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In response to inflammatory activation by pathogens, macrophages accumulate trigly-
cerides in intracellular lipid droplets. The mechanisms underlying triglyceride accumu-
lation and its exact role in the inflammatory response of macrophages are not fully
understood. Here, we aim to further elucidate the mechanism and function of triglycer-
ide accumulation in the inflammatory response of activated macrophages. Lipopolysac-
charide (LPS)-mediated activation markedly increased triglyceride accumulation in
macrophages. This increase could be attributed to up-regulation of the hypoxia-
inducible lipid droplet–associated (HILPDA) protein, which down-regulated adipose
triglyceride lipase (ATGL) protein levels, in turn leading to decreased ATGL-mediated
triglyceride hydrolysis. The reduction in ATGL-mediated lipolysis attenuated the
inflammatory response in macrophages after ex vivo and in vitro activation, and was
accompanied by decreased production of prostaglandin-E2 (PGE2) and interleukin-6
(IL-6). Overall, we provide evidence that LPS-mediated activation of macrophages sup-
presses lipolysis via induction of HILPDA, thereby reducing the availability of proin-
flammatory lipid precursors and suppressing the production of PGE2 and IL-6.
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Lipid droplets (LDs) are ubiquitous organelles that serve as intracellular energy stores by
compartmentalizing lipids, mainly in the form of triglycerides (TGs). While LDs were
originally identified in adipocytes, their presence has been confirmed in the majority of
mammalian cells. The surface of LDs is covered by numerous LD-related proteins, many
of which are involved in the regulation of the storage and release of lipids (1). Besides
mediating energy storage, LDs are increasingly recognized to be directly or indirectly
involved in the regulation of other cellular processes, ranging from the storage of hydro-
phobic vitamins and signaling precursors to the management of endoplasmic reticulum
(ER) and oxidative stress and the production of inflammatory mediators (2, 3).
Macrophages are innate immune cells that play distinct roles in tissue homeostasis

and form the front line in host defense against pathogens. Inflammatory activation of
macrophages induces the accumulation of TGs (4, 5). In particular, various pathogen-
associated molecular patterns (PAMPs), including lipopolysaccharide (LPS), can specifi-
cally reprogram lipid metabolism in macrophages, leading to increased lipid storage
(5). However, rather than being an unintentional consequence of lipid metabolic
reprogramming, there is growing evidence that LDs are actively involved in affecting
the inflammatory response of macrophages (5). Studies suggest that besides being
hijacked by infectious pathogens as a source of energy (6, 7), LDs may also serve as a
sink for proteins involved in antimicrobial defense mechanisms (8). Currently, how
PAMPs promote the accumulation of LDs in macrophages is unclear.
Adipose triglyceride lipase (ATGL) is an LD-associated protein that is present in

numerous cell types. It catalyzes the first step in the hydrolytic cleavage of intracellular
TGs, generating nonesterified fatty acids (9–11). Intriguingly, in macrophages, ATGL is
not only responsible for the lipolysis of stored TGs but also appears to be involved in the
immune response. Indeed, deficiency of ATGL in lipid-laden macrophages was shown to
attenuate the release of the proinflammatory cytokine interleukin-6 (IL-6) and enhance
the release of antiinflammatory IL-10 (12). In addition, deficiency of ATGL was found
to promote macrophage apoptosis (13). Although these studies have pointed to a role for
intracellular lipolysis in the functional properties of macrophages, the precise role of TG
accumulation and lipolysis in the immune function of macrophages remains undefined.
HILPDA (hypoxia-inducible lipid droplet–associated) is a small LD-associated pro-

tein (14) that was found to promote lipid storage in several cell types, including macro-
phages (15, 16). Previously, we and others showed that HILPDA functions as a direct
physiological inhibitor of ATGL in macrophages (16, 17). Consistent with the role of
HILPDA as an inhibitor of ATGL, HILPDA deficiency was accompanied by a marked
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reduction in lipid storage in fatty acid–treated macrophages
(16). Whether HILPDA plays a role in the stimulation of TG
storage by PAMPs is unknown. In principle, modification of
ATGL-mediated lipolysis by HILPDA could be leveraged to fur-
ther elucidate the role of TG accumulation in the inflammatory
response of macrophages. Accordingly, here we set out to investi-
gate the mechanism by which LPS enhances LD formation in
macrophages, as well as investigate the role of TG accumulation
in the inflammatory response of LPS-treated macrophages, using
HILPDA-deficient macrophages as a model. We find that activa-
tion of macrophages by LPS reduces ATGL-mediated TG
hydrolysis via up-regulation of HILPDA, leading to reduced pro-
duction of prostaglandin-E2 (PGE2) and the proinflammatory
cytokine IL-6.

Results

Toll-Like Receptor Stimulation Leads to LD Accumulation
through Inhibition of ATGL by HILPDA. In order to investigate
how inflammatory activation promotes lipid accumulation in
macrophages, we first studied the stimulatory effect of LPS and
various other Toll-like receptor (TLR) ligands on TG accumula-
tion in bone marrow–derived macrophages (BMDMs), including
Pam3Cysk (P3C; TLR-2), LPS (TLR-4), flagellin (TLR-5),
polyinosinic-polycytidylic acid (poly:IC; TLR-3), and opsonized
zymosan (TLR-2) (Fig. 1A). All TLR ligands increased TG
accumulation in BMDMs, with LPS showing the largest effect
(Fig. 1B). To gain insight into the mechanism underlying the
increased TG storage upon LPS treatment, BMDMs were
treated with the metabolic modulators C75, an inhibitor of fatty
acid synthase (18), and atglistatin, an inhibitor of ATGL (19).
Whereas inhibition of fatty acid synthesis by C75 decreased LD
accumulation, inhibition of ATGL by atglistatin markedly
increased accumulation of LDs in LPS-treated BMDMs (Fig. 1
C and D). Although de novo synthesis of fatty acids may be
partly responsible for the increased accumulation of lipids,
decreased lipolysis by ATGL inhibition may also play a role in
LPS-induced LD accumulation. Previously, we showed that
besides serving as a direct substrate for TG synthesis, fatty acids
promote LD accumulation in BMDMs by raising protein levels
of the endogenous ATGL inhibitor HILPDA (16). To investi-
gate if HILPDA may play a role in LPS-induced LD accumula-
tion, we first studied the effect of different TLR ligands on
HILPDA levels. Various TLR ligands, especially LPS, markedly
induced Hilpda messenger RNA (mRNA) levels (Fig. 1E). Con-
current with an increase in Hilpda mRNA, 24-h treatment with
LPS dramatically increased HILPDA protein levels (Fig. 1F)
while simultaneously reducing ATGL protein levels. These data
hint at a potential role of HILPDA and ATGL in the augmenta-
tion of lipid storage after LPS treatment (Fig. 1F).
To study the role of HILPDA in LPS-induced lipid accumula-

tion, we used a murine myeloid-specific knockout model for
HILPDA (16). BMDMs derived from myeloid-specific HILPDA-
deficient mice (HilpdaΔLysM) expressed little to no HILPDA pro-
tein after LPS stimulation, whereas BMDMs derived from their
floxed littermates (Hilpdafl/fl) showed substantial up-regulation of
HILPDA protein in response to LPS (Fig. 2A). Consistent with
an important role of HILPDA in LPS-induced TG accumulation,
the LD area was significantly lower in LPS-treated HilpdaΔLysM

macrophages compared with Hilpdafl/fl macrophages (Fig. 2 B and
C), whereas no differences in LD area were observed under con-
trol conditions (SI Appendix, Fig. S1). Intriguingly, the difference
in TG accumulation between LPS-treated HilpdaΔLysM and
Hilpdafl/fl macrophages was almost completely abolished by

atglistatin, indicating that the reduced TG accumulation in LPS-
treated HilpdaΔLysM macrophages is mostly due to enhanced
ATGL activity (Fig. 2 B and C). To further investigate the con-
nection between HILPDA and ATGL, we determined ATGL
protein levels. In Hilpdafl/fl BMDMs, ATGL protein tended to be
down-regulated already after 30 min of LPS stimulation, with an
even stronger down-regulation after 24 h, again showing an
inverse pattern compared with HILPDA protein (Fig. 2A). Strik-
ingly, ATGL protein levels were much higher in HilpdaΔLysM

compared with Hilpdafl/fl BMDMs, which was most evident after
24-h LPS treatment, indicating that HILPDA reduces ATGL pro-
tein levels (Fig. 2A). These data demonstrate that LPS treatment
decreases ATGL protein levels by inducing HILPDA.

Subsequently, we tried to clarify the mechanism by which
HILPDA decreases ATGL protein expression. HILPDA defi-
ciency in BMDMs did not influence ATGL (Pnpla2) mRNA
levels (Fig. 2D). Accordingly, we hypothesized that HILPDA
might promote ATGL protein degradation. To verify this
hypothesis, we treated HilpdaΔLysM and Hilpdafl/fl macrophages
with specific lysosomal protease (e64d and leupeptin) or
ubiquitin-proteasome (MG132) inhibitors. Treatment with
e64d or leupeptin did not influence ATGL protein levels, sug-
gesting that ATGL is not degraded via the lysosomes (Fig. 2 E
and F). In contrast, treatment of Hilpdafl/fl macrophages with
MG132 markedly induced ATGL protein levels, suggesting
that ATGL is degraded via the ubiquitin-proteasome pathway
(Fig. 2G). Consistent with a stimulatory effect of HILPDA on
proteasomal degradation of ATGL, MG132 failed to increase
ATGL protein levels in HilpdaΔLysM macrophages (Fig. 2G).
Differences in ATGL protein levels between HilpdaΔLysM and
Hilpdafl/fl macrophages were completely abolished after MG132
treatment, suggesting that the repressive effect of HILPDA on
ATGL protein levels is entirely mediated by enhanced proteaso-
mal degradation of ATGL. Overall, these data suggest that LPS
promotes TG accumulation in macrophages by inducing
HILPDA, which in turn decreases ATGL protein levels and con-
sequent TG lipolysis by stimulating proteasomal degradation of
ATGL.

HILPDA Deficiency in Myeloid Cells Facilitates the Inflammatory
Phenotype In Vivo. Based on the findings presented above,
myeloid-specific HILPDA-deficient mice provide an excellent
model to examine the impact of modulating macrophage TG
accumulation on LPS-induced whole-body inflammation. To
pursue this question, classical inflammation was induced by
intraperitoneal injection of LPS in HilpdaΔLysM and Hilpdafl/fl

mice for 2, 4, 8, or 24 h. Similar to the observation in
BMDMs, LPS stimulated Hilpda expression in splenic Hilpdafl/fl

macrophages, with a maximal effect observed after 4 h (Fig. 3A).
Hilpda mRNA levels were reduced by 51 to 65% in LPS-treated
splenic macrophages from HilpdaΔLysM mice compared with
Hilpdafl/fl macrophages (Fig. 3A). To study the effect of
macrophage-specific HILPDA deficiency on plasma inflamma-
tory markers, plasma collected at different time points of LPS-
induced inflammation was subjected to proteomic profiling,
allowing for the semiquantification of a protein biomarker panel
consisting of 92 biomarkers (Olink). Principal-component analy-
sis (PCA) clearly separated the different time points (SI
Appendix, Fig. S2A). Relative differences in the biomarkers
between HilpdaΔLysM and Hilpdafl/fl mice were mapped in a vol-
cano plot using a statistical threshold of P value < 0.05 (uncor-
rected). At baseline and at the 4-h time point, very few proteins
were significantly different between the two sets of mice (SI
Appendix, Fig. S2B). However, for the 2-, 8-, and 24-h time
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points, a higher number of proteins met the statistical threshold
(Fig. 3B). Interestingly, proteins such as tumor necrosis factor
(TNF) and IL-6 were higher in the HilpdaΔLysM mice compared
with Hilpdafl/fl littermates at several time points, hinting at a
higher degree of inflammation in the HilpdaΔLysM mice.
We next pursued a multiplex-based approach to measure

actual protein levels of circulating inflammatory cytokines and
chemokines. Each inflammatory marker followed a unique pat-
tern following LPS injection over time. Interestingly, concen-
trations of IL27p28/IL30, IP-10, MCP-1, MIP-1α, MIP-2,
IFNγ, IL-10, and IL-1β did not differ between the two geno-
types (SI Appendix, Fig. S3 A–H). In contrast, both IL-6 (Fig.
4A) and TNFα (Fig. 4B) were significantly higher in
HilpdaΔLysM than in Hilpdafl/fl mice at their measured peak
concentrations, 2 h after LPS injection, confirming the
biomarker-based data and further suggesting an increased
inflammatory response in HilpdaΔLysM mice. To find out
whether changes in immune cell populations drove the poten-
tial differences in inflammation, we assessed the relative abun-
dance of different immune cell populations in the circulation
by flow cytometry. Although the relative abundance of the
measured immune cell populations in the circulation clearly
changed over time upon LPS-induced inflammation, no differ-
ences were found between the two genotypes in populations of
B cells, T cells, neutrophils, eosinophils, and three subsets of
monocytes (CD11b+Ly6G�Ly6C�, CD11b+Ly6G�Ly6C+,

and CD11b+Ly6G�CCR2+) (Fig. 4C). Additionally, no dif-
ferences were found in the relative abundance of T cell subsets
(SI Appendix, Fig. S3I).

HILPDA-Deficient Macrophages Show an Increased Proinflammatory
Phenotype Ex Vivo. Next, we asked whether modulation of lipid
storage by HILPDA could influence the secretion of inflamma-
tory mediators from peritoneal macrophages. To that end,
peritoneal macrophages were isolated from HilpdaΔLysM and
Hilpdafl/fl mice at different time points after LPS injection, and
the release of several inflammatory mediators was measured. In
agreement with the data in BMDMs, LPS caused a clear induc-
tion in lipid storage in the Hilpdafl/fl macrophages but not in
HilpdaΔLysM macrophages, becoming most evident 8 to 24 h
after LPS injection (Fig. 5 A and B). Since we observed
increased proinflammatory markers in vivo, we set out to inves-
tigate the proinflammatory phenotype of the peritoneal macro-
phages by measuring cytokine release (Fig. 5C). Interestingly,
4 and 8 h after LPS injection, IL-6 release was significantly
higher in HilpdaΔLysM compared with Hilpdafl/fl macrophages,
suggesting an increased inflammatory phenotype in peritoneal
macrophages (Fig. 5C). By contrast, 4 h after LPS injection,
the release of TNFα was significantly lower in HilpdaΔLysM

compared with Hilpdafl/fl macrophages (Fig. 5C).
IL-10 release showed a trend toward a reduction in HilpdaΔLysM

compared with Hilpdafl/fl macrophages for most time points, which

Ctrl

Flagellin

P3C LPS

Poly:IC Zymosan

A

B

Ctrl LPS

LPS + C75 LPS + atglistatin

ATGL

HILPDA

HSP90

LPS -
Ctrl 30m 24h

+ + -
Ctrl 30m 24h

+ +

54 kDa

90 kDa

10 kDa

C

D

E F

N
or
m
al
iz
ed

LD
ar
ea
(%
)

Ct
rl
LP
S

LP
S +
C7
5

LP
S +
AT
GL
i

0

2

4

6 ***

****

R
el
at
iv
e
H
ilp
da
ex
pr
es
si
on

Ct
rl
LP
S
P3
C

Fla
ge
llin

Po
ly:
IC

Zy
mo
sa
n

0

5

10

15

20
***
***

***

N
or
m
al
iz
ed

LD
ar
ea
(%
)

Ct
rl
LP
S
P3
C

Fla
ge
llin

Po
ly:
IC

Zy
mo
sa
n

0

2

4

6

8
***

*
*

*

Fig. 1. TLR stimulation leads to LD accumulation through HILPDA and ATGL. (A and B) BODIPY staining and LD quantification in wild-type BMDMs treated
with vehicle (Ctrl), P3C, LPS, flagellin, poly:IC, or zymosan for 24 h. (C and D) BODIPY staining in wild-type BMDMs treated with vehicle (Ctrl), LPS, LPS and
C75, or LPS and atglistatin (ATGLi). (E) mRNA levels of Hilpda in wild-type BMDMs treated with vehicle (Ctrl), LPS, P3C, flagellin, poly:IC, or zymosan for 24 h.
(F) Protein levels of ATGL and HILPDA in wild-type BMDMs treated with vehicle (Ctrl) or LPS for 30 min or 24 h. HSP90 was used as loading control. Data are
represented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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reached significance 24 h after LPS injection (Fig. 5C). No signifi-
cant differences were observed for IL-1 receptor antagonist (IL-
1RA) (Fig. 5C). Inasmuch as HILPDA deficiency reduces LD
accumulation in LPS-treated macrophages by enhancing ATGL-
mediated lipolysis, we wondered whether HILPDA deficiency may
increase the release of lipid-derived inflammatory mediators.
Indeed, 8 h after LPS injections, the release of PGE2 by peritoneal
macrophages was significantly higher in HilpdaΔLysM macrophages
than in Hilpdafl/fl macrophages (Fig. 5D). These data suggest that
in HILPDA-deficient macrophages, lipids are directed from LDs
toward the production of prostaglandins.

HILPDA Deficiency Does Not Affect Key Macrophage Effector
Functions. After observing clear differences in the inflammatory
activation between Hilpdafl/fl and HilpdaΔLysM macrophages,
we wondered whether similar differences could be observed in
effector functions that are associated with inflammation. Inter-
estingly, previous research highlighted the importance of TG
hydrolysis by ATGL for phagocytosis (20) and linked ATGL
deficiency to increased apoptosis in macrophages (13). Since
HILPDA-deficient macrophages consistently show increased

ATGL protein expression levels, we set out to study whether
apoptosis may be down-regulated and whether efferocytosis
and phagocytosis may be amplified in LPS-treated HilpdaΔLysM

and Hilpdafl/fl macrophages. To study these characteristics, we
used a high-content analysis approach based on live-cell fluores-
cence labeling assays, assessed using an automated confocal
image reader and single-cell-based image analysis. To measure
relative levels of apoptosis, BMDMs were stained with
Annexin-V. Both the percentage of positive cells and the mean
fluorescence intensity were similar in HilpdaΔLysM and Hilpdafl/fl

macrophages, indicating that apoptosis is not affected by
HILPDA deficiency (Fig. 6 A and B). To assess efferocytosis,
HilpdaΔLysM or Hilpdafl/fl BMDMs were cocultured with apo-
ptotic Jurkat E6.1 cells. Both the percentage of cells positive for
the efferocytosis as well as the mean count of ingested Jurkat
cells per macrophage did not differ between HilpdaΔLysM and
Hilpdafl/fl BMDMs (Fig. 6 C and D). Lastly, to assess phagocy-
tosis, BMDMs were coincubated with fluorescently labeled
zymosan bioparticles. No differences in the percentage of posi-
tive cells or mean fluorescence intensity were found between
HilpdaΔLysM and Hilpdafl/fl macrophages (Fig. 6 E and F).
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Fig. 2. LPS promotes TG accumulation in macrophages by inducing HILPDA, which inhibits TG lipolysis by stimulating proteasomal degradation of ATGL. (A)
Protein expression levels of ATGL and HILPDA in HilpdaΔLysM and Hilpdafl/fl BMDMs treated with vehicle (Ctrl) or LPS for 30 min or 24 h. HSP90 was used as
loading control. (B and C) BODIPY staining and LD quantification of HilpdaΔLysM and Hilpdafl/fl BMDMs treated with LPS or LPS and atglistatin for 24 h. (D)
mRNA levels of Pnpla2 (ATGL) in HilpdaΔLysM and Hilpdafl/fl BMDMs treated with vehicle (Ctrl) or LPS for 24 h. (E–G) ATGL protein expression in HilpdaΔLysM

and Hilpdafl/fl BMDMs treated with vehicle (Ctrl) or e64d and pepstatin (E), vehicle (Ctrl) or leupeptin (F), and vehicle (Ctrl) or MG132 (G). HSP90 was used as
loading control. Data are represented as mean ± SD. *P < 0.05, ***P < 0.001.

4 of 12 https://doi.org/10.1073/pnas.2114739119 pnas.org



Taken together, our data suggest that deficiency of HILPDA
does not affect apoptosis in HilpdaΔLysM versus Hilpdafl/fl macro-
phages, nor does it increase the capacity for efferocytosis or
phagocytosis. Since recent research has highlighted the important
role of LDs in the bacterial killing capacity of macrophages (8),
we investigated whether the decreased retention of LDs after
LPS treatment in HilpdaΔLysM macrophages could impact their
killing capacity. The microbial killing of Escherichia coli was sim-
ilar between atglistatin-treated HilpdaΔLysM and Hilpdafl/fl mac-
rophages, and treatment with LPS did not lead to significant
differences in remaining E. coli load after 4 or 24 h of LPS treat-
ment (Fig. 6G).

Increased Production of PGE2 in HILPDA-Deficient Macro-
phages Drives Increased Production of IL-6. Next, we investi-
gated the mechanism underlying the effect of HILPDA
deficiency on PGE2 and IL-6 production using BMDMs. In
line with peritoneal macrophages, IL-6 production was signifi-
cantly higher in HilpdaΔLysM compared with Hilpdafl/fl

BMDMs after 8 and 24 h of LPS treatment. Subsequently, we
determined whether the observed differences in PGE2 and IL-6
might have been due to differential activation of transcriptional
factors controlling the inflammatory response. However, phos-
phorylation of cJUN, STAT3, and NF-κB was not significantly
different between HilpdaΔLysM and Hilpdafl/fl macrophages (SI
Appendix, Fig. S4), indicating that the acute activation of inflam-
matory pathways is intact. Alternatively, since we previously
showed that lipid loading leads to increased oxidation of excess
fatty acids in HilpdaΔLysM compared with Hilpdafl/fl macrophages
(16), we determined whether the oxidation of fatty acids or other
metabolic parameters were differently regulated in HilpdaΔLysM

macrophages. Comparing oxygen consumption rate (OCR) before
and after the addition of etomoxir, an inhibitor of fatty acid oxi-
dation (FAO), did not reveal consistent and significant differences
in FAO capacity in LPS-treated BMDMs (24 h) between the two
genotypes (SI Appendix, Fig. S5A). Additionally, no differences
were observed in the extracellular acidification rate (ECAR) after
24 h of LPS treatment, suggesting the absence of long-term differ-
ences in glycolytic rate (SI Appendix, Fig. S5B). These results sug-
gest that deficiency of HILPDA does not affect the metabolic
capacity of macrophages.
We subsequently hypothesized that the observed increase in

PGE2 in HilpdaΔLysM macrophages could be driven by an
increased conversion of excess fatty acids into lipid-related
inflammatory mediators, which in turn may drive the increase
in IL-6 release (21). To examine this hypothesis, we first

measured whether the increased production of IL-6 and PGE2
in HilpdaΔLysM macrophages could be confirmed in vitro.
Indeed, after 8 and 24 h of LPS treatment, the production of
both IL-6 and PGE2 was significantly higher in HilpdaΔLysM

than Hilpdafl/fl macrophages (Fig. 7 A and B). Next, we mea-
sured the release of PGE2 in BMDMs from HilpdaΔLysM and
Hilpdafl/fl mice treated with LPS and vehicle or LPS and atglis-
tatin for 24 h. Although the production of PGE2 was found to
be consistently higher in BMDMs from HilpdaΔLysM versus
Hilpdafl/fl mice, the production of PGE2 in both genotypes was
similarly inhibited by the addition of atglistatin (Fig. 7C), vali-
dating the importance of lipolysis by ATGL for the endogenous
production of PGE2. Subsequently, we tested whether the
increased levels of PGE2 could drive the observed increase in
IL-6 production. The addition of exogenous PGE2 to BMDMs
from HilpdaΔLysM and Hilpdafl/fl mice treated with LPS signifi-
cantly increased the production of IL-6 in both genotypes after
4, 8, and 24 h (Fig. 7D). Inhibiting cyclooxygenase 1 (COX1)
and COX2, the alleged drivers of PGE2 synthesis, by a general
COX1/2 inhibitor (indomethacin) or a specific COX2
inhibitor (NS-398), drastically decreased the production of
PGE2 in both genotypes after 8 or 24 h of LPS stimulation
(SI Appendix, Fig. S5C). Accordingly, these inhibitors also sig-
nificantly decreased the production of IL-6 in macrophages
from both genotypes, abolishing the difference between
HilpdaΔLysM and Hilpdafl/fl macrophages (Fig. 7E) and verifying
the association between increased PGE2 production and subse-
quent IL-6 production in HilpdaΔLysM macrophages.

Discussion

In the current study, we investigated the mechanism underlying
the LPS-induced accumulation of TGs in macrophages, as well
as the role of TG accumulation in LPS-induced inflammation.
Our data demonstrate that LPS promotes TG accumulation in
macrophages by inducing HILPDA, which, in turn, lowers
ATGL protein levels by enhancing the proteasomal degradation
of ATGL. The decrease in TGs in HILPDA-deficient myeloid
cells is associated with a heightened inflammatory response,
both in vivo and ex vivo, and is linked to an elevated produc-
tion of PGE2. Our data suggest that the tight regulation of
lipid efflux from LDs by ATGL and HILPDA is important for
the regulation of the inflammatory response by controlling the
production of PGE2, which in turn modulates the release of
IL-6.
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Although a decrease in ATGL-mediated lipolysis plays an
important part in stimulating the accumulation of TGs in LDs
during inflammation, this phenomenon is likely the result of an
interplay between several variables. As observed, the expression
of HILPDA increases during inflammation, decreasing ATGL
protein levels and thereby limiting the breakdown of TGs from
LDs. At the same time, oxidation of fatty acids is often limited
in inflammatory macrophages (22, 23). Additionally, the synthe-
sis or uptake of fatty acids (4) and subsequent synthesis of TGs
(24) are also significantly enhanced after inflammatory activa-
tion. Together, these processes lead to the physical accumulation
of LDs in macrophages. However, HILPDA deficiency prevents
the inducing effects of LPS on TG accumulation in LDs, under-
lining the importance of ATGL inhibition in this process.

Lack of visible LDs in our HILPDA-deficient macrophages
is distinct from the lack of LDs that results from the inhibition
of TG synthesis, as seen by Castoldi and colleagues (24). In
their DGAT1-deficient macrophages, the inhibition of TG syn-
thesis caused a lack of lipid storage in LDs. Consequently, a
decreased amount of precursors for the production of prosta-
glandins was available, leading to an attenuated inflammatory
response in macrophages (24). In our study, HILPDA defi-
ciency in myeloid cells increased ATGL-mediated lipolysis and
thus likely enhanced the availability of fatty acids as precursors
for inflammatory mediators. In line with this notion, we
observed an increased inflammatory phenotype. The magnitude
of the inflammatory phenotype logically differed between
in vivo, ex vivo, and in vitro situations, and the effects of
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myeloid HILPDA deficiency on cytokine secretion were most
pronounced in vitro. The relatively modest in vivo effects of
HILPDA deficiency could partly be explained by the relatively
modest reduction in Hilpda expression in splenic macrophages
of HilpdaΔLysM mice. Overall, the modest in vivo effects
emphasize the complexity of studying the effects of a myeloid-
specific gene deficiency on markers of systemic inflammation.
However, the enhanced inflammatory phenotype in macrophages,
both in vitro and ex vivo, was consistently exemplified by an
increased production of IL-6, likely effectuated by increased levels
of PGE2. Hence, our data confirm the importance of the avail-
ability of TG pools in the inflammatory process in macrophages.
Moreover, the results of this study pinpoint ATGL-mediated
lipolysis as an important factor in the inflammatory process by
tightly controlling the flow of lipids from LDs toward the synthe-
sis of inflammatory mediators, thereby precisely determining the
magnitude of the inflammatory response.

Interestingly, the timing of the in vivo and ex vivo differences
in cytokine levels between LPS-treated wild-type and myeloid-
specific HILPDA-deficient mice preceded the differences in visible
LD content in peritoneal macrophages, as differences in the accu-
mulation of visible LDs only became significant 8 h after LPS
treatment. A potential explanation for the apparent discrepancy is
that already at baseline, LD degradation exceeds LD synthesis in
HILPDA-deficient macrophages as a result of a reduction in
HILPDA-mediated ATGL inhibition, leading to a higher flux of
lipids. This higher flux of lipids in HilpdaΔLysM macrophages is
not dependent on LPS-induced regulation of HILPDA or ATGL
and may be the driving force of differences in cytokine secretion
in vivo and ex vivo between genotypes at earlier time points prior
to LPS-induced LD accumulation.

The question remains how the mechanism that connects
ATGL overactivation to IL-6 secretion may translate toward the
systemic level. There is ample evidence that increased systemic
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Fig. 5. HILPDA-deficient macrophages show
an increased proinflammatory phenotype
after in vivo LPS treatment. (A and B) BODIPY
staining and LD quantification in peritoneal
macrophages isolated from HilpdaΔLysM and
Hilpdafl/fl mice 2, 4, 8, or 24 h after intraperito-
neal injection of LPS or 24 h after intraperito-
neal injection of saline (Ctrl). (C and D)
Concentrations of IL-6, TNFα, IL-10, and IL-1RA
(C) or PGE2 (D) in ex vivo supernatant
from peritoneal macrophages isolated from
HilpdaΔLysM and Hilpdafl/fl mice 2, 4, 8, or 24 h
after intraperitoneal injection of LPS or 24 h
after intraperitoneal injection of saline (Ctrl).
Data are represented as mean ± SD. *P <
0.05, **P < 0.01, ***P < 0.001.
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IL-6 levels can enhance lipolysis and FAO in various tissues and
cell types (25, 26), whereas blocking endogenous IL-6 signaling
can prevent the mobilization of free fatty acids (27). These find-
ings identify IL-6 as an important systemic lipolytic factor.
Although the mechanism by which IL-6 influences ATGL-
mediated lipolysis in macrophages is still unknown, it can be
hypothesized that the increased secretion of IL-6 resulting from
amplified ATGL-mediated lipolysis in HilpdaΔLysM macrophages
may lead to the formation of a positive feedback loop, further
stimulating lipolytic and inflammatory processes. However, IL-6
is also thought to play a key role in alternative macrophage polar-
ization and was suggested to limit the inflammatory effects of
LPS (28). This apparent incongruence emphasizes the complex
nature of this cytokine and warrants further study on the inter-
play of IL-6 in macrophage lipid metabolism and inflammation.
While the link between PGE2, IL-6, and lipid accumula-

tion is clear, the connection between LDs and TNFα is less

straightforward. In the plasma of HilpdaΔLysM mice treated with
LPS, the concentration of TNFα is significantly higher after 2
h of LPS treatment. However, in peritoneal macrophages lacking
HILPDA, significantly lower TNFα levels were released ex vivo
after a 4-h LPS treatment in vivo. It seems that TNFα release
could be inhibited by PGE2 in some cases (29, 30), which may
partly explain this observation. However, reduced TNFα levels
were not visible in peritoneal macrophages after an 8-h LPS
treatment, whereas the PGE2 release of peritoneal macrophages
was still high at that time point. Thus, our model cannot pro-
vide conclusive results on the connection between TNFα and
lipid metabolism. In nonimmune cells, TNFα is thought to
stimulate the accumulation of lipids in LDs via acyl-CoA synthe-
tases in (31) and to stimulate lipogenesis (32). At the same time,
TNFα may also stimulate lipolysis (33), possibly through ATGL
(34). Since these pathways counteract each other, it would be
interesting to investigate which lipid-related metabolic effects of
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TNFα are replicable in macrophages and how this may enhance
or inhibit the inflammatory signature of macrophages.
In both neutrophils and mast cells lacking ATGL, decreased

release of inflammatory lipid mediators can be seen (35, 36).
These results are in agreement with our results using the ATGL
inhibitor atglistatin, which directly inverted the increased levels of
PGE2 in HilpdaΔLysM macrophages. Eicosanoids, including
PGE2, are signaling lipids synthesized from arachidonic acid by
highly organized COX enzymes that can be directly recruited to
LD membranes. Synthesis of eicosanoids during LPS-induced
inflammation is heavily dependent on the liberation of esterified
arachidonic acid from intracellular phospholipid or neutral lipid
pools (37). Whereas specific hydrolysis of membrane glycerophos-
pholipids or neutral lipids by phospholipase A2 enzymes was
conventionally regarded as the main source of fatty acids for eicos-
anoid production (38, 39), the current study builds upon the

increasing evidence that ATGL also controls the release of fatty
acid precursors from LDs for the production of eicosanoids in
immune cells (35, 36).

It is well-established that prostaglandins, including PGE2,
can directly regulate the inflammatory response by influencing
the release of cytokines. The regulation of different cytokines
by PGE2 is complex and determined by separate molecular
mechanisms (29, 40). Whether PGE2 exerts pro- or antiinflam-
matory effects is likely also dependent on the timing of experi-
ments and the use of different in vitro or in vivo systems.
Endogenous production of PGE2 in macrophages has led to
inhibition of TNFα release, but also to the induction of either
transcription or release of IL-10, IL-1β, and IL-6 (21, 29, 30,
40, 41). Especially the direct role between PGE2 and IL-6 is
often highlighted to be specific (21) and formed the basis of
the observed phenotypes within the current study.
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Fig. 7. Increased production of PGE2 in
HILPDA-deficient macrophages drives increased
production of IL-6. (A and B) Concentration of IL-6
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BMDMs treated with vehicle (Ctrl) or LPS for 2, 4,
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HilpdaΔLysM and Hilpdafl/fl BMDMs after treatment
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The fact that careful regulation of ATGL is crucial for an ade-
quate immune response in macrophages, besides providing fatty
acid precursors for inflammatory mediators, becomes further
apparent in studies using ATGL�/� macrophages. In macrophages
lacking ATGL, TGs accumulate, leading to mitochondrial dys-
function, defects in macrophage polarization, ER stress, decreased
ability to migrate, and decreased ability to use phagocytosis, accom-
panied by increased induction of mitochondrial apoptosis (12, 13,
20). A decreased activation of ATGL in macrophages, for instance
by deleting its coactivator CGI-58, also diminishes phagocytosis,
although this phenotype is not accompanied by mitochondrial dys-
function (42). Intriguingly, in our results, which in many ways
show the exact opposite of the processes found in macrophages
with decreased ATGL activity, no evidence for increased phagocy-
tosis or efferocytosis ability was found. Thus, whereas active ATGL
was identified as a crucial factor to enable phagocytosis, a further
increase in ATGL expression does not seem to increase the phago-
cytic ability of macrophages.
To enable precise control of ATGL in macrophages, ATGL

expression is regulated by several inhibitors, including HILPDA.
We have shown that HILPDA is induced by lipid influx (16)
and, as observed in this study, inflammatory activation by LPS.
Previous studies have also shown that HILPDA inhibits ATGL
via direct physical interaction (16, 17). Here we present evidence
that HILPDA promotes the proteasomal degradation of ATGL
in BMDMs, explaining the direct effects of HILPDA on LD
homeostasis in macrophages (15, 16). The exact mechanism by
which HILPDA enhances ATGL degradation is unclear. It can be
hypothesized that by binding to ATGL, HILPDA may cause a
conformational change in ATGL, leading to the recruitment of a
particular ubiquitin ligase. Further studies are necessary to care-
fully dissect the underlying mechanism.
In conclusion, our study demonstrates that HILPDA is

directly involved in regulating the breakdown of ATGL during
inflammatory activation in macrophages, thereby controlling
ATGL-mediated lipolysis and mediating the increase in TG
accumulation upon LPS treatment. Furthermore, we establish
an important role for ATGL-mediated lipolysis in the produc-
tion of PGE2 and subsequent modulation of IL-6 release.

Materials and Methods

Animal Studies. All animal experiments were approved by the animal welfare
committee of Wageningen University (2016.W-0093.015). HilpdaΔLysM and
Hilpdafl/fl mice were bred as described before (16). Mice had unlimited access to
food (standard chow) and water and were housed under normal light–dark cycles
in humidity- and temperature-controlled specific pathogen-free conditions. Both
male and female mice were used for the isolation of primary cell cultures. For
the in vivo study, male HilpdaΔLysM and Hilpdafl/fl mice, aged 9 to 12 wk, were
housed with two or three littermates per cage and randomly allocated to the dif-
ferent time points. Mice were weighed prior to injection to calculate specific
concentrations of LPS. At each time point, eight mice per genotype received an
intraperitoneal injection of LPS (from E. coli O55:B5; L6529; Sigma-Aldrich) at a
concentration of 2 mg/kg body weight in an end volume of 200 μL sterile saline
solution. Control groups were injected with 200 μL sterile saline solution. After
the indicated time points, mice were anesthetized with isoflurane and blood was
collected via orbital puncture in ethylenediaminetetraacetate (EDTA)-containing
tubes (Sarstedt). After blood collection, mice were immediately killed by cervical
dislocation. Subsequently, peritoneal macrophages and tissues were harvested.

Flow Cytometry. Before collection of blood plasma, 25 μL blood was aliquoted
from each sample and stained with antibodies against CD45-Alexa700
(103127), CD11b-FITC (101205), F4/80-PE (123109), Ly6C-Brilliant Violet 421
(128031), CCR2-PE/Cy7 (150611), CD3-APC (100235), CD4-PerCP/Cy5.5
(100539), CD8-Brilliant Violet 785 (100749), CD19-PE/Dazzle 594 (115553),

and Ly6G-APC/Fire 750 (127651) (all purchased from BioLegend). Red blood
cells (RBCs) were lysed with RBC lysis buffer (00-4333-57; eBioscience, Thermo
Fisher Scientific), and samples were measured on the CytoFLEX Flow Cytometry
System (Beckman Coulter). Results were analyzed using CytExpert acquisition
and analysis software, version 2.4 (Beckman Coulter) and FlowJo analysis soft-
ware (BD Biosciences).

Plasma Measurements. EDTA tubes containing blood samples were centri-
fuged for 15 min at 5,000 rpm at 4 °C. Plasma was aliquoted and stored at
�80 °C until further measurements. The V-PLEX Mouse Cytokine 19-Plex Kit
(K15255D-1; Meso Scale Diagnostics) and MESO QuickPlex SQ 120 (Meso Scale
Diagnostics) were used to determine the concentrations of IL27p28/IL30, IP-10,
MCP-1, MIP-1α, MIP-2, IFNγ, IL-10, IL-1β, IL-6, and TNFα in the plasma. A high-
multiplex biomarker panel (Olink Target Mouse Exploratory) was used to explore
92 biomarkers in the mouse plasma using the proprietary Proximity Extension
Assay technology (Olink Proteomics).

Primary Cell Isolation. Peritoneal macrophages, splenic cells, and BMDMs
were isolated. All techniques that were used to isolate, grow and treat the cells
are described in the SI Appendix.

In Vitro Experiments. BMDMs were treated with LPS from E. coli (O55:B5;
L6529; Sigma-Aldrich) and flagellin from Salmonella typhimurium (Sigma-
Aldrich) at a concentration of 100 ng/mL, Pam3CysK4 (L2000; EMC Microcollec-
tions) at a concentration of 5 μg/mL, poly:IC (Sigma-Aldrich) at a concentration
of 20 μg/mL, and zymosan from Saccharomyces cerevisiae (Sigma-Aldrich) at a
concentration of 100 μg/mL. Zymosan was opsonized to increase uptake by
phagocytosis and sonicated just before use. Atglistatin (SML1075; Sigma-Aldrich)
was used at a concentration of 20 μM, and cells were pretreated for 1 h before
further treatment. C75 (C5490; Sigma-Aldrich) was used at a concentration of 5
μg/mL, and cells were pretreated for 1 h before further treatment. Indomethacin
(I7378; Sigma-Aldrich) was used at 10 μM and NS-398 (N194; Sigma-Aldrich)
was used at 1 μM, and cells were pretreated for 1 h before further treatment.
PGE2 (2296; Tocris, Bio-Techne) was added at 0.1 μM 1 h after treatment
with LPS.

Confocal Imaging. The visualization of LD accumulation was studied by plating
BMDMs on 8- or 18-well glass-bottom μ-slides (80807 and 81817; Ibidi) coated
with collagen type I (50201; Ibidi). After treatment, cells were washed with PBS
and fixed with 3.7% paraformaldehyde. Next, cells were stained with 2 μg/mL
BODIPY 493/503 (D3922; Invitrogen, Thermo Fisher Scientific) and ActinRed555
(R37112; Thermo Fisher Scientific) and mounted with Vectashield Antifade
Mounting Medium (H-1000-10; Vector Laboratories). Imaging was performed
on the TCS SP8 X System (Leica Microsystems) using the 63 × 1.20 numerical
aperture water-immersion objective lens. The pinhole was set to 1 Airy unit, and
fluorescent probes were excited using a white-light laser (50% laser output) with
laser power set to 1.5%. Fluorescence emission was detected using internal
hybrid detectors. Images were processed and analyzed for LDs with CellProfiler
software (43).

Immunoblotting. Cells were lysed in RIPA lysis buffer (89900; Thermo Fisher
Scientific) supplemented with phosphatase and protease inhibitors. Precast 4 to
15% polyacrylamide gels were used to separate protein lysates, and proteins
were transferred onto nitrocellulose membranes using a Trans-Blot Turbo Semi-
Dry Transfer Cell with Trans-Blot Turbo PVDF Transfer Packs (Bio-Rad Laborato-
ries). After blocking in nonfat milk, membranes were incubated overnight at
4 °C with primary antibody for HILPDA, a kind gift of Christina Warnecke, Depart-
ment of Nephrology and Hypertension, University Hospital Erlangen, Friedrich-
Alexander-University Erlangen-N€urnberg, Erlangen, Germany; ATGL (2138S; Cell
Signaling Technology); phospho–NF-κB p65 (Ser536; 3033T; Cell Signaling
Technology); phospho-Stat3 (Tyr705; 9145T; Cell Signaling Technology);
phospho–c-Jun (Ser63; 9261S; Cell Signaling Technology); ACTIN (5057; RRID:
AB_10694076; Cell Signaling Technology); or HSP90 (4874S; RRID:
AB_2121214; Cell Signaling Technology). Membranes were subsequently incu-
bated with secondary antibody (anti-rabbit immunoglobulin G, horseradish
peroxidase–linked antibody; 7074; Cell Signaling Technology) for 1 h at 4 °C.
Membranes were developed using Clarity ECL substrate (Bio-Rad Laboratories)
and images were acquired with the ChemiDoc MP System (Bio-Rad
Laboratories).
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Enzyme-Linked Immunosorbent Assay. IL-6, TNFα, IL-10, and IL-1RA con-
centrations were measured in cell supernatants with DuoSet Sandwich Enzyme-
Linked Immunosorbent Assay (ELISA) Kits (DY406/DY410/DY417/DY490; R&D
Systems, Bio-Techne) according to the manufacturer’s instructions. PGE2 was
measured with the PGE2 ELISA Kit Monoclonal (514010; Cayman Chemicals).
Normalization for peritoneal macrophages was performed by determining the
DNA concentration per well (Quant-iT dsDNA Assay Kit High Sensitivity; Q33120;
Thermo Fisher Scientific).

Functional Assays. BMDMs were treated with LPS (100 ng/mL) for 24 h to
induce LD accumulation and used for various functional assays. Technical details
can be found in the SI Appendix.

Bacterial Killing Assay. E. coli were grown to an optical density of 1 at 600
nm and diluted toward 1 × 105 colony-forming units (CFUs) per milliliter.
BMDMs from HilpdaΔLysM and Hilpdafl/fl mice were seeded at a density of
50,000 cells per well in 96-well plates and treated overnight with atglistatin,
LPS, or LPS + atglistatin for 24 h. BMDMs were coincubated with E. coli (total
multiplicity of infection 100) for 30 min and subsequently washed with 200 μg/
mL gentamycin. Cells were lysed directly after 30 min (t = 0), or after 4 (t = 4)
or 24 h (t = 24) of incubation at 37 °C and 10% CO2. BMDMs were lysed and
bacteria were plated in serial dilutions on Lysogeny broth-agar plates overnight
at 30 °C, after which the CFUs were counted.

Extracellular Flux Assay. The extracellular flux of HilpdaΔLysM and Hilpdafl/fl

BMDMs was measured after 24-h treatment with LPS (100 ng/mL) using the Sea-
horse XF-96 Analyzer (Agilent Technologies). BMDMs were seeded in XF-96
plates (Agilent Technologies) and cultured at 37 °C and 5% CO2. Before mea-
surement, BMDMs were washed and cultured in Seahorse XF base medium
(Agilent Technologies) without sodium bicarbonate, supplemented with 2 mM
L-glutamine for the glycolytic stress test or with 2 mM L-glutamine and 25
mM glucose for the measurement of oxidative phosphorylation, for 1 h at
37 °C in a non-CO2 incubator. For the glycolytic stress test, glucose (25 mM),
oligomycin (1.5 μM), and 2-DG (50 mM) were injected, respectively, and the
ECAR was measured at baseline and following injections. For the measure-
ment of OXPHOS and FAO, etomoxir (50 μM) was injected and the OCR was
measured at baseline and following the injection. Calculations were made
using the Seahorse XF-96 software Wave Desktop 2.6 (RRID: SCR_014526;
Agilent Technologies).

qPCR. Total RNA was isolated with TRIzol reagent (Invitrogen, Thermo Fisher Sci-
entific), and from spleen macrophages using the RNeasy Micro Kit (QIAGEN).
Complementary DNA (cDNA) was synthesized from 500 ng RNA with the iScript
cDNA Kit (Bio-Rad Laboratories) according to the manufacturer’s instructions. The
CFX384 Touch Real-Time Detection System (Bio-Rad Laboratories) was used to
assess amplification of Pnpla2 templates (forward primer 50-CAACGCCACTCA-
CATCTACGG-30; reverse primer 50-GGACACCTCAATAATGTTGGCAC-30) or Hilpda
templates (forward primer 50-TCGTGCAGGATCTAGCAGCAG-30; reverse primer 50-
GCCCAGCACATAGAGGTTCA-30) with the SensiMix Kit for SYBR Green reactions

(QT650-05; BioLine). Mouse 36b4 expression was used to normalize the quanti-
fication (forward primer 50-ATGGGTACAAGCGCGTCCTG-30; reverse primer 50-
GCCTTGACCTTTTCAGTAAG-30).

Power Calculation Animal Study. From a pilot study, we concluded that mac-
rophages from HilpdaΔLysM mice after stimulation with LPS showed a 1.4-fold
up-regulation in the mRNA expression of Il6, compared with Hilpdafl/fl mice. SDs
between several experiments were tested between 0.1 and 0.2. The group size
was estimated with a power calculation assuming use of a one-way ANOVA with
a significance level of 0.05 and a power of 80%, including at least 10 pairwise
comparisons between groups, leading to an estimation of around n = 7 mice
needed per group. To allow compensation for unforeseen circumstances and
account for potential loss of mice during the study, we included 8 mice per
genotype, per group.

Statistical Analysis. Analysis and visualization for the Olink data were per-
formed with the R language (CRAN; RRID: SCR_003005; https://www.r-project.
org) using the packages ggbiplot (PCA) and ggplot2 (volcano plots). Details on
statistical analyses can be found in the figure legends. N represents either the
number of animals used or the number of in vitro replications performed. Data
are represented as mean ± SD or as indicated. Statistical analyses were per-
formed using the unpaired Student’s t test, Mann–Whitney U test, or two-way
ANOVA followed by either Bonferroni’s or Sidak’s post hoc multiple-comparisons
test, if both genotype and treatment were found to be significant. A value of P <
0.05 was considered statistically significant. All data were visualized and ana-
lyzed using Prism version 5.0 or 8.0 (GraphPad Software) or R Studio (PBC;
https://www.rstudio.com/).

Data Availability. All study data are included in the article and/or
SI Appendix.
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