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Abstract

Background: Group 2 innate lymphoid cells (ILC2) are involvedthe initial phase
of type 2 inflammation and can amplify allergic imne responses by orchestrating
other type 2 immune cells. PG a bioactive lipid that plays protective rolesthe
lung, particularly during allergic inflammation.

Objective: We set out to investigate how P&Egulates human ILC2 function.
Methods: The effects of PGEon human ILC2 proliferation, intracellular cytokin
and transcription factor expression were assesgsedlov cytometry. Cytokine
production was measured by ELISA and real-time tjteiive PCR was performed to
detect PGEreceptor expression.

Results: PGE inhibited the expression of GATAS3, as well as pineduction of type 2
cytokines, IL-5 and IL-13, from human tonsil andodd ILC2 in response to
stimulation with a combination of IL-25, IL-33, T®Land IL-2. Furthermore, PGE
downregulated the expression of IL2RCD25). In line with that observation, P&GE
decreased ILC2 proliferation. These effects werdiated by the combined action of
the EP2 and EP4 receptors, which were specifieadpressed on ILC2.

Conclusion: Our findings reveal that PGHmits ILC2 activation and propose that
selective EP2 and EP4 receptor agonists might sas/epromising therapeutic

approach in treating allergic diseases by supprgdkiC2 function.
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Key messages.
» PGE inhibits cytokine production and proliferation ainsulated human ILC2
via the EP2 and EP4 receptors
* PGE interferes with CD25 and GATA3 expression in stiated ILC2
 EP2 and EP4 agonists could prove beneficial fayetamg ILC2 function in

allergy therapy

Capsule summary
Our study has demonstrated mechanisms underlyimd GEk-induced abolishment
of ILC2 function, suggesting EP2/EP4 receptors etertial therapeutic targets in

allergy and asthma.

Keywords:. ILC2, allergy, prostaglandinzEP2, EP4

Abbreviations. CRTH2 — chemoattractant receptor-homologous moteenpressed
on Th2 cells, EP — E type prostanoid receptor, Ilinterleukin, ILC — innate
lymphoid cells, NR¢B — nuclear factor kappa B, PG — prostaglandin,JRCR —
guantitative reverse transcription polymerase cleatction, TSLP — thymic stromal

lymphopoietin
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Introduction

Group 2 innate lymphoid cells (ILC2) were first debed in mice as lymphocytes
lacking expression of B and T cell markers and ¢pemnrich source of type 2
cytokines® 2 ILC2 are crucial in driving type 2 immune respesieven in the
absence of adaptive T cell activatis Human ILC2 have been identified in the
lung, gut, nasal polyps, thymus, tonsils, skin aisb in peripheral blood®. In the
mouse, ILC2 development is dependent on retinoid aeceptor-related orphan
receptor alpha and GATAS. Additionally, GATA3 plays a key role in both huma
and mouse ILC2 maintenance and functi@nlL-2 and IL-7 are also necessary for
ILC2 maintenance and can contribute to ILC2 aciwat'. Upon allergen
stimulation, activated airway epithelial cells aaldeolar macrophages produce the
innate cytokines IL-33, IL-25 and thymic stromammighopoietin (TSLP)", which
activate nuclear factor kappa B (MB) and STAT-5 signaling pathways in ILC2
These events lead to GATAS upregulation and GATétB/ation triggers production
of the type 2 cytokines IL-5 and IL-I!3 ** Consequently, eosinophils, mast cells,
Th2 cells and dendritic cells are activated thathier amplify the type 2 immune
response characteristic for allergy and asthira

Pharmacological targeting of ILC2 is desirable tlu¢he crucial role that ILC2 play
in the pathogenesis of allergy. Although severéivators of ILC2 have been already
described, we still know relatively little aboutctars that restrict ILC2 responses.
Lipid mediators are key molecules in controllindeaiic immune responsé$ and
there is clear evidence for an immunoregulatorg afl prostaglandin (PG)-B® and
other lipid mediators in ILC2 activatior.

One highly abundant lipid mediator in the lung GH} that exerts its effects through

four different G protein-coupled E-type prostanmedeptors (EP1-4). PGHhas been
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shown to be protective in mouse models of asthndaa#iergy®> % as well as in the

human lung, where inhaled P&ihhibits allergen-induced bronchoconstrictiéh
Furthermore, PGEshows inhibitory effects on Th2 cells, macrophageast cells,
neutrophils and eosinophi&2”.

Importantly, the role of PGHnN regulating ILC2 function has not been descrigetd
Here we reveal PGEas a potent suppressor of human ILC2 cytokine ymtiah and
proliferation, most likely via downregulating thegpgession of GATA3 and IL-2¢&
(CD25). Furthermore, ILC2 exclusively express tiR2End EP4 receptors and BGE
utilizes both these receptors to suppress ILC2tionc Our findings indicate that
targeting the PGE EP2/EP4 pathway might be an efficient way to sagp ILC2

function as a therapeutic strategy for allergy asithma.
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Methods
Detailed description of methods and materials @vigled in the Methods section in

this article’s Online Repository.

| solation and flow cytometric sorting of tonsil and blood ILC2

ILC2 were obtained from human tonsils and buffytso@he cells were isolated by
flow cytometery sorting using antibodies againsecsfic cell-surface markers as
previously describetf. Detailed description of antibodies used for ILi€@ation can

be found in the Methods section in this articleidi®e Repository.

Culture, expansion and treatments of ILC2

Freshly sorted ILC2 were expanded for two weeksuhure with a feeder cell
mixture as previously describéd ILC2 were treated with PGE30 nM) for 10 min
before adding IL-2 (10 U/mL) with or without IL-33;SLP and IL-25 (50 ng/mL
each). EP2 receptor antagonist, PF-04418948 and re€&ptor antagonist, ONO
AE3-208 were added 20 min before BGHE some experiments, ILC2 were treated
with EP2 receptor agonist, butaprost and EP4 receggonist, L-902, 688, 10 min
before the cytokine stimulation. Expanded ILC2 wereubated for 24 hours or 72

hours and freshly sorted ILC2 for 5 days.

Flow cytometry staining and analysis of intracellular cytokines, transcription
factorsand proliferation

Cell surface staining of expanded tonsil ILC2 wassessed by using specific
antibodies. CellTrace violet dye was used for araty cell proliferation. Intracellular

cytokine detection and GATA3 expression were detaethafter specific fixation and
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permeabilization protocols. After the staining,l€elere acquired immediately on a

LSR Fortessa flow cytometer.

ELISA
Collected cell supernatants were analyzed by ulirig ELISA Duo-Set kit (R&D)

and IL-13 ELISA kit (Sanquin).

RT-gPCR

Total RNA from expanded tonsil ILC2 cells was ideth using RNeasy micro kit
(Qiagen). After cDNA synthesis, gqPCR reactions weperformed using
SsoAdvancel Universal SYBR Green supermix (Bio-Rad) and primers for human
EP1-EP4 receptors and house-keeping gene RPS1&i(aélrs were from Bio-Rad).
RT-gPCRs were performed in CFX Connect Real-Tim& B@tection System (Bio-

Rad).

RNA sequencing analysis

Single cell RNA-seq expression patterns were obthias reads per kilobase gene
model and million mappable reads (RPKMs) from thérBund, Forkel et al?®
expression matrix. Expression levels of BIEGER genes in the different ILC subsets

and NK cells were interpreted as violin plots udimg R software.

Statistical analyses
In all experiments, "n” represents the numberindividual donors used for ILC2
isolation. Differences between two groups were ya@ by using matched-pairs t-

test and three or more groups were compared bywayeANOVA for repeated



175 measurements and Dunnett's multiple comparisons femlyses were performed
176  using GraphPad Prism 6 Software.
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Results

PGE, suppresses|L-5and IL-13 production in human tonsil ILC2

ILC2 were sort-purified from tonsil mononuclear Isel as Lin
CD127CD16TCRTHZ lymphocytes (Figure 1A). Due to the relative rass of
ILC2 in tonsils, we expanded freshly sorted ILC2 bwituring the cells with
irradiated feeder cells for two weeks in the preseaf IL-2 (100 U/mL), IL-4 (25
ng/mL) and PHA (1 pg/mL). As compared to the frgskblated ILC2 (see Figure
E1A in the Online Repository), expanded ILC2 mamad their phenotype and
expressed high levels of CD161 and CRTH2 whileitegkCD3 and CD56 expression
(see Figure E1B in the Online Repository). To asdesw PGE regulates ILC2
function, we incubated tonsil ILC2 with cytokinesmdwn to drive human ILC2
function: 1L-33, TSLP, IL-25 and IL-2, in the pres® or absence of PGHEor 24
hours. Control treatment of ILC2 contained only2aLWe chose this time point as
there is no detectable ILC2 proliferation occurringhese cultures within 24 hours,
allowing us to assess proliferation-independergatéf of PGE on ILC2 (see Figure
E2A in the Online Repository). As expected, theokyte-activated ILC2 secreted
high amounts of IL-5 and IL-13, as determined by3A (Figure 1B, C). Incubation
of ILC2 with PGE alone did not induce any changes in the cytokiraymction
(Figure 1D), however PGEinhibited cytokine production of activated ILC2 @&
concentration-dependent manner (see Figure E3A,tBa Online Repository). In all
subsequent experiments, we used 30 nM RGéhich caused on average 70%
inhibition of cytokine secretion (Figure 1B, C).n8lar results were obtained when
we assessed the IL-5 and IL-13 production on acpkrbasis, as PGEsignificantly
reduced the percentage of ILC2 expressing intraleelliL-5 and IL-13 following

cytokine-stimulation (Figure 1E-G).
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Of note, as previously demonstratédwe observed that the combination of all three
cytokines (IL-33, IL-25 and TSLP) generated higHeC2-responses than the
individual cytokines alone (see Figure E3C, D ine tl©Online Repository).
Interestingly, IL-33, and to a lesser extent IL-&% TSLP, alone could induce only
moderate IL-5 and IL-13 production. Importantly, BGnhibited ILC2 activation in
response to the combination of all cytokines, all asgin response to IL-33, IL-25
and TSLP alone (see Figure E3C, D in the OnlineoRieqmry).

The transcription factor GATAS is crucial in ILC@rfction, as it regulates production
of type 2 cytokines® * Intracellular protein detection of GATA3 revealgdt it is
highly expressed in resting ILC2 and further enleanafter 24 hours of cytokine
stimulation (Figure 1H-J). We show that addition BGE caused statistically
significant decrease in the GATA3 expression (FegliH-J). Cell viability was not
affected by PGE(see Figure E2B in the Online Repository). Takegetber, PGE
reduces the production and release of IL-5 and3Lby stimulated ILC2, likely via

the downregulation of GATAS.

PGE; reduces CD25 expression and cell proliferation of ILC2

We observed that cytokine-stimulated ILC2 upregdathe expression of IL-2R
(CD25) (Figure 2A-F). After co-incubation with Pglor 24 hours, ILC2 showed
significantly reduced expression of CD25 as conghaoecells stimulated only with
the cytokines (Figure 2A-C). Upon culturing ILC2 f62 hours we could observe an
even more pronounced inhibitory effect of PG the CD25 expression (Figure 2D-
F). As IL-2 strongly stimulates ILC2 proliferatidh, we set out to assess the effects
of PGE, on ILC2 proliferation. Cytokine stimulation of IlZfor 72 hours induced up

to 4 rounds of cell division. Furthermore, as pcestl by the PGEinduced

12
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suppression of CD25 expression, R®GIcked cytokine-driven ILC2 proliferation,
with the majority of ILC2 remaining in resting pleasr in the 1 round of cell
division, similarly to non-stimulated control (Figu2G, H). PGEtreatment did not
affect cell viability after 72 hours of incubatigRigure 2I).

Longer culture time generated higher concentratangleased IL-5 and IL-13 in the
ILC2 supernatants as compared to 24 hours (Figliyd83 which could be due to the
intensive cell proliferation seen at this time goiBtrikingly, PGE significantly
suppressed the cytokine-stimulated IL-5 and IL-4&stion of ILC2 after 72 hours of
culture (Figure 3A, B). Furthermore, expressionGATA3 was also significantly
inhibited by PGE treatment after 72 hours incubation similarly ftea24 hours
(Figure 3C-E and Figure 1H-J).

In summary, these data indicate that R@&es not only act on the “per cell basis”,
i.e. by suppressing cytokine production of indhatlLC2. In addition, PGEIlimits
ILC2 function also by inhibiting cell proliferatiomost likely via negatively affecting

CD25 and GATAS expression.

PGE; reduces IL-5 and IL-13 secretion from freshly sorted blood and tonsil
ILC2

As our initial experiments were performed usingitro expanded ILC2, we wanted
to confirm the suppressive effect of PGén freshly sorted human ILC2. For this
purpose, we analyzed freshly sorted ILC2 from bueffats (Figure 4A-E) and tonsils
(Figure 4F, G). As we have previously observed freghly isolated ILC2 produce
less cytokines on a per cell ba$iswe incubated ILC2 for 5 days. Freshly isolated
blood ILC2 (Figure 4A, B) and tonsil ILC2 (Figurd=4G) released comparable

amounts of IL-5 and IL-13 after 5 days of cultuR&GE, significantly reduced IL-5

13



253 and IL-13 production of blood ILC2 (Figure 4A, BYdditionally, PGE significantly
254  reduced IL-13 production of tonsil ILC2 to approdtaly 60%, and also slightly
255 decreased IL-5 release (Figure 4F, G).

256  Furthermore, cytokine stimulation upregulated CD2&%ression in freshly sorted
257  blood ILC2, which was significantly decreased by @eatment (Figure 4C, D). To
258 assess effects of PGB ILC2 proliferation, we captured images of IL&®er 5 days
259  of culture. These images, evaluated by eye, regetiat ILC2 cultured in the
260 presence of PGEormed a smaller cell mass as compared to ILCRuced in the
261 presence of only cytokines (Figure 4E).

262  These results indicate that freshly isolated bland tonsil ILC2 also respond to
263 PGE with repressed activity and confirm the inhibit@fyects of PGEwe observed
264  on expanded tonsil ILC2.

265

266 PGE; suppresses|L-5and IL-13 production of ILC2 by acting on EP2 and EP4
267  receptors

268 PGE exerts its physiological effects by acting on falififerent G protein-coupled
269 receptors: EP1-EP4. To determine which receptorsliatee the PGEinduced
270 inhibitory effects on ILC2, we assessed expressibthe EP receptors on human
271 tonsil ILC2. In our previously publishesingle-cell RNA sequencing data generated
272 from freshly isolated tonsil ILC subsetéwe detected the EP2 and EP4 receptor
273  encoding transcriptfTGER2 and PTGER4 in ILC2. In contrast, ILC2 lacked
274  expression of transcripts for EP1 and EP3 recep{figure 5A). RT-gPCR
275  experiments performed with expanded tonsil ILCZ2eeded that cultured ILC2 retain

276  the same EP receptor expression pattern as fr&sh, land exclusively express EP2
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and EP4 receptors (Figure 5A, B). Of note, expoessif EP2 and EP4 mRNA was
not affected by cytokine stimulation of expandeasiblLC2 (Figure 5C).

Having identified the expression of EP2 and EP4ptar mRNAs in tonsil ILC2, we
set out to determine if these receptors were resplenfor the inhibitory effects of
PGE. We pre-treated ILC2 with selective EP2 (PF-0441B3%nd EP4 (ONO AE3-
208) receptor antagonists prior to cytokine and PGtEatments (Figure 6).
Assessment of IL-5 and IL-13 production revealeat gelective antagonism of EP2
or EP4 receptor only slightly prevented the suppveseffects of PGE Interestingly,
simultaneous EP2 and EP4 blockade largely abolite® GE-induced reduction of
IL-5 and IL-13 release after 24 hours of culturég(ffe 6A, B). Since antagonists
used separately in 1 pM concentration did not vethe effect of PGE we
examined whether higher concentrations would beenefiicient. Using antagonists
in the concentration range of 0.1-3 uM, we demastt that concentrations higher
than 1 uM did not have more profound reversal ¢fbecPGE-induced inhibition of
ILC2 function (see Figure E4A, B in the Online Rspaory).

We observed the same effects on the per-cell basisaling that only dual EP2 and
EP4 antagonism reversed the B@ilucedreduction of IL-5 and IL-13 intracellular
expression (Figure 6C-E). Joint antagonism of ER® BP4 receptors also reversed
the PGE-induced reduction of GATA3 expression after indidra for 24 hours
(Figure 6F, G).

Additionally, we addressed the role of selectivevation of EP2 and EP4 receptors
in regulating the cytokine production of ILC2 byepncubation with specific agonists
butaprost (EP2) and L-902, 688 (EP4) in the comaénh range of 10-1000 nM (see
Figure E4C, D in the Online Repository). By usihgstapproach we confirmed that

dual engagement of EP2 and EP4 is required for ckimg the inhibitory effects of

15
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PGE on the ILC2 cytokine production. We observed aé&cy for more pronounced
inhibition by selectively engaging the EP4 recepercompared to EP2, although
these effects did not reach statistical signifiearis direct comparison with PGEve
show that the selective EP2 and EP4 agonists innMd@oncentration only partly
reduced cytokine production, while their simultange@ctivation completely blocked
ILC2 stimulation, comparably to the effect of PZEigure 6H, I).

Next, we aimed to determine whether antagonismR# &nd EP4 receptors is able to
effectively reverse the long-term ILC2 blocking exffs of PGE after 72 hours
incubation. As PGEalmost completely abolished proliferation of ILOQ&luced by
the cytokine stimulation, we examined the role &2Eand EP4 receptors in ILC2
proliferation. Indeed, combined EP2 and EP4 antsgonreversed the PGE
suppressed ILC2 proliferation, by keeping a largepprtion of ILC2 into the first
and second division phases (Figure 7A, B). Dual BR2 EP4 blockade also reversed
the PGE-caused suppression of ILC2 cytokine productiongfe 7C, D) and
GATAS expression at this time point (Figure 7E, fexther confirming the role of
both receptors in mediating the long-term inhibjteffects of PGEin ILC2 function.
Taken together, PGEsuppresses IL-5 and IL-13 production and block€2L

proliferation via engagement of both EP2 and ERéptors.
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Discussion

In this study we describe P@Es a potent negative regulator of human ILC2 fonct
by inhibiting IL-5 and IL-13 production as well @ke proliferation of ILC2. The
cellular mechanism of the PGEaused ILC2 inhibition involved suppression of
CD25 and GATAS3 expression in ILC2. Furthermore, faeend that PGE mediated
these effects via engagement of both EP2 and Efept@'s, which are expressed by
ILC2.

ILC2 are important in initiating the type 2 inflanation, as shown in mouse models
of asthma and allergy*® In line with these observations, studies of hursaljects
showed increased numbers of ILC2 in peripheral dland sputum of patients with
allergic asthma® * and lung fibrosis®, in nasal tissue of patients with chronic
rhinosinusitis® and in the skin of atopic dermatitis patieftsPGE is abundantly
present in the human lung, produced by alveolatheli@l and endothelial cells as
well as by macrophages and dendritic c&fjswhile under inflammatory conditions
PGE levels are further elevatef. Our data, therefore, firstly indicate that RGE
might serve as an endogenous messenger for rigstriof uncontrolled signals
mediated by ILC2. Secondly, the findings suppoe pinoposal that pharmacological
targeting of the PGE EP2/EP4 pathway might be an efficient novel waynbdulate
ILC2 function as a therapeutic strategy in alleagyg asthma.

Importantly, earlier clinical studies showed thahalation of PGE prevented
bronchoconstriction in healthy and asthmatic subjét 3*** Additionally, PGE

24 43 and mast cell-

inhibited human Th2 cell activatidf, eosinophil trafficking
dependent constriction of human bronthiln mouse models of asthma and allergy,

PGE has been shown to be protective by preventingasirsensitizatiort™ > As

17



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

ILC2 are important initiators of allergic response® now extend these findings by
showing that PGEdirectly suppresses ILC2 function.

Our single-cell RNA sequencing and RT-gPCR dataatestnated that human tonsil
ILC2 exclusively express EP2 and EP4 receptorsréstingly, selective blockade of
EP2 or EP4 receptors resulted in only partial r&eer of the inhibitory effect of
PGE, whereas their combined antagonism abolishedrthiitory effect of PGE
Accordingly, joint EP2 and EP4 receptor agonism nesessary to completely inhibit
ILC2 activation. Selective EP4 receptor activatappeared to have more profound
suppressive effects than EP2. This might be dukffierences in expression levels of
the EP2 and EP4 receptors as we observed thatyfisskated andn vitro expanded
ILC2 expressed higher levels ®fTGER4 than PTGER2 mRNA. However, only
simultaneous engagement of EP2 and EP4 receptoid komic the inhibitory effect
of PGE in ILC2 function. This suggests an interesting haism, where PGE
requires engagement of both EP2 and EP4 recemtasett its full inhibitory effect
on ILC2 function. In line with our findings, prewis studies described anti-
inflammatory roles of the & protein-coupled EP2 and EP4 receptdrs> ¢ 47
Furthermore, PGEwas shown to control immunological responses, wlseich co-
operation of EP2 and EP4 receptors was esserdralngtance in the PGEnduced
inhibition of antigen-specific T cell responseshoinan peripheral blood Th2 ceffs
Similarly, EP2 and EP4 receptor engagement supmessuman alveolar
macrophages®®. In contrast, the PGHnduced inhibition of mast cells and the
consequent bronchoprotectiéhas well as the cytokine production of human nasal
polyp cells *® were mediated only by the EP2 receptor. Besides, RGE-EP2
signaling was impaired in patients with aspirin-@wated respiratory disea¥e>:

Another study showed that whereas EP2 receptoragicin induced bronchodilation
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in several animal models, only EP4 receptor wapamesible for inducing relaxation
of human isolated broncfi. Bronchorelaxation, together with EP2- and EP4saedi
inhibition of the immune cells involved in allergresponse, would be additional
beneficial effect of treatments with these agoniBisside these protective effects,
EP2 and EP4 receptor activation induces vasodilatial decreases blood presstire
> Activation of these receptors additionally upreges production of the vascular
endothelial growth factor (VEGE}' *® Therefore, local administration of EP2 and/or
EP4 agonists in the airways might be beneficiabrider to minimize systemic side
effects.

Although both EP2 and EP4 receptors aus @rotein-coupled receptors and activate
cAMP/PKA pathways, the EP4 receptor can triggehwals independent of the
cAMP signaling. It was shown that EP4 activatiom @ahibit NF«B activation in
human macrophagé’, and that EP4 engagement attenuates human eotinoph
migration through cAMP independent pathw@y Thus, these previously described
mechanisms support our findings about the dual ireopent of EP2 and EP4
receptors in mediating the Pglduced suppression of ILC2 function.

In addition to PGE some other lipid mediators are emerging as nmfebitors of
ILC2 function ?®. Human ILC2 were inhibited by the pro-resolvingidi mediator
lipoxin A4 *® and PGJ was shown to reduce mouse lung ILC2 acti¥ityin contrast,
PGD; activates ILC2 by binding to CRTH2 recept8t CRTH2 is Gi protein-
coupled receptor and inhibits cAMP-mediated sigmalPreviously it was shown that
PGD,, via activating the CRTH2 receptor, stimulateseotimmune cells like Th2
cells, basophils and eosinophiis ¢1. As we previously mentioned, EP2 and EP4 have
been shown to act in an inhibitory manner duringergic inflammation. We

demonstrate here that P&&so negatively regulates human ILC2 function.
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We observed that PGHEnhibited ILC2 response to each of the stimulatoytokines:
IL-33, IL-25 and TSLP, as well as to their combiaat which was necessary for
complete ILC2 stimulation. Therefore, we asses$ed mhechanism of the PGE
induced inhibition of ILC2 function by using the rabination of these activating
cytokines. Importantly, we demonstrated that PGippressed both freshly isolated
blood and tonsil ILC2 function, although the inhdsy effects of PGEwere more
pronounced in expanded ILC2.

As PGE reduced cytokine production of ILC2, we investeghtvhether PGEcould
affect signaling pathways essential for ILC2 adiwa The transcription factor
GATA3 was shown to be crucial for ILC2 developmédntction and activatiof®. In
our work, PGE reduced upregulation of GATA3 upon stimulatory okyhe
treatment, suggesting that P&iEterferes with GATAS3 induction. To the best ofrou
knowledge, we provide the first evidence for BG&tbdulating GATA3 expression in
immune cells. Additionally, we observed that RBGthibited ILC2 proliferation. IL-2
is an essential co-activator of human IL&2 A recent study showed that IL-2 is
required for ILC2 function in type 2 lung inflamnia in the mice®®. As IL-2 up-
regulates CD25 expression via a positive feedbaek&hanism, it might serve as an
indicator of ILC2 activation. CD25 expression wascreased upon cytokine
stimulation, while PGE prevented the cytokine-induced CD25 upregulation,
indicating the impact of this lipid mediator on IRGctivation and at later time point
also on ILC2 proliferation. These data are in hvith previous reports demonstrating
that PGE reduces CD25 expression and consequently IL-2align in human
primary peripheral blood T celf§ and bovine CD4T cells®. Similarly, PGE was
previously shown to induce genes that block theayele and proliferation of human

42,65

primary CD4 T cells

20



420

421

422

423

424

425

426

427

428

429

In conclusion, our findings reveal that PGBRampers fresh and expanded ILC2
activity by reducing production of the type 2 cytws IL-5 and IL-13. We
demonstrated that both EP2 and EP4 receptors pressed on ILC2 and are critical
in mediating the PGEcaused abolishment of ILC2 activation. We showed PGE
interferes with molecular pathways involved in ty@e cytokine production,
preventing upregulation of CD25 and GATAS3 expressids ILC2 are essential in
the initiation and amplification of type 2 inflamtran, our data propose PGE&nd
selective or even dual EP2/EP4 agonists as progisiarapeutic tools for allergic

diseases by directly limiting human ILC2 activation
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Figurelegends

Figure 1. PGE; suppresses IL-5 and IL-13 production of human tonsil ILC2. A.
Gating strategy for sort-purifying human tonsil R.CSorted and expanded tonsil
ILC2 in the presence of IL-2 (10 U/mL) were stintel with IL-33, IL-25 and TSLP
(50 ng/mL each), shortened as IL, or left non-stated (ns) for 24 hours. PGE30
nM) was added 10 min before the cytokines. Conaénotrs of released IL-EB, D)
and IL-13 (C, D) in ILC2 supernatants were assessed by ELISA, gregtow
individual concentrations (****p<0.0001, n=9-10)E. Intracellular cytokine
expression of IL-5 and IL-13 was determined by flowometry.F and G. The
graphs present individual percentages of IL{B} and IL-13-(G) positive cells
(**p<0.01, ***p<0.001, n=6). H. Expression of GATA3 was analyzed by flow
cytometry. Graphs show individual geometric mearoéscence intensitfl) and
geometric mean fluorescence intensity normalizechda-stimulated cellgJ), of

GATAS expression (*p<0.05, n=5).

Figure 2. PGE; prevents cytokine-induced CD25 upregulation and proliferation

of ILC2. ILC2 were stimulated as indicated for 24 hoi#ksB, C) or 72 hourgD-I).
A. and D. Expression of CD25 was analyzed by flow cytometgpresentative
histograms are showfraphs show individual geometric mean fluorescemismnsity
of CD25 expression after 24 houiB) (*p<0.05, n=8) and 72 hour&) (*p<0.05,
n=6) and geometric mean fluorescence intensity abred to non-stimulated cells of
CD25 expressiorafter 24 hours(C) (*p<0.05, n=8) and 72 hours of cultuf€)
(**p<0.01, n=6).G. Proliferation of CellTrace violet dye-loaded IL@&er 72 hours

incubation was analyzed by flow cytometH,. Data are shown as percentage of ILC2
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in different division phases (D0-D4) (***p<0.001,=#). I. Cell viability was
determined as percentage of singlet cells whichnagmative for dead cell marker.

Data are shown as mean +SEM (n=4).

Figure 3. PGE; reduces GATA3 upregulation. ILC2 were stimulated as indicated
for 72 hours. Concentrations of IL{8\) and IL-13(B) in ILC2 supernatants were
determined by ELISA, data are shown as individuahcentrations (***p<0.001,
****p<0.0001, n=10). C. Expression of GATA3 was analyzed by flow cytometry
Graphs show individual geometric mean fluorescentensity (D) and geometric
mean fluorescence intensity normalized to non-dated cells(E), of GATAS

expression (**p<0.01, n=8).

Figure 4. PGE, reduces IL-5 and 1L-13 secretion from fresh blood and tonsil
ILC2. Freshly sorted human blogd-E) and tonsil(F, G) ILC2 were incubated as
indicated for 5 days. Concentrations of release8l ftom blood ILC2(A) and tonsil
ILC2 (F) and IL-13 from blood ILCZB) and tonsil ILC2(G) were measured by
ELISA, graphs show individual concentrations (*B3%. **p<0.01; n=6 for blood
ILC2 and n=4 for tonsil ILC2)C. Expression of CD25 in freshly sorted blood ILC2
was analyzed by flow cytometryepresentative histograms are shown Graph
shows individual geometric mean fluorescence intgmé CD25 expression in blood
ILC2 after 5 days of culture (*p<0.05, n=4. Images of freshly sorted blood ILC2

after 5 days of treatments; 10 x magnification)estar = 10Qum.

Figure 5. Human tonsil ILC2 selectively express EP2 and EP4 receptors. A. EP

receptor transcripts of freshly sorted human toisil2 were detected by single cell
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693 RNA sequencing. Expression distribution (violin gloare shown for genes of PGE
694 receptors PTGER1-4) in each ILC subset (ILC1-3 and NK cells), wherpression
695 patterns were obtained as reads per kilobase gedelrand million mappable reads
696 (RPKMs)B. mRNA expression of EP receptoBTGER1-4) in sorted and expanded
697 tonsil ILC2 was determined by RT-gPCR (n=B). mMRNA expression of EP2 and
698 EP4 receptor after 24 hours stimulation normaliedhon-stimulated cellsGraphs
699 show mean expressisiSEM (n=5).

700

701 Figure6. PGE;reduces|L-5and IL-13 production in ILC2 through activation of
702 EP2 and EP4 receptors. Sorted and expanded tonsil ILC2 were stimulated as
703 indicated for 24 hours. EP2 receptor antagonistp##18948 (PF, 1 uM) and EP4
704  receptor antagonist, ONO AE3-208 (ONO, 1 uM) wetdesl separately or together,
705 20 min before PGE A andB. Concentrations ofeleased IL-5A) and IL-13(B) in
706 ILC2 supernatants were determined by ELISA. Barphsashow means +SEM
707  (*p<0.05, **p<0.01, n=6-7C. Representative dot plots show intracellular expoess
708 of IL-5 and IL-13 assessed by flow cytometiy. and E. Graphs show mean
709 percentage +SEM of IL-5(D) and IL-13-(E) positive ILC2 (*p<0.05, **p<0.01,
710 n=6). Expression of GATA3 was analyzed by flow cyairy. Graphs show
711 geometric mean fluorescence intensity +SHEWN and geometric mean fluorescence
712 intensity normalized to non-stimulated cells +SHR), of GATA3 expression
713  (*p<0.05, n=5). Released IL{1) and IL-13(l) are shown after 10 min pretreatment
714  with EP2 receptor agonist, butaprost (But) and Edeéptor agonist, L-902, 688 (L9),
715 separately or together in 100 nM concentration. déatrations were determined by
716 ELISA and are shown as means +SEM (*p<0.05, **p40.0=4; compared to IL

717  treatment).
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Figure 7. Activation of EP2 and EP4 receptors inhibits ILC2 cytokine release
likely via preventing ILC2 proliferation. Sorted and expanded tonsil ILC2 were
stimulated as indicated for 72 hours. AdditionalgfP2 receptor antagonist, PF-
04418948 (PF, 1 uM) and EP4 receptor antagonistQ @Qf3-208 (ONO, 1 uM)
were added separately or together, 20 min beforle,P& Proliferation of CellTrace
violet dye-loaded ILC2 after 72 hours of incubatiwas analyzed by flow cytometry.
B. Data are shown as percentage of ILC2 in diffe@rtsion phases (D0-D4)
(*p<0.05, ***p<0.001, n=4). Concentrations of retea IL-5(C) and IL-13(D) in
ILC2 supernatants were detected by ELISA, bars shosans +SEM (*p<0.05,
**p<0.01, n=7). Expression of GATA3 was analyzed thgw cytometry. Graphs
show geometric mean fluorescence intensity +SHB) and geometric mean
fluorescence intensity normalized to non-stimulatsils +SEM (F), of GATA3

expression (*p<0.05, **p<0.01, n=7).
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METHODS

| solation and flow cytometric sorting of tonsil and blood ILC2

Human tonsils were freshly obtained from tonsilbesies of patients with obstructive
sleep apnea syndrome at the Ear Nose Throat Glinibe Karolinska University
Hospital Huddinge, Sweden. The collection and Usemsils were approved by the
regional ethical board at Karolinska Institutetffgucoats were provided by the blood
bank at the Karolinska University Hospital Huddirayed were collected according to
the approval of the regional ethical board at Kiaska Institutet. Cell isolation from
tonsils was performed as previously descride®riefly, tonsils were dissected into
small pieces, ground through filter and centrifugldnonuclear cells were isolated
by lymphoprep centrifugation and depleted from dige positive cells using directly
conjugated anti-CD3, CD19 and CD14 microbeads (erarkor T cells, B cells and
monocytes, respectively) and LD MACS columns (Miitg. Lineage-depleted cells
from buffy coats were additionally enriched usinDX27 MicroBead Kit (Miltenyi).
Lineage-depleted cells were incubated with theofwlhg specific monoclonal
antibodies: FITC-conjugated anti-CD14 (TUK4, Dakanti-CD3 (SK7), anti-FeR 1a
(AER-37 CRA-1), anti-CD34 (581), anti-CD123 (6H@&nti-CD1a (HI149), anti-
TCRop (IP26), anti-TCRs (B1), anti-CD94 (DX22) (all Biolegend); anti-BDCA2
(AC144, Miltenyi Biotech), anti-CD19 (4G7, BD Biadsaces). Additionally we used
Brilliant Violet 605-conjugated anti-CD161 (HP-3Q1O0Brilliant Violet 711-
conjugated anti-CD56 (HCD56) (both Biolegend); PE5@4-conjugated anti-
CRTH2 (BM16), V500-conjugated anti-CD45 (HI30) (boBD Biosciences); PE-
Cy7-conjugated anti-CD127 (R34.34), PE-Cy5.5-coajad anti-CD117 (104D2D1),

PE-Cy5-conjugated anti-NKp44 (Z231) (all Beckmarul@er). In addition, cells were
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stained with the LIVE/DEAD Fixable Green Dead C®tidin Kit (Life Technologies).
ILC2 were sort-purified based on their specific phigpe as LinCD127 CD16T
CRTHZ cells by using FACSAria Fusion cell sorter (BD 8ence) equipped with

the FACSDiva software version 8.

Cultureand expansion of ILC2

Freshly sorted ILC2 were cultured in IMDM medium i§€o) with Yssel's

supplement and 1% normal human serum (NHS) (Iny&nd with penicillin (100
U/mL, HyClone) and streptomycin (0.1 mg/mL, HyClpn8orted tonsil ILC2 were
expanded for two weeks in culture with a feedet nekture of peripheral blood
mononuclear cells irradiated at 25 Gy and JY cdalgliated at 50 Gy, with IL-2 (100
U/mL), IL-4 (25 ng/mL) and PHA (1 pg/mL) as previy described.

Freshly sorted ILC2 were kept in Yssel's medium/M4S with IL-2 (10 U/mL) in

96-well plate (2000 cells/sample) and treated ttlewing day.

Treatmentsof ILC2

ILC2 were expanded for two weeks and then restedssel’s medium/1%NHS with
IL-2 (2 U/mL) for 3 days before the experimentsli€&ere seeded in 96 well U
bottom plates at 5xfOcells/well. ILC2 were treated with PGE30 nM; Cayman
Chemicals)for 10 min before adding IL-2 (10 U/mL) with or wWwaut IL-33
(PeproTech), TSLP (PeproTech) and IL-25 (R&D) atng@mL each. EP2 receptor
antagonist, PF-04418948 and EP4 receptor antagddid© AE3-208 (both from
Cayman Chemicals) were added 20 min before AGE UM concentration. ILC2
were incubated at 3 for 24 hours or 72 hours. For addressing conatair

dependent effects of PGHollowing concentrations were used: 3nM, 10 nid,rd,
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100 nM and 300 nM. Dose-response effects of EP2E receptors antagonists
were analyzed using following concentrations: 100, 300 nM, 1 uM, 3 uM. To
confirm involvement of EP2 and EP4 receptors inpsegsion of ILC2 function, we
used EP2 receptor specific agonist, butaprost dPl feceptor specific agonist, L-
902, 688 (both from Cayman Chemicals), in the feitg concentrations: 10 nM, 30
nM, 100 nM, 300 nM and 1 pM.

For RT-gPCR, expanded ILC2 were seeded 1xHs/well and incubated for 24
hours with IL-2 (10 U/mL) and with or without comnmaition of IL-33, TSLP and IL-
25 (50 ng/mL each).

Freshly sorted ILC2 were kept in the presence e2 10 U/mL) and were control-
treated or with the combination of IL-33, TSLP ahd25 (50 ng/mL each) for 5
days. PGE (100 nM) was added 10 min before the cytokinegpeBatants were

collected after 5 days.

Flow cytometry staining and analysis of intracellular cytokines and transcription
factors

Cell surface staining of expanded tonsil ILC2 wasessed by using PE-Cy7-
conjugated anti-CD127, PE-Cy5.5-conjugated anti-CD1Brilliant Violet 605-
conjugated anti-CD161, PE-CF594-conjugated anti-BR&and Brilliant Violet 711-
conjugated anti-CD56. Dead cells were excludedgutiVE/DEAD Fixable Green
Dead Cell Stain Kit (Life Technologies). CD25 cedlrface expression was
determined by using Brilliant Violet 650-conjugataai-CD25 (BC96, Biolegend).
For intracellular cytokine detection, ILC2 werenstilated for 24 hours as described
above, with Golgi plug and Golgi stop added aft8rhiburs. ILC2 were thereafter

fixed (2% paraformaldehyde), permeabilized (FAC$niabilizing Solution 2, BD
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Bioscience) and stained for intracellular IL-13 @4éonjugated anti-1L-13; JES10-
5A2) and IL-5 (PE-conjugated anti-IL-5; TRFK5) withntibodies from BD
Biosciences.

Intracellular expression of GATA3 was determinedteaf fixation and
permeabilization (Foxp3/transcription factor stagbuffer set, eBioscience) by using
APC-conjugated anti-GATAS3 (clone TWAJ, eBioscience)

All samples were measured on a LSR Fortessa flownogter (BD Bioscience),
equipped with FACSDiva software version 8 and da¢se analyzed using FlowJo

software (Tree Star Inc.).

Proliferation assay

For assessing cell proliferation, ILC2 were inceloigin 500 pL IMDM with 1 pL of
CellTrace violet dye (Invitrogen) for 20 min at 87 Cells were washed twice with
IMDM/10% FCS. Cells were thereafter resuspendedssel’'s medium/1% NHS and
seeded into 96-well plates. Cells were treated WI@E (30 nM) for 10 min and
thereafter with IL-2 (10 U/mL) with or without IL& TSLP and IL-25 (50 ng/mL
each) for 72 hours. EP2 and EP4 receptor antago(isitM) were added 20 min
before PGE All samples were measured on a LSR Fortessa figiemeter as
described above. Cell viability was determined hees gercentage of all singlet cells

lacking staining of the LIVE/DEAD cell marker.

ELISA
IL-5 and IL-13 concentrations in ILC2 supernataafter the indicated treatments
were assessed by ELISA. Human IL-5 ELISA Duo-Sewas purchased from R&D

systems, and the human IL-13 ELISA kit was from cem.
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RT-gPCR

Total RNA from expanded tonsil ILC2 cells was ideth using RNeasy micro kit
(Qiagen). iScript” cDNA Synthesis Kit (Bio-Rad) was used for cDNA #yesis, and
SsoAdvancel Universal SYBR Green supermix (Bio-Rad) for PCR reactions.
Primers were PrimePCHR SYBR®Green assayPTGER1-PTGER4, for human EP1-
EP4 receptors and PrimePERSYBR®Green assay: humaRPS18, for house-
keeping gene RPS18 (all primers were from Bio-RBRd»gPCRs were performed in

CFX Connect Real-Time PCR Detection System (BiojRad

RNA sequencing analysis

Single cell RNA-seq expression patterns were obthias reads per kilobase gene
model and million mappable reads (RPKMs) from thériBund, Forkel et all
expression matrix (Gene Expression Omnibus, GSEYO®pression levels of the
PTGER genes in the different ILC subsets and NK cellsewiaterpreted as violin

plots using the R software.

Statistical analyses

In all experiments, "n” represents the numberindividual donors used for ILC2
isolation. Differences between two groups were yae by using matched-pairs t-
test and three or more groups were compared bywayeANOVA for repeated

measurements and Dunnett's multiple comparisors feslyses were performed

using GraphPad Prism 6 Software.
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SUPPLEMENTAL FIGURE LEGENDS

Figure E1. Expanded human tonsil ILC2 retain their phenotype.

A. Gating of ILC2 from lineage-depleted alive freshigolated human tonsil
mononuclear cellsB. Sorted and expanded ILC2 retain their phenotyper dafvo
weeks of culture expressing CD161 and CRTH2 ankirigcexpression of CD3 and

CD56 as analyzed by flow cytometry.

Figure E2. PGE; does not affect 1L C2 viability and proliferation after 24 hours.
ILC2 were stimulated as indicated for 24 houks.Proliferation of CellTrace violet
dye-loaded ILC2 after 24 hours was analyzed by flowometry. Representative
histograms are shown (n=2. Cell viability was determined as percentage ofjlsin

cells, which are negative for dead cell marker.aCat shown as mean +SEM (n=4).

Figure E3. PGE; concentration-dependently inhibits cytokine production of
ILC2. Sorted and expanded tonsil ILC2 were stimulateth vdiombination of
cytokines (IL-33, TSLP, IL-25 plus IL-2(A, B) for 24 hours. PGEwas added in
different concentrations (3, 10, 30, 100 and 300 i min before the cytokines.
Concentrations of IL-§A) and IL-13(B) in ILC2 supernatants were determined by
ELISA, data are shown as mean concentrations *SEMO(05, **p<0.01,
***n<0.001, n=4). ILC2 were stimulated with a coaktof cytokines or individual
cytokines in addition to IL-ZC, D). Graphs show individual IL-§C) and IL-13(D)

concentrations, n=3.
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Figure E4. Dual engagement of EP2 and EP4 receptors is essential for the PGE,-
induced reduction of ILC2 cytokine production. Sorted and expanded tonsil ILC2
were stimulated as indicated for 24 hours. Addailbn EP2 receptor antagonist, PF-
04418948 (PF) and EP4 receptor antagonist, ONO 2@3{ONO) were added
separately or together in different concentrati@@0 nM, 300 nM, 1 uM, 3 uM) 20
min before PGE A and B. Concentrations ofeleased IL-5A) and IL-13(B) in
ILC2 supernatants were determined by ELISA and shasymeans +SEM (n=4(..
and D. Sorted and expanded tonsil ILC2 were treated \Ef? receptor agonist,
butaprost (But) and EP4 receptor agonist, L-903 @®), separately or together in
different concentrations (10 nM, 30 nM, 100 nM, 3t and 1 uM) 10 min before
the stimulatory cytokines. Concentrations of reéebl -5 (C) and IL-13(D) in ILC2
supernatants were determined by ELISA and are shasvmeans +SEM (*p<0.05,

**p<0.01, n=4; compared to IL treatment).
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