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Macrophages acquire strikingly different properties that enable
them to play key roles during the initiation, propagation, and
resolution of inflammation. Classically activated (M1) macrophages
produce proinflammatory mediators to combat invading pathogens
and respond to tissue damage in the host, whereas regulatory
macrophages (M2b) produce high levels of anti-inflammatory mol-
ecules, such as IL-10, and low levels of proinflammatory cytokines,
like IL-12, and are important for the resolution of inflammatory
responses. A central problem in this area is to understand how the
formation of regulatory macrophages can be promoted at sites of
inflammation to prevent and/or alleviate chronic inflammatory and
autoimmune diseases. Here, we demonstrate that the salt-inducible
kinases (SIKs) restrict the formation of regulatory macrophages
and that their inhibition induces striking increases in many of the
characteristic markers of regulatory macrophages, greatly stimulat-
ing the production of IL-10 and other anti-inflammatory molecules.
We show that SIK inhibitors elevate IL-10 production by inducing
the dephosphorylation of CAMP response element-binding protein
(CREB)-regulated transcriptional coactivator (CRTC) 3, its dissociation
from 14-3-3 proteins and its translocation to the nucleus where it
enhances a gene transcription program controlled by CREB. Impor-
tantly, the effects of SIK inhibitors on IL-10 production are lost in
macrophages that express a drug-resistant mutant of SIK2. These
findings identify SIKs as a key molecular switch whose inhibition
reprograms macrophages to an anti-inflammatory phenotype. The
remarkable effects of SIK inhibitors on macrophage function
suggest that drugs that target these protein kinases may have
therapeutic potential for the treatment of inflammatory and
autoimmune diseases.
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he ability of macrophages to adapt their physiology in re-

sponse to extracellular cues allows them to play key roles
throughout the inflammatory process from its onset to its reso-
lution (1, 2). Tissue-resident macrophages are among the first
leukocytes to respond to foreign pathogens. These macrophages
express a variety of receptors, including Toll-like receptors
(TLR), which recognize core components of bacteria, viruses,
fungi, and protozoa (3). The ligation of TLRs stimulates the
formation of classically activated macrophages (M1) that pro-
duce proinflammatory mediators leading to the recruitment of
other leukocytes, such as neutrophils, which help to combat the
invading pathogen (1, 2, 4). However, after the host has cleared
the infection, the inflammatory response must be resolved ef-
fectively to repair the damaged tissue and avoid the development
of chronic inflammation. To this end, macrophages acquire dis-
tinct anti-inflammatory phenotypes to promote tissue repair and
the resolution of inflammation. For example, IL-4 and IL-13 in-
duce wound-healing macrophages (M2a), which deposit extra-
cellular matrix to repair the damaged tissue, whereas stimulation
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of macrophages with TLR agonists and costimuli such as apo-
ptotic cells and immune complexes induce regulatory macrophages
(M2b), which promote the resolution of inflammation (1, 2, 4, 5).

Regulatory macrophages are characterized by the production
of high levels of the anti-inflammatory cytokine IL-10 and low
levels of the proinflammatory cytokine IL-12 (1, 5). The ratio of
IL-10 to IL-12 production provides the best marker for the de-
tection of regulatory macrophages, but these cells also express
other molecules, such as the tumor necrosis factor (TNF) family
member LIGHT and sphingosine kinase 1 (SPHK1) (6). Impor-
tantly, injection of regulatory macrophages into mice ameliorates
the cardinal features of septic shock, colitis, and experimental
autoimmune encephalomyelitis (5, 7). Thus, understanding the
signaling pathways that control the conversion of classically ac-
tivated macrophages into regulatory macrophages will provide
further insight into the molecular mechanisms regulating the
resolution of inflammation and may also identify novel drug tar-
gets for the treatment of chronic inflammatory diseases. Here,
we report the unexpected observation that inhibition of the salt-
inducible kinases (SIKs) induces a macrophage population with
all of the hallmarks of regulatory macrophages and dissect the
molecular mechanism by which the SIKs restrict the conversion of
classically activated to regulatory macrophages.

Results

MRT67307 Increases TLR-Stimulated Production of Anti-Inflammatory
Cytokines While Suppressing Proinflammatory Cytokine Secretion.
We developed the protein kinase inhibitor MRT67307 (8, 9)
(Fig. S14) and, while characterizing it, discovered that macro-
phages exposed to this compound secreted far higher levels of
the anti-inflammatory cytokines IL-10 and IL-1ra and much lower
levels of proinflammatory cytokines in response to bacterial li-
popolysaccharide (LPS), a ligand for TLR4 (Fig. 14). Similar
results were obtained when macrophages were stimulated with
ligands that activate other TLRs (Fig. 1B). These striking findings
led us to investigate the molecular mechanism by which MRT67307
elevates IL-10 because this anti-inflammatory cytokine is an es-
sential marker of regulatory macrophages.

MRT67307 Increases IL-10 Production via a cAMP Response Element-
Binding Protein (CREB)-regulated Transcriptional Coactivator (CRTC) 3
Dependent Mechanism. Initial experiments revealed that MRT67307
greatly increased the formation of IL-10 mRNA in TLR-stimulated
macrophages but not in unstimulated macrophages (Fig. 24). The
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effects were rapid and transient, IL-10 mRNA levels reaching
a maximum after 1 h and returning to near basal levels after 6 h
(Fig. 2B). Because one pathway by which TLR ligands stimulate
transcription of the IL-10 gene involves the activation of the tran-
scription factor CREB (10), we initially studied whether MRT67307
could enhance the formation of the mRNA encoding other CREB-
dependent genes, such as those encoding the transcription factor
c-fos and the nuclear orphan receptors Nurrl and Nurr77.
MRT67307 indeed increased mRNA encoding these proteins with

similar kinetics to IL-10 in TLR-stimulated, but not unstimulated,
macrophages (Fig. 2B). Moreover, siRNA knockdown of CREB
prevented MRT67307 from potentiating the induction of IL-10
mRNA by LPS (Fig. 2C). Our results therefore indicated that
MRT67307 enhanced IL-10 production by stimulating CREB-de-
pendent gene transcription in TLR-stimulated macrophages.

The activation of CREB by TLR ligands is known to require its
phosphorylation at Ser133, which is catalyzed by the mitogen and
stress-activated kinases 1 and 2 (11), and generates a docking site
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Fig.2. MRT67307 increases CREB-dependent gene transcription by promoting the dephosphorylation of CRTC3. (A) Effect of MRT67307 on IL-10 mRNA levels
in TLR-stimulated BMDMs (n = 4, mean =+ SD). (B) Effect of MRT67307 on transcription of CREB-dependent genes in LPS-stimulated BMDMs (n = 4, mean + SD).
(C) siRNA knockdown of CREB prevents the increase in IL-10 expression by MRT67307 in LPS-stimulated RAW264.7 macrophages (n = 3, mean + SD). (D) Effect
of MRT67307 on CREB and ATF1 phosphorylation in response to LPS in RAW264.7 macrophages. (E) Phosphoproteomics pipeline. (F) Mass spectrum showing
phosphopeptide precursor ions corresponding to CRTC3[329-339], which is dephosphorylated at Ser329 in RAW264.7 macrophages treated with MRT67307.
lons are marked with white, grey, and black circles to denote the origin of the ion as described in E. (G) Summary of phosphoproteomic results showing the
dephosphorylation of Ser62, Ser329, and Ser370 of CRTC3 induced by MRT67307 (L, light; M, medium; H, heavy). (H) CRTC3 phosphorylation at Ser370 is
unaffected by stimulation of BMDM for 15 min with LPS but suppressed by MRT67307. (/) siRNA knockdown of CRTC3 blocks the induction of IL-10 mRNA in
RAW?264.7 macrophages stimulated with LPS in the presence of MRT67307. Knockdown efficiency was measured by qPCR and immunoblotting (n = 3, mean +
SD). For all graphs, statistical significance is reported as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
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for the cofactors CREB-binding protein (CBP) and the closely
related p300 (12). CREB-dependent gene transcription can be
further enhanced by interactions with the CRTCs. Studies in other
mammalian cells, mainly based on experiments with CRTC2, have
shown that the dephosphorylation of CRTCs releases them from
14-3-3 proteins by facilitating their entry into the nucleus where
they associate with CREB to promote CREB-dependent gene
transcription (12). We found that MRT67307 had little effect
on TLR-stimulated phosphorylation of CREB at Ser133 or the
closely related ATF1 at Ser63 (Fig. 2D). However, in a phos-
phoproteomic study to identify proteins whose phosphorylation
was suppressed by MRT67307 (Fig. 2E), we found that the
phosphorylation of CRTC3 was unaffected by stimulation with
the TLR1/2 agonist Pam;CSK,, but nevertheless was robustly
dephosphorylated at Ser62, Ser329, and Ser370 when macro-
phages were incubated with MRT67307 (Fig. 2 F and G). Sim-
ilarly, phosphorylation of CRTC3 at Ser370 was unaffected by
LPS stimulation but blocked by MRT67307 (Fig. 2H). siRNA
knockdown of CRTC3, but not CRTC1 or CRTC2, suppressed
the effects of MRT67307 on TLR-stimulated IL-10 production
in macrophages (Fig. 2I). Collectively, these results suggested
that the effects of MRT67307 on CREB-dependent gene tran-
scription, including IL-10 transcription, were mediated by the
inactivation of a protein kinase leading to the dephosphorylation
and activation of CRTC3 in macrophages.

Inhibition of SIKs by MRT67307, MRT199665, and HG-9-91-01 Increases
IL-10 Production While Suppressing IL-6, IL-12, and TNF Secretion. In
nonimmune cells, the phosphorylation of CRTC isoforms is cat-
alyzed by members of the AMP-activated protein kinase (AMPK)
family, including the microtubule affinity-regulating kinases
(MARKS), the SIKs, and AMPK itself (12-14). These reports
were intriguing because we had originally developed MRT67307
as an inhibitor of the IkB kinase (IKK)-related kinases, TBK1
and IKKe (8, 9). However, we found that the concentration of
MRT67307 required to enhance IL-10 secretion was 20-fold
higher than that needed to block the TBKI1/IKKe-dependent
production of IFNf by LPS. Moreover, MRT67307 could still
enhance transcription of the CREB-dependent Nurr77 gene in
TBK1/IKKe ™~ fibroblasts (Fig. S2). These observations sug-
gested that inhibition of the IKK-related kinases did not underlie
the effects of MRT67307 on CREB-dependent gene transcription
and IL-10 production. We therefore examined whether members
of the AMPK subfamily might be inhibited by MRT67307, which
revealed that this compound inhibited the MARK, NUAK, and
SIK isoforms in vitro with comparable potency to the IKK-related
kinases (Fig. 34). MRT67307 did not inhibit the brain-specific
kinases (BRSKs) and only inhibited the maternal embryonic
leucine zipper kinase (MELK) and AMPK itself more weakly.
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To investigate whether and which AMPK family member
might be regulating CREB-dependent gene transcription and
IL-10 production, we exploited additional pharmacological in-
hibitors with specificities that were distinct from MRT67307
(Figs. S1 and S3). MRT199665 (Fig. S1B), a potent inhibitor of
most AMPK-related kinases, which does not inhibit the IKK-
related kinases (Fig. 34), increased LPS-stimulated IL-10 mRNA
and Nurr77 mRNA production, and IL-10 secretion (Fig. 3B),
further supporting the view that inhibition of AMPK-related
kinases, and not the IKK-related kinases, drives IL-10 pro-
duction. The SIKs are unique among the AMPK-related kinases
in possessing a small amino acid residue (threonine) at the
“gatekeeper” site (15, 16). We therefore examined KIN112 (Fig.
S1C) and, subsequently, a much more potent analog HG-9-91-01
(Fig. S1D), which not only target the ATP-binding site, but also
a small hydrophobic pocket adjacent to this site that is created by
the presence of a small amino acid residue at this gatekeeper
site. KIN112 and HG-9-91-01 inhibited a number of protein ty-
rosine kinases that possess a threonine residue at the gatekeeper
site, such as Src family members (Src, Lck, and Yes), BTK, and
the FGF and Ephrin receptors (Fig. S3). However, they also
potently inhibited the SIKs and, crucially, did not inhibit any
other member of the AMPK-related kinase subfamily (Fig. 34),
which all possess a large hydrophobic residue (Met or Leu) at the
gatekeeper site. Like MRT67307 and MRT199665, HG-9-91-01
and KIN112 increased LPS-stimulated IL-10 production and
greatly suppressed proinflammatory cytokine secretion (Fig. 3C
and Fig. S4 4 and B), even when cells were costimulated with IFNy
to generate fully polarized classically activated (M1) macrophages
(Fig. S4C). Moreover, CRTC3 was required for HG-9-91-01 to
elevate IL-10 production in LPS-stimulated primary mouse mac-
rophages (Fig. S5). SIK inhibitors also enhanced CREB-de-
pendent gene transcription and IL-10 production in bone marrow-
derived dendritic cells (Fig. S6 4 and B), human THP-1 cells, and
human primary macrophages (Fig. S6 C and D). Taken together,
these results indicate that the SIK-CRTC3 signaling pathway and
its role in regulating IL-10 production is present in different cells
of the myeloid lineage and conserved in man.

SIKs Phosphorylate CRTC3 at Ser62, Ser162, Ser329, and Ser370 to
Regulate 14-3-3 Protein Binding, Nuclear Transport, and CREB Coac-
tivator Function. To address the regulation of CRTC3 in macro-
phages, we mapped the key phosphorylation sites on this protein.
Although we detected phosphorylation of CRTC3 at Ser62, Ser329,
and Ser370 that was blocked by MRT67307 (Fig. 2G), and the
mutation of these three sites to Ala increased CREB-dependent
luciferase reporter gene expression, the inclusion of SIK inhibitors
still produced a further increase in luciferase activity induced by
the CRTC3[S62A/S329A/S370A] mutant (Fig. 44). This result
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Fig. 3. Inhibition of SIKs simultaneously enhances IL-10 production and suppresses proinflammatory cytokine secretion. (A) 1Cso (nanomolar) values for inhibition
of the AMPK-related kinases and IKK-related kinases by MRT67307, MRT 199665, KIN112, and HG-9-91-01 in vitro. (B and C) Effect of MRT199665 (B) and HG-9-91-
01 (C) on IL-10 and Nurr77 mRNA formation and cytokine secretion in LPS-stimulated BMDMs (n = 4, mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001).
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suggested the existence of an additional phosphorylation site(s).
Ser171 is thought to be a key regulatory phosphorylation site in
CRTC2 (14) and corresponds to Ser162 in CRTC3. We found that
Ser162 was phosphorylated when CRTC3 was overexpressed, which
was lost when the cells were treated with SIK inhibitors (Fig. S7B).
Moreover, the further mutation of Serl62 to Ala to create the
CRTC3[S62A/S162A/S329A/S370A] mutant abolished the in-
teraction of CRTC3 with 14-3-3 proteins, led to persistent nuclear
localization and, as a consequence, induced maximal activation of
CRTC3 in a CREB-luciferase assay, which was insensitive to SIK
inhibitors (Fig. 4 A-C). These results identify Ser62, Ser162, Ser329,
and Ser370 as four of the key phosphorylation sites suppressing
CRTC3 function.

We also found that purified preparations of SIK1, SIK2, and
SIK3 phosphorylated CRTC3 at Ser162, Ser329, and Ser370 in
vitro leading to an interaction with 14-3-3 proteins (Fig. 4D).
Moreover, the phosphorylation of these sites and 14-3-3 binding
to SIKs could be blocked and nuclear translocation enhanced by
any of the SIK inhibitors (Fig. 4E and Fig. S7C). Finally, ex-
pression of the constitutively active mutant CRTC3[S62A/
S162A/S329A/S370A] led to an increase in TLR-stimulated IL-
10 production in macrophages that could not be increased fur-
ther by SIK inhibition (Fig. 4 F and G).

Genetic Evidence That Inhibition of SIKs Induces IL-10 Production. To
obtain further evidence that inhibition of the SIKs underlies the
ability of MRT67307, MRT199665, KIN112, and HG-9-91-01 to
stimulate IL-10 production and suppress proinflammatory cytokine
productlon we investigated the effect of these compounds in
LKB17~ macrophages. All members of the AMPK subfamily,
apart from MELK, are only active if they are phosphorylated by the
protein klnase LKBI1 (17). The activity of SIKs should therefore be
low in LKB1~~ cells, and these cells should phenocopy the effects
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of SIK inhibitors. As predlcted CRTC3 phosphorylation at Ser370
was greatly reduced in LKB17/~ cells, 1ndlcat1ng that the activity of
SIKs was low (Fig. 54). Moreover, LKB1™~ macrophages se-
creted higher levels of IL-10 and greatly reduced levels of IL-12
and TNFu in response to LPS, which were unaffected by HG-9-
91-01 (Fig. 5B).

Quiescent macrophages express all three SIK isoforms with
SIK2 and SIK3 mRNA being expressed at much higher levels
than SIK1 mRNA (Fig. S84). We used RNA interference to
knock down the expression of all three SIK isoforms in macro-
phages (Fig. S8B). Reduced expression of SIK1, SIK2, and SIK3
consistently sensitized macrophages to HG-9-91-01 (Fig. S8C),
with suboptimal concentrations of HG-9-91-01 inducing a four-
fold higher expression of IL-10 mRNA in SIK-depleted macro-
phages compared with wild-type (WT) macrophages (Fig. S8D).

The most stringent experiment that can be carried out to establish
that the effects of a pharmacological inhibitor are mediated via the
inhibition of the presumed target, and not by an “off target” effect, is
to show that the effects of the compound disappear when the WT
enzyme is replaced by a drug-resistant mutant (15, 18, 19). As
mentioned above, the compounds KIN112 and HG-9-91-01 inhibit
SIKs and not other members of the AMPK subfamily because they
target a hydrophobic pocket created by the presence of a small
amino acid residue at the gatekeeper site (Fig. 5C). Mutation of the
gatekeeper threonine to an amino acid residue with a larger side
chain renders the SIKs 100-1,000-fold less sensitive to KIN112 and
HG-9-91-01, with mutation to glutamine generating the most drug-
resistant mutant (Fig. 5 D and E). When RAW264.7 macrophages
were generated to inducibly express the SIK2[T96Q] mutant (Fig.
5F), the LPS-stimulated production of IL-10 mRNA could no longer
be enhanced by HG-9-91-01 (Fig. 5G). In contrast, HG-9-91-01
continued to greatly enhance LPS-stimulated IL-10 mRNA produc-
tion when WT SIK2 was expressed to the same level (Fig. 5 F and G).
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Fig. 4. Dephosphorylation of CRTC3 at Ser62,
< Ser162, Ser329, and Ser370 leads to dissociation
09 from 14-3-3 proteins, nuclear translocation, and
s activation of CREB-dependent gene transcription.
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- (A) Coactivator function of CRTC3 becomes consti-
tutive and insensitive to SIK inhibitors when S62,
$162, 5329, and S370 are mutated to Ala. CRTC3-3A
is the mutant CRTC3[S62A/S329A/5370A], whereas
CRTC3-4A is CRTC3-3A also carrying the S162A mu-
tation. (mean + SD, n = 3, *P < 0.001). (B) Mutation
of CRTC3 at Ser62, Ser162, Ser329, and Ser370 to Ala
abolishes interaction with 14-3-3 proteins. (C) WT
CRTC3 translocates to the nucleus after treatment
with MRT199665 or HG-9-91-01, whereas CRTC3-4A
is localized to the nucleus even in absence of SIK
inhibitors. (D) SIKs phosphorylate CRTC3 in vitro
inducing interactions with 14-3-3 proteins. NK, no
kinase. (E) Inhibition of SIKs promotes dephosphory-
lation of endogenous CRTC3 and loss of 14-3-3
interaction. (F) Expression of FLAG-CRTC3-WT and
CRTC3-4A upon treatment of RAW264.7 macro-
phages with doxycyclin. (G) RAW264.7 macrophages
expressing the phosphomutant CRTC3-4A produce
elevated levels of IL-10 mRNA, which is not enhanced
by SIK inhibition (n = 4, mean + SD, ***P < 0.001).
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Fig. 5. Genetic evidence using LKB1-deficient macrophages and a drug-re-
sistant mutant of SIK2 to establish that inhibition of SIKs induces IL-10 pro-
duction. (A) Loss of CRTC3 phosphorylation in LKB17~ MEFs. (B) Enhanced IL-10
production and reduced secretion of proinflammatory cytokines in LysM-Cre-
LKB1flo¥flox macrophages (n = 3, mean + SD, **P < 0.01, ***P < 0.001). (C) Se-
quence alignment of AMPK-related kinases. The gatekeeper site is indicated by
using an asterisk. (D) ICso curves of KIN112 against different SIK2 mutants. (E) ICso
curve of HG-9-91-01 against WT SIK2 and the SIK2[T96Q] mutant. (F) Induction of
HA-SIK2 (WT and [T96Q]) expression in RAW264.7 macrophages. (G) HG-9-91-01
fails to induce IL-10 and Nurr77 mRNA production in cells expressing SIK2[T96Q)].
RAW264.7 cells were induced to express HA-SIK2-WT or HA-SIK2[T96] using
doxycyclin. As a further control, cells transduced with the empty vector and which
only express endogenous SIK isoforms were also used. Subsequently, cells were
treated without or with 500 nM HG-9-91-01 and stimulated for 1 h with 100 ng/
mL LPS. mRNA levels were measured by gPCR (mean + SD, n = 3, ***P < 0.001).
(H) ICso curve of MRT67307 against WT SIK2 and the SIK2[T96Q] mutant. (/)
MRT67307 but not HG-9-91-01 can potentiate the production of IL-10 in mac-
rophages expressing SIK2[T96Q]. Experiment was performed as in E, but cells
were treated with 2 uM MRT67307 or 500 nM HG-9-91-01 before stimulation for
1 h with PamsCSK, (mean + SD, n = 3) (*P < 0.001 compared with cells stimulated
with Pam3CSKj, in the absence of inhibitors).

The same results were obtained when the mRNA encoding another
CREB-dependent gene (Nurr77) was studied instead of IL-10 (Fig.
5G). In contrast to KIN112 and HG-9-91-01, MRT67307 potently
inhibits members of the AMPK subfamily with bulky amino acids at
the gatekeeper site. Notably, MRT67307 inhibited the SIK2[T96Q)]
mutant more potently than the WT enzyme (Fig. SH) and, therefore,
still increased Pam;CSKy-stimulated IL-10 production in macro-
phages expressing the SIK2[T96Q] mutant (Fig. 5I). Collectively,
these genetic studies prove that HG-9-91-01 exerts its effects by
inhibiting SIKs and not another target, but further studies are
needed to establish whether SIK2, or another SIK isoform(s),
mediates these effects on macrophage biology.
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Inhibition of SIKs Induces the Expression of Regulatory Macrophage
Markers via a CRTC3-IL-10 Pathway. Strikingly, we found that
treatment of quiescent macrophages with SIK inhibitors did not
just enhance TLR agonist-stimulated IL-10 production, but also
switched their gene expression program from the classically acti-
vated (M1) route toward the regulatory (M2b) phenotype. In par-
ticular, production of other mRNAs including SPHK1, LIGHT,
and Arginase 1 that encode characteristic markers of regulatory
macrophages was increased (Fig. 64). In contrast, inhibition of
SIKs had no effect on the expression of FIZZ, Yml, or Mgl2 (Fig.
6B), which are markers of wound-healing (M2a) macrophages.
Control experiments showed that, as expected, IL-4 induced the
expression of FIZZ, Ym1, or Mgl2 but not LIGHT or SPHK1 (Fig.
S9). Expression of the markers of regulatory macrophages was also
enhanced in LKB17~ macrophages after stimulation with LPS
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Fig. 6. Inhibition of the LKB1-SIK-CRTC3-IL10 signaling axis drives the expression

of markers of regulatory macrophages. (A) Effect of SIK inhibitors on the LPS-
stimulated expression of LIGHT, SPHK1, Arg1, and IL-1ra (n = 4, mean + SD). (B)
Effect of HG-9-91-01 on macrophage marker expression in LPS-stimulated BMIDMs.
mRNA levels were normalized to 1 in unstimulated cells not treated with HG-9-91-
01 (mean + SD, n = 4). (C) Elevated expression of markers of regulatory macro-
phage in LKB17~ macrophages. BMIDMs were generated from LysM-Cre/LKB1+*
and LysM—Cre/LKB1ﬂ°X’f'°" mice and stimulated with 100 ng/mL LPS (mean+SD, n=
3). (D) CRTC3 is required for the induction of markers of regulatory macrophages.
BMDMs were transfected with control or CRTC3 siRNA oligonucleotides, treated
without or with 500 nM HG-9-91-01 and then stimulated with 100 ng/mL LPS.
LIGHT and SPHK1 mRNA was measured at 2 h and Arg1 at 8 h after LPS stimulation
(mean =+ SD, n = 4). (E) Regulatory macrophage markers are not induced by HG-9-
91-01in IL-107~ macrophages. The experiment was carried out as in D except that
BMDMs were generated from IL-10"* and IL-107~ mice (mean + SD, n = 4). For all
graphs, statistical significance is reported as follows: **P < 0.01, ***P < 0.001.
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Fig. 7. Model for regulation of IL-10 production by the LKB1-SIK-CRTC3
signaling axis. TLR agonists lead to the activation of MSK1 and MSK2, which
phosphorylate CREB at Ser133, whereas inhibition of SIKs leads to de-
phosphorylation of CRTC3. The CREB-CRTC3 complex leads to maximal
transcription of the IL-10 gene which signals in an autocrine fashion to in-
duce other anti-inflammatory molecules such as Arg1, LIGHT, and SPHK1.

(Fig. 6C). The ability of HG-9-91-01 to increase the LPS-stimulated
expression of SPHK1, LIGHT, and Arginase 1 did not occur in cells
treated with CRTC3 siRNA oligonucleotides and was greatly re-
duced in IL-107~ macrophages (Fig. 6 D and E). Thus, the IL-10
produced by inhibition of the LKB1-SIK-CRTC3 signaling axis
reinforces the anti-inflammatory phenotype of macrophages by
inducing a gene transcription program associated with regulatory
macrophages. Finally, LPS-stimulated transcription and secretion
of the anti-inflammatory molecule IL-1 receptor antagonist (IL-
1ra) was also increased by pharmacological inhibition of SIKs (Figs.
1A and B and 64). Thus, inhibition of the SIKs drives the gene
expression program of regulatory macrophages.

Discussion

The results presented in this paper demonstrate that pharmaco-
logical or genetic inhibition of the SIKs leads to the dephos-
phorylation of CRTC3 at Ser62, Ser162, Ser329, and Ser370 in
macrophages, stimulating the translocation of CRTC3 to the nu-
cleus where it promotes CREB-dependent gene transcription, in-
cluding IL-10 gene transcription in TLR-stimulated macrophages.
IL-10 then signals in an autocrine manner (Fig. S10) and drives the
anti-inflammatory state of macrophages by promoting the expres-
sion of markers of regulatory M2b macrophages, such as SPHK1,
LIGHT, and Argl. The present study identifies a key role for the
SIK-CRTC3 signaling axis in the immune system, and it will be
interesting in the future to identify physiological stimuli that inhibit
SIKs to drive the formation of regulatory macrophages (Fig. 7).
The treatment of inflammatory diseases still relies heavily on the
use of glucocorticoids, or broad-spectrum immunosuppressants,
but these therapies have multiple side effects due to the non-
selective nature of these treatments, while many patients become
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resistant to glucocorticoids (20, 21). Neutralizing antibodies that
inhibit the actions of particular proinflammatory cytokines, such as
the anti-TNFa Humira, are having a major impact on the treat-
ment of rheumatoid arthritis, Crohn’s, and other inflammatory
diseases, but these therapies are very expensive and only about half
of the patients are good responders (22). The anti-inflammatory
properties of IL-10 are being exploited in clinical trials to develop
therapeutics for several inflammatory diseases, but results in the
clinic using recombinant IL-10 have been disappointing, perhaps
because elevated levels of IL-10 are required locally rather than
systemically and/or because additional anti-inflammatory mole-
cules are also needed (23, 24). For these reasons, there is un-
diminished interest in developing orally available drugs to improve
the treatment of chronic inflammatory and autoimmune diseases.
By simultaneously activating several anti-inflammatory pathways
and by inhibiting proinflammatory pathways, drugs that inhibit
SIKs may provide an advantage over current therapies and im-
prove the treatment of these disorders.

Materials and Methods

Macrophages were treated for 1 h with inhibitors (2 uM MRT67307, 1 pM
MRT199665, 500 nM HG-9-91-01, 10 pM KIN112), or an equivalent volume of
DMSO for control incubations then stimulated for up to 24 h with 1 pg/mL
Pam3CSKy, 2 pg/mL lipoteichoic acid (LTA), 100 ng/mL LPS, 1 pg/mL R837, or 2 uM
CpG. Proteins were extracted and immunoblotted as described (8) by using the
indicated antibodies. RNA was extracted by using the RNeasy Micro Kit (Qiagen).
cDNA was generated by using the iScript cDNA synthesis kit and quantified by
qPCR using the SsoFast EvaGreen Supermix (Bio-Rad Laboratories). The relative
expression of each gene was calculated from Ct values by using the Pfaffl
method (25) and was normalized against the mRNA levels of 185 or GAPDH RNA.
Fold induction for each gene was reported relative to untreated control cells,
which was set to 1. The concentrations of TNFa, IL-6, IL-10, IL-12p40, and RANTES
in culture supernatants were measured by using the Bio-Plex Pro Assay system
from Bio-Rad. Further details are in S/ Materials and Methods.
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