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Abstract Cellular TG stores are efficiently hydrolyzed by
adipose TG lipase (ATGL). Its coactivator comparative
gene identification-58 (CGI-58) strongly increases ATGL-
mediated TG catabolism in cell culture experiments. To in-
vestigate the consequences of CGI-58 deficiency in murine
macrophages, we generated mice with a targeted deletion of
CGI-58 in myeloid cells (macCGI—58 " mice). CGI-58/

macrophages accumulate intracellular TG-rich lipid drop-
lets and have decreased phagocytic capacity, comparable
to ATGL ™/ - macrophages. In contrast to ATGL ™/~ macro-
phages, however, CGI- 58~/ macrophages have intact mi-
tochondria and show no indications of mitochondrial
apoptosis and endoplasmic reticulum stress, suggesting that
TG accumulation per se lacks a significant role in processes
leading to mitochondrial dysfunctlon. Another notable dif-
ference is the fact that CGI-58 '~ macrophages adopt an
Ml-like phenotype in vitro. Finally, we investigated ath-
erosclerosis susceptibility in macCGI-58/ApoE-double KO
(DKO) animals. In response to high-fat/high-cholesterol
diet feeding, DKO animals showed comparable plaque for-
mation as observed in ApoE7 ~ mice. In agreement, anti-
sense oligonucleotide-mediated knockdown of CGI-58 in
LDL receptorf/ " mice did not alter atherosclerosis burden
in the aortic root.ll These results suggest that macrophage
function and atherosclerosis susceptibility differ funda-
mentally in these two animal models with disturbed TG ca-
tabolism, showing a more severe phenotype by ATGL
deficiency.—Goeritzer, M., S. Schlager, B. Radovic, C. T.
Madreiter, S. Rainer, G. Thomas, C. C. Lord, J. Sacks, A. L.
Brown, N. Vujic, S. Obrowsky, V. Sachdev, D. Kolb, P. G.
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Deletion of CGI-58 or adipose triglyceride lipase differently
affects macrophage function and atherosclerosis. J. Lipid
Res. 2014. 55: 2562-2575.
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Monocyte-derived macrophages are present in virtually
all tissues, where they remove apoptotic cells and cellular
debris generated by tissue remodelling and/or cellular ne-
crosis. Under pathophysiological conditions, macrophages
play a key role during atherogenesis by internalizing modi-
fied lipoproteins or lipoprotein remnants that have in-
vaded the vessel wall to form cholesterol-rich foam cells.
This (along with other disease-related functions for this
immune cell) has prompted profound research into the
role of the macrophage, and how its functions are regu-
lated during disease progression (1).

Comparative gene identification-58 (CGI-58) is the co-
activator of adipose TG lipase (ATGL), the major TG
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hydrolase for the initial and rate-limiting step in lipolysis
(2). Lipolysis has been extensively studied in adipocytes,
where under basal conditions CGI-58 binds to the surface
of lipid droplets through interaction with perilipinl. Hor-
monal stimulation of lipolysis leads to phosphorylation of
perilipin]l and hormone-sensitive lipase, resulting in the
release of CGI-58 from perilipinl to interact with and acti-
vate ATGL, which then converts TG to diacylglycerol and
FA (3). Both mice and humans affected with ATGL or
CGI-58 deficiency suffer from systemic TG accumulation,
a condition called neutral lipid storage disease (NLSD) in
humans (4). Of note, specific phenotypical alterations are
observed depending on whether ATGL or CGI-58 is defec-
tive. The most apparent difference is the severe epidermal
skin defect observed in mice and humans with CGI-58 de-
ficiency (2, 5), which is absent in both species lacking
ATGL (6, 7). This finding resulted in different classifica-
tions of the respective human diseases, namely NLSD with
myopathy in ATGL deficiency (6), whereas CGI-58 defi-
ciency leads to NLSD with ichthyosis (8). Several ongoing
studies using tissue-specific CGI-58 and ATGL-deficient
(—/—) mice aim at studying the proteins’ shared and indi-
vidual contribution to lipid metabolism. In addition, func-
tional differences observed in hepatocytes between mice
with CGI-58 and ATGL deficiency argue for an ATGL-
independent function of CGI-58 in this cell population (9,
10) and maybe other tissues as well (11).

Because CGI-58 /™ mice die shortly after birth due to
a severe skin barrier defect (5), we generated myeloid-
specific CGI-58 (macCGI-58) ~ mice to investigate the con-
sequences of CGI-58 deficiency in macrophages. In the
present study, we examined: ¢) whether CGI-58~/ ™ macro-
phages mimic the TG accumulation phenotype observed
in ATGL™/~ macrophages; ii) whether CGI-58 deficiency
affects macrophage function; and i) whether the altered
phenotype culminates in increased atherosclerosis suscep-
tibility in macCGI-58/ApoE-double KO (DKO) animals.
We have previously shown that loss of ATGL in macro-
phages affects macrophage phenotype and function, such
as TG-rich lipid droplet accumulation, increased apoptosis
(12) and endoplasmic reticulum (ER) stress (13), reduced
migration (14), and decreased phagocytosis ability (15).
In addition, transplantation of ATGL™’~ bone marrow
into LDL receptor (LDLR) ~/” mice revealed that the lack
of ATGL in immune cells attenuates atherosclerosis sus-
ceptibility (16). Being the coactivator of ATGL, we pre-
dicted that the absence of CGI-58 in macrophages leads to
TG-rich lipid droplet accumulation. We hypothesized that
loss of the ATGL coactivator CGI-58 in myeloid cells af-
fects macrophage function in vitro and in vivo and impacts
atherosclerosis susceptibility.

MATERIALS AND METHODS

Animals and diets

Mice with a targeted deletion of CGI-58 in myeloid cells
(macCGI-58 /™ mice) were generated by crossing CGIL-581/ X
mice (17) (provided by Dr. Guenther Haemmerle, University of
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Graz, Austria) with transgenic mice that express Cre recombi-
nase under the control of the murine M lysozyme promoter (18)
(LysMCre, C57BL/6 background; provided by Dr. Thomas Ruelicke,
University of Veterinary Medicine, Vienna, Austria). CGILEgMox/flox
[wild-type (Wt)] mice were used as controls. Experiments were
performed with female animals. To investigate atherosclerosis
susceptibility, we generated CGI-58"""/ApoE ™/~ (designated
as ApoE_/ 7) and macCGI-58/ApoE-DKO mice by crossing CGI-
58" and macCGI-58-KO mice with ApoE™’~ mice (Jackson
Laboratory, Bar Harbor, ME). For genotyping, the following
primers were used: CGI-58"""*forward, 5-GTCATGGTTGT-
GGGGAAATC-3'; CGLH8"™ " reverse, 5-GACTGGAAGGATTTGA-
GGGG-3'; Cre-mut, 5-CCCAGAAATGCCAGATTACG-3"; Cre-comm,
5-CTTGGGCTGCCAGAATTTCTG-3"; Cre-Wt, 5-TTACAGTCG-
GCCAGGCTGAC-3; ApoE-forward, 5-GCCTAGCCGAGGGAGA-
GCCG-3'; ApoE-reverse, 5-TGTGACTTGGGAGCTCTGCAGC-3';
and ApoE-neo, 5-GCCGCCCCGACTGCATCT-3".

Female mice were either fed a standard chow diet [containing
4% fat and 21% protein (R/M H; Ssniff, Soest, Germany)], chal-
lenged with a Western type diet (WID) [TD88137mod; 21% fat,
0.2% cholesterol (Ssniff)] or a high-fat/high-cholesterol diet
(HF/HCD) (E15126-34 EF R/M; 30% fat, 1% cholesterol) for
10-30 weeks starting at the age of 4-6 weeks. Mice were kept with
water ad libitum on a regular light-dark cycle (12 h light, 12 h
dark) in a clean environment. Body weights were measured
weekly and plasma lipid parameters once a month.

For atherosclerosis studies using antisense oligonucleotide
(ASO)-mediated knockdown of CGI-58, 6-week-old male LDLR ™/~
mice were fed a diet enriched in 0.2% (w/w) cholesterol and
20% of energy as lard for 16 weeks in conjunction with weekly
injections (50 mg/kg) of either a nontargeting control ASO or
CGI-58 ASO, as previously described (9). Plasma samples were
collected by submandibular vein puncture at baseline (chow-fed
animals, 6 weeks of age), and after 4, 8, and 16 weeks of diet and
ASO treatment for subsequent lipid and lipoprotein analyses.
The majority of animal experiments were performed according
to the standards set by the Austrian Federal Ministry of Science
and Research, Division of Genetic Engineering and Animal Ex-
periments, Vienna, Austria (BMWF-66.010/0039-11/10b/2009,
BMWF-66.010/0057-11/3b/2011). The ASO-mediated knockdown
studies of CGI-58 were conducted in an American Association for
Accreditation of Laboratory Animal Care-approved animal facil-
ity, and all experimental protocols were approved by the Institu-
tional Animal Care and Use Committee at either the Wake Forest
University School of Medicine or the Cleveland Clinic Lerner
Research Institute.

Cell culture

Peritoneal macrophages were collected after an ip injection of
2.5 ml 3% thioglycolate. After 3 days, the peritoneum was flushed
with 10 ml PBS containing 1 mM EDTA. The cells were cultivated
in DMEM (Gibco, Invitrogen, Carlsbad, CA) containing 10%
lipoprotein-deficient serum (LPDS) and 1% penicillin/streptomy-
cin for 2-3 h. Thereafter, the cells were washed three times with
prewarmed PBS and the adherent cells (macrophages) were cul-
tured in DMEM containing 25 mM glucose, 4 mM glutamine,
1 mM pyruvate, 10% LPDS, and 1% penicillin/streptomycin for
24 h. Bone marrow-derived macrophages were isolated from
femur and tibia flushed with sterile PBS. Cells were cultured in
DMEM containing 10% LPDS, 1% penicillin/streptomycin, and
10 ng/ml macrophage colony-stimulating factor for 7 days.

To assess in vitro lipopolysaccharide (LPS)-induced acute-
phase response, macrophages were treated with saline (control)
or LPS (100 ng/ml) for 16 h. IL-6 concentrations in superna-
tants were determined by ELISA (Enzo Life Sciences, Lausen,
Switzerland).
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For the studies using ASO-mediated knockdown, elicited
peritoneal macrophages were collected 4 days after injection of
1 ml of 10% thioglycolate into the peritoneal cavities of
C57BL/6 mice that had been treated with ASOs and fed a chow
diet for 6 weeks, as previously described (19). Following 2 h of
culture, nonadherent cells were removed by washing three
times with PBS, and remaining adherent macrophages were
harvested for Western blotting using methods previously de-
scribed (9).

Plasma lipid parameters

Blood was collected from 12 h-fasted mice or from 12 h-
fasted/2 h-refed mice, and plasma was prepared by centrifuga-
tion at 5,200 g for 7 min at 4°C. Plasma TG, total cholesterol
(TC), free cholesterol (FC), and nonesterified FA concentra-
tions were measured enzymatically by commercially available
kits (DiaSys, Holzheim, Germany; Wako Chemicals GmbH,
Neuss, Germany). For atherosclerosis studies using ASO-
mediated knockdown of CGI-58, total plasma concentrations
of TC and TG were measured enzymatically by commercially
available kits (Wako Chemicals, Richmond, VA). In addition,
plasma lipoproteins were separated by fast protein liquid chro-
matography, and cholesterol concentrations in lipoprotein
fractions were measured using an enzymatic assay as previ-

ously described (19).

Lipid parameters in macrophages

Macrophages were plated for 2 h in serum-free DMEM. After
washing the cells three times with PBS, lipids were extracted with
2 ml hexane:isopropanol (3:2, v:v) for 1 h at 4°C. One hundred
microliters of 1% Triton X-100 in chloroform were added and
the lipid extract was dried under a stream of nitrogen. The sam-
ples were dissolved in 100 wl ddH,O for 15 min at 37°C in a water
bath. TG, TC, and FC concentrations were measured enzymati-
cally by using 30 wl of the sample with the above mentioned Kkits.
The readings were normalized to protein concentrations. Pro-
tein was quantitated using a Lowry assay (Bio-Rad Laboratories,
Hercules, CA) after dissolving the proteins of cells in 2 ml NaOH
(0.3 M) for 2 h at room temperature.

FA composition in the TG fraction was quantitated by GC-
flame ionization detection. Briefly, lipid extracts were separated
by thin layer chromatography (hexane:diethylether:acetic acid,
70:30:1, v:viv) and the band comigrating with tri-C16:0 TG was
scraped, extracted with CHCl;/methanol (2:1, v:v), dried, and
transesterified in BF3/toluene. Pentadecanoic acid was used as
internal standard. Separation and quantitation were performed
as previously described (20).

Nile Red staining and fluorescence microscopy

Macrophages were plated on chamber slides in DMEM con-
taining 10% LPDS and 1% penicillin/streptomycin for 24 h.
Cells were washed three times with PBS and fixed with 10%
formalin (30 min). Lipid droplets were visualized after Nile
Red staining (2.5 wg/ml) by confocal laser scanning micros-
copy using an LSM 510 META microscope system (Carl Zeiss
GmbH, Vienna, Austria). Pictures (x63 magnification) were
taken at excitation 543 nm and signals were recorded using a
560 nm long pass filter.

TG and CE hydrolase activity assays

Macrophages were lysed with 100 wl of lysis buffer [100 mM
potassium phosphate, 250 mM sucrose, 1 mM EDTA, 0.1 mM
DTT (pH 7)], sonicated on ice twice for 10 s with 10 s interval,
and protein concentrations were measured using a Lowry assay
(BioRad Laboratories). The TG substrate contained 17 nmol
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triolein/assay and 2,000 cpm/nmol of [9,10—3H(N) Jtriolein (Perkin
Elmer, Waltham, MA). The cholesteryl ester (CE) substrate con-
tained 20 nmol cholesteryl oleate per assay and 1,000 cpm/nmol
of cholesteryl [1-14C]oleate (Amersham Biosciences, Piscataway,
NJ). Fifty micrograms of protein from cell lysates was mixed with
100 pl of substrate and incubated in a water bath for 1 h at 37°C.
The reaction was stopped by the addition of 3.25 ml stop solution
(methanol:chloroform:n-heptane, 10:9:7, v:v:v) and 1 ml of 0.1 M
potassium carbonate and 0.1 M boric acid (pH 10.5) (21). The
tubes were vortexed for 10-15 s and centrifuged at 800 g for
20 min at 4°C. The radioactivity in 1 ml of the upper phase was
determined by liquid scintillation counting, and the release of
FAs was calculated.

LPL activity in macrophages

Macrophages were incubated in 6-well plates with 300 wl me-
dium, 2% FA-free BSA (Sigma-Aldrich, St. Louis, MO), and
2 units/ml of heparin for 1 h at 37°C under continuous shaking.
For the substrate preparation per sample, 0.6 nCi [BH]triolein,
920 ng glycerol trioleate, and 0.1% Triton X-100 in chloroform
were evaporated under a stream of nitrogen. Forty microliters of
1 M Tris-HCI (pH 8.6) and 80 wl ddH,O were added, and the
mixture was sonicated six times (1 min on and 1 min off) on ice.
Then 40 pl of heat-inactivated human serum containing ApoC-II
as activator (obtained from a pool of donors, heated at 50°C for
1 h, and stored at 20°C) and 40 pl of 10% FA-free BSA were
added to the substrate. Analysis was performed as previously de-
scribed (15).

Real time PCR

Total RNA from macrophages was isolated using a PerfectPure
RNA cultured cell kit (5Prime, Hamburg, Germany). RNA con-
centrations were measured at 260 nm on a NanoDrop instru-
ment (Thermo Scientific, Wilmington, DE). Two micrograms of
total RNA were reverse transcribed by using the high capacity
c¢DNA reverse transcription kit (Applied Biosystems, Foster City,
CA). Quantitative real time PCR was performed on a LightCycler
480 (Roche Dia§nostics, Rotkreuz, Switzerland) using the Quan-
tifastTM SYBR™ Green PCR kit (Qiagen, Hilden, Germany).
Amplification of murine hypoxanthine-guanine phosphoribosyl-
transferase (HPRT) as housekeeping gene was performed on all
samples as internal controls for variations in mRNA amounts.
Expression profiles and associated statistical parameters were de-
termined using the public domain program Relative Expression
Software Tool-REST 2008 (22). Primer sequences are listed in
the supplementary material.

Western blotting

Protein samples of lysed macrophages from the different
genotypes (40 or 50 g protein/lane) were separated by SDS-
PAGE (15%). Proteins were transferred to polyvinylidene diflu-
oride or nitrocellulose membranes. Blots were incubated with
monoclonal anti-mouse antibodies against B-actin (1:20,000)
(Santa Cruz, Heidelberg, Germany), ABHD5/CGI-58 (1:1,000)
(Abnova GmbH, Heidelberg, Germany), and CCAAT/enhancer-
binding protein homologous protein (CHOP) (1:1,000) (Cell
Signaling Technology, Danvers, MA), or anti-rabbit polyclonal
antibodies against Bax (1:1,000), cytochrome C (1:1,000), inosi-
tol-requiring enzyme la (IREla) (1:1,000), CHOP (1:1,000), and
ATGL (1:200) (Cell Signaling Technology). HRP-conjugated
goat anti-rabbit (1:5,000) or rabbit anti-mouse antibodies
(1:1,000) (Dako, Glostrup, Denmark) were visualized by en-
hanced chemiluminescence detection (Clarity"™ Western ECL
substrate; Bio-Rad) using a ChemiDoc™ MP imaging system
(Bio-Rad).



Mitochondrial respiration measurement

Macrophages were plated in XF96 polystyrene cell culture
microplates (Seahorse Bioscience®, North Billerica, MA) at a
density of 60,000 cells per well. After 24 h, cells were washed
and preincubated for 30 min in XF assay medium supple-
mented with sodium pyruvate (1 mM) with or without gluta-
mine (2 mM) and glucose (25 mM) at 37°C in a nonCO,
environment. The oxygen consumption rate (OCR) was subse-
quently measured every 7 min using an XF96 extracellular
flux analyzer (Seahorse Bioscience®). A standard protocol
with 15 min basal measurement followed by 10 uM oligomy-
cin, addition of 0.3 pM carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP), and 2.5 pM antimycin A was
performed. Oxygen consumption was either normalized to
protein content (pmol Oy/min x pg protein) or expressed as
a percentage of the maximal mitochondrial respiration in the
presence of 0.3 puM FCCP.

Phagocytosis of fluorescein-labeled Escherichia coli
particles

Macrophages were plated in black 96-well pClear plates
(Greiner Bio-One GmbH, Solingen, Germany). After 24 h of pre-
incubation in DMEM, 10% LPDS, and 25 mM glucose, cells were
incubated in DMEM, 10% LPDS, and 0, 6, or 25 mM glucose for
1 h, respectively. Cells were washed and incubated with 100 wl of
fluorescein-labeled E. coli BioParticles (VybrantTM phagocytosis
assay, Molecular Probes, Invitrogen; suspended in Hanks’ bal-
anced salt solution; 2 h). The suspension was removed and subse-
quently 100 wl of trypan blue was added (1 min) to quench the
extracellular probe. After aspiration of trypan blue, the fluores-
cence was measured at 484 nm (excitation) and 535 nm (emis-
sion) on a Victor 1420 multilabel counter (PerkinElmer Life
Sciences, Turku, Finland). Fluorescence was normalized to the
protein content of each well.

To analyze phagocytosis in vivo, mice were injected intraperi-
toneally with 200 pl of fluorescein-labeled E. coli BioParticles sus-
pended in Hanks’ balanced salt solution. After 2 h, macrophages
were collected by flushing the peritoneal cavity with 10 ml PBS
containing 1 mM EDTA and incubated in DMEM containing
25 mM glucose and 10% LPDS for 90 min. The cells were washed
three times with PBS, and fluorescence was measured before and
after adding trypan blue to obtain total and intracellular fluores-
cence, respectively. Experimental readings were normalized to
protein content.

Apoptosis assay

Apoptosis was assayed by annexin V and propidium iodide
(PI) costaining (Annexin-V-Fluor staining kit; Roche, Vienna,
Austria). Two hundred thousand cells were washed twice with
200 ul PBS; 50 pl staining buffer was added and cells were incu-
bated for 10 min. Macrophages were immediately analyzed on a
FACScalibur flow cytometer (BD Biosciences, San José, CA).

Glucose tolerance test

Animals were fasted for 6 h (6 AM to 12 PM) with free access
to drinking water. Blood was taken from the tail vein before
and 15, 30, 60, 120, and 180 min after an ip injection of glucose
(2.0 g/kg body weight). Glucose concentrations from blood were
determined using a portable glucometer (AccuCheck).

Preparation of histological sections and lesion analysis
We analyzed atherosclerotic lesions in the aortic root and
aorta of ApoE ™/~ and macCGI-58/ApoE-DKO animals after 10
weeks of HF/HCD feeding. Mice were euthanized and the arte-
rial tree was perfused in situ with PBS (100 mm Hg) for 10 min
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via a cannula in the left ventricular apex. Mice were perfused with
10% formalin (Carl Roth GmbH, Vienna, Austria) for 15 min. After
fixing the hearts in 10% formalin, serial sections (8 wm) were cut
(HM 560 Cryo-Star; Microm International GmbH, Walldorf, Ger-
many). Images of the atherosclerotic lesion areas in Oil Red O-
stained (Sigma-Aldrich) sections were taken with ScanScope T3
whole slide scanner (Aperio Technologies, Bristol, UK). Plaque ar-
eas were quantitated by Image] software. Mean lesion area was calcu-
lated from 10 consecutive Oil Red O-stained sections, starting at the
appearance of the tricuspid valves. Sections were stained immuno-
histochemically for the presence of macrophages using a monoclo-
nal rat anti-mouse Moma-2 antibody (1:600) (Acris, Hiddenhausen,
Germany), as well as for collagen content using Masson’s trichrome
staining kit (Sigma-Aldrich). For en face analysis in macCGI-58/
ApoE-DKO mice, aortas were dissected and plaques were stained
with Oil Red O as described recently (23). Images were analyzed
using Image] software.

For studies in ASO-treated mice, hearts and aortae were
carefully separated and hearts were immediately slow frozen in
OCT for cross-sectional lesion analysis of the aortic sinus.
Whole aortae were fixed in 10% neutral buffered formalin for
subsequent en face analysis. For atherosclerosis quantification
in the aortic sinus, histological cross-sections were stained with
Oil Red O. Images were captured using a Leica DMR micro-
scope (W. Nuhsbaum Inc., McHenry, IL) equipped with a Q
imaging Retiga EX camera. Images were analyzed using Image-
Pro Plus 7.0 (MediaCybernetics, Rockville, MD). Additionally,
en face lesion area was determined for the whole aorta as de-
scribed previously (19).

Cellular cholesterol efflux

Macrophages were incubated with 50 wg acLDL [preloaded
with 0.5 wCi/ml [*H]cholesterol (ARC Inc., St. Louis, MO) ] and
30 wg/ml nonlabeled cholesterol in DMEM/0.2% FA-free BSA
for 32 h at 37°C. After washing the cells twice with PBS, the cells
were cultivated for 16 h in equilibration medium (DMEM/0.2%
FA-free BSA). We determined cholesterol efflux after incubating
the cells in DMEM/0.2% FA-free BSA in the absence or presence
of 15 pg/ml ApoA-I (Calbiochem, La Jolla, CA) or 100 pug/ml
HDL;. Radioactivity in 80 pl medium and in the cells was mea-
sured by scintillation counting after 1, 3, 6, and 9 h of incubation.
Cholesterol efflux is expressed as the percentage of total cell
[3H]Cholesterol present in the medium after 1, 3, 6, and 9 h.
Basal efflux in the absence of ApoA-I and HDL; was subtracted
from the data shown.

Electron microscopy

Macrophages were cultured on an Aclar film and fixed in 2.5%
(w/v) glutaraldehyde and 2% (w/v) formaldehyde in 0.1 M phos-
phate buffer (pH 7.4, 2 h), postfixed in 2% (w/v) osmium tetrox-
ide (2 h) at room temperature, dehydrated in graded series of
ethanol, and embedded in a TAAB epoxy resin.

Ultrathin sections (75 nm) were cut with a Leica UC 7 Ultrami-
crotome and stained with lead citrate (5 min) and with uranyl
acetate (15 min). Images were taken using a FEI Tecnai G2 20
transmission electron microscope (FEI, Eindhoven, The Nether-
lands) with a Gatan ultrascan 1000 CCD camera. Acceleration
voltage was 120 kV.

Statistics

Statistical analyses were performed using GraphPad Prism 5.0
software. Significance was calculated by Student’s unpaired #test
or ANOVA, followed by Bonferroni correction. Data are pre-
sented as mean values + SEM. Significance levels were set at P <
0.05 (*), P<0.01 (**),and P=< 0.001 (*#**),
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RESULTS

Plasma lipid parameters, body weight, and glucose levels
are unaffected in macCGI-58 mice

macCGI-58 "/~ mice are viable with no apparent changes
in skin phenotype (not shown). We observed no differ-
ences in lipid parameters and body weight between female
Wt and macCGI-58 /™ mice, neither on chow (Fig. 1A, B)
nor on WID (data not shown). Glucose concentrations
were decreased at 39 weeks of age but comparable to con-
trol levels at all other time points (Fig. 1C). Glucose toler-
ance in mice fed WID was unchanged as well (Fig. 1D).
We also observed no significant differences between both
genotypes when we repeated the experiments in male
mice (data not shown).

Decreased TG hydrolase activity and TG-rich lipid
droplet accumulation in CGI-58 "/~ macrophages

We confirmed the absence of CGI-58 expression in mac-
rophages by real time PCR (Fig. 2A) and Western blotting
(Fig. 2B). TG hydrolase activity of lysates was significantly
(—29%) decreased in CGI-58 '~ compared with Wt mac-
rophages (Fig. 2C). CGI58 ™/~ macrophages showed an
increased number of lipid droplets as evidenced by immu-
nofluorescence and electron microscopy (Fig. 2D). Bio-
chemical measurements revealed a specific accumulation
of TG (Fig. 2E). CE hydrolase activities were comparable
in macrophages from CGI-58 /" and Wt mice (supple-
mentary Fig. I), which is in accordance with unaltered TC
and unesterified FC concentrations (Fig. 2E). Analysis of
FA composition within TG revealed increased concentra-
tions of all FA species analyzed (Fig. 2F). Unchanged rela-
tive distribution of FAs within TG indicates that hydrolysis

preferences are comparable between macrophages of
both genotypes (inset Fig. 2F).

To investigate whether CGI-58 deficiency in macro-
phages results in a compensatory upregulation of genes
involved in intra- and extracellular TG hydrolysis, we de-
termined mRNA expression of ATGL, hormone-sensitive
lipase, lysosomal acid lipase, and LPL. We found no sig-
nificant differences in the mRNA expression of these
genes in CGI-58/~ compared with Wt macrophages (sup-
plementary Fig. IIA). ATGL protein expression was un-
changed as well (supplementary Fig. IIB). To further address
whether additional metabolic changes interfere with TG
homeostasis in CGI-58 '~ macrophages, we examined LPL
activity. Like in ATGL™'~ macrophages, LPL activity was
unchanged in CGI-58/~ macrophages (supplementary
Fig. 11C).

Apoptosis and ER stress are not induced in CGI-58 /"~
macrophages

We have previously shown that the mitochondrial apo-
ptosis pathway is induced in ATGL ™/~ macrophages (12).
mRNA expression levels of the two anti-apoptotic markers
Bcl-XL and Mcl-1, however, were unchanged in CGI-58 "/~
macrophages (Fig. 3A). Furthermore, Western blotting
analysis revealed no differences in the protein expression
of Bax and cytosolic cytochrome C (Fig. 3B), which are key
players in mitochondria-dependent apoptosis (24). Un-
like ATGL ™/~ macrophages, mitochondria in CGI-58 7/~
macrophages are electron dense and have intact cristae, as
in Wt macrophages (Fig. 3C). Finally, Annexin V/PI stain-
ing revealed the same amount of alive, early apoptotic,
and necrotic cells. The number of late apoptotic cells was
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increased by 3.6-fold in CGI-58 /" macrophages but
lacked statistical significance (Fig. 3D).

Next, we investigated whether ER stress might be acti-
vated in CGI-58 "~ macrophages due to the TG-rich lipid
droplet accumulation, as observed in ATGL™’™ macro-
phages (13). These analyses revealed unchanged mRNA
levels of the ER-resident chaperones Pdi and Erdj4 (Fig.
3E), unaltered protein expression of IREla (Fig. 3F),
which is responsible for the X-box-binding protein 1 splic-
ing during ER stress (13), and no protein expression of
the cell death executor CHOP (Fig. 3G) in CGI58 ™/~
macrophages (25). These findings demonstrate that CGI-
587/~ macrophages lack any signs of mitochondrial apo-
ptosis, ER stress, and mitochondrial dysfunction as observed
in ATGL™~ macrophages.

Decreased phagocytosis and mitochondrial respiration in
CGI-58 '~ macrophages

To address whether the absence of CGI-58 in macro-
phages affects phagocytosis comparable to ATGL defi-
ciency (15), we performed in vivo and in vitro phagocytosis
assays. We observed significantly decreased phagocytosis

Opposing phenotypes in macrophages lacking ATGL or CGI-58

macCGI-58-/-

Fig. 2. Decreased TG hydrolase activity and TG-
rich lipid droplet accumulation in CGI-58 7~ mac-
rophages. A: mRNA expression of CGI-58 in Wt and
CGI-58/~ macrophages determined by real time
PCR, including normalization to HPRT, expressed
as mean values + SEM, performed in duplicate (n =
3-4). B: Western blot analysis of CGI-58 protein ex-
pression in Wt white adipose tissue (WAT) as well as
Wt and CGI-58 7~ macrophages (50 ug protein per
lane). C: TG hydrolase activities in cell lysates of Wt
and CGI-58 7~ macrophages are presented as mean
values + SEM, performed in duplicate (n = 4). D:
Representative fluorescent microscopy images after
Nile Red staining and electron micrographs of Wt
and CGI-58 /" macrophages. Lipid droplets in the
CGI-58™/~ macrophages are indicated by arrows. E:
TG, TC, and unesterified FC concentrations in lipid
extracts of macrophages presented as mean values +
SEM (n = 4-5). F: FA composition in TG of macro-
phages after separation by thin layer chromatogra-
phy determined by GC-flame ionization detection.
Data are presented as mean values + SEM (n = 4).
Inset: TG-FA distribution in percentage. *P < 0.05;
##P<0.01; #*P =< 0.001.
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capacity in CGI-58 '~ compared with Wt macrophages, in-
dependent of glucose availability (Fig. 4A). To elucidate
whether decreased B-oxidation might contribute to the
reduced phagocytic capacity of CGI-58 7~ macrophages,
we analyzed the expression of PPAR« target genes. mRNA
expression levels of carnitine palmitoyl-transferase lo
(Cptla), fatty acyl-CoA oxidase (Aox), very long chain
acyl-CoA dehydrogenase (Vlcad), and medium chain acyl-
CoA dehydrogenase (Mcad), however, were comparable
between CGI-58 7~ and Wt macrophages (Fig. 4B). Next,
we analyzed whether basal and maximal respiration rates
are changed in mitochondria of CGI58™/~ macrophages
in the presence or absence of glucose and glutamine. Mea-
surement of the absolute OCR revealed that mitochondria
of CGI-58/~ macrophages respire less compared with mi-
tochondria from Wt mice in both conditions (Fig. 4C).
Relative OCR (presented as percent of maximal respira-
tion) demonstrates that mitochondria from CGI-58 '~
macrophages are still responsive to oligomycin treat-
ment and chemical uncoupling by FCCP (Fig. 4D, E). In
addition, we observed unchanged mitochondrial surface
area (supplementary Fig. IITA) and protein expression of
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Fig. 3. Apoptosis, mitochondrial fragmentation, and ER stress are not induced in CGI58 /- macrophages.
A: mRNA expression of the anti-apoptotic genes Bcl-XL and Mcl-1 in Wt and CGI-58 ™/~ macrophages deter-
mined by real time PCR, including normalization to HPRT. Expression in Wt macrophages was arbitrarily set
to one. Data are expressed as mean values + SEM, performed in duplicate (n = 5). B: Western blot analysis of
Bax protein expression in macrophages (40 ug protein per lane). The cytosolic fraction was blotted for cy-
tochrome C expression. C: Representative electron micrographs of mitochondria (indicated by arrows) in
Wt, ATGL /", and CGI-58 /" macrophages. D: Quantifications of the total amount of annexin V-positive
(early apoptotic), annexin V/Pl-positive (late apoptotic), and Pl-positive (necrotic) cells shown as mean
values + SEM, performed in duplicate (n =5). Data represent the percentage of cells stained with annexin V
and/or PI. E: mRNA expression of the ER-resident chaperones Pdi and Erdj4. Data are expressed as mean
values + SEM, performed in duplicate (n = 5). IREla (F) and CHOP (G) protein expression determined by
Western blotting analyses. As positive control for CHOP expression Wt macrophages were treated with the
ER stress inducer, tunicamycin. LD, lipid droplet; n.s., not significant.

cyclooxygenase 4, complex Va, and complex III (supple-
mentary Fig. 1IIB) in CGI-58 /" macrophages. In vivo,
phagocytosis ability tended to be decreased in macCGI-
58 7 mice (25%) (Fig. 4F). This effect, however, reached
no statistical significance.

CGI-58 '~ macrophages polarize toward M1

Macrophages are a heterogeneous and phenotypically
polarized cell population consisting of classically activated
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(pro-inflammatory) M1 macrophages and alternatively ac-
tivated M2 macrophages with anti-inflammatory properties
(26). We have previously shown that ATGL ™~ macrophages
adopt an anti-inflammatory M2-like phenotype (14). To
investigate the polarization phenotype of CGI-58 '~ macro-
phages, we determined mRNA levels of pro- and anti-
inflammatory cytokines, respectively. These analyses
revealed an upregulation of the pro-inflammatory cytokine
Gro-1 (4.9fold), downregulation of the pro-inflammatory
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Fig. 4. Reduced phagocytosis capacity and mitochondrial respiration of CGI58 7/~ macrophages. A: Macrophages from Wt and macCGI-
58/~ mice were cultivated in DMEM/10% LPDS containing 0, 6, and 25 mM glucose for 1 h. Phagocytosis of fluorescein-labeled E. coli
particles is presented as mean values + SEM of two independent experiments performed in triplicate (n = 8-9). Phagocytosis of Wt cells was
arbitrarily set to 100%. *P < 0.05; **P < 0.01. B: mRNA expression of the PPARa target genes Ctpla, Aox, Vlcad, and Mcad, including
normalization to HPRT, was determined by real time PCR. Data are expressed as means + SEM, performed in duplicate (n =5). C: The OCR
of Wt (continuous lines) and CGI58™/~ macrophages (dotted lines) in the presence (black) or absence (gray) of 25 mM glucose and 2 mM
L-glutamine normalized to protein content. As indicated, cells were treated with 10 wM oligomycin, 0.3 uM FCCP, and 2.5 pM antimycin
A. Data are presented as mean values + SEM of triplicate repeats (n = 3—4). D, E: OCR calculated as percentage of maximal mitochondrial
respiration of Wt and CGI-587/~ macrophages in the presence (D) or absence (E) of 25 mM glucose and 2 mM L-glutamine. Data are
presented as mean values + SEM of triplicate repeats (n = 3—4). F: Fluorescein-labeled E. coli particles (200 pl) were injected into Wt and
macCGI-58 '~ mice. After 2 h, macrophages were isolated and assayed for internalized fluorescence after quenching of extracellular fluo-
rescence by trypan blue. Phagocytosis of Wt macrophages was arbitrarily set to 100%. Relative phagocytosis is presented as mean values +
SEM (n =5).

cytokine Mcpl (by 36%), and unchanged mRNA expres- Unchanged atherosclerotic lesion formation in

sion of Mcp2, Cclb, and Mrc-1 in CGI58 ™/~ compared ~ macCGI-58/ApoE-DKO mice

with Wt macrophages (Fig. 5A). In line with this, mRNA To examine the consequences of CGI-58 ™/~ deficiency
expression of the M2 marker Arg-1 (27) was down-  and the concomitant TG accumulation in myeloid cells on
regulated (by 81%). Furthermore, increased IL-6 con-  atherogenesis, we generated CGI-58“°X/“°X/ApoE_/_ (des-
centrations in the supernatant of LPS-treated CGI-58 "/~ ignated ApoEf/ ) and macCGI-58/ApoE-DKO mice and
compared with Wt cells (Fig. 5B) support the pro-  challenged them with a HF/HCD to induce lesion for-
inflammatory MI-like polarized pattern of CGI-58 "/~ mation. We observed no differences in body weight (not
macrophages. shown), plasma lipid parameters (Table 1), and plasma
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Fig. 5. CGI-587/~ macrophages polarize toward a

IL-6 concentrations (supplementary Fig. IVA) between
DKO and ApoE_/_ mice. Macrophages from both geno-
types show the same polarization (supplementary Fig.
IVB), which is in contrast to what we observed in CGI-
58/~ compared with Wt macrophages. Visual inspection
of Oil Red O-stained aortic root sections revealed no dif-
ferences in lesion formation (Fig. 6A). Moma-2 and Mas-
son’s trichrome staining, which were used to identify
lesion macrophages and collagen, were comparable in sec-
tions from Ap0E7/7 and DKO mice (Fig. 6A). Quantita-
tive analysis of plaque development in aortic arches (en
face analysis) revealed a 1.3-fold increase in lesion size in
thoracic aortic arches of macCGI-58/ApoE-DKO mice
(Fig. 6B).

To investigate the effect of CGI-58 deficiency on choles-
terol transport from macrophages to exogenous lipid ac-
ceptors, we measured cholesterol efflux to ApoA-I and
HDL. As shown in Fig. 6C, cholesterol efflux from DKO
macrophages to ApoA-I was increased after 6 h compared
with ApoE™/~ macrophages, but unchanged to both ac-
ceptors at all other time points. This result is in line with
unaltered mRNA levels of genes involved in cholesterol
uptake (Cd36, SrBl) and efflux (Abcal, Abcgl) in CGI-
58/~ compared with Wt macrophages (not shown).

To further interrogate the role of CGI-58 in atheroscle-
rosis progression, we utilized ASO-mediated knockdown
of CGI-58 in hyperlipidemic LDLR /™ mice. ASO-mediated
knockdown has previously been shown to reduce ex-
pression levels of CGI-58 in the liver, white adipose tissue,
and kidney (9). Here we show that thioglycolate-elicited
macrophages from ASO-treated mice have a marked reduc-
tion in macrophage CGI-58 expression as well (Fig. 7A).
Using this system, we found that CGI-58 knockdown in

pro-inflammatory M1-like phenotype. A: mRNA ex-
pression of Gro-1, Mcpl, Mcp2, Cclb, Mrc-1, and
Arg-l in Wt and CGI-58 /" macrophages deter-
mined by real time PCR, including normalization to
HPRT. Data are presented as mean values + SEM,
performed in duplicate (n = 5). *P < 0.05; ***P <
0.001. B: Macrophages were treated with saline (con-
trol) or LPS (100 ng/ml) for 16 h. IL-6 secretion in
the supernatant was determined by ELISA. Data rep-
resent mean values + SEM (n = 3-5). **P < 0.01.
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macrophages and other organs has no significant effect on
plasma TC or TG concentrations in LDLR ™™ mice (Fig.
7B, C). Likewise, CGI-58 knockdown did not alter circulat-
ing VLDL, LDL, or HDL cholesterol levels (Fig. 7D-F).
Comparable to macCGI-568/ApoE-DKO mice (Fig. 6A),
ASO-mediated knockdown of CGI-58 did not alter athero-
sclerosis burden in the aortic sinus (Fig. 7G) or thoracic
aorta of LDLR /™ mice as measured by en face morphom-
etry (Fig. 7H). Collectively, these results indicate that di-
minished CGI-58 in macrophages, liver, and adipose tissue
driven by CGI-58 ASO treatment or deficiency of CGI-58
in myeloid cells has minimal effects on atherosclerosis
progression.

DISCUSSION

Due to the functional changes in macrophages lacking
ATGL (12-15), we proposed that the absence of its co-
activator CGI-58 results in similar alterations of macro-
phage function. To investigate the consequences of
CGI-58 deficiency in macrophages, we generated a mouse
model lacking CGI-58 exclusively in myeloid cells includ-
ing monocytes, mature macrophages, and granulocytes
(macCGI-58 /7). These mice are viable with no apparent
changes in skin phenotype. Compared with Wt mice, the
lack of CGI-58 in myeloid cells does not affect body weight,
lipid parameters, glucose levels, and glucose tolerance
even when mice are challenged with WID. Unchanged
glucose tolerance in WID-fed mice is contradictory to the
results shown recently by Miao et al. (28), who reported im-
paired glucose tolerance in high-fat dietfed male macCGI-
587/~ mice. This discrepancy is difficult to explain as

TABLE 1. Plasma lipid parameters of overnight fasted ApoE™’~ and macCGI-58/ApoE-DKO mice fed chow diet
or challenged with HF/HCD for 10 weeks

Chow Diet HF/HCD
ApoE ™/~ DKO ApoE ™/~ DKO
TC (mg/dl) 247 + 35.0 271 + 37.6 1059 + 379 1053 + 261
FC (mg/dl) 699 +11.4 759 +12.5 324 +98.9 335+ 74.5
TG (mg/dl) 108 +29.7 117 +27.3 73.7 + 36.0 79.2 +37.3
FA (mmol/1) 1.3+£0.3 1.5+£0.3 0.9+0.1 0.8+0.2

Data represent mean values + SEM (n = 10-11).
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Fig. 6. Unchanged atherosclerosis susceptibility by CGI-58 deficiency. ApoFf/ ~ and macCGI-58/ApoE-DKO mice were challenged with
a HF/HCD for 10 weeks. A: Representative images of aortic valve sections stained with Oil Red O, Moma-2, and Masson’s trichrome for the
detection of lipids, macrophages, and collagen, respectively. Magnification, x40. Data represent mean values of 10 aortic valve sections per
mouse. Bars represent the mean values of 9-11 mice per group. B: Representative images and quantification of Oil Red O-stained en face
aorta. Data represent mean values + SEM (n = 10-11). *P< 0.05. C: Cholesterol efflux to the extracellular acceptors ApoA-I and HDL; ex-
pressed as the percentage of ['H]cholesterol transferred from macrophages to the medium. Data show the mean values + SEM (n = 7).

both diets (WTD and high-fat diet) can be used to affect
glucose tolerance. Because we have repeated the experi-
ments in male mice that also lacked significant differ-
ences between the phenotypes (data not shown), a sex
difference leading to the contradictory results can be
excluded.

CGI-58 deficiency leads to decreased TG hydrolysis ac-
tivity and a TG-rich lipid droplet accumulation in mac-
rophages, identical to ATGL ™/~ macrophages (12, 15).
These results suggest that ATGL activity can be increased
by CGI-58 as activator protein (2) also in macrophages.
Unchanged CD36 and LPL mRNA as well as LPL activity
argue against differences in FA uptake between CGI-58/~
and Wt macrophages. Because LPL is responsible for the
extracellular hydrolysis of lipoprotein-associated TG and
the subsequent uptake of FAs in underlying cells and tis-
sues, these results indicate that FAs generated by the ac-
tion of LPL are taken up similarly by CGI-58™~ and Wt
macrophages. Unchanged TC and FC concentrations
were associated with comparable CE hydrolase activities
between Wt and CGI-58 '~ macrophages, as observed in
ATGL ™/~ macrophages (15). In contrast to our results, Miao

Opposing phenotypes in macrophages lacking ATGL or CGI-58

et al. (28) found increased TC and FC concentrations and
reduced CD36 mRNA expression in macrophages of male
macCGI-58 '~ mice. Whether the differences in the two
studies are due to sex-specific differences or cultivation
conditions of the macrophages (LPDS versus FCS) remain
to be elucidated.

Measurement of FA composition within TG of CGI-
587/ macrophages revealed increased concentrations of
all saturated, unsaturated, and polyunsaturated FAs ana-
lyzed with the highest change in arachidonic acid, oleic
acid, and linoleic acid, respectively. FA composition has
not been determined in ATGL /" macrophages, but in
white adipose tissue of ATGL ™™ mice. Our findings are
slightly different to these results (29), where the authors
showed that ATGL hydrolyzes long-chain FA esters in vivo
with a modest substrate preference for C16:1.

Fragmented mitochondria in ATGL ™/~ macrophages
are indicative of the mitochondrial apoptosis pathway be-
ing triggered as a consequence of defective lipolysis (12).
We expected the same phenotype in CGI-58 /" macro-
phages. Typical markers of programmed cell death, such
as externalization of phosphatidylserine on the plasma
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Fig. 6. Continued.

membrane measured by flow cytometry after annexin
V/PI costaining, mRNA and protein expression of pro-
apoptotic markers, and lack of fragmented mitochondria
prior to cell death, however, revealed that mitochondrial
apoptosis is not induced in CGI58™/~ macrophages. Absent
CHOP protein expression and unaltered mRNA expres-
sion of the ER-resident chaperones Erdj4 and Pdi indicate
that CGI-58 deficiency in macrophages does not cause
ER stress. These results are different from findings in
ATGL ™/~ macrophages, where we observed induction of
apoptosis (12) and ER stress (13). Interestingly, incuba-
tion of Wt macrophages with VLDL resulted in the same
apoptotic phenotype and fragmentation of mitochondria
as observed in ATGL ™/~ macrophages (12). From these
results, we had initially concluded that intracellular TG ac-
cumulation is linked to mitochondrial dysfunction and
programmed cell death in macrophages. The results from
the present work are therefore counterintuitive. Why TG
accumulation leads to mitochondrial dysfunction in
ATGL™’" and VLDL-oaded Wt macrophages (12), but
fails to affect CGI-58 /™ macro hages, is elusive. Because
ATGL is present in CGI-58 © macrophages, it might
be claimed that there is still basal ATGL-mediated TG
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hydrolase activity, which is sufficient to rescue the cell
from mitochondrial apoptosis. However, macrophage TG
concentrations are comparable between ATGL™/™ and
CGI-58™/~ macrophages, suggesting other factors to be re-
sponsible for programmed cell death, mitochondrial dys-
function, and ER stress in ATGL /™~ macrophages.

The in vitro phagocytic capacity was affected by the lack
of ATGL (15) and CGI-58 in a similar manner with re-
duced phagocytosis in glucose-containing and glucose-
free medium compared with Wt macrophages. It has been
demonstrated that hydrolysis of cellular TG by ATGL is
necessary to produce FAs as ligands for PPAR activation
and that ATGL deficiency leads to severely disrupted mito-
chondrial substrate oxidation and respiration (30). Al-
though mRNAlevels of PPARa target genesin macrophages
were unchanged, decreased mitochondrial respiration
might contribute to the reduced phagocytic capacity of
CGI-58™/~ macrophages. Because the surface area of mito-
chondria was unaffected by CGI-58 deficiency, the re-
duced respiration is likely due to the decrease in FAs as
energy substrate. A decreased OCR was also described in
CGI-58-silenced RAW264.7 macrophages (28). Our in vi-
tro finding of reduced phagocytosis could not be con-
firmed in vivo in macCGI-58 ’~ mice, where we observed
a trend to reduced phagocytosis, which, however, lacked
statistical significance. We hypothesize that the reason for
this discrepancy is the difference in the mouse models: in
macCGI-58 /™ mice, CGI-58 is absent in myeloid cells in-
cluding macrophages, in which phagocytosis is affected in
vitro. In contrast, the decreased in vivo phagocytosis abil-
ity was demonstrated in whole-body ATGL™~ mice (15).
Phagocytosis is a highly energy demanding process; re-
duced FA concentrations in ATGL ™/~ mice (7) versus un-
altered FA levels in macCGI-58/~ mice might explain the
observed in vivo changes in phagocytic capacity.

Due to the pronounced differences observed between
ATGL ™™ and CGI-58™/~ macrophages, we were particu-
larly interested in the impact of macCGI-58 deficiency on
atherosclerosis susceptibility. Unexpectedly, plaque for-
mation, number of macrophages, and collagen content
was identical in aortic root sections of macCGI-58/ApoE-
DKO and ApoEiF mice. In line with these results, en
face analyses of the aortic arch area revealed comparable
lesion sizes in both genotypes. When we analyzed lesion
per total area of the thoracic aorta, we found slightly in-
creased plaque formation in DKO mice. In agreement,
ASO-mediated knockdown of CGI-58 in LDLR ™/~ mice
did not alter atherosclerosis burden in the aortic root,
but very modestly increased atherosclerosis in the aorta.
Collectively, these findings are again contrary to what we
observed in the absence of ATGL, where transfer of
ATGL ™" bone marrow into LDLR ™/~ mice resulted in
markedly reduced plaque formation (16). Although dif-
ferent mouse models were used in these two studies, our
results indicate that the absence of ATGL or CGI-58 in
myeloid cells results in different phenotypes: reduced le-
sion development by ATGL deficiency and unaltered or
even slightly increased plaque formation by lack of CGI-
58. This difference in plaque formation is unlikely due to
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tion, x40) and quantification of cross-sectional aortic valve lesion area. H: En face morphometric analysis of
total aortic lesion area. Data represent the mean + SEM from four to ten mice per group.

differences in cholesterol efflux capacities of the cells,
because macrophages lacking either ATGL or CGI-58
show comparable cholesterol efflux as control cells. The
M2-like polarization of ATGL ™/~ macrophages and the
M1-like phenotype of CGI-587/~ might contribute (at
least in part) to the differences in plaque formation. In
accordance with our results, Miao et al. (28) have re-
cently shown that macrophage CGI-58 deficiency acti-
vates the ROS-NLRP3 inflammatory pathway to promote
insulin resistance in mice. We found increased IL-6 secre-
tion from LPS-treated CGI-58 '~ macrophages, suggesting

Opposing phenotypes in macrophages lacking ATGL or CGI-58

that the lack of CGI-58 in macrophages affects the in-
flammatory response to LPS. This finding is in line with
results from ASO-mediated CGI-58 knockdown experi-
ments, in which lipid second messengers generated by
CGI-58 were shown to be critically involved in maintain-
ing the balance between inflammation and insulin ac-
tion, thereby predicting a role of CGI-58 in cytokine
signaling (31). On an ApoE_/_ background, however,
plasma IL-6 concentrations and macrophage polariza-
tion markers were no longer different between mice that
express or lack CGI-58 in macrophages. Because ApoE
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promotes macrophage conversion from M1 to the M2
phenotype (32), it might be speculated that the absence
of ApoE directs macrophages into an M1-like phenotype,
which cannot be further boosted by CGI-58 deficiency. In
contrast, reduced plaque formation in aortic roots of
LDLR /™ mice transplanted with ATGL ™" bone marrow
was associated with decreased macrophage IL-6 concen-
trations (16).

The data presented in this study provide evidence that
the TG-rich lipid droplet accumulation within ATGL ™~
macrophages is likely not the reason for attenuated athero-
sclerosis development as initially hypothesized. Although
loss of CGI-58 in macrophages results in comparable TG
accumulation, several results were different between CGI-
58/~ and ATGL™’~ macrophages: Absence of ER stress,
mitochondrial apoptosis, and mitochondrial dysfunction,
as well as M1-like polarization of CGI-58 '~ macrophages,
and differences in atherosclerosis susceptibility argue for
different and/or additional function(s) of CGI-58 in mac-
rophages beside activation of ATGL. We conclude that lack
of the enzyme (ATGL) induces a more severe phenotype
than loss of the activator (CGI-58) .1l

The authors thank M. Absenger-Novak, A. Ibovnik, and H.
Reicher for excellent technical assistance and I. Hindler for
mouse care.
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