for
excellent technical help.

8. Hobbs S, Reynoso M, Geddis AV, Mitrophanov AY, and Matheny RW Jr. LPS-
stimulated NF-kappaB p65 dynamic response marks the initiation of TNF
expression and transition to IL-10 expression in RAW 264.7 macrophages.
Physiol Rep. (2018) 6:e13914. doi: 10.14814/phy2.13914

9. Goldsmith M, Avni D, Ernst O, Glucksam Y, Levy-Rimler G, Meijler MM, et

al. Synergistic IL-10 induction by LPS and the ceramide-1-phosphate analog

PCERA-1 is mediated by the cAMP and p38 MAP kinase pathways. Mol

Immunol. (2009) 46:1979-87. doi: 10.1016/j.molimm.2009.03.009

Agac D, Estrada LD, Maples R, Hooper LV, Farrar JD. The beta2-adrenergic

receptor controls inflammation by driving rapid IL-10 secretion. Brain Behav

Immun. (2018) 74:176-85. doi: 10.1016/j.bbi.2018.09.004

. Ernst O, Glucksam-Galnoy Y, Athamna M, Ben-Dror I, Ben-Arosh

H, Levy-Rimler G, et al. The cAMP pathway amplifies early MyD88-

dependent and type I interferon-independent LPS-induced interleukin-10

expression in mouse macrophages. Mediators Inflamm. (2019) 2019:3451461.

doi: 10.1155/2019/3451461

Tudor C, Marchese FP, Hitti E, Aubareda A, Rawlinson L, Gaestel M, et al. The

p38 MAPK pathway inhibits tristetraprolin-directed decay of interleukin-10

and pro-inflammatory mediator mRNAs in murine macrophages. FEBS Lett.

(2009) 583:1933-8. doi: 10.1016/j.febslet.2009.04.039

Teixeira-Coelho M, Guedes J, Ferreirinha P, Howes A, Pedrosa J, Rodrigues

E et al. Differential post-transcriptional regulation of IL-10 by TLR2

and TLR4-activated macrophages. Eur ] Immunol. (2014) 44:856-66.

doi: 10.1002/¢ji.201343734

Ma W, Lim W, Gee K, Aucoin S, Nandan D, Kozlowski M, et al. The

p38 mitogen-activated kinase pathway regulates the human interleukin-10

promoter via the activation of Sp1 transcription factor in lipopolysaccharide-

stimulated human macrophages. ] Biol Chem. (2001) 276:13664-74.

doi: 10.1074/jbc.M011157200

Frontiers in Immunology | www.frontiersin.org

14

August 2019 | Volume 10 | Article 1788


https://doi.org/10.1038/nri2448
https://doi.org/10.4049/jimmunol.178.11.6705
https://doi.org/10.4049/jimmunol.1002041
https://doi.org/10.1016/j.cellsig.2012.01.018
https://doi.org/10.4049/jimmunol.1200310
https://doi.org/10.1002/eji.201444553
https://doi.org/10.4049/jimmunol.1501923
https://doi.org/10.14814/phy2.13914
https://doi.org/10.1016/j.molimm.2009.03.009
https://doi.org/10.1016/j.bbi.2018.09.004
https://doi.org/10.1155/2019/3451461
https://doi.org/10.1016/j.febslet.2009.04.039
https://doi.org/10.1002/eji.201343734
https://doi.org/10.1074/jbc.M011157200
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ernst et al.

IL-10 Promoter Activation by cAMP

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Caivano M, Cohen P. Role of mitogen-activated protein kinase cascades
in mediating lipopolysaccharide-stimulated induction of cyclooxygenase-2
and IL-1 beta in RAW264 macrophages. J Immunol. (2000) 164:3018-25.
doi: 10.4049/jimmunol.164.6.3018

Gonzalez GA, Montminy MR. Cyclic AMP stimulates somatostatin gene
transcription by phosphorylation of CREB at serine 133. Cell. (1989) 59:675-
80. doi: 10.1016/0092-8674(89)90013-5

Avni D, Ernst O, Philosoph A, Zor T. Role of CREB in modulation of
TNFalpha and IL-10 expression in LPS-stimulated RAW264.7 macrophages.
Mol Immunol. (2010) 47:1396-403. doi: 10.1016/j.molimm.2010.02.015

Mayr BM, Canettieri G, Montminy MR. Distinct effects of cAMP and
mitogenic signals on CREB-binding protein recruitment impart specificity to
target gene activation via CREB. Proc Natl Acad Sci USA. (2001) 98:10936-41.
doi: 10.1073/pnas.191152098

MacKenzie KE Clark K, Naqvi S, McGuire VA, Noehren G, Kristariyanto Y,
et al. PGE(2) induces macrophage IL-10 production and a regulatory-like
phenotype via a protein kinase A-SIK-CRTC3 pathway. J Immunol. (2013)
190:565-77. doi: 10.4049/jimmunol.1202462

Koroskenyi K, Kiss B, Szondy Z. Adenosine A2A receptor signaling attenuates
LPS-induced pro-inflammatory cytokine formation of mouse macrophages by
inducing the expression of DUSP1. Biochim Biophys Acta. (2016) 1863 (7 Pt
A):1461-71. doi: 10.1016/j.bbamcr.2016.04.003

Chi H, Barry SP, Roth RJ, Wu JJ, Jones EA, Bennett AM, et al. Dynamic
regulation of pro- and anti-inflammatory cytokines by MAPK phosphatase
1 (MKP-1) in innate immune responses. Proc Natl Acad Sci USA. (2006)
103:2274-9. doi: 10.1073/pnas.0510965103

Mosser DM, Zhang X. Interleukin-10: new perspectives on an old cytokine.
Immunol Rev. (2008) 226:205-18. doi: 10.1111/j.1600-065X.2008.00706.x
Saraiva M, O’Garra A. The regulation of IL-10 production by immune cells.
Nat Rev Immunol. (2010) 10:170-81. doi: 10.1038/nri2711

Iyer SS, Cheng G. Role of interleukin 10 transcriptional regulation in
inflammation and autoimmune disease. Crit Rev Immunol. (2012) 32:23-63.
doi: 10.1615/CritRevimmunol.v32.i1.30

Chiang BT, Liu YW, Chen BK, Wang JM, Chang WC. Direct interaction of
C/EBPdelta and Sp1 at the GC-enriched promoter region synergizes the IL-
10 gene transcription in mouse macrophage. J Biomed Sci. (2006) 13:621-35.
doi: 10.1007/s11373-006-9101-y

Brightbill HD, Plevy SE, Modlin RL, Smale ST. A prominent role
for Spl during lipopolysaccharide-mediated induction of the IL-
10 promoter in macrophages. ] Immunol. (2000) 164:1940-51.
doi: 10.4049/jimmunol.164.4.1940

Tone M, Powell MJ, Tone Y, Thompson SA, Waldmann H. IL-10 gene
expression is controlled by the transcription factors Sp1 and Sp3. J Immunol.
(2000) 165:286-91. doi: 10.4049/jimmunol.165.1.286

Liu J, Zhang H, Liu Y, Wang K, Feng Y, Liu M, et al. KLF4 regulates the
expression of interleukin-10 in RAW264.7 macrophages. Biochem Biophys Res
Commun. (2007) 362:575-81. doi: 10.1016/j.bbrc.2007.07.157

Cao S, Zhang X, Edwards JP, Mosser DM. NF-kappaB1 (p50) homodimers
differentially regulate pro- and anti-inflammatory cytokines in macrophages.
] Biol Chem. (2006) 281:26041-50. doi: 10.1074/jbc.M602222200

Wall EA, Zavzavadjian JR, Chang MS, Randhawa B, Zhu X, Hsueh RC,
et al. Suppression of LPS-induced TNF-alpha production in macrophages
by cAMP is mediated by PKA-AKAP95-p105. Sci Signal. (2009) 2:ra28.
doi: 10.1126/scisignal 2000202

Platzer C, Fritsch E, Elsner T, Lehmann MH, Volk HD, Prosch S.
Cyclic adenosine monophosphate-responsive elements are involved in the
transcriptional activation of the human IL-10 gene in monocytic cells. Eur |
Immunol. (1999) 29:3098-104.

Ananieva O, Darragh J, Johansen C, Carr JM, Mcllrath J, Park JM, et al.
The kinases MSK1 and MSK2 act as negative regulators of Toll-like receptor
signaling. Nat Immunol. (2008) 9:1028-36. doi: 10.1038/ni.1644

Mellett M, Atzei P, Jackson R, O’Neill LA, Moynagh PN. Mal mediates TLR-
induced activation of CREB and expression of IL-10. J Immunol. (2011)
186:4925-35. doi: 10.4049/jimmunol.1002739

Ahn S, Olive M, Aggarwal S, Krylov D, Ginty DD, Vinson C. A dominant-
negative inhibitor of CREB reveals that it is a general mediator of
stimulus-dependent transcription of c-fos. Mol Cell Biol. (1998) 18:967-77.
doi: 10.1128/MCB.18.2.967

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Smith ER, Jones PL, Boss JM, Merrill AH Jr. Changing J774A.1 cells to
new medium perturbs multiple signaling pathways, including the modulation
of protein kinase C by endogenous sphingoid bases. J Biol Chem. (1997)
272:5640-6. doi: 10.1074/jbc.272.9.5640

Fraser I, Liu W, Rebres R, Roach T, Zavzavadjian ], Santat L, et al.
The use of RNA interference to analyze protein phosphatase function in
mammalian cells. Methods Mol Biol. (2007) 365:261-86. doi: 10.1385/1-59745-
267-X:261

Smith C. Cloning and mutagenesis: tinkering with the order of things. Nat
Meth. (2007) 4:455-61. doi: 10.1038/nmeth0507-455

Glick Y, Orenstein Y, Avrahami D, Zor T, Shamir R, Gerber D. Integrated
microfluidic approach for quantitative high-throughput measurements of
transcription factor binding affinities. Nucleic Acids Res. (2016) 44:e51.
doi: 10.1093/nar/gkv1327

Maerkl SJ, Quake SR. A systems approach to measuring the binding
energy landscapes of transcription factors. Science. (2007) 315:233-7.
doi: 10.1126/science.1131007

Manna PR, Stocco DM. Crosstalk of CREB and Fos/Jun on a single cis-
element: transcriptional repression of the steroidogenic acute regulatory
protein gene. | Mol Endocrinol. (2007) 39:261-77. doi: 10.1677/JME-
07-0065

Fordyce PM, Gerber D, Tran D, Zheng ], Li H, DeRisi JL, et al. De novo
identification and biophysical characterization of transcription-factor binding
sites with microfluidic affinity analysis. Nat Biotechnol. (2010) 28:970-5.
doi: 10.1038/nbt.1675

Glick Y, Avrahami D, Michaely E, Gerber D. High-throughput protein
expression generator using a microfluidic platform. J Vis Exp. (2012) 66:e3849.
doi: 10.3791/3849

Ben-Ari Y, Glick Y, Kipper S, Schwartz N, Avrahami D, Barbiro-Michaely E,
et al. Microfluidic large scale integration of viral-host interaction analysis. Lab
Chip. (2013) 13:2202-9. doi: 10.1039/c31c00034f

Zor T, Selinger Z. Linearization of the Bradford protein assay increases
its sensitivity: theoretical and experimental studies. Anal Biochem. (1996)
236:302-8. doi: 10.1006/abi0.1996.0171

Ernst O, Zor T. Linearization of the bradford protein assay. J Vis Exp. (2010)
38:€1918. doi: 10.3791/1918

Conkright MD, Guzman E, Flechner L, Su Al, Hogenesch JB, Montminy
M. Genome-wide analysis of CREB target genes reveals a core promoter
requirement for cAMP responsiveness. Mol Cell. (2003) 11:1101-8.
doi: 10.1016/51097-2765(03)00134-5

Avni D, Glucksam Y, Zor T. The phosphatidylinositol 3-kinase (PI3K)
inhibitor LY294002 modulates cytokine expression in macrophages via p50
nuclear factor kappaB inhibition, in a PI3K-independent mechanism. Biochem
Pharmacol. (2012) 83:106-14. doi: 10.1016/j.bcp.2011.09.025

Grainger JR, Wohlfert EA, Fuss IJ, Bouladoux N, Askenase MH, Legrand F,
et al. Inflammatory monocytes regulate pathologic responses to commensals
during acute gastrointestinal infection. Nat Med. (2013) 19:713-21.
doi: 10.1038/nm.3189

Coven E, Ni Y, Widnell KL, Chen J, Walker WH, Habener JE et
al. Cell type-specific regulation of CREB gene expression: mutational
analysis of CREB promoter activity. | Neurochem. (1998) 71:1865-74.
doi: 10.1046/j.1471-4159.1998.71051865.x

Silver BJ, Bokar JA, Virgin JB, Vallen EA, Milsted A, Nilson JH. Cyclic
AMP regulation of the human glycoprotein hormone alpha-subunit gene
is mediated by an 18-base-pair element. Proc Natl Acad Sci USA. (1987)
84:2198-202. doi: 10.1073/pnas.84.8.2198

Chakravarti D, LaMorte V], Nelson MC, Nakajima T, Schulman IG, Juguilon
H, et al. Role of CBP/P300 in nuclear receptor signalling. Nature. (1996)
383:99-103. doi: 10.1038/383099a0

Conkright MD, Canettieri G, Screaton R, Guzman E, Miraglia
L, Hogenesch JB, et al. TORCs: transducers of regulated CREB
activity. Mol Cell.  (2003) 12:413-23. doi: 10.1016/j.molcel.2003.
08.013

Altarejos JY, Montminy M. CREB and the CRTC co-activators: sensors for
hormonal and metabolic signals. Nat Rev Mol Cell Biol. (2011) 12:141-51.
doi: 10.1038/nrm3072

Ravnskjaer K, Kester H, Liu Y, Zhang X, Lee D, Yates JRIII, et al.
Cooperative interactions between CBP and TORC2 confer selectivity to CREB

Frontiers in Immunology | www.frontiersin.org

August 2019 | Volume 10 | Article 1788


https://doi.org/10.4049/jimmunol.164.6.3018
https://doi.org/10.1016/0092-8674(89)90013-5
https://doi.org/10.1016/j.molimm.2010.02.015
https://doi.org/10.1073/pnas.191152098
https://doi.org/10.4049/jimmunol.1202462
https://doi.org/10.1016/j.bbamcr.2016.04.003
https://doi.org/10.1073/pnas.0510965103
https://doi.org/10.1111/j.1600-065X.2008.00706.x
https://doi.org/10.1038/nri2711
https://doi.org/10.1615/CritRevImmunol.v32.i1.30
https://doi.org/10.1007/s11373-006-9101-y
https://doi.org/10.4049/jimmunol.164.4.1940
https://doi.org/10.4049/jimmunol.165.1.286
https://doi.org/10.1016/j.bbrc.2007.07.157
https://doi.org/10.1074/jbc.M602222200
https://doi.org/10.1126/scisignal.2000202
https://doi.org/10.1038/ni.1644
https://doi.org/10.4049/jimmunol.1002739
https://doi.org/10.1128/MCB.18.2.967
https://doi.org/10.1074/jbc.272.9.5640
https://doi.org/10.1385/1-59745-267-X:261
https://doi.org/10.1038/nmeth0507-455
https://doi.org/10.1093/nar/gkv1327
https://doi.org/10.1126/science.1131007
https://doi.org/10.1677/JME-07-0065
https://doi.org/10.1038/nbt.1675
https://doi.org/10.3791/3849
https://doi.org/10.1039/c3lc00034f
https://doi.org/10.1006/abio.1996.0171
https://doi.org/10.3791/1918
https://doi.org/10.1016/S1097-2765(03)00134-5
https://doi.org/10.1016/j.bcp.2011.09.025
https://doi.org/10.1038/nm.3189
https://doi.org/10.1046/j.1471-4159.1998.71051865.x
https://doi.org/10.1073/pnas.84.8.2198
https://doi.org/10.1038/383099a0
https://doi.org/10.1016/j.molcel.2003.08.013
https://doi.org/10.1038/nrm3072
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ernst et al.

IL-10 Promoter Activation by cAMP

55.

56.

57.

58.

59.

60.

61.

62.

target gene expression. EMBO J. (2007) 26:2880-9. doi: 10.1038/sj.emboj.
7601715

Imagawa M, Chiu R, Karin M. Transcription factor AP-2 mediates induction
by two different signal-transduction pathways: protein kinase C and cAMP.
Cell. (1987) 51:251-60. doi: 10.1016/0092-8674(87)90152-8

Monick MM, Carter AB, Flaherty DM, Peterson MW, Hunninghake GW.
Protein kinase C zeta plays a central role in activation of the p42/44 mitogen-
activated protein kinase by endotoxin in alveolar macrophages. ] Immunol.
(2000) 165:4632-9. doi: 10.4049/jimmunol.165.8.4632

Liu YW, Tseng HP, Chen LC, Chen BK, Chang WC. Functional cooperation of
simian virus 40 promoter factor 1 and CCAAT/enhancer-binding protein beta
and delta in lipopolysaccharide-induced gene activation of IL-10 in mouse
macrophages. ] Immunol. (2003) 171:821-8. doi: 10.4049/jimmunol.171.2.821
Horber S, Hildebrand DG, Lieb WS, Lorscheid S, Hailfinger S, Schulze-
Osthoff K, et al. The atypical inhibitor of NF-kappaB, IkappaBzeta, controls
macrophage interleukin-10 expression. J Biol Chem. (2016) 291:12851-61.
doi: 10.1074/jbc.M116.718825

Lucas M, Zhang X, Prasanna V, Mosser DM. ERK activation following
macrophage FcgammaR ligation leads to chromatin modifications at the IL-10
locus. J Immunol. (2005) 175:469-77. doi: 10.4049/jimmunol.175.1.469
Matlhagela K, Borsick M, Rajkhowa T, Taub M. Identification of a
prostaglandin-responsive element in the Na,K-ATPase beta 1 promoter that
is regulated by cAMP and Ca?*. Evidence for an interactive role of cAMP
regulatory element-binding protein and Sp1. ] Biol Chem. (2005) 280:334-46.
doi: 10.1074/jbc.M411415200

Shell SA, Fix C, Olejniczak D, Gram-Humphrey N, Walker WH. Regulation
of cyclic adenosine 3',5'-monophosphate response element binding protein
(CREB) expression by Spl in the mammalian testis. Biol Reprod. (2002)
66:659-66. doi: 10.1095/biolreprod66.3.659

Asahara H, Santoso B, Guzman E, Du K, Cole PA, Davidson

I, et al. Chromatin-dependent cooperativity between constitutive

63.

64.

65.

66.

and inducible activation domains in CREB. Mol Cell Biol.
(2001) 21:7892-900. doi: 10.1128/MCB.21.23.7892-7900.
2001

Mayr BM, Guzman E, Montminy M. Glutamine rich and basic region/leucine
zipper (bZIP) domains stabilize cAMP-response element-binding protein
(CREB) binding to chromatin. ] Biol Chem. (2005) 280:15103-10.
doi: 10.1074/jbc.M414144200

Zhang X, Odom DT, Koo SH, Conkright MD, Canettieri G, Best ],
et al. Genome-wide analysis of cAMP-response element binding protein
occupancy, phosphorylation, and target gene activation in human tissues. Proc
Natl Acad Sci USA. (2005) 102:4459-64. doi: 10.1073/pnas.0501076102

van der Poll T, Coyle SM, Barbosa K, Braxton CC, Lowry SF. Epinephrine
inhibits tumor necrosis factor-alpha and potentiates interleukin 10
production during human endotoxemia. J Clin Invest. (1996) 97:713-9.
doi: 10.1172/JCI118469

Stolk RE van der Poll T, Angus DC, van der Hoeven JG, Pickkers P,
Kox M. Potentially Inadvertent Immunomodulation: norepinephrine
Use in Sepsis. Am ] Respir Crit Care Med. (2016) 194:550-8.
doi: 10.1164/rccm.201604-0862CP

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Ernst, Glucksam-Galnoy, Bhatta, Athamna, Ben-Dror, Glick,
Gerber and Zor. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

16

August 2019 | Volume 10 | Article 1788


https://doi.org/10.1038/sj.emboj.7601715
https://doi.org/10.1016/0092-8674(87)90152-8
https://doi.org/10.4049/jimmunol.165.8.4632
https://doi.org/10.4049/jimmunol.171.2.821
https://doi.org/10.1074/jbc.M116.718825
https://doi.org/10.4049/jimmunol.175.1.469
https://doi.org/10.1074/jbc.M411415200
https://doi.org/10.1095/biolreprod66.3.659
https://doi.org/10.1128/MCB.21.23.7892-7900.2001
https://doi.org/10.1074/jbc.M414144200
https://doi.org/10.1073/pnas.0501076102
https://doi.org/10.1172/JCI118469
https://doi.org/10.1164/rccm.201604-0862CP
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Exclusive Temporal Stimulation of IL-10 Expression in LPS-Stimulated Mouse Macrophages by cAMP Inducers and Type I Interferons
	Introduction
	Materials and Methods
	Reagents and Plasmids
	Cell Culture
	IL-10 Release Assay
	Transfection and Reporter Gene Assay
	CREB Silencing Using siRNA
	Construction of Plasmids
	Transcription Factor-DNA Interaction Assay
	Protein Determination
	Western Blot Analysis
	Statistical Analysis

	Results
	The Autocrine Type I IFN Loop Confers cAMP-Insensitive LPS-Stimulated IL-10 Expression at the Late Phase
	CREB Is Required for Transcriptional Activation by cAMP at the -376/-295 bp Region of the Mouse IL-10 Promoter
	Cooperative Tandem CRE Sites at the Mouse IL-10 Promoter
	Sp1 Critically Regulates IL-10 Transcription in Cooperativity With CRE

	Discussion
	Crosstalk Between the cAMP Pathway and Type I IFN Signaling Regarding IL-10 Expression in Macrophages
	Regulation of the Mouse IL-10 Promoter by the cAMP Pathway
	Regulation of the Mouse IL-10 Promoter by LPS
	Mechanistic Basis for the Time-Dependency of Synergistic IL-10 Expression Amplification by cAMP

	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	References


