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(Background: Calcium/calmodulin-dependent kinase kinase 2 (CaMKK2) acts, at least in part, in the hypothalamus to alter

Results: CaMKK2 is expressed in macrophages and regulates the TLR4-mediated response to lipopolysaccharide.
Conclusion: CaMKK2 regulates macrophage-mediated inflammatory responses to nutrient excess and pathogens.
Significance: CaMKK?2 is an attractive target for drugs that function to prevent inflammation associated with metabolic

J

Calcium/calmodulin-dependent kinase kinase 2 (CaMKK2)
plays a key role in regulating food intake and energy expenditure
at least in part by its actions in hypothalamic neurons. Previ-
ously, we showed that loss of CaMKK2 protected mice from
high-fat diet (HFD)-induced obesity and glucose intolerance.
However, although pair feeding HFD to WT mice to match food
consumption of CAMKK2-null mice slowed weight gain, it
failed to protect from glucose intolerance. Here we show that
relative to WT mice, HFD-fed CaMKK2-null mice are protected
from inflammation in adipose and remain glucose-tolerant.
Moreover, loss of CaMKK2 also protected mice from endotoxin
shock and fulminant hepatitis. We explored the expression of
CaMKK2 in immune cells and found it to be restricted to those
of the monocyte/macrophage lineage. CaMKK2-null macro-
phages exhibited a remarkable deficiency to spread, phagocy-
tose bacteria, and synthesize cytokines in response to the Toll-
like receptor 4 (TLR4) agonist lipopolysaccharide (LPS).
Mechanistically, loss of CaMKK2 uncoupled the TLR4 cascade
from activation of protein tyrosine kinase 2 (PYK2; also known
as PTK2B). Our findings uncover an important function for
CaMKK?2 in mediating mechanisms that control the amplitude
of macrophage inflammatory responses to excess nutrients or
pathogen derivatives.

Calcium functions as a second messenger to regulate a pleth-
ora of biological processes by forming a complex with calmod-
ulin (CaM)? (1). Upon Ca>" binding, CaM interacts with many
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targets, including three multifunctional CaM kinases (CaMKI,
CaMKII, and CaMKIV). For full activation, CaMKI and CaM-
KIV require phosphorylation of an activation loop threonine by
CaMKKa or CaMKKp (also named 1 and 2, respectively). The
requirement of two CaM kinases in the same signaling pathway
is reminiscent of the mitogen-activated protein (MAP) kinase
cascade and led to the concept of a CaM kinase cascade (2).
Increasing evidence demonstrates that CaMKs control impor-
tant functions in immune cells, and in turn, regulate the innate
and adaptive immune responses (3—8). Finally, the AMP-de-
pendent protein kinase has been identified as a third direct
substrate of CaMKK2 (9-12).

We have identified a CaMKK2/AMP-dependent protein
kinase pathway that functions to link Ca®>* signaling to energy
expenditure and metabolic response to stress by regulating the
production of the orexigenic hormone neuropeptide Y in the
hypothalamus. Thus, genetic ablation of CaMKK2 protects
mice from diet-induced obesity, insulin resistance, and glucose
intolerance (13). Because obesity is associated with a chronic
inflammatory response that, in turn, causes abnormalities in
glucose metabolism, we reasoned that this phenotype might
also occur if loss of CaMKK2 mitigates the innate immune
response to overnutrition (14, 15). This prompted us to explore
the role of CaMKK2 in mechanisms regulating the responsive-
ness of immune cells such as macrophages to pathogens and
stressing agents. Indeed, in assessing CaMKK2 expression in
immune cell types, we found that it was restricted to those of
the monocyte/macrophage lineage.

Macrophages are phagocytes that play an essential role in
clearing the body of debris, apoptotic cells, and pathogens (16).
In lean subjects, macrophages display an attenuated inflamma-
tory phenotype and protect adipose from metabolic stress.
Contrariwise, in response to overnutrition, monocytes re-
cruited to adipose develop into macrophages with a pro-inflam-
matory phenotype that plays a causative role in the glucose

bonyl; FMK, fluoromethyl ketone; ITAM, immune receptor tyrosine-based
activation motif; pPYK2, phospho-PYK2; TRITC, tetramethylrhodamine
isothiocyanate.
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intolerance and metabolic syndrome associated with obesity
(17). Because macrophages secrete a multitude of mediators
that regulate all aspects of host defense, inflammation, and
homeostasis, they play a critical role in the pathogenesis of sep-
sis and many other conditions characterized by an abnormal
response to pathogens and stressing agents (18, 19). Therefore,
we examined the role of CaMKK2 in the activation and function
of macrophages

Here we report that loss of CaMKK2 attenuated the inflam-
matory response in adipose, and this helps to prevent the glu-
cose intolerance induced by high-fat diet (HFD). Ablation of
CaMKK?2 also protected mice from endotoxin shock and fulmi-
nant hepatitis (18, 19) by markedly decreasing the responsive-
ness of macrophages to LPS. Finally, loss of CaMKK2 decreased
accumulation of PYK2 in macrophages, which impaired the
activation of p65 NFkB, ERK, Jun, and AKT. Collectively, our
findings uncover an important function for CaMKK2 in regu-
lating mechanisms that control the amplitude of the macro-
phage inflammatory response induced by nutrient excess or
pathogens.

EXPERIMENTAL PROCEDURES
Mouse Strains

CaMKK2 ™/~ mice have been described elsewhere (13). The
targeting construct for deleting CaMKK1 was made using the
triple lox vector series (20) with diphtheria toxin and TK-neo-
mycin cassettes for selection. The long combination arm
(EcoRI/Spel fragment) and floxed segment (Spel/Notl frag-
ment) were obtained from a mouse (strain 129/SvEv) A phage
DNA library and cloned into the LoxL and LoxC vectors,
respectively. The short arm was created by PCR using high-
fidelity polymerase (AccuTaq, Sigma-Aldrich) and cloned into
the Ascl/EcoRI sites of the LoxR vector. The targeting con-
struct was assembled from those three vectors and contained
exons 2— 8 of CaMKK1 flanked by loxP sites, a 6.6-kb long arm,
and a 1-kb short arm for homologous recombination. The tar-
geting construct was introduced into embryonic stem cells by
electroporation, and targeted clones were identified by PCR
and Southern analysis. Positive cells were transfected with Cre
and screened for deletion of the floxed DNA. Cells with the
deletion were used to create chimeric mice by blastocyst injec-
tion. Chimeric offspring were crossed with C57BL/6 mice, and
pups were screened by PCR on genomic DNA isolated from tail
cuts for CaMKK1-null and WT mice and backcrossed to
C57BL/6 mice for several generations. Double KO mice were
generated crossing CaMKK2 /'~ with CaMKK1 /" mice.
Tg(Camkk2-EGFP)DF129Gsat mice were provided by the
Mutant Mouse Regional Resource Centers (MMRRCC). This
transgenic strain contains the coding sequence for enhanced
green fluorescent protein (EGFEP), followed by a polyadenyl-
ation signal, inserted into the mouse genomic bacterial artificial
chromosome RP23-31J24 at the ATG transcription initiation
codon of the calcium/calmodulin-dependent protein kinase
kinase 2 B (Camkk2) gene so that expression of the reporter
mRNA/protein is driven by the regulatory sequences of the
mouse gene (21).
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Pair Feeding on High-fat Diet

Fourteen WT and CaMKK2-null mice about 3 months of age
were selected for this study and housed in individual cages.
Food intake and body weight were monitored daily. CaMKK2-
null mice had free access to the high-fat diet or low-fat diet
containing 58 and 10.5% kcal from fat, respectively (D12330
and D12328, Research Diets, New Brunswick, NC). WT mice
would eat more food if it was provided ad libitum, and so they
received the average amount of the food consumed by the
CaMKK2-null mice. All mice had free access to water. The food
was provided to mice every day at 5 p.m., 1 h before the dark
cycle began. Pair feeding was carried out for 30 weeks; dual
energy x-ray absorptiometry scan, glucose tolerance test, and
insulin tolerance test were performed at the end. To avoid pos-
sible effects of starvation, mice had free access to high-fat diet
for 2 days prior to euthanization. Epididymal fat pads from WT
and CaMKK2-null mice of comparable body weight and adi-
posity were isolated for RNA extraction.

Dual Energy X-ray Absorptiometry

Mice were anesthetized (ketamine, 100 mg/kg; xylazine, 10
mg/kg) and scanned four times (with no repositioning between
scans) using a Lunar PIXImus II densitometer (software version
2.0; GE Lunar Corp.). Measurements were typically performed
between 8:00 a.m. and 11:30 a.m. Anesthetized mice were
placed on the imaging-positioning tray in a prostrate fashion
with the front and back legs extended away from the body.
Heads were excluded from all analyses by placing an exclusion
region of interest over the head. Thus, all body composition
data exclude the head.

Glucose Tolerance Test

Glucose tolerance assays were performed on mice that were
fasted overnight (>12 h). At 9:00 a.m., mice were measured for
baseline glucose by collecting a small drop of blood from the tail
vein for analysis using a handheld Bayer Ascensia Contour glu-
cometer. After the baseline glucose values were established,
each mouse was weighed and given an intraperitoneal injection
of 2 mg of glucose/g of body weight (D14-212, Fisher Scientific).
Blood glucose was quantified as a function of time until glucose
levels returned to near baseline values.

Analysis of Adipose Macrophages

Epididymal fat pads isolated from freshly sacrificed WT and
CaMKK2-null mice were minced and digested with collagenase
P (11249002001; Roche Applied Science) dissolved in DMEM
with 5% fat-free BSA at a concentration of 1 mg/ml. Tissues
were incubated at 37 °C for 45 min and filtered through a sterile
230-um stainless steel tissue sieve (1985-00069; Bellco Glass,
Vineland, NJ). After centrifugation at 500 X g for 10 min, the
pelleted cells were stained with lineage-specific antibodies and
analyzed by flow cytometry. Mouse BD Fc Block (BD Pharmin-
gen) was employed to block unwanted binding of antibodies.
Dead cells were excluded by analysis of cell size and staining
with 7-amino actinomycin (BD Pharmingen). Appropriate iso-
type controls were used to evaluate nonspecific staining (BD
Pharmingen). 7-Amino actinomycin-negative macrophages
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were identified by co-expression of F4/80 and I-A (MHC class
II). Analyses were performed using a FACScan (BD Biosci-
ences) and Flow]Jo Software (TreeStar, Ashland, OR).

RNA Isolation and Real-time PCR

Total RNA from visceral adipose tissue (VAT) and macro-
phages were isolated using TRIzol (Invitrogen) or the QIAquick
PCR purification kit (Qiagen, Valencia, CA), respectively. Sin-
gle-stranded ¢cDNA was synthesized using SuperScript II
reverse transcriptase (Invitrogen) according to the manufactur-
er’s directions. Real-time PCR was carried out using an iCycler
(Bio-Rad) with the IQ SYBR Green supermix (Bio-Rad). After
deriving the relative amount of each transcript from a standard
curve, transcript levels were normalized to 18 S ribosomal
RNA. PCR primers for cytokines, chemokines, transcription
factors, PYK2, and housekeeping genes were from Qiagen (RT?
quantitative PCR primer assays, SAbiosciences).

Endotoxin Shock and Fulminant Hepatitis

Endotoxemia was induced by intraperitoneal injection of
lipopolysaccharide (LPS, Escherichia coli 055:B5; Sigma-
Aldrich) alone or in combination with p(+)-galactosamine
hydrochloride (GalN, Sigma-Aldrich), dissolved in 0.2 ml of
PBS, at the doses indicated in the figure legends. Livers were
collected at the time points indicated in the figure legends, fixed
in formalin, and embedded in paraffin. Apoptotic cells were
detected using a TUNEL assay kit (Promega, Fitchburg, WI)
according to the manufacturer’s instructions. Nuclei were iden-
tified by DAPI staining (blue). Macrophages were detected by
using F4/80, rat anti-mouse antibody (Invitrogen), and ABC
VECTASTAIN kit, according to the manufacturer’s instruc-
tions (Vector Laboratories Inc., Burlingame, CA). The number
of TUNEL+ and DAPI+ cells (green and blue, respectively)
and F480+ cells was quantified by using Image-based Tool for
Counting Nuclei (ITCN) plug-in for the Image] software
(National Institutes of Health, Bethesda, MD).

Generation of Cells

Bone Marrow-derived Macrophages (BMDM)—Hind limb
bones were removed from mice and crushed in a mortar with 5
ml of Hanks’ balanced salt solution (Mediatech, Manassas, VA),
plus 2% FBS (Gemini Bio-Products, West Sacramento, CA)
supplemented with 20 mm HEPES. Bone marrow (BM) cell sus-
pensions were passed through a 70-um strainer (BD Falcon)
and stratified on Lympholyte (Cedarlane, Burlington, NC). The
low-density fraction containing BM nucleated cells was col-
lected, and the concentration was adjusted to 2 X 10° cells/ml
in complete medium (10% fetal calf serum DMEM, high glu-
cose, supplemented with glutamine, pyruvate, and HEPES, no
phenol red) containing 30% L929-conditioned medium (bone
marrow macrophage medium). Then, BM cells were cultured 6
days in Corning® Costar® Ultra-Low attachment multiwell
plates (Sigma). To establish the purity of BMDM, cells were
double-stained with anti-CD11b and anti-F4/80 antibodies.
Based on this analysis, more than 95% of cells co-expressed
these markers, which is typical for macrophages.

Peritoneal Macrophages—Peritoneal cells were collected
according to the protocol reported elsewhere (22). Peritoneal
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cell suspensions were adjusted to the concentration of 2 X 10°
cells/ml in complete medium and left to adhere to a cell culture
dishfor2hat37 °C, 5% CO,. To isolate peritoneal macrophages
(adherent), nonadherent cells were removed by gentle agitation
of dishes using complete medium.

Stimulation of Macrophages

BMDM were collected from BMM medium and cultured
ata density of 2 X 10*and 5 X 10* cells/well on 12- or 6-well
plates, respectively, in complete medium. After a 4-h culti-
vation at 37 °C, cells were stimulated with LPS at the con-
centrations reported in the figure legends. At the indicated
times, supernatant fluids were collected for cytokine detec-
tion, and cells were lysed in the appropriate buffers for pro-
tein and RNA analyses. The protease inhibitor MG132
(Sigma) was dissolved in sterile dimethyl sulfoxide (DMSO;
Sigma) at a concentration of 42 mm. Solutions were kept
frozen in aliquots at —80 °C and used at a final concentration
of 10 uM. Ammonium chloride (Sigma) was used at a final
concentration of 50 mm.

Immunocytochemistry

BMDM were collected from BMM medium and cultured
in complete medium at a density of 0.5 X 10* on glass cov-
erslips for 4 h before being stimulated with LPS at the con-
centrations and times reported in the figure legends. To ana-
lyze morphological changes, cells were fixed for 10 min in 1%
paraformaldehyde, PBS and stained with phalloidin-TRITC
for 15 min. Glass coverslips were mounted in hard-set
mounting medium (VECTASHIELD, Vector Laboratories).
Images were acquired using a Zeiss AxioVert 200M wide-
field microscope connected to an AxioCam MRm camera.
Images were taken using a 20X objective and post-processed
by contrast and brightness enhancement within the AxioVi-
sion 4.8.2 software (Carl Zeiss Microlmaging). Images were
quantified by using the ITCN plug-in for the Image] soft-
ware. To this end, images were first converted in 8-bit mode,
the threshold was adjusted to clearly identify individual cells,
and then macrophage borders were tracked to measure the
area of each cell. The mean * S.D. of area was calculated
from 20 independent fields.

Immunoblot

BMDM were washed three times with 2 ml of ice-cold PBS
and lysed with 0.15 ml of M-PER mammalian protein extrac-
tion reagent with Halt protease and phosphatase inhibitor
(Thermo Scientific). Equal amounts of protein sample/lane
were denatured and resolved by SDS-PAGE. Proteins were
transferred to Immobilon-FL. membrane (Millipore, Billerica,
MA), and quantitative Western blotting was performed using
the Odyssey infrared Western blotting detection system (LI-
COR Biosciences, Lincoln, NE). Primary antibodies used were
anti-CaMKK (BD Biosciences); anti-actin (Sigma-Aldrich);
anti-phospho-c-Jun and anti-a-tubulin (Santa Cruz Biotech-
nology, inc.); and anti-PYK2, anti-phospho-PYK2 (Tyr*®?),
anti-c-Jun, anti-phospho-ERK1/2 (Thr*°*/Tyr 204), anti-ERK,
anti-pNF«B p65 (Ser®®®), anti-pNF«B p65, anti-phospho-AKT
(Thr®°®), anti-AKT, anti-phopspho-p38 (Thr'®®, Tyr'®?), and
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FIGURE 1.CaMKK2 ™'~ mice areresistant to high-fat diet-induced glucose intolerance and inflammation in adipose. WT and CaMKK2 ™/~ mice (Wand KO,
respectively) were housed five per cage and pair-fed an HFD (D12330) from Research Diets for 36 weeks. A, WT and KO mice of comparable body weight and
fat percentage (measured by dual energy x-ray absorptiometry and dual energy x-ray absorptiometry scans) at weaning age and after 36 weeks of HFD (n =
10 each group). B, on the HFD, KO mice remain glucose-tolerant. LFD, low-fat diet. C, WT and KO mice show comparable accumulation of macrophages in VAT
at the age of weaning (upper dot plot panels and left bar graphs). KO mice are protected from macrophage accumulation in VAT induced by 36 weeks HFD
(lower dot plot panels and right bar graphs). D, WT and KO mice show comparable accumulation of cytokine and chemokine mRNAs at weaning. On the HFD,
WT mice show significantly higher levels of TNFa and CXCL10 as compared with KO mice. mRNAs were quantified by real-time PCR.n = 4; *, p < 0.01.

anti-p38 from Cell Signaling (Danvers, MA). Secondary anti-
bodies used were anti-mouse IgG Alexa Fluor 680 (Invitrogen)
and anti-rabbit IgG IRDye800-conjugated antibody (Rockland
Immunochemicals, Gilbertsville, PA).

Cytokine Detection

Cytokines in BMDM supernatant fluids were measured by
BioLegend ELISA MAX kits (BioLegend, San Diego, CA),
according to the manufacturer’s instructions. Cytokines and
chemokines in mouse sera were analyzed by RodentMAP® ver-
sion 2.0 (Myriad RBM, Austin, TX).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism soft-
ware (GraphPad) by using Student’s ¢ test. All survival curves
were compared by the log-rank test. Statistical analyses in mul-
tiple comparison groups (see Figs. 1, Cand D, 5, A and B, and 6,
B-E) were performed by using one-way analysis of variance
test.
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RESULTS

Genetic Ablation of CaMKK2 Protects Mice from Effects of
High-fat Diet—We previously reported that CaMKK2 plays a
key role in the pathway by which ghrelin signals to AMP-de-
pendent protein kinase to regulate expression of the orexigenic
neuropeptide Y peptide in hypothalamic neurons, protecting
mice from diet-induced obesity, insulin resistance, and glucose
intolerance (13). Because obesity is associated with a chronic
inflammatory response, we also compared the effects induced
by HFD on accumulation of macrophages and CD4" FOXP3™"
regulatory T cells (Treg) in spleen. As expected, HFD induced a
significant increase of macrophages in WT mice, and this was
associated with a parallel decrease in the percentage of regula-
tory T cells (supplemental Fig. 1). Because this phenotype
might occur because CaMKK2 KO mice have reduced diet-
induced obesity, thus accounting partially or completely for the
attenuated inflammatory response (14, 15), we selected WT
and CaMKK2 /" mice of comparable body weight and fat
accumulation at weaning, pair-fed them an HFD for 36 weeks,
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FIGURE 2. Loss of CaMKK2 protects mice from shock and hepatitis induced by lipopolysaccharide. Wild type (W) and CaMKK2-null mice (KO) were injected
intraperitoneally with LPS (15 mg/kg of body weight). A, survival curves (n = 10 mice, each genotype). B, sera were collected, and cytokines were evaluated at
3 h.C loss of CaMMK2 protects from fulminant hepatitis. WT and KO mice were injected intraperitoneally with low doses of LPS (1.5 mg/kg of body weight) plus
GalN (700 pg/kg of body weight) or vehicle. After 6 h, livers were collected and fixed in formalin for 18 h. Upper left, detection of apoptotic cells by TUNEL assay.
Green and blue identify apoptotic cells and nuclei (TUNEL+ and DAPI+, respectively). Upper right, representative staining of macrophages using F4/80
antibody. Lower, histograms show quantification of the percentage of apoptotic cells (green) on total cells (blue) and the number of F4/80" cells detected in
each field of liver histological section (left and right, respectively). Mean =+ S.D. represents 20 independent histological sections from four mice of each

genotype. ¥, p < 0.001.

and then again selected WT and CaMKK2 KO mice of compa-
rable body weight for further study (Fig. 1A). First, we evaluated
these mice for glucose tolerance and macrophage accumulation
in VAT. As expected, WT mice developed glucose intolerance
as a function of time (Fig. 1B), as well as a marked increase of
activated macrophages in adipose (Fig. 1C). HFD feeding also
induced a significant accumulation of TNFa and CXCL10
mRNA in VAT (Fig. 1D). Although CaMKK2 KO mice became
obese on the HFD, they remained tolerant to glucose (Fig. 1,
A and B). Moreover, glucose tolerance curves between
CaMKK2 /" mice fed with high-fat and low-fat diets were
largely overlapping (Fig. 1B). Finally, CaMKK2 /" mice fed
with HFD did not accumulate activated macrophages in adi-
pose (Fig. 1C). Moreover, we found significantly lower levels of
TNFa and CXCL10 mRNA in VAT of HFD-fed CaMKK2 KO
mice as compared with WT (Fig. 1D). Thus, genetic ablation of
CaMKK2 completely dissociated the effects of HFD on body
weight and fat accumulation from those on the inflammatory
response and glucose tolerance. Overall, these findings support
the hypothesis that in addition to its effects on food intake,
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CaMKK2 also regulates inflammation in VAT in response to
high-fat feeding.

Genetic Ablation of CaMKK?2 Protects Mice from Shock and
Fulminant Hepatitis Induced by LPS—Based on the attenuated
inflammatory response of CaMKK2-null mice to overnutrition,
we investigated the role for CaMKK2 in two models of inflam-
mation triggered by systemic exposure to LPS, endotoxin shock
and fulminant hepatitis. Indeed, CaMKK2-null mice showed
markedly prolonged survival to LPS (15 mg/kg of body weight,
Fig. 24). This was associated with a significantly decreased
accumulation of TNFa and IL6 in serum collected 3 h after LPS
injection (Fig. 2B). A more extensive analysis confirmed these
data, revealing a marked decrease in the ability of CaMKK2 KO
mice to accumulate multiple cytokines and chemokines 10 h
after LPS administration (supplemental Fig. 2). Additionally,
we evaluated the role of CaMKK2 in a model of fulminant hep-
atitis, which is characterized by a severe inflammatory response
in liver that is induced by lower doses of LPS when adminis-
tered in combination with the transcription inhibitor GaIN. We
found a profoundly decreased number of apoptotic cells in the
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FIGURE 3. CaMKK2 expression in immune cells. EGFP expression in immune cells isolated from blood and peritoneum of Tg(Camkk2-EGFP) mice was
measured. A, EGFP expression in CD3 ", CD19*, and CD37/NK1.1™" blood cells (T, B, and natural killer (NK), respectively). B, gating strategy to identify EGFP+
blood myeloid cells (left and middle panels). Right, EGFP expression in monocytes (Mo, small CD11b*/Gr1~ cells, solid green profile) and granulocytes (Gr, large
CD11b™/Gr17 cells, solid black profile). C, cells isolated from peritoneal lavage of Camkk2-EGFP mice were stained for the macrophage marker F4/80 (Mac, left).
Right, EGFP expression in F4/80~ and F4/80™" cells (black and green profiles, respectively). D, CaMKK2 expression in BMDM generated from wild type and
CaMKK2™/~ mice (W and KO, respectively). Left, CaMKK2 mRNA expression. Right, CaMKK2 expression was evaluated by immunoblot with a pan-CaMKK
antibody. £, CaMKK2 expression in peritoneal macrophages isolated from WT, CaMKK2 ~/~, CaMKK1~/~, and CaMKK2 ~/~ CaMKK1~/~ double KO mice (W, KK2,

KK1, and DKO). CaMKK2 expression was evaluated by immunoblot with a pan-CaMKK antibody. *, p < 0.001.

liver of CaMKK2 KO mice exposed to LPS/GalN as compared
with WT mice (Fig. 2C, left). Of note, many fewer infiltrating
macrophages accumulated in the liver of CaMKK2 /™ mice in
response to LPS/GalN (Fig. 2C, right). Therefore, the loss of
CaMKK2 results in an attenuated inflammatory response
induced either by chronic exposure to excess nutrients or by an
acute challenge with LPS.

CaMKK2 Is Selectively Expressed in Macrophages—CaMKK2
is expressed at high levels in brain, but its expression in other
cells and tissues is considerably restricted (2). To examine
whether cells in the periphery could be involved in the protec-
tion of CaMKK2-null mice from metabolic stress induced by
overnutrition, we evaluated liver, adipose, and spleen for the
presence of CaMKK2 and could detect the mRNA but not pro-
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tein in each tissue (data not shown). This suggested that rare
cell types common to all three tissues might express CaMKK2.
Because such cells include lymphocytes and macrophages, we
employed bacterial artificial chromosome transgenic mice
expressing the CaMKK2 promoter-specific fluorescent
reporter protein (Camkk2-EGFP) to examine the activity of
Camkk2 promoter in immune cells (21). To this end, we col-
lected peripheral blood, spleen, and peritoneal cells from
Camkk2-EGFP mice and stained cells with phycoerythrin-con-
jugated lineage-specific antibodies. EGFP protein was unde-
tectable in T, B, and natural killer cells from blood, spleen, and
peritoneal lavage as well as in circulating granulocytes, as we
recently reported (23) (Fig. 3A4). Contrariwise, we found
CaMKK?2 expressed in circulating monocytes and in peritoneal
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FIGURE 4. Loss of CaMKK2 impairs response of bone marrow-derived macrophages to bacterial lipopolysaccharide. BMDM were generated from WT (W)
and CaMKK2 "/~ (KO) cells and exposed to LPS (100 ng/ml). A, cytokines in 24-h supernatant fluids. B and C, cytokine, chemokine, and transcription factor
mMRNAs detected in 1-, 3-, and 5-h LPS-stimulated WT and KO BMDM. ¥, p < 0.001.

cells expressing the macrophage marker F4/80 (Fig. 3, Band C).
We conclude that in basal conditions, the activity of Camkk2
promoter is restricted to the monocyte/macrophage lineage.
To provide more direct evidence for this hypothesis, we gener-
ated macrophages from WT and CaMKK2-null bone marrow
(BMDM) and identified CaMKK2 mRNA (Fig. 3D). Moreover,
by using a pan-CaMKK-specific antibody, we clearly detected
three major specific bands only in cell lysates obtained from
WT macrophages (Fig. 3D). Although these data are compati-
ble with the expression of the multiple isoforms of CaMKK2 in
macrophages, we could not exclude the possibility that the pan-
CaMKK2 antibody we used for the immunoblot also detected
CaMKKI1. To definitively exclude this possibility, we isolated
peritoneal macrophages from WT, CaMKK2 KO, CaMKK1
KO, and CaMKK2/CaMKK1-double KO mice and clearly
found the pan-CaMKK antibody to recognize specific bands
corresponding to CaMKK2 only in WT and CaMKK1 KO
macrophages (Fig. 3E). Thus, these data demonstrate that
among immune cell types, expression of CaMKK?2 is restricted
to cells of the monocyte/macrophage lineage.

CaMKK2 Is Required for LPS-induced Cytokine and Chemo-
kine Synthesis—To define the functions of CaMKK2 in macro-
phages, we compared the responsiveness of WT and CaMKK2-
null BMDM to LPS. Although the absence of CaMKK2 did not
significantly interfere with secretion of IL6, decreased TNF«
was detected in the supernatant fluids of CaMKK2-null BMDM
as compared with WT (Fig. 44). We also examined the profile
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of mRNAs accumulated in WT and CaMKK2 KO macrophages
exposed to LPS. Similar to our observation in VAT (Fig. 1D), we
found a small decrease in IL6 and CCL2 mRNA only at later
time points; however, the loss of CaMKK2 significantly
impaired accumulation of TNFa and CXCL10 (Fig. 4B). Loss of
CaMKK2 also impaired accumulation of other cytokine
mRNAs including IL12a, IL12b, IL15, and IL10 (supplemental
Fig. 3A). Finally, CaMKK2-null macrophages also accumulated
significantly lower levels of several mRNAs encoding inducible
inflammatory chemokines required for the recruitment of
monocytes and effector T cells into inflamed tissues (24, 25),
such as CCL3, CCL4, CCL5, and CCL7, as compared with WT
(supplemental Fig. 3B). In contrast to that observed in serum
(supplemental Fig. 2), LPS-stimulated CaMKK2 /'~ BMDM
accumulated less CCL2 mRNA as compared with WT. In addi-
tion to macrophages, other cell types such as neutrophils can
sense and respond to LPS (26). However, as shown in Fig. 34
and previously reported (23), neutrophils do not express
CaMKK2. Thus, genetic ablation of this kinase would not
impair the ability of neutrophils to release CCL2 in response to
LPS. This may help explain the apparent discrepancy in the
levels of CCL2 accumulating in serum versus isolated
macrophages.

CCAAT/enhancer-binding protein (C/EBP) «, B, and 6 are
members of a family of basic region-leucine zipper (bZIP) tran-
scription factors that are expressed in macrophages and regu-
late the expression of cytokine and chemokine genes in
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response to LPS (27). To explore the effects of CaMKK2 abla-
tion on these critical transcription factors, we evaluated c/EBP
mRNA levels in quiescent and LPS-stimulated macrophages.
¢/EBPaq, c/EBP, and ¢/EBPS accumulated with different kinet-
ics in quiescent and LPS-stimulated WT BMDM. We found the
expression of c/EBPa mRNA to be high in quiescent WT
BMDM but that it progressively declined after exposure to LPS
(supplemental Fig. 34). Kinetics of ¢c/EBPB mRNA accumula-
tion showed a rapid and transient increase, which peaked 1 h
after the LPS stimulus and then rapidly declined at later time
points (Fig. 4C). LPS also induced a rapid increase in ¢/EBPS
mRNAs, but this mRNA remained stable over time (Fig. 4C).
Quiescent CaMKK2-null macrophages expressed a lower level
of ¢/EBPaq, although this difference was not statistically signif-
icant (supplemental Fig. 34). On the other hand, loss of
CaMKK2 impaired accumulation of ¢/EBPB and c/EBP§
mRNAs (Fig. 4C). These data are of particular interest due to
the ability of ¢/EBP family members to extensively regulate
the TLR-induced transcription program of macrophages
(27, 28).

CaMKK2 Is Required for Macrophage Morphological
Changes Induced by LPS—One of the earliest cellular responses
to LPS in macrophages is cell spreading, a phenomenon largely
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induced by the B2-integrin family, which is mediated by a proc-
ess called “inside-out” signaling (29). Macrophage spreading
involves cytoskeletal reorganization as well as changes in integ-
rin clustering and affinity for their cognate ligands. In the
course of our investigation on the effects of CaMKK2, we found
that BMDM macrophages generated from CaMKK2-null mice
failed to acquire the typical morphology characteristically seen
in response to LPS. To quantify this response, WT and
CaMKK2 '~ BMDM macrophages were grown on glass cover-
slips in the presence of 10% serum and then treated or not
treated with LPS (100 ng/ml). After 24 h, macrophages were
fixed, permeabilized, and stained with phalloidin to evaluate
the morphological changes induced by LPS. Quiescent WT and
CaMKK2 /"~ macrophages showed a similar elongated shape
with a comparable cell surface area (Fig. 54). However, within
18 h of LPS addition, the majority of WT macrophages changed
their morphology from elongated to flat and spread, as seen by
visualization of the cytoskeleton. This change was associated
with a significant increase in cell surface area (Fig. 54). Of note,
loss of CaMKK2 clearly attenuated the increase in the macro-
phage surface area induced by LPS (Fig. 54). The impairment of
CaMKK2 KO macrophages to change morphology in response
to LPS was also confirmed in macrophages isolated from peri-
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toneal lavage of WT and CaMKK2 KO mice (supplemental Fig.
4). Because these data implied an altered ability of CaMKK2
macrophages to appropriately remodel the cytoskeleton in
response to TLR4 stimulation, we explored their ability to
phagocytose bacterial particles, a function regulated by TLR4
stimulation and requiring extensive cytoskeleton remodeling
(30-32). To this end, we cultured WT and CaMKK2 KO
BMDM for 24 h in the presence or absence of LPS and then
examined their ability to phagocytose pH-rhodamine-conju-
gated E. coli. We found a remarkable decrease in the ability of
quiescent CaMKK2 KO macrophages to phagocytose bacteria
as compared with WT (Fig. 5B). The exposure of WT macro-
phages to increasing doses of LPS for 24 h induced a dose-de-
pendent increase in their phagocytic activity. On the contrary,
only a slight increase in ability to phagocytose bacteria was
observed in LPS-stimulated CaMKK2 KO macrophages (Fig.
5B). Overall, these findings prompted us to hypothesize an
important role for CaMKK2 in signaling pathways controlling
cytoskeleton reorganization in response to TLR4 stimulation.
Loss of CaMKK2 Uncouples TLR4 Signaling from Activation
of the Adhesion Kinase, PYK2—The engagement of TLR4 of
agonist ligand triggers multiple signal cascades that include the
activation of NFkB and MAPK (33). Stimulation of TLR4 also
triggers the activation of PYK2, a major cell adhesion-activated
kinase involved in mechanisms regulating spreading, migra-
tion, and cytokine synthesis in macrophages and other cell
types (34—-37). Because CaMKK2 KO macrophages showed an
impaired ability to spread and phagocytose bacterial particles,
we hypothesized an involvement of CaMKK2 in signals
regulating accumulation of activated Tyr*°>-phospho-PYK2
(pPYK?2). Accordingly, we evaluated the levels of pPYK2 in WT
and CaMKK2 KO macrophages cultured in the presence or
absence of LPS. pPYK2 was detectable in quiescent W'T macro-
phages and accumulated upon LPS stimulation as function of
time (supplemental Fig. 5). Loss of CaMKK2 resulted in a slight
decrease of pPYK2 in quiescent macrophages. Moreover, sig-
nificantly less pPYK2 accumulated over time in CaMKK2 KO
macrophages as compared with WT (40 and 50% of inhibition
were detected at 15 and 120 min, respectively; supplemental
Fig. 5). In macrophages and other cell types, PYK2 has been
proposed to act as an amplifier for multiple signal cascades, and
its loss has been found to be associated with decreased activa-
tion of NFkB, MAPKs, and AKT (34, 35, 38 —41). Thus, we
evaluated whether loss of CaMKK2 also affected these PYK2-
regulated biochemical changes and found that CaMKK2 KO
macrophages accumulated less phospho-p65 NFkB than WT in
response to LPS (Fig. 64, supplemental Fig. 5). Moreover, loss
of CaMKK2 also impaired the ability of LPS-stimulated macro-
phages to accumulate the phosphorylated forms of ERK1/2,
c-Jun, and AKT (Fig. 64, supplemental Fig. 5). On the other
hand, LPS-stimulated WT and CaMKK2 KO macrophages
expressed comparable levels of phosho-p38 (Fig. 64, supple-
mental Fig. 5). On the whole, these findings reveal an important
role for CaMKK2 in the signal networks coupling the TLR4
cascade with activation of the cell adhesion kinase PYK2.
CaMKK?2 Is Required for Attachment-dependent Amplifica-
tion of TLR4 Signaling—It has been previously demonstrated
that in human monocytes, adherence potentiates the secretion
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of TNFa induced by LPS through a mechanism that requires
PYK2 activation and cytoskeleton reorganization (42, 43).
Based on these findings, we hypothesized that loss of CaMKK2
impaired an adhesion-dependent amplifier circuit controlling
PYK2 activation in response to TLR4 stimulation. To investi-
gate this hypothesis, WT and CaMKK2 KO BMDM were
adhered to regular cell culture plastic dishes, or kept in suspen-
sion for 1 h, before being exposed to increasing doses of LPS. As
already shown in Fig. 44, adherent WT BMDM secreted much
larger amounts of TNFa as compared with CaMKK2-null
macrophages (Fig. 6B). On the other hand, loss of adherence led
to a marked impairment of LPS-induced TNFa secretion in
WT but not CaMKK2 ™/~ macrophages (Fig. 6B). Thus, we rea-
soned that loss of adherence would attenuate PYK2 activation
and, in turn, TNFa secretion. Accordingly, we investigated
PYK2/pPYK expression in adherent and nonadherent WT and
CaMKK2 KO macrophages cultured in the presence or absence
of LPS. We confirmed that genetic ablation of CaMKK2
impaired the ability of adherent macrophages to accumulate
pPYK2 in response to LPS (Fig. 6, C and D). Of note, we also
found that loss of CaMKK2 significantly decreased the level of
total PYK2 (Fig. 6, C and D). In the absence of adhesion, pPYK2
was barely detectable in either WT or CaMKK2 KO cells (Fig. 6,
C and D). Finally, WT and CaMKK2 ™/~ macrophages kept in
suspension expressed comparable lower levels of PYK2 (Fig. 6,
C and D). To investigate the mechanisms underlying the
decreased expression of PYK2, we measured PYK2 mRNA in
quiescent and 1-h LPS-stimulated BMDM. Independent of
genotype and culture conditions, BMDM expressed compara-
ble levels of PYK2 mRNA (Fig. 6D, lower right).

The data described above suggested to us that CaMKK2-de-
pendent signaling must regulate the expression of PYK2/
pPYK2 by mechanisms not involving transcription or stability
of PYK2 mRNA. One additional possibility is that CaMKK2
might regulate the stability of the PYK2 protein. To test this
idea, we evaluated whether caspase, calpain or proteasome
inhibitors such as Z-VAD-FMK, N-acetyl-Leu-Leu-Met, and
MG@G132 could compensate for the loss of CaMKK2 by restoring
PYK2 expression but found none to be effective (Fig. 6E).
Because it is known that the expression of several cell surface
receptors and signal transduction molecules can be controlled
by the endolysosomal degradation pathway (44 —46), we rea-
soned that CaMKK2 might regulate the traffic of endosome
vesicles and, in turn, prevent PYK2 degradation at the endoly-
sosomal level. To investigate this possibility, we exposed WT
and CaMKK2 "/~ BMDM to ammonium chloride (NH,Cl), a
weak base used to inhibit the acidification of endosomes-lyso-
somes (47) and found this treatment effective in restoring PYK2
expression in CaMKK2-null macrophages (Fig. 6E). Based on
these findings, we suggest that CaMKK2-dependent signaling
may regulate the expression of pPYK2/PYK2 by controlling the
rate of recycling and degradation of the protein in the endoly-
sosomal compartment.

DISCUSSION

Obesity is associated with an extensive remodeling of meta-
bolic tissues characterized by recruitment of immune cells and
chronic low-grade inflammation of metabolic tissues (48). Pre-
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FIGURE 6. Loss of CaMKK2 impairs TLR4-proximal signaling. A, left, representative immunoblots from wild type (W) and CaMKK2 ~/~ (KO) BMDM exposed to
LPS (100 ng/ml). Right, graphs show quantitation of each specific phosphorylated band normalized to total and expressed as -fold change as compared with
WT basal level. Means = S.D. are calculated from five independent experiments (open, wild type; black, KO). *, p < 0.001. pp65, phospho-p65; pERK, phospho-
ERK; pcJun, phospho-c-Jun; pAKT, phospho-AKT; pp38, phospho-p38. B-D, cell attachment regulation of macrophage responsiveness to LPS, demonstrating
the role of CaMKK2. BMDM generated from WT and CaMKK2 ~/~ mice (WT and KO, respectively) were adhered to plastic dishes or kept in suspension. After 2 h,
cells were stimulated with LPS. B, TNF«a concentration in 18-h supernatant fluids. C, representative immunoblots from WT and KO BMDM exposed for the
indicated times to LPS (100 ng/ml). D, upper and lower left, graphs show quantitation of pPYK2 and PYK2 bands and are expressed as -fold change as compared
with WT basal level. Means = S.D. are calculated from four independent experiments (open, WT adherent; black, KO adherent; light gray, WT nonadherent; dark
gray, KO adherent). Lower right, PYK2 mRNA detected at time 0 and 1-h LPS-stimulated WT and KO BMDM. E, representative immunoblots from WT and KO
BMDM cultured for 2 h in the absence (none) or in the presence of the proteasome inhibitor MG132 (10 um), or ammonium chloride (NH4Cl, 50 mm). Right,
graphs show the relative PYK2/actin ratio expressed in CaMKK2 KO and WT macrophages. Means = S.D. are calculated from three independent experiments.
* p <0.001.

viously, we showed that CaMKK2 is an important component bacterial endotoxin. Consequently, we investigated the expres-

of ghrelin signaling in hypothalamic neurons, and its genetic
ablation protects mice from HFD-induced obesity, insulin
resistance, and glucose intolerance (13). Our findings herein
that CaMKK?2 deficiency dissociated obesity from inflamma-
tion and glucose intolerance led us to hypothesize a direct role
for CaMKK2 in mechanisms regulating inflammation induced
by overnutrition. We also found that CaMKK2 KO mice under-
went an attenuated inflammatory response when exposed to
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sion of CaMKK2 in immune cells and found it to be restricted to
cells of the monocytic/macrophage lineage. Indeed, in macro-
phages, the loss of CaMMK2 impaired important functions
such as cytokine secretion, morphological changes, and phago-
cytosis. Mechanistically, we found that loss of CaMKK2 uncou-
ples adhesion-dependent signals from the TLR4 cascade by
interfering with accumulation of the phosphorylated forms of
PYK2, ERK, Jun, AKT, and NF«B p65.
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PYK?2 is a member of the focal adhesion kinase (FAK) family
and is highly expressed in the central nervous system and
hematopoietic cells (49). Genetic ablation of PYK2 in macro-
phages interferes with multiple signaling events crucial for the
appropriate morphology and migration of these cells. As exam-
ples, loss of PYK2 affects the ability of macrophages to become
polarized, undergo membrane ruffling, and migrate in response
to chemokine stimulation (35). The LPS-mediated accumula-
tion of Tyr**>-pPYK2 has been reported by several authors, and
this accumulation has been proposed to drive morphological
changes and regulate the amplitude of TNFa release in
response to LPS (34, 36, 37,42). The role of PYK2 in the inflam-
matory response has also been demonstrated iz vivo by showing
that loss of PYK2, or its functional block, attenuated the infil-
tration of macrophages into a carrageenan-induced inflamma-
tory region, as well as airway hyper-responsiveness in a mouse
model of asthma (35, 50). Our findings that loss of CaMKK2
clearly affects the signal networks regulating the activation of
PYK?2, along with the remarkable similarities between the func-
tional defects induced by genetic ablation of CaMKK2 and
those observed in PYK2-null macrophages, reveal the
CaMKK2/PYK2 pathway to be important in regulation of the
molecular networks that govern the responsiveness of macro-
phages to external stimuli.

Several authors have proposed a role for CaMK family mem-
bers in the regulation of macrophage and dendritic cell respon-
siveness to TLR4 agonists such as LPS. In these cell types, the
activation of CaMK has been linked to either a TLR4-induced
calcium transient or low, tonic, constitutive signals resulting
from activation of other immune receptors (51-53). Single cell
microfluorometric monitoring of calcium transients has pro-
vided direct evidence that LPS can trigger a heterogeneous
response characterized by single rapid and transient, multiple
transients, or most frequently, slower and more sustained
increases in the intracellular calcium concentration (51). Fur-
thermore, calcium measurements following administration of
LPS to cells of the macrophage-like cell line RAW 264.7 have
confirmed these changes in calcium concentration (53). On the
other hand, a more recent study investigating the ability of a
highly purified LPS preparation to trigger calcium transients in
BMDM have raised doubts about this hypothesis (52). Thus,
although a direct effect of TLR4 on the generation of calcium
transients cannot be definitively ruled out, it has been estab-
lished that tonic or low, constitutive calcium-dependent signal-
ing sustained by integrins and other immune receptor tyrosine-
based activation motif (ITAM)-coupled receptors plays an
important role in fine-tuning the amplitude and nature of cel-
lular responses to heterologous receptors such TLR4 (54 —56).
Moreover, by using such tonic signaling, myeloid cells could
sense their environment and process this information to mod-
ulate responses to TLR and cytokine receptors (57). A seminal
contribution to this hypothesis was generated from studies on
the heterologous cross-regulation of INFa receptor by adhe-
sion-coupled signals (55). In this study, pharmacological
interrogation of cells with the calmodulin antagonist W-7, cal-
cium chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N',N’-tet-
raacetic acid (BAPTA), and CaMK inhibitor KN93 led to the
hypothesis that an ITAM receptor-coupled CaMK-dependent
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pathway controls PYK2 activation and, in turn, regulates the
amplitude of the human monocyte responsiveness to INFa.
However, no specific CaMK was discovered in this study. Here
we show that an adhesion-dependent pathway links the TLR4
cascade with activation of PYK2 and tunes the amplitude of
TNFa in LPS-stimulated macrophages. Notably, we define a
specific CaMK, CaMKK2, to be an essential component of the
adhesion-dependent heterologous signaling required for fine-
tuning of TLR4-dependent signal cascade and the response of
macrophages to an inflammatory stimulus.

Integrin ligation triggers a calcium-dependent pathway that
promotes recruitment and autophosphorylation of PYK2 at the
Tyr**? activating residue (58). This mechanism, however, only
accounts for a partial activation of PYK2. The induction of full
catalytic activity requires the binding of Src kinase via its SH2
domain to the autophosphorylated Tyr*°? residue and the sub-
sequent phosphorylation of PYK2 at functionally distinct sites,
including Tyr®”?, Tyr>®°, and Tyr®®! (59). However, the specific
signaling network(s) involved in the regulation of PYK2 inacti-
vation and degradation are less known. It has been demon-
strated that Tyr*°>-PYK2 can bind dynamin, a protein involved
in the regulation of the endosome recycling pathway, and this
event causes the efflux of Tyr**2-PYK2 from adhesion sites (60).
Ofinterest, dynamin can also form a complex with syndapin, a
protein involved in regulation of vesicle recycling, which has
been recently proposed as a novel substrate for CaMKK1 and
CaMKK?2 (61, 62). In addition to dynamin, the stability and
subcellular localization of PYK2 can also be regulated by the
E3-ubiquitin ligase Cbl, an enzyme that can form a complex
with and regulate the proteasome-mediated degradation of
PYK2 (63— 65). Although the loss of integrin signaling may be
sufficient to explain our finding that nonadherent LPS-stimu-
lated WT macrophages fail to accumulate pPYK2 and secrete
large amount of TNFe, it cannot explain the decrease of PYK2
phosphorylation that accompanies the loss of CaMKK2
because CaMKK?2 is a serine/threonine kinase and therefore
cannot directly activate PYK2 (59). However, we do find that
the loss of CaMKK2 resulted in a substantial decrease of total
PYK2, and this decrease in protein was not associated with a
decrease of PYK2 mRNA. These data suggest the involvement
of CaMKK2 in the mechanisms regulating stability and/or
endosome recycling of pPYK2/PYK2. In this scenario, calcium
signals from integrin (as well as from other ITAM-associated
heterologous receptors) may sustain the tonic activation of
CaMKK2. In turn, this could prevent the degradation of PYK?2,
thereby allowing this kinase to participate in other signal cas-
cades such as that triggered by stimulation of TLR4. On the
other hand, genetic ablation of CaMKK2, as well as the loss of
integrin signaling, would limit PYK2 availability, block the het-
erologous cross-talk between integrin and other receptors
involved in the regulation of the immune response, and prevent
generation of the amplifier circuit coupling adhesion signals
with the TLR4 cascade (see the model schematic in supplemen-
tal Fig. 6). Examination of this exciting possibility will fuel our
future research efforts.

In conclusion, our findings uncover a novel and essential
function for CaMKK2 in regulating the mechanisms that con-
trol the amplitude of the macrophage inflammatory response.
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The restricted expression of CaMKK2 to a limited number of
critical cell types makes this kinase an attractive target for ther-
apies aimed at attenuating the detrimental effects of inflamma-
tion in metabolic disease and autoimmunity.
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