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Abstract

Background: Eicosanoid lipid mediators play key roles in type 2 immune responses,

for example in allergy and asthma. Macrophages represent major producers of eico-

sanoids and they are key effector cells of type 2 immunity. We aimed to compre-

hensively track eicosanoid profiles during type 2 immune responses to house dust

mite (HDM) or helminth infection and to identify mechanisms and functions of eico-

sanoid reprogramming in human macrophages.

Methods: We established an LC‐MS/MS workflow for the quantification of 52

oxylipins to analyze mediator profiles in human monocyte‐derived macrophages

(MDM) stimulated with HDM and during allergic airway inflammation (AAI) or nema-

tode infection in mice. Expression of eicosanoid enzymes was studied by qPCR and

western blot and cytokine production was assessed by multiplex assays.

Results: Short (24 h) exposure of alveolar‐like MDM (aMDM) to HDM suppressed

5‐LOX expression and product formation, while triggering prostanoid (thromboxane

and prostaglandin D2 and E2) production. This eicosanoid reprogramming was p38‐
dependent, but dectin‐2‐independent. HDM also induced proinflammatory cytokine

production, but reduced granulocyte recruitment by aMDM. In contrast, high levels

of cysteinyl leukotrienes (cysLTs) and 12‐/15‐LOX metabolites were produced in the

airways during AAI or nematode infection in mice.

Abbreviations: 5-LOX, 5-lipoxygenase; COX, cyclooxygenase; cysLTs, cysteinyl leukotrienes; IS, internal standard; LC-MS/MS, liquid chromatography tandem mass spectrometry; LTA4H,

leukotriene A4 hydrolase; LTB4, leukotriene B4; LTC4S, leukotriene C4 synthase; MDM, monocyte-derived macrophages; PGs, prostaglandins; PMN, polymorphonuclear leukocytes; SPM,

specialized pro-resolving mediator.
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Conclusion: Our findings show that a short exposure to allergens as well as ongoing

type 2 immune responses are characterized by a fundamental reprogramming of the

lipid mediator metabolism with macrophages representing particularly plastic respon-

der cells. Targeting mediator reprogramming in airway macrophages may represent a

viable approach to prevent pathogenic lipid mediator profiles in allergy or asthma.
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1 | INTRODUCTION

Lipid mediators govern immune responses in a multitude of infec-

tious or chronic inflammatory settings.1 In allergy and asthma, pros-

tanoids and leukotrienes (LTs) derived from the polyunsaturated

fatty acid (PUFA), arachidonic acid (AA), drive hallmark type 2

immune responses such as eosinophil accumulation.2,3 AA metabo-

lites (eicosanoids) have also been suggested to contribute to type 2

immunity during nematode infection.4-6 Despite these important

immunological functions, few studies have comprehensively assessed

lipid mediator profiles during type 2 immune responses. This is possi-

bly due to the limited availability of adequate LC‐MS/MS workflows,

which are required for the simultaneous quantification of a multitude

of structurally similar but functionally distinct mediators. Indeed,

most immunological studies in allergy or nematode infection have

used immunoassays to quantify less than a handful of mediators.5,7,8

However, LC‐MS/MS analysis of 18 eicosanoids in macrophages

from nematode‐infected mice suggested abundant and plastic eicosa-

noid production during type 2 immune responses.6 In addition, a

number of studies have applied LC‐MS/MS approaches to quantify

up to 88 lipid mediators in ex vivo samples from allergy and asthma

patients.9-12 Moreover, using macrophages as a model system, tar-

geted lipidomics approaches were applied to quantify more than 100

eicosanoid metabolites.13 Due to their plasticity and abundant

expression of eicosanoid biosynthetic pathways, macrophages pre-

sent an attractive cellular model to study lipid mediator production

in immunological settings.14 In the context of inflammasome activa-

tion, targeted lipidomics workflows allowed for the characterization

of an “eicosanoid storm” during macrophage activation.15,16 How-

ever, despite these recent advances in lipidomics technologies, infor-

mation about the lipid mediator profiles in type 2 immune responses

remains scarce.

Here, we have established a targeted lipidomics workflow for the

simultaneous quantification of 52 oxylipins from several PUFAs (AA,

LA, and DHA). We applied this workflow to demonstrate that HDM

exposure of human macrophages results in a pronounced eicosanoid

reprogramming, characterized by high levels of prostanoids (particu-

larly thromboxane), but low levels of 5‐LOX products. This

GRAPHICAL ABSTRACT

Macrophages respond to house dust mite (HDM) by increased cyclooxygenase (COX) metabolism, while the type 2 immune response to HDM

or parasitic worms in the airways is characterized by increased lipoxygenase (LOX) metabolism
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eicosanoid reprogramming was dependent on p38 MAPK activation,

but independent of dectin‐2. We further show that HDM‐driven
eicosanoid reprogramming occurs on the mRNA and protein level

and is associated with the production of proinflammatory cytokines

and chemokines. However, HDM‐exposed macrophages showed a

reduced chemotactic potential toward granulocytes, correlating with

suppressed LTB4 production. Together, these findings suggest that

HDM induces a proinflammatory macrophage phenotype with

impaired effector function. Finally, we quantified mediator profiles in

bronchoalveolar lavage fluid (BALF) from HDM‐sensitized and nema-

tode‐infected mice, thus revealing profound changes in COX and

LOX metabolites during type 2 immune responses in vivo. In sum-

mary, these data show that the AA metabolism is fundamentally

reprogrammed during type 2 immune responses and suggest macro-

phage reprogramming as an attractive target in type 2 inflammation.

2 | MATERIALS AND METHODS

Animal experiments were performed according to institutional guide-

lines and to Swiss federal and cantonal laws on animal protection.

2.1 | Material

Eicosanoids, PUFAs, and deuterated internal standards (ISs) were

purchased from Cayman Chemical (Ann Arbour, MI, USA). An analyte

and IS working solution were prepared as shown in Tables S1 and

S2. LC‐grade solvents [2‐propanol, Carl Roth (Karlsruhe, Germany),

acetonitrile, Thermo Fisher Scientific (Waltham, MA, USA), methanol,

Applichem (Darmstadt, Germany)) and ultrapure H2O (supplied

through a MilliQ system (Merck Millipore, Darmstadt, Germany)]

were used for mobile phase preparation.

2.2 | Isolation and culture of polymorphonuclear
leukocytes (PMN) and peripheral blood mononuclear
cells (PBMC)

Written informed consent in accordance with the Declaration of

Helsinki was obtained from healthy volunteers before blood collec-

tion, which had been approved by the local ethics committee at the

Technical University of Munich. PMN and PBMC were isolated and

cultured in medium containing 10% heat‐inactivated FBS and mono-

cytes were differentiated to aMDM as described previously.17,18

Supernatants were stored at −80°C in 50% MeOH for LC‐MS/MS or

undiluted for cytokine analysis.

2.3 | Chemotaxis assay

PMN were incubated for 30 min at 37°C with pooled conditioned

medium of aMDM ± HDM ± indomethacin (100 μM, Cayman Chemi-

cal) ± DBM‐1285. 2 × 105 PMN were transferred to transwells (3 μm

pore size, Corning, NY, USA) and allowed to migrate for 3 h at 37°C

toward conditioned medium containing chemoattractants: 2 ng/mL

LTB4, Cayman Chemical; 20 ng/mL IL‐8; 2 ng/mL CCL5, both Miltenyi

Biotec. Migrated PMN were counted microscopically.

2.4 | In vivo model of Nippostrongylus brasiliensis
infection

Mice were infected subcutaneously with 200 larvae of N. brasiliensis (Nb),

and BALF was collected on day 5 postinfection as previously described.19,20

2.5 | In vivo model of HDM‐induced allergic airway
inflammation

C57BL/6J mice were sensitized by bilateral intranasal (i.n.) instilla-

tions of extract from Dermatophagoides farinae (“HDM”) (1 μg in

20 μL PBS; Stallergenes). Challenges were performed on days 8‐11
with 10 μg HDM extract. Three days after the final challenge, BALF

(600 μL) was collected, equal volumes of methanol were added, and

samples were frozen immediately at −80°C until further processing.

2.6 | Real‐time PCR

aMDMwere lysed in RLT Buffer (Qiagen, Hilden, Germany) with 1% β‐
mercaptoethanol (Merck Millipore), followed by RNA extraction (Zymo

Research, Irvine, CA, USA) and reverse transcription according to the

manufacturer's instructions (Thermo Fisher Scientific). qPCR analysis

was performed as described previously (primers shown in Table S3).18

2.7 | Western blotting

Western blotting was performed similarly to previously published

procedures.18 A detailed procedure can be found in the

Appendix S1.

2.8 | Multiplex cytokine assay and ELISA

Multiplex cytokine assays were performed as detailed in the

Appendix S1.

Highlights

• House dust mite triggers the production of cyclooxyge-

nase metabolites (prostaglandin D2, prostaglandin E2, and

thromboxane) as well as of proinflammatory cytokines in

human macrophages.

• House dust mite-exposed macrophages produce low

levels of 5-lipoxygenase metabolites (eg, leukotriene B4)

and suppress neutrophil recruitment.

• High levels of cysteinyl leukotrienes and 12-/15-lipoxy-

genase metabolites are produced during the type 2

immune response to house dust mite or nematode para-

sites in the airways.
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2.9 | Sample preparation for LC‐MS/MS

Samples for method validation were prepared as triplicates in medium/

MeOH (1:1) or PBS/MeOH (1:1) with an analyte concentration of 0.1,

1, or 10 ng/mL [10× higher concentrations for PUFAs (Tables S1 and

S2)]. Automated solid phase extractions were performed with a Micro-

lab STAR robot (Hamilton, Bonaduz, Switzerland). Prior to extraction,

all samples were diluted with H2O to a MeOH content of 15% and

10 μL of IS stock solution was added. Samples were extracted using

Strata‐X 96‐well plates (30 mg, Phenomenex, Aschaffenburg, Ger-

many) and eluted with MeOH. Samples were evaporated to dryness

under N2 stream and redissolved in 100 μL MeOH/H2O (1:1).

2.10 | LC‐MS/MS lipid mediator analysis

Chromatographic separation of eicosanoids was achieved with a 1260

Series HPLC (Agilent, Waldbronn, Germany) using a Kinetex C18

reversed phase column (2.6 μm, 100 × 2.1 mm, Phenomenex) with a

SecurityGuard Ultra Cartridge C18 (Phenomenex) precolumn. The

Sciex QTRAP 5500 mass spectrometer (Sciex, Darmstadt, Germany),

equipped with a Turbo‐VTM ion source, was operated in negative ion-

ization mode. Identification of metabolites was achieved via retention

time and scheduled multiple reaction monitoring (sMRM). Unique Q1/

Q3 transitions were selected for each analyte by using single analyte

injections and comparison with the literature.14 Analytes with identical

MRM transitions were differentiated by retention time (Figure S1). A

more detailed method description can be found in the Appendix S1.

2.11 | Data analysis

All data were analyzed using GraphPad Prism 6 (GraphPad Software, La

Jolla, CA, USA) or R 3.4.3.21 For LC‐MS/MS analysis, all samples were nor-

malized to their RNA content. Data were analyzed using Wilcoxon, Fried-

man, or Kruskal‐Wallis test with respective post hoc test as specified in

the Figure legends and considered statistically significant if P < 0.05.

3 | RESULTS

3.1 | Lipid mediators involved in type 2 immune
responses can be detected with high accuracy,
precision, and recovery by LC‐MS/MS

Quantification of lipid mediators in type 2 immune settings has

resulted in discrepancies, depending on the analytical method (EIA or

LC‐MS/MS).5,22 Thus, we compared these methods for leukotrienes,

PGE2, and TXB2 in supernatants of human PMN and aMDM. Quan-

tification by EIA showed higher variability, particularly for LTs: SD =

8.48 (EIA) vs SD = 0.72 (LC‐MS/MS) for LTB4; SD = 6.44 (EIA) vs

SD = 0.23 (LC‐MS/MS) for cysLTs. Levels obtained by EIA were also

significantly higher as compared to LC‐MS/MS and did not corre-

spond well to AA‐metabolizing enzymes (Figure 1A).17

Thus, we established an LC‐MS/MS workflow for the comprehen-

sive and simultaneous quantification of PUFA metabolites involved in

type 2 inflammation (Figure 1B, Figure S1, Tables S4-S9). At 1 ng/mL,

we could detect 36 metabolites according to FDA guidelines (accu-

racy: ±15%, RSD <20%) (Table S4). This included eicosanoids (LTs,

TXB2, and PGD2) as well as specialized pro‐resolving mediators (SPMs)

[resolvin E1/D1 (RvE1/RvD1) and protectin D1 (PDX)] (Figure 1C,D,

Table S4). The recovery ranged from 69% to 127% for key lipid media-

tors of type 2 inflammation with a matrix effect in a similar range (Fig-

ure 1E, Table S5). Thus, at concentrations ≥ 1 ng/mL eicosanoid

mediators of type 2 immunity (LTs, TXB2, and PGD2) and several SPMs

could be quantified with good accuracy, precision, and recovery.

3.2 | Zymosan exposure reprograms the eicosanoid
metabolism of myeloid cells

In order to validate our LC‐MS/MS workflow in a well‐characterized
cellular model, we processed and analyzed culture supernatants from

human PMN that were either left untreated or exposed for 24 h to

zymosan prepared from fungal cell walls. First, a pool of PMN super-

natants was measured in three technical replicates (Figure 2A‐E), and
second, levels of eicosanoids produced by PMN from different indi-

viduals (n = 5) were analyzed separately (Figure 2F). Untreated PMN

produced mainly 5‐LOX metabolites (5‐HETE and LTB4) at a concen-

tration of around 1.4 ng/mL and low levels of cysLTs (Figure 2A).

PMN preparations contained neutrophils and eosinophils and thus

had the capacity to generate LTs and 15‐LOX metabolites

(Figure 2A,B). Treatment with zymosan resulted in reprogramming of

the eicosanoid metabolism, characterized by reduced production of

LTB4, cysLTs, and 5‐HETE (P = 0.06) (Figure 2A,D‐F). In contrast,

zymosan exposure triggered the formation of COX metabolites with

a fivefold increase in TXB2 levels. Additionally, zymosan‐exposed
PMN released PGE2 and PGF2α that were undetectable in unstimu-

lated PMN (Figure 2C). Taken together, lipid mediator class switching

could be tracked by the developed LC‐MS/MS workflow, allowing us

to reveal previously reported as well as unprecedented zymosan‐
induced changes in the eicosanoid profile.23,24

3.3 | TGFβ1 induces a macrophage phenotype that
resembles alveolar macrophages and resists
IL‐4‐mediated regulation of eicosanoid pathways

Based on recent studies showing key roles for GM‐CSF and TGFβ1

in alveolar macrophage (AM) differentiation,25,26 we differentiated

human monocytes into alveolar‐like macrophages (aMDM) and char-

acterized their eicosanoid profile. At baseline, aMDM expressed high

levels of 5‐LOX and its respective oxylipin products (Figure 3B,E). In

addition, aMDM expressed higher levels of 5‐LOX and IL‐1β as

compared to MDM, suggesting that they adapted features of AM

(Figure S2A,B).27,28 IL‐4 is known to reprogram the AA metabolism

of macrophages by inducing 15‐LOX, but suppressing 5‐LOX and

COX. We confirmed the IL‐4‐triggered induction of ALOX15 in

MDM from most donors during differentiation in the absence of

TGFβ1 (Figure S2C). However, IL‐4 had no significant impact on the

eicosanoid profile of aMDM (Figure 3A‐C), suggesting that aMDM
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resist IL‐4‐driven induction of 15‐LOX as well as suppression of

COX and 5‐LOX. Indeed, PTGS2, PTGES, ALOX5, and ALOX15 mRNA

levels remained unaffected by IL‐4 (Figure 4A).

3.4 | HDM exposure decreases 5‐LOX metabolism
but increases COX metabolism in human alveolar‐like
macrophages via p38 MAPK

Next, we assessed the eicosanoid profile of aMDM during 24‐96 h

exposure to IL‐4 and HDM. After 24 h of HDM+IL‐4 exposure,

formation of 5‐LOX products (LTB4 and 5‐HETE) was reduced

(Figure 3B). Contrary to the effect on 5‐LOX, HDM+IL‐4 stimula-

tion resulted in an increase of prostanoids (Figure 3A, Figure S3A).

In line with the LC‐MS/MS data, 5‐LOX mRNA levels were reduced

by IL‐4 + HDM, while COX‐2 was induced (Figure 4A). At later

time points, we observed only minor changes in eicosanoid con-

centrations with the exception of PGD2, which decreased after

prolonged HDM exposure (Figure S3A), and 5‐HETE and LTB4,

which initially decreased but increased back to control levels at

96 h (Figure S3B,C).

F IGURE 1 Lipid mediators involved in type 2 immune responses can be detected with high accuracy, precision, and recovery by LC‐MS/
MS. (A) Levels of major bioactive eicosanoids (mean + SD) in supernatants from PMN (n = 5) or MDM (n = 11‐30) quantified by EIA or LC‐MS/
MS; (B) Sample preparation workflow; (C) Accuracy (%) at three different concentrations for key eicosanoids, shown as mean + SD. Dotted
lines: ± 15% range; (D) Precision calculated as relative standard deviation (RSD) (%), shown as mean. Dotted lines: 15% and 20% RSD; (E)
Recovery at 1 ng/mL. Dotted lines: ± 15% range. Samples in (C‐E) were extracted and measured in triplicates on the same day. Statistical
significance was determined using Wilcoxon test
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In the absence of IL‐4, HDM also triggered prostanoid produc-

tion, while 5‐LOX products were reduced in aMDM from five out of

seven donors (Figure 3D,E).

To identify the mechanisms underlying this eicosanoid reprogram-

ming, we first neutralized dectin‐2, which has been described as the

major C‐type lectin receptor recognizing HDM.7 However, blocking

dectin‐2 did not interfere with HDM‐triggered changes in either COX

or LOX metabolites (Figure 3F). Similarly, blockade of TLR‐2 or TLR‐4
or addition of polymyxin B to inactivate LPS did not affect mediator

reprogramming by HDM (Figure S4). As the MAP kinase p38 has been

implicated in the regulation of eicosanoid pathways,29 we assessed

p38 phosphorylation in response to HDM. Levels of phosphorylated

p38 were increased in HDM‐exposed as compared to unstimulated

aMDM and prostanoid formation was significantly reduced when

macrophages were co‐incubated with HDM and a p38 inhibitor (Fig-

ure 3F,G). In addition, p38 inhibition during HDM exposure restored

5‐LOX product formation (Figure 3F, Figure S5A).

We further examined the effect of HDM on mRNA and protein

levels of COX and LOX pathway enzymes. PTGES (mPGES1) and

PTGS2 (COX‐2) were increased, while ALOX5 (5‐LOX) expression

was down‐regulated by HDM on both transcript and protein level

(Figure 4B,C). M2 polarization markers were either significantly

reduced (ALOX15) or unaffected by HDM exposure (TGM2) (Fig-

ure 4A‐C). Altogether, HDM‐induced eicosanoid reprogramming

likely occurred as a result of profound changes in the expression of

eicosanoid pathway genes.

3.5 | HDM exposure triggers the production of
proinflammatory cytokines and chemokines

To study whether allergen‐driven eicosanoid reprogramming was

associated with an altered cytokine profile, we performed multiplex

bead assays of supernatants from aMDM. We observed a significant

increase in proinflammatory cytokines (IL‐6, IL‐1β, TNF‐α, and IL‐12
p70) after 24 h HDM exposure (Figure 5A,B). HDM also triggered

the release of chemokines (CXCL9/10, IL‐8) involved in granulocyte

recruitment (Figure 5A). Similar to the effects on eicosanoid repro-

gramming, p38 inhibition reduced the HDM‐induced production of

F IGURE 2 Zymosan triggers eicosanoid reprogramming in human granulocytes. (A) Heatmap of LC‐MS/MS data for human PMN (pool of
n = 6 donors) ± zymosan, analyzed as three technical replicates. (B) Neutrophil (left) or eosinophils (right) stained for 5‐LOX and LTA4H or
LTC4S and 15‐LOX, respectively. Blue: DAPI (nuclei). (C‐E) Levels of COX metabolites (C), leukotrienes (D), and HETEs (E) produced by PMN,
presented as mean + SD (pool of n = 6, measured in triplicates). (F) Levels of prostaglandins, leukotrienes, and HETEs produced after 24 h ±
zymosan (n = 5). Statistical significance was determined using Wilcoxon test
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IL‐6 and TNF‐α, while dectin‐2 neutralization did not affect the

expression of these cytokines (Figure 5C,D, Figure S5B).

3.6 | HDM‐exposed macrophages have a reduced
capacity to recruit granulocytes

The recruitment of inflammatory neutrophils and eosinophils is a hall-

mark response of asthma. Thus, we addressed the functional conse-

quence of HDM‐driven mediator reprogramming by performing

chemotaxis assays with human PMN. Migration of PMN toward a

chemoattractant mixture was diminished if PMN were exposed to

supernatant from aMDM stimulated with HDM as compared to super-

natant from unstimulated aMDM (Figure 5E). Addition of the COX inhi-

bitor indomethacin during HDM stimulation did not affect the HDM‐
triggered reduction in chemotaxis, suggesting that prostanoids were

not responsible for this effect. In contrast, p38 inhibition could restore

PMN chemotaxis, correlating with increased LTB4 levels (Figure S5A,C)

and reduced IL‐6 and TNF‐α concentrations (Figure S5B).
Taken together, HDM exposure induced a proinflammatory

macrophage phenotype characterized by abundant production of

bronchoconstrictive thromboxane and TNF‐α, but low production of

LTB4 and impaired chemotactic potential.

F IGURE 3 House dust mite extract triggers COX metabolism but suppresses 5‐LOX metabolism in human alveolar‐like macrophages via
p38 MAPK. (A‐C) LC‐MS/MS data for 5‐LOX (A), COX (B), or 15‐LOX (C) metabolites of aMDM, stimulated or not with 10 ng/mL IL‐4 ± 10 μg/
mL HDM (n = 4); (D‐F) LC‐MS/MS data for COX (D) or 5/15‐LOX metabolites (E), (n = 7) and of aMDM pre‐incubated with p38 inhibitor or
dectin‐2 neutralizing antibody (F) before HDM exposure (n = 5). (G) Representative WB for total and phosphorylated p38 in aMDM (n = 3).
Data are shown as mean + SD; statistical significance was determined using Kruskal‐Wallis test with Dunn's correction (A‐C, F) or Wilcoxon
test (D)
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3.7 | Distinct eicosanoid profiles are induced during
the type 2 immune response to HDM or nematode
infection in the airways

To assess whether eicosanoid reprogramming is a general feature of

type 2 immune responses, we characterized lipid mediator profiles in

the airways of HDM‐sensitized or nematode‐infected mice. When

comparing eicosanoid profiles after sensitization and challenge with

HDM or infection with the lung‐migrating nematode Nippostrongylus

brasiliensis (Nb), we observed an abundant formation of prostanoids

in BALF from Nb‐infected, but not from HDM‐sensitized mice

(P < 0.05 for all COX metabolites) (Figure 6A). In addition, no prosta-

noids could be detected in the BALF of naïve mice (Figure 6A). In

contrast, cysLTs were detectable in the airways of Nb-infected as

well as of HDM‐sensitized mice (Figure 6B). Moreover, high levels of

12‐/15‐LOX metabolites (particularly 12‐HETE and 13‐HODE) were

F IGURE 4 HDM‐driven eicosanoid reprogramming occurs on the mRNA and protein level. (A and B) relative gene expression of aMDM
stimulated or not with 10 ng/mL IL‐4 ± 10 μg/mL HDM, (n = 7) (A) or with 10 μg/mL HDM (n = 9) (B) for 24 h; (C) protein levels normalized to
β‐actin (upper panels) and representative WB images (lower panels) of aMDM ± 10 μg/mL HDM for 24 h (n = 5‐7). Data are shown as mean +
SD; statistical significance was determined using Wilcoxon test
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produced in the airways of Nb‐infected and HDM‐sensitized mice

(Figure 6B,C). LA‐derived metabolites (9‐/13‐HODE, 9,10‐/11,13‐
DiHOME) were synthesized in similar quantities as compared to AA

metabolites in the airways after challenge with HDM or infection

with Nb with a tendency for higher levels in Nb‐infected mice

(P = 0.025 for 9,10 DiHOME, P = 0.124 for 9‐HODE). Finally, BALF

from Nb‐infected mice also contained detectable levels of SPMs

(17‐HDHA and RvD2) (Figure 6D). Thus, lipid mediator reprogram-

ming occurs during the type 2 immune response to HDM or nema-

tode parasites in the airways in vivo with partially distinct profiles.

F IGURE 6 Distinct eicosanoid profiles
are induced during the type 2 immune
response to HDM or nematode infection
in the airways. (A‐D) LC‐MS/MS analysis of
prostanoids (A), LOX metabolites of AA (B),
LA metabolites (C), and SPMs (D) in BALF
from HDM‐sensitized or Nb‐infected mice
(n = 3‐6), representative data from two
independent experiments are presented as
mean + SD. Dotted lines represent levels
for naïve mice. Statistical significance was
determined using Kruskal‐Wallis test with
Dunn's correction

F IGURE 5 HDM exposure triggers the production of proinflammatory cytokines and chemokines, but reduces the granulocyte‐chemotactic
potential of human macrophages. (A) Overview of cytokine levels [ng/mL], (B) TNF‐α, IL‐12 p70, and IL‐27 (mean + SD) for aMDM from 10
different blood donors ± 10 μg/mL HDM for 24 h; (C) concentration (n = 10) and (D) gene expression (n = 6) of IL‐6 and TNF‐α in aMDM
pre‐incubated with p38 inhibitor VX702 or dectin‐2 neutralizing antibody before HDM exposure; (E) Percentage of granulocytes migrating
toward supernatants (SN) of aMDM ± 10 μg/mL HDM ± 100 μM indomethacin (n = 7). Statistical significance was determined using Wilcoxon
test (B‐D) or Friedman test with Dunn's correction (E)
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The induction of the COX pathway and simultaneous suppression of

the 5‐LOX pathway may represent an early response of macro-

phages in type 2 immune settings, which then governs the ensuing

type 2 immune response to allergens or helminth infection.

4 | DISCUSSION

Eicosanoid lipid mediators play central roles in type 2 immune

responses, particularly in allergic inflammation. Thus, the comprehen-

sive assessment of eicosanoid profiles in settings of type 2 inflam-

mation can provide important information about the ensuing

immune response and the functional plasticity of the cell types

involved. Here, we describe an LC‐MS/MS workflow, which allowed

us to characterize eicosanoid reprogramming in two distinct settings

of type 2 inflammation. First, we show that the lipid mediator meta-

bolism of human alveolar‐like macrophages (aMDM) is highly respon-

sive to allergen‐driven reprogramming. Second, we describe

profound changes in lipid mediator profiles during the type 2

immune response to HDM or nematode infection in vivo.

Using a newly developed LC‐MS/MS workflow, up to 52 oxylipins

could be quantified in cell culture supernatants and biological samples

from the airways. To our knowledge, this represents one of the largest

oxylipin panels that has been validated and applied in the context of

type 2 immune responses. This workflow allowed for the sensitive and

reliable quantification of central eicosanoid mediators of type 2 inflam-

mation (eg, LTs, TXB2, PGD2), while the accuracy should be improved

for other mediators (eg, PGE2). To initially validate the LC‐MS/MS

workflow, we studied zymosan‐triggered eicosanoid reprogramming in

human PMN. At baseline, stimulation with Ca2+ ionophore resulted in

the release of 5‐HETE and LTs, which is consistent with previous stud-

ies.30,31 In keeping with the literature, zymosan induced a shift in the

eicosanoid metabolism, characterized by higher amounts of prosta-

noids.32 Previous studies largely focused on the acute effects of zymo-

san or HDM and showed that both stimuli could trigger LT production

by myeloid cells, when applied for short times (2‐60 min).7,33 Here, we

focused on the prolonged exposure to TLR2/dectin ligands (zymosan

and HDM) as they are involved in the initiation of type 2 inflamma-

tion.2,8,34 Lipid mediator class switching from 5‐LOX to COX metabo-

lites occurred for both stimuli, thus suggesting that lipid mediator

reprogramming during type 2 inflammation happens analogous to set-

tings of type 1 inflammation.16

The induction of prostanoids and suppression of 5‐LOX metabo-

lites appears to be a common feature of macrophages in type 2

immune settings in response to allergens, IL‐4 or nematode infection.

Indeed, the reduced production of 5‐LOX metabolites could be a result

of high levels of IL‐4 produced by TH2 cells, ILC2s and/ or basophils 35

as IL‐4 is known to suppress 5‐LOX expression in various cell types,

including macrophages.17,36 In a model of filarial nematode infection,

eicosanoid reprogramming in nematode‐elicited macrophages was

shown to depend on IL‐4 receptor signaling.6 In line with this study,

we confirmed the induction of prostanoids for a different nematode

parasite, thus suggesting that activation of the COX pathway is a

general feature of the immune response to nematodes. Recently, sol-

uble egg antigen of a distinct helminth species (the trematode Schisto-

soma mansoni) was reported to induce PGE2, which contributed to TH2

polarization.37 This suggests an important functional role of prosta-

noids during the type 2 immune response to helminth infection.

The plasticity of macrophages and their extraordinary capacity to

produce lipid mediators suggests that these cells are key drivers of

eicosanoid reprogramming in type 2 immunity. During allergen‐trig-
gered type 2 immune responses in the airways, the macrophage pool

consists of resident alveolar macrophages (AMs) and macrophages

derived from recruited monocytes.38 We used aMDM (differentiated

in the presence of GM‐CSF and TGFβ1) as a cellular model to mimic

this mixed macrophage population. Although aMDM may not fully

recapitulate macrophages in the lung, these cells showed several typ-

ical features of AMs, including high baseline expression of LT‐biosyn-
thetic enzymes and of the proinflammatory cytokine IL‐1β.27,28

We particularly focused on HDM extract as a trigger of type 2

inflammation with well‐established functional roles for lipid media-

tors.2,8,39 Exposure of aMDM to HDM for 24‐96 h resulted in a

dynamic mediator class switching of LOX and COX metabolites.

While the production of regulatory mediators (eg, PGE2) peaked

after 48 h of HDM exposure, proinflammatory 5‐LOX metabolites

were initially suppressed, but increased back to baseline over time.

This may explain why cysLTs were formed in the airways of HDM‐
sensitized mice during a two‐week model of allergic airway inflam-

mation. However, in addition to macrophages, other cell types

including eosinophils and airway epithelial cells can contribute to the

formation of LOX metabolites (including 5‐LOX‐derived cysLTs and

12/15‐LOX‐derived HETEs and HODEs) during HDM‐triggered air-

way inflammation in vivo.18 Nevertheless, macrophages likely repre-

sent a major source of lipid mediators during the initial exposure to

HDM as they are abundant in the airways and highly express or

readily upregulate LOX and COX enzymes.

Given the production of several neutrophil‐chemotactic factors

by HDM‐exposed aMDM, we hypothesized that aMDM would show

an increased potential to trigger granulocyte chemotaxis after HDM

exposure. However, in line with previous in vivo studies, secretions

from HDM‐exposed aMDM rather tended to decrease granulocyte

chemotaxis.40 This may result in impaired host defense and thus

increased susceptibility to infections, which is a common complica-

tion in asthmatic patients.41 To address the functional contribution

of COX metabolites, we studied granulocyte chemotaxis in the pres-

ence of secretions from HDM‐exposed aMDM, which had been trea-

ted with the COX inhibitor indomethacin. However, COX inhibition

did not affect the chemotactic potential of HDM‐exposed aMDM.

Instead, a p38 inhibitor restored LTB4 production and neutrophil

chemotaxis, suggesting that the reduced production of the neu-

trophil chemoattractant LTB4 by HDM‐exposed aMDM may con-

tribute to the impaired chemotactic potential.

Contrary to previous reports of dectin‐2 as an essential HDM

receptor,7,8 we did not observe a reduction of HDM‐triggered pros-

tanoid or cytokine production when neutralizing dectin‐2. However,

this may be due to the timing of dectin‐2 ligation as previous studies

10 | HENKEL ET AL.



were focused on acute responses (20‐60 min) after HDM exposure.

Indeed, while the initial response might depend on dectin‐2, other
mechanisms likely drive mediator reprogramming during longer expo-

sure. Our results suggest that p38 activation by a dectin‐2 and TLR‐
2/‐4‐independent mechanism contributed to eicosanoid and cytokine

reprogramming in macrophages.

Taken together, HDM exposure induced a potentially pathogenic

macrophage phenotype, characterized by abundant production of

prostanoids (particularly TXB2) and proinflammatory cytokines (par-

ticularly TNF‐α). Given that several of the HDM‐triggered macro-

phage mediators are implicated in severe, steroid‐resistant airway

inflammation, mediator reprogramming in macrophages should be

explored as a therapeutic target in therapy‐resistant allergy and

asthma.
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