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INTRODUCTION

Bacterial infections elicit acute inflammation as a protec-
tive immune reaction that helps the host to eliminate the 
invading microorganism, followed by active resolution 
of inflammation, tissue repair and regeneration [1–3]. 

The early inflammatory response is mediated by host-
derived pro-inflammatory lipid mediators (LMs) such 
as prostaglandins (PG) and leukotrienes (LT), enzymati-
cally produced via oxygenation of arachidonic acid (AA) 
by cyclooxygenase (COX) or 5-lipoxygenase (LOX) path-
ways [4] (Figure 1a). Notably, the subsequent resolution 
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Abstract
Staphylococcus aureus causes severe infections associated with inflammation, such 
as sepsis or osteomyelitis. Inflammatory processes are regulated by distinct lipid 
mediators (LMs) but how their biosynthetic pathways are orchestrated in S. aureus 
infections is elusive. We show that S. aureus strikingly not only modulates pro-
inflammatory, but also inflammation-resolving LM pathways in murine osteomyeli-
tis and osteoclasts as well as in human monocyte-derived macrophages (MDMs) with 
different phenotype. Targeted LM metabololipidomics using ultra-performance liq-
uid chromatography-tandem mass spectrometry revealed massive generation of LM 
with distinct LM signature profiles in acute and chronic phases of S. aureus-induced 
murine osteomyelitis in vivo. In human MDM, S. aureus elevated cyclooxygenase-2 
(COX-2) and microsomal prostaglandin E2 synthase-1 (mPGES-1), but impaired the 
levels of 15-lipoxygenase-1 (15-LOX-1), with respective changes in LM signature pro-
files initiated by these enzymes, that is, elevated PGE2 and impaired specialized pro-
resolving mediators, along with reduced M2-like phenotypic macrophage markers. 
The cell wall component, lipoteichoic acid (LTA), mimicked the impact of S. aureus 
elevating COX-2/mPGES-1 expression via NF-κB and p38 MAPK signalling in MDM, 
while the impairment of 15-LOX-1 correlates with reduced expression of Lamtor1. 
In conclusion, S. aureus dictates LM pathways via LTA resulting in a shift from anti-
inflammatory M2-like towards pro-inflammatory M1-like LM signature profiles.
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of inflammation is actively facilitated by a superfamily 
of bioactive LM, that is, the specialized pro-resolving 
mediators (SPMs) [3, 5] (Figure 1a). SPMs comprise li-
poxins (LX), resolvins (Rv), protectins (PD) and maresins 
(MaR), formed by specific oxygenase pathways from AA, 
eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA) [6], where 15-LOXs are considered key enzymes 
with mainly anti-inflammatory and pro-resolving features 
[7–9]. SPMs are new potential therapeutics in infectious 
inflammation by supporting the host immune defence 
against bacteria and lowering antibiotic requirements [1, 
10]. Notably, failure in SPM biosynthesis can result in ex-
cessive inflammatory responses and unresolved, chronic 
inflammation upon infection [11, 12].

Staphylococcus (S.) aureus represents the major cause 
for numerous life-threatening infections, such as bacte-
raemia, septicaemia, pneumonia, endocarditis, as well 
as osteomyelitis, skin and soft tissue and device-related 
infections [13, 14]. The interaction of S. aureus with the 
host is complex since S. aureus utilizes various strate-
gies to evade the host immune response, which are likely 
reasons for the ineffectiveness of antibacterial treatment 
[15, 16]. Therefore, understanding of the cell biology of 
the interaction between S. aureus and the host, particu-
larly phagocytic innate immune cells, is of utmost impor-
tance. We recently demonstrated that exposure of human 
monocyte-derived macrophages (MDMs) to S. aureus elic-
ited pronounced formation of pro-inflammatory LTs and 
PGs from M1-MDM and marked biosynthesis of SPMs 
and other 15-LOX products from M2-MDM within min-
utes to few hours [8, 9]. In such short-term incubations 
(≤3  h), the bacteria and their virulence factors function 
as stimuli to activate the LM-biosynthetic pathways [8], 
but whether the expression of key LM pathway enzymes 
is affected remains unknown. Therefore, we were inter-
ested how S. aureus would affect the expression of LM-
biosynthetic enzymes and the concomitant LM signature 
profiles in human MDM upon prolonged exposure (up 

to 96 h), particularly during the acquirement of a certain 
macrophage phenotype. We first studied a mouse model 
of S. aureus-induced osteomyelitis in vivo and S. aureus-
infected murine osteoclasts in vitro. Since macrophages 
are the main sources of precursors of osteoclasts [17], we 
subsequently focused on human MDM exposed to S. au-
reus. We report that in human MDM, S. aureus, on the one 
hand, causes marked induction of COX-2 and microso-
mal PGE2 synthase (mPGES)-1 protein expression, while 
suppressing IL-4-induced 15-LOX-1 protein levels during 
macrophage polarization. These actions of S.  aureus in 
human MDM were mimicked by lipoteichoic acid (LTA), a 
major cell wall component of Gram-positive bacteria [18, 
19], and lead to a shift from pro-resolving towards pro-
inflammatory LM.

RESULTS

Formation of lipid mediators in S. aureus-
induced murine osteomyelitis in vivo

Osteomyelitis represents a bone infection associated 
with destruction of bone tissue, which is prevalently 
caused by S. aureus [20, 21] and frequently develops a 
chronic course with relapsing infection despite proper 
antimicrobial treatment [22, 23]. We studied the LM 
signature profiles by targeted LM metabololipidom-
ics using ultra-performance liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS) in mouse 
models of acute (1  week) and chronic (6  weeks) os-
teomyelitis in vivo, induced upon i.v. infection with 
S. aureus [24]. X-ray images showed swelling and ini-
tial bone destruction during the acute phase (1 week), 
with marked swelling and bone remodelling during the 
chronic phase (6 weeks; Figure 1b). LMs were analysed 
not only in the bone, but also in spleen and lung. The 
amounts of many specific LM were strikingly increased 

F I G U R E  1   LM profiles in a mouse model of acute and chronic osteomyelitis in vivo and in murine osteoclasts. (a) Schematic 
representation of the investigated LM-biosynthetic pathways involving COX, 5-LOX or 15-LOX-1 leading to respective LM. (b–c) Female 
mice received S. aureus (106 CFU/ 200 µl) by i.v. injection. (b) Bone destruction was monitored by X-ray imaging both in the acute phase 
(1 week) and chronic phase (6 weeks) of the infection. (c) Biosynthesized LMs were isolated from spleen, lung and bone and analysed by 
UPLC-MS/MS. Bar charts of selected LM are shown as pg/25 mg tissue. Results are given as means + SEM; n = 3–5; *p < 0.05; **p < 0.01; 
***p < 0.001, acute phase versus chronic phase. (d–f) Murine osteoclasts were exposed to S. aureus for 2 h, treated with lysostaphin for 
30 min, and further cultivated for the indicated times. (D) Both vehicle- and S. aureus-treated cells were stimulated with SACM (0.5%) 
in PBS plus 1 mM CaCl2 for 60 min. Osteoclasts were stimulated with SACM (0.5%) in PBS plus 1 mM CaCl2 for 60 min. LMs in the 
supernatants were analysed by UPLC-MS/MS. Bar charts of selected LM are shown as pg/106 cells. Results are given as means + SEM at 
72 h; n = 3; *p < 0.05; **p < 0.01; ***p < 0.001, S. aureus versus vehicle. (e) Cells were immunoblotted for COX-1, COX-2, mPGES-1, 5-LOX 
and 15-LOX-1, and normalized to β-actin for densitometric analysis. Exemplary results (left panel) and densitometric analysis (right panel) 
are shown; data are shown as means + SEM; n = 3; *p < 0.05; **p < 0.01 S. aureus versus vehicle. (f) Cytokines released from osteoclasts, 
shown as pg/106 cells. Results are given as means + SEM; n = 3; *p < 0.05; **p < 0.01; ***p < 0.001, S. aureus versus vehicle. Data were log-
transformed for statistical analysis, unpaired Student's t-test (c–f). See also Table S1 and Table S2
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in infected mice in the acute phase vs. sham animals, 
irrespective of the tissue type (Figure 1c and Table S1). 
During the chronic phase, 5-LOX-  and COX-derived 
products were decreased in all three tissues vs. the acute 
phase, except PGD2 in bone and spleen that was further 
elevated. Of interest, among SPMs in spleen and lung, 
PD1, PDX, MaR1 and 14-HDHA increased during the 
chronic phase, while RvD2, RvD4, RvE3, LXA4 and 
other 12/15-LOX-derived products were diminished 
(Figure 1a, c and Table S1). In bone, none of the SPMs 
were elevated in the chronic vs. the acute phase.

To study the modulation of LM pathways by S. aureus 
in an osteomyelitis-relevant model on the cellular level, 
we exposed murine osteoclasts to S. aureus. To avoid 
osteoclast cell death due to unhindered and excessive 
bacterial growth, we exploited a lysostaphin protection 
assay [25, 26]. Thus, osteoclasts were exposed to S. au-
reus at a multiplicity of infection (MOI) of 10 for only 
2 h, extracellular bacteria were then eliminated by lyso-
staphin and osteoclasts were further cultivated for up to 
72 h to impact expression of LM-biosynthetic enzymes. 
To fully activate these enzymes and thus to elicit LM 
formation, the osteoclasts were treated with S. aureus-
conditioned medium (SACM) for 1 h as suitable stimu-
lus, as reported before [8]. In the absence of S. aureus, 
osteoclasts exposed to SACM produced several LM, 
including pro-inflammatory COX-  and 5-LOX-derived 
eicosanoids as well as 12/15-LOX products and other 
monohydroxy-containing products, but SPMs were not 
generated (Figure 1d and Table S2). Pre-exposure to 
S. aureus decreased the generation of 5-LOX-derived 
LM after 24–72  h, but elevated formation of prosta-
noids (PGE2, PGD2, PGF2α, TXB2) after 24 h that subse-
quently declined (Figure 1d and Table S2). The mouse 
12/15-LOX-derived LMs were inconsistently modulated; 
for instance, 17-HDHA, 15-HEPE and 12-HEPE levels 
were increased, but 14-HDHA formation was impaired 
(Figure 1d and Table S2). We then assessed whether the 
exposure to S. aureus impacts the protein levels of LM-
biosynthetic enzymes in murine osteoclasts. COX-2 and 
mPGES-1  levels were increased and peaked 24  h after 
exposure to S. aureus with subsequent moderate tempo-
ral decline (Figure 1e). Surprisingly, 5-LOX protein lev-
els were elevated by S. aureus, particularly at later time 
points (48 and 72  h), whereas 15-LOX levels were not 
affected (Figure 1e). Besides LM, we also analysed cyto-
kines that were shown to be secreted by osteoclasts upon 
S. aureus exposure [27]. The release of tumour necrosis 
factor (TNF)α, interleukin (IL)-6, IL-1β and IL-10  sig-
nificantly increased upon S. aureus exposure, although 
the absolute amounts of these cytokines were low, ex-
cept for IL-10 (Figure 1f).

S. aureus impacts production of 
cytokines and lipid mediators in 
human MDM

To explore whether the modulation of LM pathways by S. 
aureus is also a common pattern in other cell types and 
other species, particularly in human innate immune cells, 
we investigated human MDM that like osteoclasts derive 
from monocytes but possess high capacities to produce a 
large panel of LM in response to S. aureus exotoxins, de-
pending on their phenotype [8, 9]. Macrophages are con-
sidered as precursors of osteoclasts [17] as they can switch 
from an inflammatory phenotype towards differentiation 
into osteoclasts [28]. Human MDMs were exposed to S. 
aureus at a low MOI of 2 in parallel to polarization to-
wards M1-like cells using interferon-γ (IFN-γ; designated 
as MIFN-γ) and towards M2-like MDM using IL-4 (MIL-4) or 
devoid of polarization (M0). After 2 h of infection, external 
bacteria were eliminated by lysostaphin, and MDMs were 
cultured for up to 96 h (Figure 2a). Analysis of intracellu-
lar bacterial loads showed that approximately 106 colony 
forming units (CFU) remained per 106 MDM (M0, MIFN-γ 
and MIL-4) up to 6 h after lysostaphin treatment, which de-
clined to approximately 103 CFU per 106 MDM at 48 h and 
bacteria were completely cleared after 96 h post-infection, 
except in MIL-4 where some intracellular bacteria still re-
mained (Figure 2b). Regardless of the MDM phenotype, S. 
aureus caused substantial release of the pro-inflammatory 
cytokines IL-1β, TNFα and IL-6 with maximal effects at 
6, 24 and 96 h post-S. aureus infection, respectively, while 
anti-inflammatory IL-10 was hardly affected (Figure 2c).

96  h upon S. aureus infection, defined alterations in 
SACM-induced generation of bioactive LM, largely in-
dependent of the MDM phenotype, were evident (Table 
1 and Figure 2d). Thus, the formation of 5-LOX-derived 
LM (e.g. LTB4) declined, while formation of COX-derived 
PGE2 strongly increased due to precedent S. aureus expo-
sure (Table 1 and Figure 2d). Also, PGD2 was elevated in 
M0 and MIFN-γ by S. aureus, but decreased in MIL-4, and 
other COX-derived LM like PGF2α or TXB2 were either 
unaffected or impaired, particularly in MIL-4 (Table 1). 
Moreover, the robust formation of SPMs and other prom-
inent 15-LOX-derived products (e.g. 17-HDHA, 15-HETE, 
15-HEPE, 12-HETE, 5,15-diHETE) in MIL-4 was reduced 
upon exposure to S. aureus, but also in M0 and MIFN-γ (Table 
1 and Figure 2d). The levels of the substrates AA, DHA and 
EPA were slightly elevated from the bacterial challenge 
in M0 and MIFN-γ, but more prominent in the MIL-4 (Table 
1). Together, the exposure of MDM impairs 5-LOX-  and 
15-LOX-derived LM formation, but potently increases the 
formation of PGE2 in all MDM phenotypes, with relatively 
minor or no elevations of other COX-derived prostanoids.
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S. aureus differentially modulates lipid 
mediator-biosynthetic enzyme expression

The capacities to produce LM mainly depend not only 
on the levels of free PUFA, but also on the amounts of 
LM-biosynthetic enzymes in the cell. Thus, we next in-
vestigated whether the exposure of MDM to S. aureus 

would impact the protein levels of LM-biosynthetic en-
zymes. While the levels of the constitutively expressed 
COX-1 were unaffected, those of inducible COX-2 were 
significantly increased in all three MDM types 6 h post-
infection with S. aureus and remained high in M0 and 
MIFN-γ up to 96 h, while they declined after 24 up to 96 h 
in MIL-4 (Figure 3a and S1). Besides COX-2, also mPGES-1 

F I G U R E  2   S. aureus dictates formation of cytokines and lipid mediators in human MDM. (a–d) M0 were treated with IFN-γ, IL-4 or 
vehicle in the absence or presence of S. aureus 6850 for 2 h, treated with lysostaphin for 30 min and further grown with IFN-γ, IL-4 or 
vehicle (w/o) for the indicated times. (a) Schematic presentation of the experimental setup. (b) Cells were detached, lysed and intracellular 
bacterial loads were determined. Data are means + SEM; n = 3 separate donors. (c) Cytokines released by macrophages, shown as pg/106 
cells. Results are given as means + SEM; n = 3–4 separate donors; *p < 0.05; **p < 0.01; ***p < 0.001, S. aureus versus vehicle. (d) Both 
vehicle- and S. aureus-treated cells were stimulated with SACM (1%) in PBS plus 1 mM CaCl2 for 90 min. LMs in the supernatants were 
analysed by UPLC-MS/MS. Data were normalized to the protein content of macrophages (µg/ml); vehicle-treated M0, MIFN-γ or MIL-4 for 6 h 
were used for normalization (100%). Bar charts of selected LM are shown as pg/106 cells. Results are means + SEM at 96 h; n = 4–5 separate 
donors; *p < 0.05, S. aureus versus vehicle. Data were log-transformed for statistical analysis, unpaired Student's t-test (c, d)
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expression was strongly increased in M0 and MIFN-γ upon 
S. aureus infection for ≥48 h and, somewhat delayed also 
in MIL-4. In contrast, 15-LOX-1, which is induced during 
M2 polarization but not in other MDM phenotypes, was 
strongly suppressed by S. aureus (Figure 3a), explaining 
why 12/15-LOX products were impaired despite elevated 
PUFA levels (Table 1). Note that the protein levels of other 
LM-biosynthetic enzymes, for example, 15-LOX-2, cyto-
solic phospholipase A2 (cPLA2), 5-LOX, 5-LOX-activating 
protein (FLAP) and LTA4 hydrolase (LTA4H), remained 
unaffected or were only slightly but not significantly al-
tered (e.g. COX-1 and 5-LOX in MIL-4 at 96 h) (Figures 3a 
and S1), highlighting COX-2, mPGES-1 and 15-LOX-1 as 
highly susceptible proteins for modulation by S. aureus.

To study how S. aureus affects the MDM phenotype during 
polarization, the expression of characteristic M1/M2 surface 

markers was analysed by flow cytometry. Exposure to S. au-
reus caused a slight increase in the M1 markers CD80 and 
CD54, while it caused a strong decrease in the M2 markers 
CD206 and CD163 in all three MDM subtypes, suggesting 
that S. aureus shifts MDM from M2-like towards an M1-like 
phenotype (Figures 3b and S2). Note that cell viability of the 
MDM was not markedly affected up to 96 h by S. aureus ex-
posure (for 2 h and subsequent extracellular bacterial killing 
with lysostaphin; Figure S3a).

Attenuated S. aureus accomplish the 
MDM-modulatory effects of vital bacteria

Staphylococcus aureus may impact cytokines and LM-
biosynthetic pathways in MDM in two different ways: 

F I G U R E  3   Modulation of the levels of LM-biosynthetic enzymes and surface markers in human MDM by S. aureus. (a, b) M0 were 
treated with IFN-γ, IL-4 or vehicle in the absence or presence of S. aureus 6850 for 2 h, treated with lysostaphin for 30 min and further 
grown with IFN-γ, IL-4 or vehicle (w/o) for the indicated times. (a) Cells were harvested and immunoblotted for the indicated proteins and 
normalized to β-actin for densitometric analysis. Exemplary results (left panel) and densitometric analysis (right panel) are shown. Data 
are means + SEM; n = 4–7 separate donors; *p < 0.05; **p < 0.01; ***p < 0.001, S. aureus versus vehicle. Data were log-transformed for 
statistical analysis, unpaired Student's t-test. (b) Expression of M1 markers CD80, CD54 and M2 markers CD206, CD163 was measured by 
flow cytometry. Data are presented as mean fluorescence intensity of the respective markers among living CD14+ cells. Results are given as 
means + SEM; n = 3 separate donors; *p < 0.05, **p < 0.01, S. aureus versus vehicle. For statistical analysis, paired Student's t-test was used. 
See also Figures S1–S3
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(i) the initial exposure of MDM might be sufficient to 
trigger the response and (ii) the permanent presence 
of intracellular live bacteria might be causative. When 
S. aureus was attenuated by heat inactivation prior to 
addition to MDM, the release of cytokines tended to 
increase (Figure S4), as with vital S. aureus, although 
with a lower magnitude. Also, the strong elevation of 
COX-derived PGE2 and PGD2 by M0 and MIFN-γ was ob-
vious for attenuated S. aureus (Figure 4a and Table S3). 
In contrast, 5-LOX-derived LMs were rather increased 
(Figure 4a and Table S3), indicating that suppression 
of 5-LOX product formation requires vital S. aureus. 
The production of 15-LOX-derived LM and the levels of 
AA, DHA and EPA remained largely unaffected in re-
sponse to attenuated S. aureus in all MDM phenotypes. 

However, 15-LOX-derived SPMs in MIL-4 were reduced 
upon incubation with attenuated S. aureus as compared 
to vital bacteria (Figure 4a and Table S3).

Modulation of protein levels of LM-biosynthetic en-
zymes in MDM by attenuated S. aureus was similar as for 
vital S. aureus with most prominent effects at 96 h. Thus, 
COX-2 and mPGES-1 levels were increased, whereas 15-
LOX-1 protein amounts were impaired, and expression of 
15-LOX-2, cPLA2, 5-LOX, FLAP and LTA4H was hardly af-
fected (Figures 4b and S5). Conclusively, the modulatory 
effects of S. aureus on MDM are at least partially caused 
by bacterial component(s), present in vital and attenuated 
S. aureus. Like for vital S. aureus, the viability of MDM 
was not markedly affected by exposure to attenuated bac-
teria (Figure S3b).

F I G U R E  4   Attenuated S. aureus accomplish the MDM-modulatory effects of vital S. aureus. (a, b) M0 were treated with IFN-γ, IL-4 
or vehicle in the absence or presence of attenuated S. aureus (treatment at 95°C for 10 min) for 2 h, treated with lysostaphin for 30 min 
and further grown with IFN-γ, IL-4 or vehicle (w/o) for the indicated times. (a) Both vehicle- and attenuated S. aureus-treated cells were 
stimulated with SACM (1%) in PBS plus 1 mM CaCl2 for 90 min. LMs in the supernatants were analysed by UPLC-MS/MS. Data were 
normalized to the protein content of macrophages (µg/ml); vehicle-treated M0, MIFN-γ or MIL-4 for 6 h were used for normalization (100%). 
Bar charts of selected LM are shown as pg/106 cells. Results are means + SEM at timepoint 96 h; n = 3–5 separate donors; attenuated 
S. aureus versus vehicle. (b) Cells were immunoblotted for the indicated proteins and normalized to β-actin for densitometric analysis. 
Exemplary results (left panel) and densitometric analysis (right panel) are shown. Data are shown as means + SEM; n = 3–7 separate 
donors; *p < 0.05; **p < 0.01, attenuated S. aureus versus vehicle. Data were log-transformed for statistical analysis; unpaired Student's t-test 
(a, b). See also Figures S4 and S5 and Table S3
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LTA mimics S. aureus-induced 
modulation of LM biosynthesis

LTA, a cell wall component of Gram-positive bacteria, 
such as S. aureus binds to toll-like receptor (TLR)-2 [19, 
29] and induces inflammatory responses such as secretion 
of TNFα, IL-6, IL-1β and IL-10 from various leukocytes, 
and increased COX-2 expression [30]. We hypothesized 
that LTA, which is released spontaneously into the cul-
ture medium during growth of S. aureus [18], may repre-
sent the active principle of S. aureus-induced modulation 
of LM-biosynthetic pathways. Release of LTA from intact 
S. aureus was substantial after 4-h culture with marked 
decline after 24 h, whereas LTA was hardly present in the 
corresponding SACM after 4 h, but strongly elevated after 
24  h (Figure 5a). The amount of LTA released from in-
tact S. aureus at MOI 2 was estimated at approximately 
0.3–0.5 µg LTA per ml from the WB data. We therefore 
performed subsequent experiments with 1 µg/ml recom-
binant LTA. Treatment of MDM with 1 µg/ml LTA dur-
ing polarization impaired cell viability, but still more than 
60% of the cells were viable after 96 h (Figure S3c). The 
release of cytokines by MDM was increased upon LTA ad-
dition, being rapid for TNFα and IL-6 (i.e. maximum at 
6–24 h) and somewhat delayed for IL-1β and IL-10 (maxi-
mum at 48 h) (Figure 5b). In contrast to S. aureus, 5-LOX 
product formation after 96 h was increased in LTA-treated 
MDM, especially in MIL-4 (Figure 5c). Note that LTA after 
96  h significantly elevated PGE2 biosynthesis in M0 and 
MIFN-γ, but less in MIL-4, while PGD2, PGF2α and TXB2 
were not affected or decreased in all subtypes (Figure 5c 
and Table S4). Formation of 12/15-LOX-derived LM (e.g. 
17-HDHA, 15-HETE) including SPM as well as the re-
lease of AA, EPA and DHA was hardly altered or slightly 
elevated by LTA (Figure 5c and Table S4). In agreement 
with marked PGE2 formation, LTA increased mPGES-1 
protein levels in M0 and MIFN-γ, but not in MIL-4, at 24, 48 
and 96 h (Figure 5d). COX-2 protein levels were strongly 
elevated by LTA after 6 h but declined afterwards in all 
MDM phenotypes (Figure 5d). In analogy to S. aureus, 
LTA prevented IL-4-induced 15-LOX-1 expression in 
MIL-4 (Figure 5d). Note that 15-LOX-derived LMs includ-
ing SPM were only hardly diminished by LTA in MIL-4, 
possibly because 15-LOX-2 was still expressed (Figure S6) 
that accomplished 15-LOX product formation. Because 
LTA acts as TLR-2 agonist [19, 29], we studied the in-
volvement of the TLR-2 in LM pathways induced by LTA. 
TLR-2 (CD282) expression in M0 was confirmed by flow 
cytometry and was hardly affected by exposure to S. au-
reus up to 96 h (Figure S7). To determine the role of TLR-2 
in LTA-elevated LM formation, we employed the TLR-
2-specific inhibitor MMG-11 (Biozol, Eching, Germany). 
Only formation of those LM that were increased by LTA 

6 h after exposure, in particular COX products, was im-
paired by MMG-11 but not basal LM production of, for 
example, 17-HDHA or 7-HDHA (Figure 5e, Table S5), in-
dicating the requirement of TLR-2 for LTA-triggered LM 
biosynthesis. Together, LTA essentially mimicked the ef-
fects of S. aureus on LM pathways: it strongly enhanced 
COX-2 and mPGES-1 expression along with marked PGE2 
formation in M0 and MIFN-γ but suppressed 15-LOX-1 pro-
tein levels in MIL-4.

Elevation of COX-2 and mPGES-1 protein 
by LTA involves NF-κB and p38 MAPK 
while downregulation of 15-LOX-1 protein 
correlates with Lamtor1 expression

Next, we studied whether NF-κB, p38  MAPK, JNK and 
ERK-1/2 that typically act upstream of induction of COX-2 
expression [31-34] play a role in LTA-induced elevation 
of COX-2 protein levels. LTA enhanced the phosphoryla-
tion of NF-κB, p38  MAPK and JNK in both MIFN-γ and 
MIL-4 with a peak at 60  min upon exposure (Figure 6a). 
The levels of phosphorylated ERK-1/2 were not affected 
by LTA (Figure S8). To assess the requirement of NF-κB, 
p38 MAPK and JNK signalling in LTA-induced elevation 
of COX-2 protein levels, we employed parthenolide, ske-
pinone-L and SP600125 to block the respective pathway. 
The inhibitors had only weak effects on MDM viability 
after 6-h incubation (Figure S9a). Blocking NF-κB with 
parthenolide strongly impaired LTA-induced COX-2 ex-
pression in MIFN-γ and MIL-4. Inhibition of p38 MAPK by 
skepinone-L was less effective and interference with JNK 
by SP600125  hardly reverted COX-2 expression (Figure 
6b). Since the functionally coupled COX-2 and mPGES-1 
are often co-induced by various stimuli, we speculated that 
NF-κB and p38  MAPK may regulate also LTA-induced 
mPGES-1 expression. Because LTA-evoked mPGES-1 
expression was delayed versus COX-2 and largely ab-
sent in MIL-4, we treated only MIFN-γ with the inhibitors, 
and in this case for 48 h. In analogy to COX-2, blockade 
of NF-κB and p38 MAPK abrogated LTA-induced eleva-
tion of mPGES-1 levels while inhibition of JNK was less 
effective (Figure 6c). Also, after 48  h, cell viability was 
not substantially affected by the inhibitors (Figure S9b). 
Together, these results suggest that LTA elevates COX-2 
and mPGES-1 expression via NF-κB and, to a minor ex-
tent, also via p38 MAPK.

Finally, we investigated which of the multiple sig-
nalling pathways that regulate 15-LOX-1 expression 
[35] (Figure S10a) might be affected by S. aureus and 
LTA in MIL-4  leading to reduced 15-LOX-1 protein lev-
els. Addition of celecoxib to S. aureus-treated MIL-4 to 
block the COX-2-mediated increase in PGE2 failed to 
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restore 15-LOX-1 protein levels in these cells indicat-
ing that impaired 15-LOX-1 is not due to concomitant 
elevation of PGE2 (Figure S10b). Staphylococcus aureus 
treatment did not affect the expression of the CD124, 
a subunit of the IL-4 receptor (Figure S10c). As men-
tioned above, phosphorylation of ERK-1/2 that medi-
ated 15-LOX-1 expression in human M2-MDM [36] was 
moderately influenced by LTA (Figure 6d). Similarly, the 
phosphorylation of STAT-6, Akt, p70S6 kinase (p70S6K) 
and cellular myelocytomatosis oncogene (c-Myc) were 
largely unaffected by LTA (Figure 6d), but of interest, 
LTA significantly diminished the expression of late en-
dosomal/lysosomal adaptor, MAPK and mTOR activator 
1 (Lamtor1) during M2 polarization (Figure 6d).

DISCUSSION

Staphylococcus aureus persistently colonizes ~20% of 
healthy individuals without provoking any symptoms, 
while 80% of the population are either transiently colo-
nized or non-carriers [13, 37]. However, S. aureus can 
cause a variety of diseases, ranging from soft tissue in-
fections to severe life-threatening disorders [14]. For in-
stance, S. aureus prevalently causes osteomyelitis [20, 21], 
which frequently develops chronicity despite antimicro-
bial treatment [22, 23]. To optimize treatment strategies, 
broader understanding of the complex interactions be-
tween S. aureus and the host is necessary [16]. Here, we 
aimed at investigating how S. aureus affects LM pathway 
expression and consequently the respective LM profiles 
in host cells, and at gaining insights into the molecular 
mechanisms underlying the modulation of LM networks 
by S. aureus.

We exploited a murine in vivo model of haematog-
enous osteomyelitis that closely reflects the human 
disease [24], induced by i.v. infection with the well-
characterized S.  aureus strain 6850. We observed 

distinct formation of LM in the acute and the chronic 
phase, which also depends on the type of tissue. 
5-LOX-derived products declined in all examined tis-
sues in the chronic vs. the acute phase, indicating an 
impaired pro-inflammatory status in the chronic phase. 
Reduced LTB4  levels in chronic vs. acute osteomyelitis 
were evident also in tissue samples of human patients 
from the osteomyelitic focus [38]. Also, lower amounts 
of COX-derived products were found in all examined tis-
sues in the chronic vs. acute phase, in contrast to previ-
ous studies that reported elevated PGs at the site of bone 
loss in osteomyelitis models [39].

In bone repair, PG production in the early inflamma-
tory phase was proposed to be involved in bone healing 
[40]. PGD2 was the only COX product that increased in 
the chronic phase, at least in spleen and bone. In fact, 
PGD2  has protective, anti-inflammatory effects in the 
early acute phase of inflammation but exacerbates leu-
kocyte migration, activation and survival in the chronic 
phase [41–43] implying pro-inflammatory functions for 
PGD2 in chronic osteomyelitis. Possibly, the bone cells 
may try to compensate for the loss of anti-inflammatory 
and pro-resolving LMs including SPM by elevating the 
production of PGD2. In spleen and lung, several SPM 
and related 12/15-LOX products were lower in the 
chronic phase, while a few SPMs (i.e. PD1, PDX, MaR1) 
were elevated in these organs, to potentially promote 
resolution of inflammation, bacterial clearance and tis-
sue repair [3, 5, 44]. In contrast, in bone, none of the 
SPMs were increased in the chronic phase, indicating 
impaired inflammation resolution, which is in accor-
dance with the X-ray images showing bone destruction. 
Thus, bone with chronic unresolved infection expressed 
low levels of SPMs.

To study the modulation of LM pathways by S. au-
reus on the cellular level, we used murine osteoclasts. 
Staphylococcus aureus was shown to infect and prolif-
erate within bone-resorbing osteoclasts by avoiding 

F I G U R E  5   Effects of LTA from S. aureus on LM pathways in human MDM. (a–d) M0 were treated with IFN-γ, IL-4 or vehicle 
(w/o) in the absence or presence of 1 µg/ml LTA for the indicated times. (a) LTA in intact S. aureus and in SACM was immunoblotted. 
Densitometric analysis (upper panel) and exemplary blot (lower panel) are shown. Results are means + SEM; n = 3–4 separate bacteria 
cultures; *p < 0.05, **p < 0.01, 4 h versus 24 h. (b) Cytokines released by MDM, shown as pg/106 cells. Results are means + SEM; 
n = 3 separate donors; *p < 0.05; **p < 0.01; ***p < 0.001, LTA versus vehicle. (c) Both vehicle- and LTA-treated cells were stimulated with 
SACM (1%) in PBS plus 1 mM CaCl2 for 90 min. LMs in the supernatants were analysed by UPLC-MS/MS. Data were normalized to the 
protein content of macrophages (µg/ml); vehicle-treated M0, MIFN-γ or MIL-4 grown for 6 h were used for normalization (100%). Bar charts 
of selected LM are shown as pg/106 cells. Results are means + SEM at 96 h; n = 4 separate donors; **p < 0.01, LTA versus vehicle. (d) Cells 
were immunoblotted for the indicated proteins and normalized to β-actin for densitometric analysis. Exemplary results (left panel) and 
densitometric analysis (right panel) are shown. Data are means + SEM; n = 3–8 separate donors; *p < 0.05; **p < 0.01; ***p < 0.001, LTA 
versus vehicle. Data in a–d were log-transformed for statistical analysis, unpaired Student's t-test. (e) M0 were treated with 25 µM MMG-
11 or vehicle control in the absence or presence of 1 µg/ml LTA for 6 h and LM were analysed in the supernatants by UPLC-MS/MS. Bar 
charts of selected LM are shown as pg/106 cells. Results are means + SEM; n = 3 separate donors; statistical analysis was done by one-way 
ANOVA, post-test Tukey. *p < 0.05; **p < 0.01, LTA versus LTA and MMG-11; n.s., not significant. See also Figures S6 and S7 as well as 
Tables S4 and S5
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lysosomal compartments, defining a new function of 
osteoclasts in osteomyelitis as host cells for intracel-
lular bacterial replication [45]. Although osteoclasts 
are known to respond to LM [46, 47], the generation 
of LM by osteoclasts in response to bacteria has not 
been reported so far to the best of our knowledge. We 
show that untreated osteoclasts produced several types 
of LM in response to bacterial exotoxins (contained in 
the SACM [8]), including COX- and 5-LOX-derived LM, 
while 12/15-LOX products were sparsely formed with 
no SPM detectable, along with only minute expression 
of 15-LOX-1. While higher PG formation correlated to 
enhanced COX-2 and mPGES-1 protein levels, exposure 
to S. aureus decreased 5-LOX-derived LM, although the 
5-LOX protein levels remained elevated.

Note that the regio-specificity of murine and human 15-
LOX-1 differs, where human 15-LOX-1 oxygenates AA and 
DHA mainly at carbon C15 and C17, respectively, while 
the murine orthologue predominantly oxygenates C12 and 
C14, respectively [35]. Therefore, and due to the very low 
capacities of the murine osteoclasts to produce LM along 
with the laborious preparation with low yields of cells, we 
used human MDM as an alternative cellular model which 
like osteoclasts derive from the monocyte phagocytic sys-
tem [17]. In fact, besides osteoclasts also macrophages 
contribute to S. aureus-induced osteomyelitis [27] and S. 
aureus can persist in macrophages [48], supporting evasion 
of the innate immune system and dissemination of staph-
ylococci [48]. Our data show that exposure to S. aureus 
strikingly increases COX-2 and mPGES-1 protein levels 
in all MDM phenotypes concomitant with massive PGE2 
formation, but markedly suppresses the levels of 15-LOX-1 
protein and its enzymatically formed products. COX-2 
and mPGES-1 are strongly co-induced under inflamma-
tory conditions and accomplish the massive formation of 
PGE2 at sites of inflammation [49], and both enzymes are 
strongly expressed in pro-inflammatory M1 macrophages 
[50, 51]. In contrast, 15-LOX-1 is the key enzyme in SPM 
formation in macrophages [9] with anti-inflammatory and 
pro-resolving features [7]. Thus, among LM-biosynthetic 

pathways in MDM, S. aureus promotes pro-inflammatory 
enzymes, that is, COX-2 and mPGES-1, but represses pro-
resolving ones, that is, 15-LOX-1, which implies an overall 
inflammatory outcome. This is supported by the concomi-
tant elevation of pro-inflammatory M1 markers CD54 and 
CD80 and impairment of the anti-inflammatory M2 mark-
ers CD163 and CD206 [52], due to exposure of all three 
MDM phenotypes to S. aureus. Elevated COX-2 expression 
and PGE2 production due to S. aureus infection was found 
also in nasal tissue fibroblasts [53], murine osteoblasts 
[54], oral epithelial cells [55] and human aortic endothe-
lial cells [56]. However, the link to elevated mPGES-1 in 
response to S. aureus has not been discovered yet. PGE2 is 
a key mediator in chronic infections with pivotal roles for 
immune cell functions, but like PGD2, also the actions of 
PGE2 are versatile, depending on timing and context: PGE2 
acts pro-inflammatory at early inflammatory stages [57, 
58], but may also suppress innate and adaptive immune 
responses [59, 60]. Notably, PGE2 inhibited macrophage 
activation and their ability for phagocytosis and pathogen 
killing [61], and in oral epithelial cells, PGE2 promoted 
growth and adherence of S. aureus [55].

The finding that S. aureus prevents 15-LOX-1 expres-
sion in MIL-4 and consequently diminishes SPM formation 
is novel and implies that such lack of SPM may favour 
persistence of S. aureus, in agreement with persistent 
infection in sepsis [11, 12]. Indeed, SPMs are highly po-
tent immunoresolvents that promote bacterial killing and 
phagocytosis, for example in skin infections, where SPMs 
enhanced vancomycin-mediated clearance of S. aureus 
[1]. In addition, the impaired generation of LTB4 due to S. 
aureus may favour bacterial survival, since macrophage-
derived LTB4 promoted clearance of S. aureus in a mouse 
model of skin infection [62].

Our results with heat-attenuated S. aureus show that 
the modulatory effects on MDM are seemingly caused 
by bacterial component(s) without requiring vital bac-
teria. We found that LTA mimicked S. aureus-induced 
alteration of LM-biosynthetic pathways and cytokine re-
lease in MDM. Note that exogenous LTA at 1 µg/ml was 

F I G U R E  6   S. aureus-induced COX-2 and mPGES-1 expression involves NF-κB and p38 MAPK while downregulation of 15-LOX-1 
correlates with Lamtor-1. (a–c) M0 were treated with IFN-γ or IL-4 in the absence or presence of 1 µg/ml LTA for the indicated times. (a) 
Cells were harvested and immunoblotted for phospho-NF-κB, NF-κB, phospho-p38 MAPK, p38 MAPK, phospho-JNK, JNK, phospho-
ERK-1/2, ERK-1/2, and GAPDH or β-actin. Exemplary results are shown from n = 3–4 separate donors. (b, c) Cells were pre-incubated 
with 10 µM parthenolide, 3 µM SP600125 or 3 µM skepinone-L for 15 min. After 6 h, cells were immunoblotted for COX-2 (b) and after 
48 h, MIFN-γ were immunoblotted for mPGES-1 (c). For densitometric analysis (upper panels, each), COX-2 and mPGES-1 proteins were 
normalized to β-actin; exemplary results (bottom panels, each) are shown from n = 5 separate donors (b), n = 4 separate donors (c). 
One-way ANOVA, post-test Tukey. (d) M0 were treated with IL-4 in the absence or presence of 1 µg/ml LTA for the indicated times. Cells 
were immunoblotted for phospho-STAT-6, STAT-6, phospho-Akt, Akt, Lamtor1, phospho-p70S6K, p70S6K, phospho-ERK-1/2, ERK-1/2, 
phospho-c-Myc, c-Myc, phospho-p38 MAPK, p38 MAPK, and normalized to β-actin or GAPDH for densitometric analysis. Exemplary 
results (left panel) and densitometric analysis (right panel) are shown. Data are means + SEM; n = 3–4 separate donors; *p < 0.05, LTA 
versus vehicle. Data were log-transformed for statistical analysis, unpaired Student's t-test. See also Figures S7 and S8
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more efficient to induce MDM cytotoxicity and IL-10 re-
lease than infection with S. aureus, possibly due to some-
what lower LTA release (approximately 0.3–0.5  µg/ml) 
at MOI of 2 in the latter case. LTA binds to TLR-2 and 
is required for normal cell morphology, growth and divi-
sion of S. aureus [19, 29] and is released by S. aureus and 
various Gram-positive bacteria during growth [63, 64]. 
LTA induces inflammatory responses and causes secre-
tion of inflammatory cytokines such as TNFα, IL-6, IL-1β 
and IL-10 from various leukocytes [29, 65–67]. Our data 
confirm substantial release of TNFα, IL-6, IL-1β and IL-
10 by LTA and reveal a role in regulating inflammation 
by modulation of LM-biosynthetic pathways in different 
macrophage phenotypes. IL-10 is generally considered as 
an anti-inflammatory cytokine but can also contribute to 
S. aureus persistence [68] and high IL-10 production was 
associated with sustained chronic infections where its 
blockade promoted pathogen clearance [69]. LTA strik-
ingly elevated COX-2 and mPGES-1 protein levels along 
with massive induction of PGE2 formation. While induc-
tion of COX-2 expression by LTA was also reported for 
human gingival fibroblasts [70], murine RAW264.7 mac-
rophages [71], and BV-2 microglia [72], elevation of mP-
GES-1 protein levels and blocking of 15-LOX-1 expression 
by LTA has not been reported before in any cell type.

We provide evidence that the rapid and pronounced 
upregulation of COX-2 and mPGES-1 by LTA in MDM 
involves NF-κB and p38  MAPK signalling pathways. 
First, in agreement with the literature [29, 30, 71, 73–77], 
we show that LTA, particularly after 1  h of incubation, 
causes robust but transient activation of NF-κB, JNK and 
p38 MAPK, but not of ERK-1/2. These findings are in line 
with those of earlier reports, documenting S. aureus to in-
duce phosphorylation of NF-κB, JNK and p38 MAPK [56, 
78]. Second, inhibition of the NF-κB and p38 MAPK path-
ways in MDM strongly prevented LTA-induced COX-2 and 
mPGES-1 induction; JNK inhibition was without effect 
(COX-2) or less efficient (mPGES-1). Due to the almost 
complete block of COX-2 and mPGES-1 expression by 
inhibiting NF-κB, we assume that rather sequential than 
synergistic action of NF-κB and p38 MAPK is operative, 
supported by the finding that p38  MAPK acts upstream 
of NF-κB in primary neonatal rat cardiac myocytes [79]. 
Investigation of pathways regulating the expression of 
15-LOX-1 revealed that LTA diminishes the expression of 
Lamtor1 during M2 polarization. Interestingly, Lamtor1 
was shown to be required for M2 polarization in murine 
bone marrow-derived macrophages [80]. Although we are 
unable to clearly define the pathways linking LTA signal-
ling to reduced 15-LOX-1 expression, our results suggest 
that Lamtor1 may be connected to the modulation of 15-
LOX-1 expression by S. aureus, which requires more de-
tailed studies and remains to be investigated in the future.

Taken together, we show that S. aureus-induced mu-
rine osteomyelitis in vivo is associated with massive gen-
eration of broad range of LM with distinct LM signature 
profiles in acute and chronic phases. Experiments on 
the cellular level with monocyte-derived cells reveal that 
S.  aureus modulates the expression of LM pathways to-
wards a pro-inflammatory pattern, seemingly mediated 
by LTA. In particular, pro-inflammatory COX-2 and mPG-
ES-1 pathways are upregulated with massive PGE2 forma-
tion among a broad spectrum of LM, while IL-4-induced 
15-LOX-1 expression is impaired along with lower forma-
tion of SPM. These results help to explain how S. aureus 
infections mediate the inflammatory reactions associated 
with infectious diseases and will be of relevance for phar-
macological interventions with S. aureus infections by ad-
justing favourable LM profiles besides or in combination 
with antibiotics.

MATERIALS AND METHODS

Bacterial strains

The methicillin-susceptible S. aureus strain 6850, a wild-
type isolate from a patient with osteomyelitis, was originally 
produced by R. Proctor [81]. For experiments with intact S. 
aureus, bacteria were grown for 14 h at 37°C in brain heart 
infusion broth (BHI) (Sigma-Aldrich) while shaking. The 
culture was diluted to an OD600nm of 0.05 and grown for 
another 3  h (log-phase). Bacteria were washed with PBS 
and resuspended in PBS. To prepare S. aureus-conditioned 
medium (SACM), bacteria were grown for 24 h in medium, 
diluted to an OD600nm of 0.05 and grown for another 24 h, 
pelleted for 5 min at 3350×g, and sterile-filtered through a 
Millex-GP filter unit (0.22 µm; Millipore) prior to use.

Murine cells

For isolation of murine osteoclast, femur and tibia were 
cleaned by removing the tissue and disinfecting them 
with 70% ethanol. The epiphysis was removed. Bones of 
one animal were transferred to a 0.5 ml Eppendorf tube, 
which was prepared by pushing a 18G-needle through 
the bottom and placing it in a 1.5 ml Eppendorf tube. The 
bone marrow was removed by centrifugation (10 000 × g, 
15 min). The supernatant was discarded, and bone mar-
row cells (BMC) were resuspended in an adequate amount 
of medium. Cells were counted and seeded at a density of 
2 × 106 cells in a 10 cm-Petri dish in proliferation medium 
(DMEM; Sigma-Aldrich), 10% foetal calf serum (FCS) 
(v/v), 100 U/ml penicillin and 100  µg/ml streptomycin 
(Biochrom/Merck). The day following the isolation, cells 
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from the supernatant of a 10  cm dish were centrifuged 
(1000 × g, 5 min), resuspended and seeded in differentia-
tion medium (DMEM), 10% FCS (v/v), 100 U/ml penicil-
lin, 100 µg/ml streptomycin, 50 ng/ml M-CSF and 20 ng/
ml RANKL (Peprotech, Hamburg, Germany) at a density 
of 2  ×  106 cells/well on 6-well plates. The medium was 
carefully replaced after 3 days by removing only 70–80% 
of the medium and filling up with fresh differentiation 
medium. The infection with S. aureus was started at day 7 
after seeding in differentiation medium.

Human cells

Monocytes were isolated from leukocyte concentrates de-
rived from freshly withdrawn peripheral blood of healthy 
adult male and female donors (Institute of Transfusion 
Medicine, Jena University Hospital, Germany) as reported 
before [82]. The experimental protocol for isolation of 
human blood cells was approved by the ethical commit-
tee of the Jena University Hospital (5050-01/17; March 3, 
2017). All methods were performed in accordance with 
the relevant guidelines and regulations. In brief, periph-
eral blood mononuclear cells (PBMCs) were separated 
using dextran sedimentation, followed by centrifugation 
on lymphocyte separation medium (Histopaque®-1077, 
Sigma-Aldrich). PBMCs were seeded in PBS supplemented 
with 1 mM Ca2+ and 0.5 mM Mg2+ in cell culture flasks 
(Greiner Bio-one, Frickenhausen, Germany) for 1.5  h at 
37°C and 5% CO2 for adherence of monocytes. For differ-
entiation of monocytes to MDM and polarization towards 
M1- and M2-like cells, published criteria were used [9, 52]. 
M0 were generated by incubating monocytes with 10 ng/
ml GM-CSF (Peprotech, Hamburg, Germany) and 10 ng/
ml M-CSF (Peprotech, Hamburg, Germany) for 5 days in 
RPMI 1640 (Sigma-Aldrich) supplemented with 5% (v/v) 
heat-inactivated FCS, 100 U/ml penicillin and 100 µg/ml 
streptomycin (Biochrom/Merck). When starting the infec-
tion with S. aureus, MDMs were grown without cytokines 
(M0), polarized with 20 ng/ml IFN-γ (Peprotech, Hamburg, 
Germany) to obtain M1-like MDM (MIFN-γ) or with 20 ng/
ml IL-4 (Peprotech) to obtain M2-like MDM (MIL-4).

Incubation of human monocyte-derived 
macrophages and murine osteoclasts

Following differentiation, human MDMs were seeded 
(2 × 106/2 ml) in X-VIVO 15 containing L-glutamine with-
out gentamicin or phenolred (Biozym/LONZA, #BE02-
061Q) supplemented with 5% (v/v) FCS in 6-well plates 
(Greiner Bio-one). Staphylococcus aureus (for MDM MOI 
2; for osteoclasts MOI 10), attenuated S. aureus (heat 

inactivated for 10  min at 95°C, MOI 2) or 1 μg/ml LTA 
from S. aureus (L2515, Sigma-Aldrich) were added at 
37°C. Simultaneously, polarization agents were added to 
MDM as described above. After infection with S. aureus 
for 2  h, cells were treated with 20  µg/ml recombinant 
lysostaphin (WAK-Chemie Medical GmbH, Steinbach, 
Taunus, Germany) in PBS for 30 min at 37°C to remove 
extracellular bacteria. Cells were further cultivated with-
out (M0, osteoclasts) or with polarization agents (MIFN-γ, 
MIL-4) for the indicated times (for MDM in X-VIVO sup-
plemented with 5% (v/v) FCS, 100 U/ml penicillin and 
100  µg/ml streptomycin; for osteoclasts in DMEM sup-
plemented with 10% FCS (v/v), 100 U/ml penicillin and 
100 µg/ml streptomycin). For measurement of LM, 1 ml 
of the cell culture medium was collected. In addition, to 
evoke LM biosynthesis, remaining culture medium was 
removed, cells were washed with PBS and treated with 
SACM (1%, 90 min for MDM; 0.5%, 60 min for osteoclasts) 
in 1 ml PBS plus 1 mM CaCl2 at 37°C.

LM metabololipidomics

Supernatants (1 ml) of the incubations were immediately 
transferred to 2  ml of ice-cold methanol containing the 
deuterium-labelled internal standards (200  nM d8-5S-
HETE, d4-LTB4, d5-LXA4, d5-RvD2, d4-PGE2 and 10 µM 
d8-AA). Sample preparation was carried out by adapt-
ing published criteria [9]. In brief, samples were kept at 
−20°C for 60 min to allow protein precipitation. After cen-
trifugation (1200×g, 10 min, 4°C), 9 ml acidified H2O was 
added (final pH 3.5) and samples were subjected to solid 
phase extraction. Solid phase cartridges (Sep-Pak® Vac 
6cc 500 mg/6 ml C18; Waters, Milford, MA) were equili-
brated with 6 ml methanol and 2 ml H2O before samples 
were loaded onto columns. After washing with 6 ml H2O 
and additional 6 ml n-hexane, LMs were eluted with 6 ml 
methyl formate. Finally, the samples were brought to dry-
ness using an evaporation system (TurboVap LV, Biotage, 
Uppsala, Sweden) and resuspended in 100 µl methanol–
water (50/50, v/v) for UPLC-MS/MS automated injections. 
LM profiling was analysed with an Acquity™ UPLC sys-
tem (Waters, Milford, MA, USA) and a QTRAP 5500 Mass 
Spectrometer (ABSciex, Darmstadt, Germany) equipped 
with a Turbo V® Source and electrospray ionization. LMs 
were eluted using an ACQUITY UPLC® BEH C18 column 
(1.7 µm, 2.1 × 100 mm; Waters, Eschborn, Germany) at 
50°C with a flow rate of 0.3 ml/min and a mobile phase 
consisting of methanol–water–acetic acid of 42:58:0.01 
(v/v/v) that was ramped to 86:14:0.01 (v/v/v) over 12.5 min 
and then to 98:2:0.01 (v/v/v) for 3  min [51]. The QTrap 
5500 was operated in negative ionization mode using 
scheduled multiple reaction monitoring (MRM) coupled 
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with information-dependent acquisition. The scheduled 
MRM window was 60 s, optimized LM parameters were 
adopted [51] and the curtain gas pressure was set to 35 psi. 
The retention time and at least six diagnostic ions for each 
LM were confirmed by means of an external standard 
(Cayman Chemical/Biomol GmbH, Hamburg, Germany). 
Quantification was achieved by calibration curves for each 
LM. Linear calibration curves were obtained for each LM 
and gave r2 values of 0.998 or higher (for fatty acids 0.95 
or higher), and the limit of detection for each targeted LM 
was determined, as previously reported by us [51].

SDS-PAGE and Western blot

Cell lysates of MDM corresponding to 2 × 106 cells were 
separated on 16% polyacrylamide gels (5-LOX, FLAP, 
COX-1, 15-LOX-1, mPGES-1, phospho-Akt, Akt, Lamtor1), 
10% polyacrylamide gels (15-LOX-2, LTA4H, phospho-
NF-κB, NF-κB, phospho-JNK, JNK, phospho-p38 MAPK, 
p38 MAPK, phospho-ERK-1/2, ERK-1/2, phospho-c-Myc, 
c-Myc, phospho-p70S6K, p70S6K) and 8% polyacrylamide 
gels (cPLA2α, COX-2, phospho-STAT-6, STAT-6). Cell 
lysates of murine osteoclasts corresponding to 2  ×  106 
cells were separated on 16% polyacrylamide gels (COX-1, 
mPGES-1) and 10% polyacrylamide gels (COX-2, 15-LOX, 
5-LOX). Gels were blotted onto nitrocellulose membranes 
(Amersham™ Protran Supported 0.45  µm nitrocellulose, 
GE Healthcare, Freiburg, Germany). The membranes 
were incubated with the following primary antibodies 
for human MDM samples: rabbit polyclonal anti-5-LOX, 
1:1000 (by Genscript, Piscataway to a peptide with the 
C-terminal 12 amino acids of 5-LOX: CSPDRIPNSVAI); 
rabbit polyclonal anti-FLAP, 1:1000 (ab85227, Abcam, 
Cambridge, UK); rabbit polyclonal anti-COX-1, 1:1000 
(#4841, Cell Signaling, Danvers, MA); mouse monoclonal 
anti-15-LOX-1, 1:200 (ab119774, Abcam); rabbit polyclonal 
anti-mPGES-1, 1:5000 (kindly provided by Prof. Per-Johan 
Jakobsson, Karolinska Institutet, Stockholm, Sweden); 
rabbit polyclonal anti-phospho-Akt (Ser473), 1:750 (#9271, 
Cell Signaling); mouse monoclonal anti-Akt, 1:1000 (40D4, 
#2920, Cell Signaling); rabbit monoclonal anti-Lamtor1/
C11orf59, 1:1000 (D11H6, #8975, Cell Signaling); rabbit 
polyclonal anti-15-LOX-2, 1:200 (ab23691, Abcam); rab-
bit monoclonal anti-LTA4H, 1:1000 (ab133512, Abcam); 
mouse monoclonal anti-phospho-NF-κB p65 (Ser536), 
1:750 (7F1, #3036, Cell Signaling); rabbit monoclonal anti-
NF-κB p65, 1:1000 (C22B4, #4764, Cell Signaling); rabbit 
polyclonal anti-phospho-SAPK/JNK (Thr183/Tyr185), 
1:750 (#9251, Cell Signaling); rabbit polyclonal anti-SAPK/
JNK, 1:1000 (#9252, Cell Signaling); rabbit polyclonal anti-
phospho-p38 MAPK (Thr180/Tyr182), 1:750 (#9211, Cell 
Signaling); rabbit monoclonal anti-p38  MAPK, 1:1000 

(D13E1, #8690, Cell Signaling); mouse monoclonal anti-
phospho-p44/42  MAPK (ERK-1/2) (Thr202/Tyr204), 
1:750 (#9106, Cell Signaling); rabbit monoclonal anti-
p44/42 MAPK (ERK-1/2), 1:1000 (#4695, Cell Signaling); 
rabbit polyclonal anti-phospho-c-Myc (Thr85), 1:1000 
(#PA5-36673, Thermo Fisher Scientific, Waltham, MA); 
rabbit monoclonal anti-c-Myc, 1:1000 (D84C12, #5605, 
Cell Signaling); mouse monoclonal anti-phospho-p70s6k 
(Thr389), 1:200 (1A5, #9206, Cell Signaling); rabbit mono-
clonal anti-p70s6k, 1:1000 (49D7, #2708, Cell Signaling); 
rabbit polyclonal anti-cPLA2α, 1:200 (#2832, Cell 
Signaling); rabbit monoclonal anti-COX-2, 1:500 (D5H5, 
#12282, Cell Signaling); rabbit polyclonal anti-phospho-
STAT6 (Tyr641), 1:1000 (#9361, Cell Signaling); mouse 
polyclonal anti-STAT6, 1:200 (ab88540, Abcam); mouse 
monoclonal anti-β-actin, 1:1000 (8H10D10, #3700, Cell 
Signaling); and rabbit monoclonal anti-GAPDH, 1:1000 
(D16H11, #5174, Cell Signaling). The membranes were in-
cubated with the following primary antibodies for murine 
osteoclast samples: rabbit polyclonal anti-COX-1, 1:1000 
(#4841, Cell Signaling); rabbit polyclonal anti-COX-2, 
1:1000 (#4842, Cell Signaling); rabbit monoclonal anti-
mPGES-1, 1:1000 (ab180589, Abcam); rabbit polyclonal 
anti-15-LOX-1, 1:200 (ab80221, Abcam); mouse mono-
clonal anti-5-LOX, 1:1000 (#610694, BD Biosciences); and 
mouse monoclonal anti-β-actin, 1:1000 (8H10D10, #3700, 
Cell Signaling). Immunoreactive bands were stained 
with following secondary antibodies: IRDye 800CW Goat 
anti-Rabbit IgG (H  +  L), 1:15 000 (926–32211, LI-COR 
Biosciences, Lincoln, NE); IRDye 800CW Goat anti-Mouse 
IgG (H  +  L), 1:15 000 (926–32210, LI-COR Biosciences); 
and/or IRDye 680LT Goat anti-Mouse IgG (H + L), 1:40 
000 (926–68020, LI-COR Biosciences), and visualized by an 
Odyssey infrared imager (LI-COR Biosciences). Data from 
densitometric analysis were background corrected.

Analysis of LTA by Western blot

To determine the amount of LTA in SACM and in-
tact S. aureus, a well-established method was used [83]. 
Staphylococcus aureus was grown in BHI for 24 h. Then, 
the culture was diluted to an OD600nm of 0.05 and grown for 
another 4 h or 24 h. To analyse LTA from the supernatants, 
5 ml of the bacteria culture was centrifuged (3016 g, 5 min) 
to pellet the bacteria. 10  µl supernatant was mixed with 
1.25 µl PBS and 3.75 µl 4× Laemmli sample buffer (2% SDS 
sample buffer). To analyse LTA from intact bacteria, 1 ml 
of culture aliquots was lysed with 0.5 ml of 0.1 mm silica 
glass beads (BeadBugTM prefilled tubes, 2.0  ml capacity, 
Sigma-Aldrich) by vortex mixing (45  min, 1°C). Samples 
were centrifuged (200×g, 1 min) to sediment glass beads. 
0.5  ml of supernatant was transferred to a new reaction 
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tube (Eppendorf, Hamburg, Germany) and centrifuged (16 
000 × g, 10 min) to collect bacterial debris containing cell-
associated LTA. The pellet was suspended in 1x Laemmli 
sample buffer. Samples were normalized for OD values 
(more precisely: a sample from a culture with an OD of 1 
was suspended in 15 µl 1x Laemmli sample buffer). Samples 
were boiled (30  min, 95°C) and centrifuged (16 000  ×  g, 
5 min) to remove insoluble material. 15 µl samples from 
supernatants and 10 µl samples from intact S. aureus were 
separated on 16% polyacrylamide gels. Different amounts 
of LTA from S. aureus (L2515, Sigma-Aldrich), in the range 
of 10–1000 ng, were loaded to allow quantification of LTA 
in supernatants and intact S. aureus. For LTA detection, the 
membranes were incubated with mouse monoclonal anti-
Gram-positive bacteria LTA antibody, 1:50 (clone G43J, 
#MA1-7402, Thermo Fisher). Immunoreactive bands were 
stained and visualized as described above.

Analysis of cell viability

To analyse cell viability, MDMs (2 × 106/2 ml; 100 µl per 
well) were incubated with the test compounds in 96-well 
plates. At the indicated time points, the cells were incu-
bated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra
zolium bromide (MTT, 5  mg/ml in PBS, 20 μl per well) 
for 3 h. Then, SDS lysis buffer (10% SDS in 20 mM HCl; 
pH 4,5; 100 μl per well) was added for 20 h at 175 rpm. 
Absorption was measured at 570  nm using Multiskan 
Spectrum (Thermo Fisher). Cell culture medium was used 
as negative control. Cell viability was calculated by setting 
the untreated control to 100%.

Counting of intracellular bacteria

The MDMs were detached by treatment with PBS plus 
5  mM EDTA (20  min, 37°C), counted and lysed with 
water. Cell lysates were plated on Columbia blood agar 
plates in certain dilutions (0 h: 10−3, 10−4; 6 h: 10−4; 24 h: 
10−3, 10−2; 48  h: 10−2; 96  h: 10−1) to determine bacte-
rial loads. Bacterial colonies were counted using Colony 
Quant (Schuett-Biotec, Göttingen, Germany).

Flow cytometry analysis

The MDMs were detached by treatment with PBS plus 0.5% 
BSA, 5 mM EDTA and 0.1% sodium azide (20 min, 37°C). 
To determine the viability, the cells were resuspended 
in 20 μl Zombie Aqua Fixable Viability Kit (#423102, 
BioLegend, San Diego, CA) for 5 min. Non-specific anti-
body binding was blocked with mouse serum (5 min, 4°C) 

prior to antibody staining. Then, MDMs were stained with 
fluorochrome-labelled antibody mixtures (20  min, 4°C). 
The following antibodies were used: FITC mouse mono-
clonal anti-human CD14 (20 µl/test, clone M5E2, #555397, 
BD Biosciences, San Jose, CA); APC-H7 mouse monoclo-
nal anti-human CD80 (5 µl/test, clone L307.4, #561134, 
BD Biosciences); PE/Cy7 mouse monoclonal anti-human 
CD54 (5 µl/test, clone HA58, #353116, BioLegend); APC 
mouse monoclonal anti-human CD206 (20 µl/test, clone 
19.2, #550889, BD Biosciences); PE mouse monoclonal 
anti-human CD163 (20 µl/test, clone GHI/61, #556018, 
BD Biosciences); APC mouse monoclonal anti-human 
CD124 (10 µl/test, clone G077F6, #355005, BioLegend); 
and FITC mouse monoclonal anti-human CD282 (5 µM/
test, clone TL2.1, #309705, BioLegend). Fluorescent stain-
ing for flow cytometric analysis of MDM was performed in 
FACS buffer (PBS plus 0.5% BSA, 5 mM EDTA and 0.1% 
sodium azide). After staining, cells were fixed with 4% 
paraformaldehyde (10  min, 4°C). MDMs were analysed 
using BD LSR Fortessa (BD Biosciences), and data were 
analysed using FlowJo X Software (BD Biosciences).

Cytokine release

For measurement of the cytokine levels, supernatants 
were collected and centrifuged (21 130 g, 4°C, 5 min). The 
levels of released TNFα, IL-6, IL-1β and IL-10 were ana-
lysed by in-house-made ELISA kits (R&D Systems, Bio-
Techne). The amounts of cytokines were calculated using 
standard curves.

Animals

Female C57BL/6 mice at the age of 10–12 weeks (n = 3–5 
per experimental group) were housed in a controlled en-
vironment (21 ± 2°C) and provided with standard rodent 
chow and water. Animals were allowed to acclimate for 
4  days prior to experiments and were subjected to 12-h 
light/12-h dark schedule. Mice were randomly assigned 
for the experiments, which were conducted during the 
light phase. The experimental procedures for mouse stud-
ies were approved by German regulations of the Society 
for Laboratory Animal Science 22-2684-04-02-006/15 and 
22-2684-04-02-046/16 (Thuringia, Jena).

Acute and chronic osteomyelitis in 
mice and tissue sample preparation

Mice received S. aureus (strain 6850, 106 CFU/ 200 µl) by 
i.v. injection according to well-recognized experimental 
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design for studying acute and chronic osteomyelitis [24]. 
After 1 week (acute phase) and 6 weeks (chronic phase), 
mice were sacrificed by inhalation of CO2. Spleen, lung 
and bone were isolated, cut into small pieces, and approxi-
mately 40 mg of each sample was weighted. 20 µl methanol 
was added per 1  mg sample in plastic tubes, and sam-
ples were homogenized using ULTRA-TURRAX® tissue 
homogenizer (Sigma-Aldrich, Taufkirchen, Germany). 
Homogenized tissues were filled up to 1 ml with PBS. 10 
µl of deuterium-labelled LM standards (200  nM d8-5S-
HETE, d4-LTB4, d5-LXA4, d5-RvD2, d4-PGE2 and 10 µM 
d8-AA) was added as internal reference. Samples were 
stored at −20°C overnight to allow protein precipitation 
prior to SPE and LM assessment using UPLC-MS/MS 
analysis as described above.

Statistics

Results are expressed as mean ± standard error of the 
mean (SEM) of n observations, where n represents the 
number of experiments with separate donors, performed 
on different days, as indicated. Analyses of data were 
conducted using GraphPad Prism 8 software (San Diego, 
CA). Grubbs outlier test (alpha = 0.05) was used to iden-
tify outliers. Normality of data distribution was tested 
with Shapiro–Wilk test. Two-tailed paired or unpaired 
Student's t-test test or Mann–Whitney U Test was applied 
for comparison of two groups. For multiple comparison, 
one-way analysis of variance (ANOVA) with Tukey´s post-
hoc tests were applied as indicated. The criterion for sta-
tistical significance is p < 0.05.
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