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GRAPHICAL ABSTRACT
Background: Group 2 innate lymphoid cells (ILC2s) are involved
in the initial phase of type 2 inflammation and can amplify allergic
immune responses by orchestrating other type 2 immune cells.
Prostaglandin (PG) E2 is a bioactive lipid that plays protective
roles in the lung, particularly during allergic inflammation.
Objective: We set out to investigate how PGE2 regulates human
ILC2 function.
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Abbreviations used

cAMP: Cyclic AMP

CRTH2: Chemoattractant receptor-homologous molecule

expressed on TH2 cells

EP: E-type prostanoid receptor

ILC: Innate lymphoid cell

ILC2: Group 2 innate lymphoid cell

IMDM: Iscove modified Eagle medium

NHS: Normal human serum

NK: Natural killer

PE: Phycoerythrin

PG: Prostaglandin

RNA-seq: RNA sequencing

RT-qPCR: Quantitative RT-PCR

TSLP: Thymic stromal lymphopoietin
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tonsillar and blood ILC2s in response to stimulation with a
combination of IL-25, IL-33, thymic stromal lymphopoietin, and
IL-2. Furthermore, PGE2 downregulated the expression of IL-2
receptor a (CD25). In line with this observation, PGE2

decreased ILC2 proliferation. These effects were mediated by
the combined action of E-type prostanoid receptor (EP) 2 and
EP4 receptors, which were specifically expressed on ILC2s.
Conclusion: Our findings reveal that PGE2 limits ILC2
activation and propose that selective EP2 and EP4 receptor
agonists might serve as a promising therapeutic approach in
treating allergic diseases by suppressing ILC2 function. (J
Allergy Clin Immunol 2018;141:1761-73.)

Key words: ILC2, allergy, prostaglandin E2, E-type prostanoid
receptor 2, E-type prostanoid receptor 4

Group 2 innate lymphoid cells (ILC2s) were first described in
mice as lymphocytes lacking expression of B- and T-cell markers
and being a rich source of type 2 cytokines.1,2 ILC2s are crucial in
driving type 2 immune responses, even in the absence of adaptive
T-cell activation.3-6 Human ILC2s have been identified in the
lung, gut, nasal polyps, thymus, tonsils, and skin and also in
peripheral blood.7-9 In the mouse ILC2 development is dependent
on retinoic acid receptor–related orphan receptor a and
GATA-3.10 Additionally, GATA-3 plays a key role in both human
and mouse ILC2 maintenance and function.10 IL-2 and IL-7 are
also necessary for ILC2 maintenance and can contribute to
ILC2 activation.11 On allergen stimulation, activated airway
epithelial cells and alveolar macrophages produce the innate
cytokines IL-33, IL-25, and thymic stromal lymphopoietin
(TSLP),12 which activate nuclear factor kB and signal transducer
and activator of transcription 5 signaling pathways in ILC2s.11

These events lead to GATA-3 upregulation, and GATA-3
activation triggers production of the type 2 cytokines IL-5 and
IL-13.13,14 Consequently, eosinophils, mast cells, TH2 cells,
and dendritic cells are activated, and these further amplify the
type 2 immune response characteristic for allergy and
asthma.15,16

Pharmacologic targeting of ILC2s is desirable because of the
crucial role that ILC2s play in the pathogenesis of allergy.
Although several activators of ILC2s have been described, we
know relatively little about factors that restrict ILC2 responses.
Lipid mediators are key molecules in controlling allergic immune
responses,17 and there is clear evidence for an immunoregulatory
role of prostaglandin (PG) D2

18 and other lipid mediators in ILC2
activation.19

One highly abundant lipid mediator in the lung is PGE2, which
exerts its effects through 4 different G protein–coupled E-type
prostanoid receptors (EPs [EP1-EP4]). PGE2 has been shown to
be protective in mouse models of asthma and allergy,20,21 as
well as in the human lung, where inhaled PGE2 inhibits
allergen-induced bronchoconstriction.22 Furthermore, PGE2

shows inhibitory effects on TH2 cells, macrophages, mast cells,
neutrophils, and eosinophils.23-27

Importantly, the role of PGE2 in regulating ILC2 function has
not been described yet. Here we reveal PGE2 as a potent
suppressor of human ILC2 cytokine production and proliferation,
most likely through downregulating the expression of GATA-3
and IL-2 receptor a (CD25). Furthermore, ILC2s express
exclusively the EP2 and EP4 receptors, and PGE2 uses both these
receptors to suppress ILC2 function. Our findings indicate that
targeting the PGE2-EP2/EP4 pathway might be an efficient way
to suppress ILC2 function as a therapeutic strategy for allergy
and asthma.

METHODS
A detailed description of the methods and materials used in this study is

provided in the Methods section in this article’s Online Repository at

www.jacionline.org.
Isolation and flow cytometric sorting of tonsillar

and blood ILC2s
ILC2s were obtained from human tonsils and buffy coats. Cells were

isolated by means of flow cytometric sorting with antibodies against specific

cell-surface markers, as previously described.28 A detailed description of

antibodies used for ILC2 isolation can be found in the Methods section in

this article’s Online Repository.
Culture, expansion, and treatments of ILC2s
Freshly sorted ILC2s were expanded for 2 weeks in culture with a feeder

cell mixture, as previously described.29 ILC2s were treated with PGE2

(30 nmol/L) for 10 minutes before adding IL-2 (10 U/mL) with or without

IL-33, TSLP, and IL-25 (50 ng/mL each). The EP2 receptor antagonist

PF-04418948 and the EP4 receptor antagonist ONO AE3-208 were added

20 minutes before PGE2. In some experiments ILC2s were treated with the

EP2 receptor agonist butaprost and the EP4 receptor agonist L-902,688 ten

minutes before the cytokine stimulation. Expanded ILC2s were incubated

for 24 or 72 hours, and freshly sorted ILC2s were incubated for 5 days.
Flow cytometric staining and analysis of

intracellular cytokines, transcription factors, and

proliferation
Cell-surface staining of expanded tonsillar ILC2s was assessed by using

specific antibodies. CellTrace violet dye was used for analyzing cell

proliferation. Intracellular cytokine detection and GATA-3 expression were

determined after specific fixation and permeabilization protocols. After

staining, cells were acquired immediately on an LSR Fortessa flow cytometer

(BD, San Jose, Calif).
ELISA
Collected cell supernatants were analyzed with the IL-5 ELISA Duo-Set

Kit (R&D Systems, Minneapolis, Minn) and the IL-13 ELISA Kit (Sanquin,

Amsterdam, The Netherlands).

http://www.jacionline.org
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Quantitative RT-PCR
Total RNA from expanded tonsillar ILC2s was isolated with the RNeasy

Micro Kit (Qiagen, Hilden, Germany). After cDNA synthesis, quantitative

PCR reactions were performed with SsoAdvanced Universal SYBR Green

Supermix (Bio-Rad Laboratories, Hercules, Calif) and primers for human EP1

to EP4 receptors and the housekeeping gene RPS18 (all primers were

fromBio-Rad Laboratories). Quantitative RT-PCR (RT-qPCR)was performed

in the CFX Connect Real-Time PCR Detection System (Bio-Rad

Laboratories).
RNA sequencing analysis
Single-cell RNA sequencing (RNA-seq) expression patterns were obtained

as reads per kilobase gene model and million mappable reads from the

Bjorklund et al28 expression matrix. Expression levels of the PTGER genes in

different innate lymphoid cell (ILC) subsets and natural killer (NK) cells were

interpreted as violin plots by using R software.

Statistical analyses
In all experiments n represents the number of individual donors used for

ILC2 isolation. Differences between 2 groups were analyzed by using the

matched-pairs t test, and 3 or more groups were compared by means of

1-way ANOVA for repeated measurements and the Dunnett multiple

comparisons test. Analyses were performed with GraphPad Prism 6 software

(GraphPad Software, La Jolla, Calif).

RESULTS

PGE2 suppresses IL-5 and IL-13 production in

human tonsillar ILC2s
ILC2s were sort purified from tonsillar mononuclear cells as

Lin2CD1271CD1611 chemoattractant receptor-homologous
molecule expressed on TH2 cells (CRTH2)1 lymphocytes
(Fig 1, A). Because of the relative rareness of ILC2s in tonsils,
we expanded freshly sorted ILC2s by culturing the cells with
irradiated feeder cells for 2 weeks in the presence of IL-2
(100 U/mL), IL-4 (25 ng/mL), and PHA (1 mg/mL). Compared
with freshly isolated ILC2s (see Fig E1, A, in this article’s Online
Repository at www.jacionline.org), expanded ILC2s maintained
their phenotype and expressed high levels of CD161 and
CRTH2 while lacking CD3 and CD56 expression (see Fig E1,
B). To assess how PGE2 regulates ILC2 function, we incubated
tonsillar ILC2s with cytokines known to drive human ILC2
function (ie, IL-33, TSLP, IL-25, and IL-2) in the presence or
absence of PGE2 for 24 hours. Control treatment of ILC2s
contained only IL-2. We chose this time point because there is
no detectable ILC2 proliferation occurring in these cultures
within 24 hours, allowing us to assess the proliferation-
independent effects of PGE2 on ILC2s (see Fig E2, A, in this
article’s Online Repository at www.jacionline.org). As expected,
cytokine-activated ILC2s secreted high amounts of IL-5 and
IL-13, as determined by means of ELISA (Fig 1, B and C).
Incubation of ILC2s with PGE2 alone did not induce any changes
in cytokine production (Fig 1, D); however, PGE2 inhibited
cytokine production of activated ILC2s in a concentration-
dependent manner (see Fig E3, A and B, in this article’s Online
Repository at www.jacionline.org). In all subsequent experiments
we used 30 nmol/L PGE2, which caused, on average, 70%
inhibition of cytokine secretion (Fig 1, B and C). Similar results
were obtained when we assessed the IL-5 and IL-13 production
on a per-cell basis because PGE2 significantly reduced the
percentage of ILC2s expressing intracellular IL-5 and IL-13 after
cytokine stimulation (Fig 1, E-G).
Of note, as previously demonstrated,29 we observed that the
combination of all 3 cytokines (IL-33, IL-25, and TSLP)
generated higher ILC2 responses than the individual cytokines
alone (see Fig E3, C and D). Interestingly, IL-33 and, to a lesser
extent, IL-25 and TSLP alone could induce only moderate IL-5
and IL-13 production. Importantly, PGE2 inhibited ILC2
activation in response to the combination of all cytokines, as
well as in response to IL-33, IL-25, and TSLP alone (see
Fig E3, C and D).
The transcription factor GATA-3 is crucial in ILC2 function

because it regulates production of type 2 cytokines.13,30

Intracellular protein detection of GATA-3 revealed that it is
highly expressed in resting ILC2s and further enhanced after
24 hours of cytokine stimulation (Fig 1, H-J). We show that
addition of PGE2 caused a statistically significant decrease in
GATA-3 expression (Fig 1, H-J). Cell viability was not affected
by PGE2 (see Fig E2, B). Taken together, PGE2 reduces the
production and release of IL-5 and IL-13 by stimulated ILC2s,
likely through downregulation of GATA-3.
PGE2 reduces CD25 expression and cell proliferation

of ILC2s
We observed that cytokine-stimulated ILC2s upregulated

expression of IL-2 receptor a (CD25; Fig 2, A-F). After coincu-
bation with PGE2 for 24 hours, ILC2s showed significantly
reduced expression of CD25 compared with cells stimulated
only with the cytokines (Fig 2, A-C). On culturing ILC2s for
72 hours, we could observe an even more pronounced inhibitory
effect of PGE2 on CD25 expression (Fig 2, D-F). Because IL-2
strongly stimulates ILC2 proliferation,31 we set out to assess
the effects of PGE2 on ILC2 proliferation. Cytokine stimulation
of ILC2s for 72 hours induced up to 4 rounds of cell division.
Furthermore, as predicted based on the PGE2-induced suppres-
sion of CD25 expression, PGE2 blocked cytokine-driven ILC2
proliferation, with the majority of ILC2s remaining in the resting
phase or the first round of cell division similar to the
nonstimulated control (Fig 2, G and H). PGE2 treatment did not
affect cell viability after 72 hours of incubation (Fig 2, I).
Longer culture time generated higher concentrations of

released IL-5 and IL-13 in ILC2 supernatants compared with
that at 24 hours (Fig 3, A and B), which could be due to the
intensive cell proliferation seen at this time point. Strikingly,
PGE2 significantly suppressed the cytokine-stimulated IL-5 and
IL-13 secretion of ILC2s after 72 hours of culture (Fig 3, A and
B). Furthermore, GATA-3 expression was also inhibited
significantly by PGE2 treatment after 72 hours of incubation
similar to what was seen after 24 hours (Fig 1, H-J, and Fig 3,
C-E).
In summary, these data indicate not only that PGE2 acts on the

‘‘per-cell basis’’ (ie, by suppressing cytokine production of
individual ILC2) but also that PGE2 limits ILC2 function by
inhibiting cell proliferation, most likely through negatively
affecting CD25 and GATA-3 expression.
PGE2 reduces IL-5 and IL-13 secretion from freshly

sorted blood and tonsillar ILC2s
Because our initial experiments were performed with

in vitro–expanded ILC2s, wewanted to confirm the suppressive
effect of PGE2 on freshly sorted human ILC2s. For this

http://www.jacionline.org
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FIG 1. PGE2 suppresses IL-5 and IL-13 production of human tonsillar ILC2s. A, Gating strategy for

sort-purifying human tonsillar ILC2s. Sorted and expanded tonsillar ILC2s in the presence of IL-2

(10 U/mL) were stimulated with IL-33, IL-25, and TSLP (50 ng/mL each), shortened as IL, or left nonstimulated

for 24 hours. PGE2 (30 nmol/L) was added 10 minutes before the cytokines. B-D, Concentrations of released

IL-5 (Fig 1, B and D) and IL-13 (Fig 1, C and D) in ILC2 supernatants were assessed by means of ELISA, and
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graphs show individual concentrations (n5 9-10). ****P < .0001. E, Intracellular cytokine expression of IL-5

and IL-13 was determined by means of flow cytometry. F and G, Graphs present individual percentages of

IL-51 (Fig 1, F) and IL-131 (Fig 1, G) cells (n 5 6). **P < .01 and ***P < .001. H, Expression of GATA-3 was

analyzed by using flow cytometry. I and J, Graphs show individual geometric mean fluorescence intensity

(Fig 1, I) and geometric mean fluorescence intensity normalized to nonstimulated cells (Fig 1, J) of GATA-3

expression (n 5 5). *P < .05. ns, Nonstimulated.

=

FIG 2. PGE2 prevents cytokine-induced CD25 upregulation and ILC2 proliferation. ILC2s were stimulated as

indicated for 24 (A-C) or 72 (D-I) hours. Fig 2, A and D, Expression of CD25 was analyzed by using flow

cytometry, and representative histograms are shown. Graphs show individual geometric mean

fluorescence intensity of CD25 expression after 24 (n 5 8; Fig 2, B) and 72 (n 5 6; Fig 2, E) hours and

geometric mean fluorescence intensity normalized to nonstimulated cells of CD25 expression after

24 (n 5 8; Fig 2, C) and 72 (n 5 6; Fig 2, F) hours of culture. *P < .05 and **P < .01. Fig 2, G, Proliferation

of CellTrace violet dye–loaded ILC2s after 72 hours of incubation was analyzed by means of flow cytometry.

Fig 2, H, Data are shown as percentages of ILC2s in different division phases (D0-D4; n5 4). ***P < .001. Fig

2, I, Cell viability was determined as the percentage of singlet cells that are negative for dead cell markers.

Data are shown as means 1 SEMs (n 5 4). ns, Nonstimulated.
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FIG 3. PGE2 reduces GATA-3 upregulation. ILC2s were stimulated as indicated for 72 hours. A and B,

Concentrations of IL-5 (Fig 3, A) and IL-13 (Fig 3, B) in ILC2 supernatants were determined by means of

ELISA, and data are shown as individual concentrations (n 5 10). ***P < .001 and ****P < .0001.

C, Expression of GATA-3 was analyzed by using flow cytometry.D and E,Graphs show individual geometric

mean fluorescence intensity (Fig 3, D) and geometric mean fluorescence intensity normalized to

nonstimulated cells (Fig 3, E) of GATA-3 expression (n 5 8). **P < .01. ns, Nonstimulated.
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purpose, we analyzed freshly sorted ILC2s from buffy coats
(Fig 4, A-E) and tonsils (Fig 4, F and G). Because we have
previously observed that freshly isolated ILC2s produce less
cytokines on a per-cell basis,29 we incubated ILC2s for
5 days. Freshly isolated blood ILC2s (Fig 4, A and B) and
tonsillar ILC2s (Fig 4, F and G) released comparable amounts
of IL-5 and IL-13 after 5 days of culture. PGE2 significantly
reduced IL-5 and IL-13 production of blood ILC2s (Fig 4, A
and B). Additionally, PGE2 significantly reduced IL-13
production of tonsillar ILC2s to approximately 60% and also
slightly decreased IL-5 release (Fig 4, F and G).
Furthermore, cytokine stimulation upregulated CD25

expression in freshly sorted blood ILC2s, which was significantly
decreased by PGE2 treatment (Fig 4, C and D). To assess the
effects of PGE2 on ILC2 proliferation, we captured images of
ILC2s after 5 days of culture. These images, as evaluated by
eye, revealed that ILC2s cultured in the presence of PGE2 formed
a smaller cell mass compared with ILC2s cultured in the presence
of only cytokines (Fig 4, E).
These results indicate that freshly isolated blood and tonsillar

ILC2s also respond to PGE2 with repressed activity and confirm
the inhibitory effects of PGE2 we observed on expanded tonsillar
ILC2s.
PGE2 suppresses IL-5 and IL-13 production of ILC2s

by acting on EP2 and EP4 receptors
PGE2 exerts its physiologic effects by acting on 4 different

G protein–coupled receptors: EP1 to EP4. To determine which
receptors mediate the PGE2-induced inhibitory effects on
ILC2s, we assessed expression of the EP receptors on human
tonsillar ILC2s. In our previously published single-cell RNA-seq
data generated from freshly isolated tonsillar ILC subsets,28 we
detected the EP2 and EP4 receptor–encoding transcripts PTGER2
and PTGER4 in ILC2s. In contrast, ILC2s lacked expression of
transcripts for EP1 and EP3 receptors (Fig 5, A). RT-qPCR
experiments performed with expanded tonsillar ILC2s revealed
that cultured ILC2s retain the same EP receptor expression
pattern as fresh ILC2s and express exclusively EP2 and EP4
receptors (Fig 5, A and B). Of note, EP2 and EP4 mRNA
expression was not affected by cytokine stimulation of expanded
tonsillar ILC2s (Fig 5, C).

Having identified expression of EP2 and EP4 receptor mRNAs
in tonsillar ILC2s, we set out to determinewhether these receptors
were responsible for the inhibitory effects of PGE2.We pretreated
ILC2s with selective EP2 (PF-04418948) and EP4 (ONO
AE3-208) receptor antagonists before cytokine and PGE2

treatments (Fig 6). Assessment of IL-5 and IL-13 production
revealed that selective antagonism of EP2 or EP4 receptor only
slightly prevented the suppressive effects of PGE2. Interestingly,
simultaneous EP2 and EP4 blockade largely abolished the
PGE2-induced reduction of IL-5 and IL-13 release after 24 hours
of culture (Fig 6, A and B).
Because antagonists used separately in 1 mmol/L concentra-

tions did not reverse the effect of PGE2, we examined whether
higher concentrations would be more efficient. Using antagonists
in the concentration range of 0.1 to 3 mmol/L, we demonstrated
that concentrations of greater than 1 mmol/L did not have a



FIG 4. PGE2 reduces IL-5 and IL-13 secretion from fresh blood and tonsillar ILC2s. Freshly sorted human

blood (A-E) and tonsillar (F and G) ILC2s were incubated as indicated for 5 days. Concentrations of released

IL-5 from blood ILC2s (Fig 4,A) and tonsillar ILC2s (Fig 4, F) and IL-13 from blood ILC2s (Fig 4, B) and tonsillar

ILC2s (Fig 4, G) were measured by means of ELISA, and graphs show individual concentrations (n 5 6 for

blood ILC2s and n 5 4 for tonsillar ILC2s). *P < .05 and **P < .01. Fig 4, C, Expression of CD25 in freshly

sorted blood ILC2s was analyzed by using flow cytometry, and representative histograms are shown.

Fig 4, D, Graph shows individual geometric mean fluorescence intensity of CD25 expression in blood

ILC2s after 5 days of culture (n 5 4). *P < .05. Fig 4, E, Images of freshly sorted blood ILC2s after 5 days

of treatments (310 magnification). Scale bar 5 100 mm. ns, Nonstimulated.
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FIG 5. Human tonsillar ILC2s selectively express EP2 and EP4 receptors.A, EP receptor transcripts of freshly

sorted human tonsillar ILC2s were detected by using single-cell RNA-seq. Expression distribution (violin

plots) are shown for genes of PGE2 receptors (PTGER1 to PTGER4) in each ILC subset (group 1 to group

3 ILCs and NK cells), where expression patterns were obtained as reads per kilobase genemodel andmillion

mappable reads. B,mRNA expression of EP receptors (PTGER1 to PTGER4) in sorted and expanded tonsillar

ILC2s was determined by using RT-qPCR (n 5 5). C, mRNA expression of EP2 and EP4 receptors after

24 hours of stimulation normalized to nonstimulated cells. Graphs show mean 1 SEM expression (n 5 5).
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more profound reversal effect on PGE2-induced inhibition of
ILC2 function (see Fig E4, A and B, in this article’s Online
Repository at www.jacionline.org).
We observed the same effects on the per-cell basis,

revealing that only dual EP2 and EP4 antagonism reversed the
PGE2-induced reduction of IL-5 and IL-13 intracellular
expression (Fig 6, C-E). Joint antagonism of EP2 and EP4
receptors also reversed the PGE2-induced reduction of GATA-3
expression after incubation for 24 hours (Fig 6, F and G).

Additionally, we addressed the role of selective activation of
EP2 and EP4 receptors in regulating the cytokine production of
ILC2s by means of preincubation with the specific agonists
butaprost (EP2) and L-902,688 (EP4) in the concentration range
of 10 to 1000 nmol/L (see Fig E4, C and D). Using this approach,
we confirmed that dual engagement of the EP2 and EP4 receptors
is required for mimicking the inhibitory effects of PGE2 on ILC2
cytokine production. We observed a tendency for more
pronounced inhibition by selectively engaging the EP4 receptor
compared with the EP2 receptor, although these effects did not
reach statistical significance. In direct comparison with PGE2,
we show that the selective EP2 and EP4 agonists in 100 nmol/L
concentration only partly reduced cytokine production, whereas
their simultaneous activation completely blocked ILC2
stimulation comparably with the effect of PGE2 (Fig 6, H and I).

http://www.jacionline.org
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Next, we aimed to determine whether antagonism of EP2 and
EP4 receptors is able to effectively reverse the long-term ILC2
blocking effects of PGE2 after 72 hours of incubation. Because
PGE2 almost completely abolished proliferation of ILC2s
induced by cytokine stimulation, we examined the role of EP2
and EP4 receptors in ILC2 proliferation. Indeed, combined EP2
and EP4 antagonism reversed the PGE2-suppressed ILC2
proliferation by keeping a large proportion of ILC2s in the first
and second division phases (Fig 7, A and B). Dual EP2 and EP4
blockade also reversed the PGE2-caused suppression of ILC2
cytokine production (Fig 7, C and D) and GATA-3 expression
at this time point (Fig 7, E and F), further confirming the role
of both receptors in mediating the long-term inhibitory effects
of PGE2 in ILC2 function.

Taken together, PGE2 suppresses IL-5 and IL-13 production
and blocks ILC2 proliferation through engagement of both the
EP2 and EP4 receptors.
DISCUSSION
In this study we describe PGE2 as a potent negative regulator of

human ILC2 function by inhibiting IL-5 and IL-13 production, as
well as ILC2 proliferation. The cellular mechanism of the
PGE2-caused ILC2 inhibition involved suppression of CD25
and GATA-3 expression in ILC2s. Furthermore, we found that
PGE2 mediated these effects through engagement of both EP2
and EP4 receptors, which are expressed by ILC2s.
ILC2s are important in initiating type 2 inflammation, as shown

in mouse models of asthma and allergy.3,16 In line with these
observations, studies of human subjects showed increased
numbers of ILC2s in peripheral blood and sputum of patients
with allergic asthma32,33 and lung fibrosis,34 in nasal tissue of
patients with chronic rhinosinusitis,35 and in the skin of patients
with atopic dermatitis.36 PGE2 is present abundantly in the human
lung and produced by alveolar epithelial and endothelial cells, as
well as by macrophages and dendritic cells,37 whereas under
inflammatory conditions, PGE2 levels are increased further.38

Therefore our data first indicate that PGE2 might serve as an
endogenous messenger for restriction of uncontrolled signals
mediated by ILC2s. Second, the findings support the proposal
that pharmacologic targeting of the PGE2-EP2/EP4 pathway
might be an efficient novel way to modulate ILC2 function as a
therapeutic strategy in patients with allergy and asthma.
Importantly, earlier clinical studies showed that inhalation of

PGE2 prevented bronchoconstriction in healthy and asthmatic
subjects.22,39-41 Additionally, PGE2 inhibited human TH2 cell
activation,42 eosinophil trafficking,24,43 and mast cell–dependent
constriction of human bronchi.44 In mouse models of asthma and
FIG 6. PGE2 reduces IL-5 and IL-13 production in ILC
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and are shown as means 6 SEMs (n 5 4; compared to
allergy, PGE2 has been shown to be protective by preventing
airway sensitization.21,45 Because ILC2s are important initiators
of allergic responses, we now extend these findings by showing
that PGE2 directly suppresses ILC2 function.
Our single-cell RNA-seq and RT-qPCR data demonstrated that

human tonsillar ILC2s exclusively express EP2 and EP4
receptors. Interestingly, selective blockade of EP2 or EP4
receptors resulted in only partial reversion of the inhibitory effect
of PGE2, whereas their combined antagonism abolished the
inhibitory effect of PGE2. Accordingly, joint EP2 and EP4
receptor agonism was necessary to completely inhibit ILC2
activation. Selective EP4 receptor activation appeared to have
more profound suppressive effects than EP2. This might be due
to differences in expression levels of the EP2 and EP4 receptors
because we observed that freshly isolated and in vitro–expanded
ILC2s expressed higher levels of PTGER4 than PTGER2
mRNA. However, only simultaneous engagement of EP2 and
EP4 receptors could mimic the inhibitory effect of PGE2 in
ILC2 function. This suggests an interesting mechanism in which
PGE2 requires engagement of both EP2 and EP4 receptors to exert
its full inhibitory effect on ILC2 function.
In line with our findings, previous studies described

anti-inflammatory roles of the Gs protein–coupled EP2 and EP4
receptors.21,25,46,47 Furthermore, PGE2 was shown to control
immunologic responses in which such cooperation of EP2 and
EP4 receptors was essential, such as in the PGE2-induced
inhibition of antigen-specific T-cell responses of human
peripheral blood TH2 cells.42 Similarly, EP2 and EP4 receptor
engagement suppressed human alveolar macrophages.48 In
contrast, the PGE2-induced inhibition of mast cells and the
consequent bronchoprotection,49 as well as the cytokine
production of human nasal polyp cells,46 were mediated only by
the EP2 receptor. In addition, PGE2-EP2 signaling was impaired
in patients with aspirin-exacerbated respiratory disease.50,51

Another study showed that although EP2 receptor activation
induced bronchodilation in several animalmodels, only EP4 recep-
tor was responsible for inducing relaxation of human isolated
bronchi.52 Bronchorelaxation, together with EP2- and EP4-
induced inhibition of the immune cells involved in the allergic
response, would be an additional beneficial effect of treatments
with these agonists. In addition to these protective effects, EP2
and EP4 receptor activation induces vasodilation and decreases
blood pressure.53,54 In addition, activation of these receptors upre-
gulates production of vascular endothelial growth factor.55,56

Therefore local administration of EP2 and/or EP4 agonists in the
airways might be beneficial to minimize systemic side effects.
Although both EP2 and EP4 receptors are Gs protein–coupled

receptors and activate cyclic AMP (cAMP)/protein kinase
2s through activation of EP2 and EP4 receptors.

indicated for 24 hours. The EP2 receptor antagonist

gonist ONO AE3-208 (ONO; 1 mmol/L) were added
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FIG 7. Activation of EP2 and EP4 receptors inhibits ILC2 cytokine release, likely through preventing ILC2

proliferation. Sorted and expanded tonsillar ILC2s were stimulated as indicated for 72 hours. Additionally,

the EP2 receptor antagonist PF-04418948 (PF; 1 mmol/L) and the EP4 receptor antagonist ONO AE3-208

(ONO; 1 mmol/L) were added separately or together 20 minutes before PGE2. A, Proliferation of CellTrace

violet dye–loaded ILC2s after 72 hours of incubation was analyzed by using flow cytometry. B, Data are

shown as percentages of ILC2s in different division phases (D0-D4; n 5 4). *P < .05 and ***P < .001. C

and D, Concentrations of released IL-5 (Fig 7, C) and IL-13 (Fig 7, D) in ILC2 supernatants were detected

by means of ELISA, and bars show means 1 SEMs (n 5 7). *P < .05 and **P < .01. Expression of GATA-3

was analyzed by using flow cytometry. E and F, Graphs show geometric mean fluorescence

intensity 1 SEM (Fig 7, E) and geometric mean fluorescence intensity normalized to nonstimulated

cells 1 SEM (Fig 7, F) of GATA-3 expression (n 5 7). *P < .05 and **P < .01.
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A pathways, the EP4 receptor can trigger pathways independent
of cAMP signaling. It was shown that EP4 activation can inhibit
nuclear factor kB activation in human macrophages57 and that
EP4 engagement attenuates human eosinophil migration through
a cAMP-independent pathway.26 Thus these previously described
mechanisms support our findings about the dual requirement of
EP2 and EP4 receptors in mediating the PGE2-induced
suppression of ILC2 function.
In addition to PGE2, some other lipidmediators are emerging as

novel inhibitors of ILC2 function.28 Human ILC2s were inhibited
by the proresolving lipid mediator lipoxin A4,58 and PGI2 was
shown to reducemouse lung ILC2 activity.59 In contrast, PGD2 ac-
tivates ILC2s by binding to the CRTH2 receptor.18 CRTH2 is a Gi
protein–coupled receptor and inhibits cAMP-mediated signaling.
Previously, it was shown that PGD2, through activating the
CRTH2 receptor, stimulates other immune cells, such as TH2
cells, basophils, and eosinophils.60,61 As we previously
mentioned, EP2 and EP4 have been shown to act in an inhibitory
manner during allergic inflammation. We demonstrate here that
PGE2 also negatively regulates human ILC2 function.

We observed that PGE2 inhibited the ILC2 response to each of
the stimulatory cytokines, IL-33, IL-25, and TSLP, as well as to
their combination, which was necessary for complete ILC2
stimulation. Therefore we assessed the mechanism of the
PGE2-induced inhibition of ILC2 function by using the
combination of these activating cytokines. Importantly, we
demonstrated that PGE2 suppressed both freshly isolated blood
and tonsillar ILC2 function, although the inhibitory effects of
PGE2 were more pronounced in expanded ILC2s.

Because PGE2 reduced cytokine production of ILC2s, we
investigated whether PGE2 could affect signaling pathways
essential for ILC2 activation. The transcription factor GATA-3
was shown to be crucial for ILC2 development, function, and
activation.13 In our work PGE2 reduced upregulation of
GATA-3 on stimulatory cytokine treatment, suggesting that
PGE2 interferes with GATA-3 induction. To the best of our
knowledge, we provide the first evidence for PGE2 modulating
GATA-3 expression in immune cells. Additionally, we observed
that PGE2 inhibited ILC2 proliferation. IL-2 is an essential
coactivator of human ILC2s.32 A recent study showed that IL-2
is required for ILC2 function in type 2 lung inflammation in
mice.62 Because IL-2 upregulates CD25 expression through a
positive feedback mechanism, it might serve as an indicator of
ILC2 activation. CD25 expression was increased on cytokine
stimulation, whereas PGE2 prevented cytokine-induced CD25
upregulation, indicating the effect of this lipid mediator on
ILC2 activation and at later time points also on ILC2
proliferation. These data are in line with previous reports
demonstrating that PGE2 reduces CD25 expression and,
consequently, IL-2 signaling in human primary peripheral blood
T cells63 and bovine CD41 T cells.64 Similarly, PGE2 was
previously shown to induce genes that block the cell cycle and
proliferation of human primary CD41 T cells.42,65

In conclusion, our findings reveal that PGE2 hampers fresh and
expanded ILC2 activity by reducing production of the type 2
cytokines IL-5 and IL-13. We demonstrated that both EP2 and
EP4 receptors are expressed on ILC2s and are critical in
mediating the PGE2-caused abolishment of ILC2 activation. We
showed that PGE2 interferes with molecular pathways involved
in type 2 cytokine production, preventing upregulation of CD25
and GATA-3 expression. Because ILC2s are essential in the
initiation and amplification of type 2 inflammation, our data
propose PGE2 and selective or even dual EP2/EP4 agonists as
promising therapeutic tools for allergic diseases by directly
limiting human ILC2 activation.

We thank the Department of Medicine, Huddinge Flow Cytometry Facility

at Karolinska Institutet, for allowing us to use the cell sorters.

Key messages

d PGE2 inhibits cytokine production and proliferation of
stimulated human ILC2s through the EP2 and EP4
receptors.

d PGE2 interferes with CD25 and GATA-3 expression in
stimulated ILC2s.

d EP2 and EP4 agonists could prove beneficial for targeting
ILC2 function in allergy therapy.
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METHODS

Isolation and flow cytometric sorting of tonsillar

and blood ILC2s
Human tonsils were freshly obtained from tonsillectomies of patients with

obstructive sleep apnea syndrome at the Ear Nose Throat Clinic at the

Karolinska University Hospital Huddinge, Sweden. The collection and use of

tonsils were approved by the regional ethical board at Karolinska Institutet.

Buffy coats were provided by the blood bank at the Karolinska University

Hospital Huddinge and were collected according to the approval of the

regional ethical board at Karolinska Institutet.

Cell isolation from tonsils was performed, as previously described.E1

Briefly, tonsils were dissected into small pieces, ground through a filter, and

centrifuged. Mononuclear cells were isolated by using Lymphoprep

centrifugation and depleted from lineage-positive cells by using directly

conjugated anti-CD3, anti-CD19, and anti-CD14 microbeads (markers for

T cells, B cells, and monocytes, respectively) and LD MACS columns

(Miltenyi Biotec, Bergisch Gladbach, Germany). Lineage-depleted cells

from buffy coats were additionally enriched with the CD127 MicroBead Kit

(Miltenyi Biotec). Lineage-depleted cells were incubated with the following

specific mAbs: fluorescein isothiocyanate–conjugated anti-CD14 (T€UK4;

Dako, Glostrup, Denmark); anti-CD3 (SK7), anti-FcεRIa (AER-37

CRA-1), anti-CD34 (581), anti-CD123 (6H6), anti-CD1a (HI149), anti–T-

cell receptor ab (IP26), anti–T-cell receptor gd (B1), anti-CD94 (DX22; all

from BioLegend, San Diego, Calif), anti-BDCA2 (AC144; Miltenyi Biotech),

and anti-CD19 (4G7; BD Biosciences, San Jose, Calif). Additionally, we

used Brilliant Violet 605–conjugated anti-CD161 (HP-3G10), Brilliant

Violet 711–conjugated anti-CD56 (HCD56; both from BioLegend);

phycoerythrin (PE)-CF594-conjugated anti-CRTH2 (BM16), V500-

conjugated anti-CD45 (HI30; both from BD Biosciences); PE-Cy7–

conjugated anti-CD127 (R34.34), PE-Cy5.5–conjugated anti-CD117

(104D2D1), and PE-Cy5–conjugated anti-NKp44 (Z231; all from Beckman

Coulter, Fullerton, Calif). In addition, cells were stainedwith the LIVE/DEAD

Fixable Green Dead Cell Stain Kit (Life Technologies, Grand Island, NY).

ILC2s were sort-purified based on their specific phenotype as

Lin2CD1271CD1611CRTH21 cells by using FACSAria Fusion cell sorter

(BD Bioscience) equipped with FACSDiva software, version 8.

Culture and expansion of ILC2s
Freshly sorted ILC2s were cultured in Iscove modified Eagle medium

(IMDM)medium (Gibco) with Yssel supplement and 1% normal human serum

(NHS; Invitrogen, Carlsbad, Calif) with penicillin (100 U/mL; HyClone, South

Logan, Utah), and streptomycin (0.1 mg/mL; HyClone). Sorted tonsillar ILC2s

were expanded for 2 weeks in culture with a feeder cell mixture of PBMCs

irradiated at 25 Gy and JY cells irradiated at 50 Gy, with IL-2 (100 U/mL), IL-4

(25 ng/mL), and PHA (1 mg/mL), as previously described.E2 Freshly sorted

ILC2s were kept in Yssel medium/1% NHS with IL-2 (10 U/mL) in 96-well

plate (2000 cells per sample) and treated the following day.

Treatment of ILC2s
ILC2s were expanded for 2 weeks and then rested in Yssel medium/1%

NHSwith IL-2 (2 U/mL) for 3 days before the experiments. Cells were seeded

in 96-well U-bottom plates at 5 3 104 cells/well. ILC2s were treated with

PGE2 (30 nmol/L; Cayman Chemicals, Ann Arbor, Mich) for 10 minutes

before adding IL-2 (10 U/mL) with or without IL-33 (PeproTech, Rocky Hills,

NJ), TSLP (PeproTech), and IL-25 (R&D Systems, Minneapolis, Minn) at

50 ng/mL each. The EP2 receptor antagonist PF-04418948 and the EP4

receptor antagonist ONO AE3-208 (both from Cayman Chemicals) were

added 20 minutes before PGE2 in 1 mmol/L concentration. ILC2s were

incubated at 378C for 24 or 72 hours. For addressing concentration-

dependent effects of PGE2, the following concentrations were used: 3, 10,

30, 100, and 300 nmol/L. Dose-response effects of EP2 and EP4

receptor antagonists were analyzed by using the following concentrations:

100 nmol/L, 300 nmol/L, 1 mmol/L, and 3 mmol/L. To confirm the

involvement of EP2 and EP4 receptors in suppression of ILC2 function,

we used the EP2 receptor–specific agonist butaprost and the EP4 receptor–

specific agonist L-902,688 (both from Cayman Chemicals) in the following

concentrations: 10 nmol/L, 30 nmol/L, 100 nmol/L, 300 nmol/L, and

1 mmol/L.

For RT-qPCR, expanded ILC2s were seeded at 1 3 105 cells/well and

incubated for 24 hours with IL-2 (10 U/mL) with or without a combination

of IL-33, TSLP, and IL-25 (50 ng/mL each).

Freshly sorted ILC2s were kept in the presence of IL-2 (10 U/mL) and

control treated or treated with the combination of IL-33, TSLP, and IL-25

(50 ng/mL each) for 5 days. PGE2 (100 nmol/L) was added 10 minutes before

cytokines. Supernatants were collected after 5 days.

Flow cytometric staining and analysis of

intracellular cytokines and transcription factors
Cell-surface staining of expanded tonsillar ILC2s was assessed by using

PE-Cy7–conjugated anti-CD127, PE-Cy5.5–conjugated anti-CD117,

Brilliant Violet 605–conjugated anti-CD161, PE-CF594–conjugated

anti-CRTH2, and Brilliant Violet 711–conjugated anti-CD56. Dead cells

were excluded with the LIVE/DEAD Fixable Green Dead Cell Stain Kit (Life

Technologies). CD25 cell-surface expression was determined by using

Brilliant Violet 650–conjugated anti-CD25 (BC96; BioLegend).

For intracellular cytokine detection, ILC2s were stimulated for 24 hours, as

described above, with GolgiPlug and GolgiStop (BD Biosciences) added after

18 hours. Thereafter, ILC2s were fixed (2% paraformaldehyde),

permeabilized (FACS Permeabilizing Solution 2; BD Biosciences); and

stained for intracellular IL-13 (allophycocyanin-conjugated anti–IL-13;

JES10-5A2) and IL-5 (PE-conjugated anti–IL-5; TRFK5) with antibodies

from BD Biosciences.

Intracellular expression of GATA-3 was determined after fixation and

permeabilization (Foxp3/transcription factor staining buffer set; eBioscience)

by using allophycocyanin-conjugated anti–GATA-3 (clone TWAJ; eBioscience).

All samples were measured on an LSR Fortessa flow cytometer (BD

Biosciences) and equipped with FACSDiva software, version 8, and data were

analyzed with FlowJo software (Tree Star, Ashland, Ore).

Proliferation assay
For assessing cell proliferation, ILC2s were incubated in 500 mL of IMDM

with 1 mL of CellTrace violet dye (Invitrogen) for 20 minutes at 378C. Cells
were washed twice with IMDM/10% FCS. Thereafter, cells were resuspended

in Yssel medium/1% NHS and seeded into 96-well plates. Cells were treated

with PGE2 (30 nmol/L) for 10 minutes and thereafter with IL-2 (10 U/mL)

with or without IL-33, TSLP, and IL-25 (50 ng/mL each) for 72 hours. EP2

and EP4 receptor antagonists (1 mmol/L) were added 20 minutes before

PGE2. All samples were measured on an LSR Fortessa flow cytometer, as

described above. Cell viability was determined as the percentage of all singlet

cells lacking staining of the LIVE/DEAD cell marker.

ELISA
IL-5 and IL-13 concentrations in ILC2 supernatants after the indicated

treatments were assessed by means of ELISA. The Human IL-5 ELISA

Duo-Set Kit was purchased from R&D Systems, and the human IL-13 ELISA

Kit was from Sanquin.

RT-qPCR
Total RNA from expanded tonsillar ILC2s was isolated with the RNeasy

Micro Kit (Qiagen). iScript cDNA Synthesis Kit (Bio-Rad Laboratories) was

used for cDNA synthesis and SsoAdvanced Universal SYBRGreen Supermix

(Bio-Rad Laboratories) for PCR reactions. Primers were from the PrimePCR

SYBR Green assay (PTGER1-PTGER4) for human EP1 to EP4 receptors and

the PrimePCR SYBR Green assay (human RPS18) for the housekeeping gene

RPS18 (all primers were from Bio-Rad Laboratories). RT-qPCRs were

performed in the CFX Connect Real-Time PCR Detection System (Bio-Rad

Laboratories).
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RNA-seq analysis
Single-cell RNA-seq expression patterns were obtained as reads per

kilobase gene model and million mappable reads from the Bj€orklund et alE1

expression matrix (Gene Expression Omnibus no. GSE70580). Expression

levels of the PTGER genes in the different ILC subsets and NK cells were

interpreted as violin plots by using R software.

Statistical analyses
In all experiments n represents the number of individual donors used

for ILC2 isolation. Differences between 2 groups were analyzed by using

the matched-pairs t test, and 3 or more groups were compared by using

1-way ANOVA for repeated measurements and the Dunnett multiple

comparisons test. Analyses were performed with GraphPad Prism 6 software.

J ALLERGY CLIN IMMUNOL

VOLUME 141, NUMBER 5

MARIC ET AL 1773.e2

http://refhub.elsevier.com/S0091-6749(17)31877-8/sref66
http://refhub.elsevier.com/S0091-6749(17)31877-8/sref66
http://refhub.elsevier.com/S0091-6749(17)31877-8/sref66
http://refhub.elsevier.com/S0091-6749(17)31877-8/sref66
http://refhub.elsevier.com/S0091-6749(17)31877-8/sref66
http://refhub.elsevier.com/S0091-6749(17)31877-8/sref66
http://refhub.elsevier.com/S0091-6749(17)31877-8/sref67
http://refhub.elsevier.com/S0091-6749(17)31877-8/sref67
http://refhub.elsevier.com/S0091-6749(17)31877-8/sref67
http://refhub.elsevier.com/S0091-6749(17)31877-8/sref67
http://refhub.elsevier.com/S0091-6749(17)31877-8/sref67


FIG E1. Expanded human tonsillar ILC2s retain their phenotype. A, Gating of ILC2s from lineage-depleted

alive freshly isolated human tonsillar mononuclear cells. B, Sorted and expanded ILC2s retain their pheno-

type after 2 weeks of culture expressing CD161 and CRTH2 and lacking expression of CD3 and CD56, as

analyzed by using flow cytometry.
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FIG E2. PGE2 does not affect ILC2 viability and proliferation after 24 hours. ILC2s were stimulated as

indicated for 24 hours. A, Proliferation of CellTrace violet dye–loaded ILC2s after 24 hours was analyzed

by using flow cytometry. Representative histograms are shown (n 5 2). B, Cell viability was determined

as a percentage of singlet cells, which are negative for dead cell markers. Data are shown as

means 1 SEMs (n 5 4). ns, Nonstimulated.
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FIG E3. PGE2 concentration-dependently inhibits cytokine production of ILC2s. A and B, Sorted and

expanded tonsillar ILC2s were stimulated with a combination of cytokines (IL-33, TSLP, and IL-25 plus

IL-2) for 24 hours. PGE2 was added in different concentrations (3, 10, 30, 100, and 300 nmol/L) 10 minutes

before the cytokines. Concentrations of IL-5 (Fig E3, A) and IL-13 (Fig E3, B) in ILC2 supernatants were

determined by means of ELISA, and data are shown as mean 6 SEM concentrations (n 5 4). *P < .05,

**P < .01, and ***P < .001. ns, Nonstimulated. C and D, ILC2s were stimulated with a cocktail of cytokines

or individual cytokines in addition to IL-2. Graphs show individual IL-5 (Fig E3, C) and IL-13 (Fig E3, D)

concentrations (n 5 3).
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FIG E4. Dual engagement of EP2 and EP4 receptors is essential for the PGE2-induced reduction of ILC2

cytokine production. Sorted and expanded tonsillar ILC2s were stimulated as indicated for 24 hours.

Additionally, the EP2 receptor antagonist PF-04418948 (PF) and the EP4 receptor antagonist ONO

AE3-208 (ONO) were added separately or together in different concentrations (100 nmol/L, 300 nmol/L,

1 mmol/L, and 3 mmol/L) 20 minutes before PGE2. A and B, Concentrations of released IL-5 (Fig E4, A) and
IL-13 (Fig E4, B) in ILC2 supernatants were determined by using ELISA and shown as means 6 SEM

(n 5 4). C and D, Sorted and expanded tonsillar ILC2s were treated with the EP2 receptor agonist butaprost

(But) and the EP4 receptor agonist L-902,688 (L9) separately or together in different concentrations

(10 nmol/L, 30 nmol/L, 100 nmol/L, 300 nmol/L, and 1 mmol/L) 10 minutes before the stimulatory cytokines.

Concentrations of released IL-5 (Fig E4, C) and IL-13 (Fig E4, D) in ILC2 supernatants were determined by

using ELISA and are shown as means 6 SEMs (n 5 4; compared with IL treatment). *P < .05 and

**P < .01. ns, Nonstimulated.
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