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Abstract 31 

Background: Group 2 innate lymphoid cells (ILC2) are involved in the initial phase 32 

of type 2 inflammation and can amplify allergic immune responses by orchestrating 33 

other type 2 immune cells. PGE2 is a bioactive lipid that plays protective roles in the 34 

lung, particularly during allergic inflammation.  35 

Objective: We set out to investigate how PGE2 regulates human ILC2 function.  36 

Methods: The effects of PGE2 on human ILC2 proliferation, intracellular cytokine 37 

and transcription factor expression were assessed by flow cytometry. Cytokine 38 

production was measured by ELISA and real-time quantitative PCR was performed to 39 

detect PGE2 receptor expression. 40 

Results: PGE2 inhibited the expression of GATA3, as well as the production of type 2 41 

cytokines, IL-5 and IL-13, from human tonsil and blood ILC2 in response to 42 

stimulation with a combination of IL-25, IL-33, TSLP and IL-2. Furthermore, PGE2 43 

downregulated the expression of IL-2Rα (CD25). In line with that observation, PGE2 44 

decreased ILC2 proliferation. These effects were mediated by the combined action of 45 

the EP2 and EP4 receptors, which were specifically expressed on ILC2.  46 

Conclusion: Our findings reveal that PGE2 limits ILC2 activation and propose that 47 

selective EP2 and EP4 receptor agonists might serve as promising therapeutic 48 

approach in treating allergic diseases by suppressing ILC2 function.  49 

  50 
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Key messages:  51 

• PGE2 inhibits cytokine production and proliferation of stimulated human ILC2 52 

via the EP2 and EP4 receptors 53 

• PGE2 interferes with CD25 and GATA3 expression in stimulated ILC2 54 

• EP2 and EP4 agonists could prove beneficial for targeting ILC2 function in 55 

allergy therapy 56 

 57 

Capsule summary  58 

Our study has demonstrated mechanisms underlying the PGE2-induced abolishment 59 

of ILC2 function, suggesting EP2/EP4 receptors as potential therapeutic targets in 60 

allergy and asthma. 61 

 62 

Keywords: ILC2, allergy, prostaglandin E2, EP2, EP4 63 

 64 

Abbreviations: CRTH2 – chemoattractant receptor-homologous molecule expressed 65 

on Th2 cells, EP – E type prostanoid receptor, IL – interleukin, ILC – innate 66 

lymphoid cells, NF-κB – nuclear factor kappa B, PG – prostaglandin, RT-qPCR – 67 

quantitative reverse transcription polymerase chain reaction, TSLP – thymic stromal 68 

lymphopoietin 69 
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Introduction 88 

Group 2 innate lymphoid cells (ILC2) were first described in mice as lymphocytes 89 

lacking expression of B and T cell markers and being a rich source of type 2 90 

cytokines 1, 2. ILC2 are crucial in driving type 2 immune responses even in the 91 

absence of adaptive T cell activation 3-6. Human ILC2 have been identified in the 92 

lung, gut, nasal polyps, thymus, tonsils, skin and also in peripheral blood 7-9. In the 93 

mouse, ILC2 development is dependent on retinoic acid receptor-related orphan 94 

receptor alpha and GATA3 10. Additionally, GATA3 plays a key role in both human 95 

and mouse ILC2 maintenance and function 10. IL-2 and IL-7 are also necessary for 96 

ILC2 maintenance and can contribute to ILC2 activation 11. Upon allergen 97 

stimulation, activated airway epithelial cells and alveolar macrophages produce the 98 

innate cytokines IL-33, IL-25 and thymic stromal lymphopoietin (TSLP) 12, which 99 

activate nuclear factor kappa B (NF-κB) and STAT-5 signaling pathways in ILC2 11. 100 

These events lead to GATA3 upregulation and GATA3 activation triggers production 101 

of the type 2 cytokines IL-5 and IL-13 13, 14. Consequently, eosinophils, mast cells, 102 

Th2 cells and dendritic cells are activated that further amplify the type 2 immune 103 

response characteristic for allergy and asthma 15, 16.  104 

Pharmacological targeting of ILC2 is desirable due to the crucial role that ILC2 play 105 

in the pathogenesis of allergy. Although several activators of ILC2 have been already 106 

described, we still know relatively little about factors that restrict ILC2 responses. 107 

Lipid mediators are key molecules in controlling allergic immune responses 17 and 108 

there is clear evidence for an immunoregulatory role of prostaglandin (PG) D2 
18 and 109 

other lipid mediators in ILC2 activation 19.  110 

One highly abundant lipid mediator in the lung is PGE2 that exerts its effects through 111 

four different G protein-coupled E-type prostanoid receptors (EP1-4). PGE2 has been 112 
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shown to be protective in mouse models of asthma and allergy 20, 21, as well as in the 113 

human lung, where inhaled PGE2 inhibits allergen-induced bronchoconstriction 22. 114 

Furthermore, PGE2 shows inhibitory effects on Th2 cells, macrophages, mast cells, 115 

neutrophils and eosinophils 23-27.  116 

Importantly, the role of PGE2 in regulating ILC2 function has not been described yet. 117 

Here we reveal PGE2 as a potent suppressor of human ILC2 cytokine production and 118 

proliferation, most likely via downregulating the expression of GATA3 and IL-2Rα 119 

(CD25). Furthermore, ILC2 exclusively express the EP2 and EP4 receptors and PGE2 120 

utilizes both these receptors to suppress ILC2 function. Our findings indicate that 121 

targeting the PGE2 - EP2/EP4 pathway might be an efficient way to suppress ILC2 122 

function as a therapeutic strategy for allergy and asthma. 123 

  124 
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Methods 125 

Detailed description of methods and materials is provided in the Methods section in 126 

this article’s Online Repository. 127 

 128 

Isolation and flow cytometric sorting of tonsil and blood ILC2 129 

ILC2 were obtained from human tonsils and buffy coats. The cells were isolated by 130 

flow cytometery sorting using antibodies against specific cell-surface markers as 131 

previously described 28. Detailed description of antibodies used for ILC2 isolation can 132 

be found in the Methods section in this article’s Online Repository. 133 

 134 

Culture, expansion and treatments of ILC2 135 

Freshly sorted ILC2 were expanded for two weeks in culture with a feeder cell 136 

mixture as previously described 29. ILC2 were treated with PGE2 (30 nM) for 10 min 137 

before adding IL-2 (10 U/mL) with or without IL-33, TSLP and IL-25 (50 ng/mL 138 

each). EP2 receptor antagonist, PF-04418948 and EP4 receptor antagonist, ONO 139 

AE3-208 were added 20 min before PGE2. In some experiments, ILC2 were treated 140 

with EP2 receptor agonist, butaprost and EP4 receptor agonist, L-902, 688, 10 min 141 

before the cytokine stimulation. Expanded ILC2 were incubated for 24 hours or 72 142 

hours and freshly sorted ILC2 for 5 days. 143 

 144 

Flow cytometry staining and analysis of intracellular cytokines, transcription 145 

factors and proliferation 146 

Cell surface staining of expanded tonsil ILC2 was assessed by using specific 147 

antibodies. CellTrace violet dye was used for analyzing cell proliferation. Intracellular 148 

cytokine detection and GATA3 expression were determined after specific fixation and 149 
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permeabilization protocols. After the staining, cells were acquired immediately on a 150 

LSR Fortessa flow cytometer. 151 

 152 

ELISA 153 

Collected cell supernatants were analyzed by using IL-5 ELISA Duo-Set kit (R&D) 154 

and IL-13 ELISA kit (Sanquin). 155 

 156 

RT-qPCR 157 

Total RNA from expanded tonsil ILC2 cells was isolated using RNeasy micro kit 158 

(Qiagen). After cDNA synthesis, qPCR reactions were performed using 159 

SsoAdvancedTM Universal SYBR® Green supermix (Bio-Rad) and primers for human 160 

EP1-EP4 receptors and house-keeping gene RPS18 (all primers were from Bio-Rad). 161 

RT-qPCRs were performed in CFX Connect Real-Time PCR Detection System (Bio-162 

Rad). 163 

 164 

RNA sequencing analysis 165 

Single cell RNA-seq expression patterns were obtained as reads per kilobase gene 166 

model and million mappable reads (RPKMs) from the Björklund, Forkel et al. 28 167 

expression matrix. Expression levels of the PTGER genes in the different ILC subsets 168 

and NK cells were interpreted as violin plots using the R software. 169 

 170 

Statistical analyses 171 

In all experiments, ’’n’’ represents the number of individual donors used for ILC2 172 

isolation. Differences between two groups were analyzed by using matched-pairs t-173 

test and three or more groups were compared by one-way ANOVA for repeated 174 
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measurements and Dunnett’s multiple comparisons test. Analyses were performed 175 

using GraphPad Prism 6 Software. 176 

  177 
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Results  178 

PGE2 suppresses IL-5 and IL-13 production in human tonsil ILC2 179 

ILC2 were sort-purified from tonsil mononuclear cells as Lin-180 

CD127+CD161+CRTH2+ lymphocytes (Figure 1A). Due to the relative rareness of 181 

ILC2 in tonsils, we expanded freshly sorted ILC2 by culturing the cells with 182 

irradiated feeder cells for two weeks in the presence of IL-2 (100 U/mL), IL-4 (25 183 

ng/mL) and PHA (1 µg/mL). As compared to the freshly isolated ILC2 (see Figure 184 

E1A in the Online Repository), expanded ILC2 maintained their phenotype and 185 

expressed high levels of CD161 and CRTH2 while lacking CD3 and CD56 expression 186 

(see Figure E1B in the Online Repository). To assess how PGE2 regulates ILC2 187 

function, we incubated tonsil ILC2 with cytokines known to drive human ILC2 188 

function: IL-33, TSLP, IL-25 and IL-2, in the presence or absence of PGE2 for 24 189 

hours. Control treatment of ILC2 contained only IL-2. We chose this time point as 190 

there is no detectable ILC2 proliferation occurring in these cultures within 24 hours, 191 

allowing us to assess proliferation-independent effects of PGE2 on ILC2 (see Figure 192 

E2A in the Online Repository). As expected, the cytokine-activated ILC2 secreted 193 

high amounts of IL-5 and IL-13, as determined by ELISA (Figure 1B, C). Incubation 194 

of ILC2 with PGE2 alone did not induce any changes in the cytokine production 195 

(Figure 1D), however PGE2 inhibited cytokine production of activated ILC2 in a 196 

concentration-dependent manner (see Figure E3A, B in the Online Repository). In all 197 

subsequent experiments, we used 30 nM PGE2, which caused on average 70% 198 

inhibition of cytokine secretion (Figure 1B, C). Similar results were obtained when 199 

we assessed the IL-5 and IL-13 production on a per-cell basis, as PGE2 significantly 200 

reduced the percentage of ILC2 expressing intracellular IL-5 and IL-13 following 201 

cytokine-stimulation (Figure 1E-G).  202 
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Of note, as previously demonstrated 29, we observed that the combination of all three 203 

cytokines (IL-33, IL-25 and TSLP) generated higher ILC2-responses than the 204 

individual cytokines alone (see Figure E3C, D in the Online Repository). 205 

Interestingly, IL-33, and to a lesser extent IL-25 and TSLP, alone could induce only 206 

moderate IL-5 and IL-13 production. Importantly, PGE2 inhibited ILC2 activation in 207 

response to the combination of all cytokines, as well as in response to IL-33, IL-25 208 

and TSLP alone (see Figure E3C, D in the Online Repository). 209 

The transcription factor GATA3 is crucial in ILC2 function, as it regulates production 210 

of type 2 cytokines 13, 30. Intracellular protein detection of GATA3 revealed that it is 211 

highly expressed in resting ILC2 and further enhanced after 24 hours of cytokine 212 

stimulation (Figure 1H-J). We show that addition of PGE2 caused statistically 213 

significant decrease in the GATA3 expression (Figure 1H-J). Cell viability was not 214 

affected by PGE2 (see Figure E2B in the Online Repository). Taken together, PGE2 215 

reduces the production and release of IL-5 and IL-13 by stimulated ILC2, likely via 216 

the downregulation of GATA3. 217 

 218 

PGE2 reduces CD25 expression and cell proliferation of ILC2 219 

We observed that cytokine-stimulated ILC2 upregulated the expression of IL-2Rα 220 

(CD25) (Figure 2A-F). After co-incubation with PGE2 for 24 hours, ILC2 showed 221 

significantly reduced expression of CD25 as compared to cells stimulated only with 222 

the cytokines (Figure 2A-C). Upon culturing ILC2 for 72 hours we could observe an 223 

even more pronounced inhibitory effect of PGE2 on the CD25 expression (Figure 2D-224 

F). As IL-2 strongly stimulates ILC2 proliferation 31, we set out to assess the effects 225 

of PGE2 on ILC2 proliferation. Cytokine stimulation of ILC2 for 72 hours induced up 226 

to 4 rounds of cell division. Furthermore, as predicted by the PGE2-induced 227 
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suppression of CD25 expression, PGE2 blocked cytokine-driven ILC2 proliferation, 228 

with the majority of ILC2 remaining in resting phase or in the 1st round of cell 229 

division, similarly to non-stimulated control (Figure 2G, H). PGE2 treatment did not 230 

affect cell viability after 72 hours of incubation (Figure 2I). 231 

Longer culture time generated higher concentrations of released IL-5 and IL-13 in the 232 

ILC2 supernatants as compared to 24 hours (Figure 3A, B), which could be due to the 233 

intensive cell proliferation seen at this time point. Strikingly, PGE2 significantly 234 

suppressed the cytokine-stimulated IL-5 and IL-13 secretion of ILC2 after 72 hours of 235 

culture (Figure 3A, B). Furthermore, expression of GATA3 was also significantly 236 

inhibited by PGE2 treatment after 72 hours incubation similarly to after 24 hours 237 

(Figure 3C-E and Figure 1H-J). 238 

In summary, these data indicate that PGE2 does not only act on the “per cell basis”, 239 

i.e. by suppressing cytokine production of individual ILC2. In addition, PGE2 limits 240 

ILC2 function also by inhibiting cell proliferation most likely via negatively affecting 241 

CD25 and GATA3 expression. 242 

 243 

PGE2 reduces IL-5 and IL-13 secretion from freshly sorted blood and tonsil 244 

ILC2 245 

As our initial experiments were performed using in vitro expanded ILC2, we wanted 246 

to confirm the suppressive effect of PGE2 on freshly sorted human ILC2. For this 247 

purpose, we analyzed freshly sorted ILC2 from buffy coats (Figure 4A-E) and tonsils 248 

(Figure 4F, G). As we have previously observed that freshly isolated ILC2 produce 249 

less cytokines on a per cell basis 29, we incubated ILC2 for 5 days. Freshly isolated 250 

blood ILC2 (Figure 4A, B) and tonsil ILC2 (Figure 4F, G) released comparable 251 

amounts of IL-5 and IL-13 after 5 days of culture. PGE2 significantly reduced IL-5 252 
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and IL-13 production of blood ILC2 (Figure 4A, B). Additionally, PGE2 significantly 253 

reduced IL-13 production of tonsil ILC2 to approximately 60%, and also slightly 254 

decreased IL-5 release (Figure 4F, G).  255 

Furthermore, cytokine stimulation upregulated CD25 expression in freshly sorted 256 

blood ILC2, which was significantly decreased by PGE2 treatment (Figure 4C, D). To 257 

assess effects of PGE2 on ILC2 proliferation, we captured images of ILC2 after 5 days 258 

of culture. These images, evaluated by eye, revealed that ILC2 cultured in the 259 

presence of PGE2 formed a smaller cell mass as compared to ILC2 cultured in the 260 

presence of only cytokines (Figure 4E).  261 

These results indicate that freshly isolated blood and tonsil ILC2 also respond to 262 

PGE2 with repressed activity and confirm the inhibitory effects of PGE2 we observed 263 

on expanded tonsil ILC2. 264 

 265 

PGE2 suppresses IL-5 and IL-13 production of ILC2 by acting on EP2 and EP4 266 

receptors 267 

PGE2 exerts its physiological effects by acting on four different G protein-coupled 268 

receptors: EP1-EP4. To determine which receptors mediate the PGE2-induced 269 

inhibitory effects on ILC2, we assessed expression of the EP receptors on human 270 

tonsil ILC2. In our previously published single-cell RNA sequencing data generated 271 

from freshly isolated tonsil ILC subsets 28 we detected the EP2 and EP4 receptor 272 

encoding transcripts PTGER2 and PTGER4 in ILC2. In contrast, ILC2 lacked 273 

expression of transcripts for EP1 and EP3 receptors (Figure 5A). RT-qPCR 274 

experiments performed with expanded tonsil ILC2 revealed that cultured ILC2 retain 275 

the same EP receptor expression pattern as fresh ILC2, and exclusively express EP2 276 
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and EP4 receptors (Figure 5A, B). Of note, expression of EP2 and EP4 mRNA was 277 

not affected by cytokine stimulation of expanded tonsil ILC2 (Figure 5C). 278 

Having identified the expression of EP2 and EP4 receptor mRNAs in tonsil ILC2, we 279 

set out to determine if these receptors were responsible for the inhibitory effects of 280 

PGE2. We pre-treated ILC2 with selective EP2 (PF-04418948) and EP4 (ONO AE3-281 

208) receptor antagonists prior to cytokine and PGE2 treatments (Figure 6). 282 

Assessment of IL-5 and IL-13 production revealed that selective antagonism of EP2 283 

or EP4 receptor only slightly prevented the suppressive effects of PGE2. Interestingly, 284 

simultaneous EP2 and EP4 blockade largely abolished the PGE2-induced reduction of 285 

IL-5 and IL-13 release after 24 hours of culture (Figure 6A, B). Since antagonists 286 

used separately in 1 µM concentration did not reverse the effect of PGE2, we 287 

examined whether higher concentrations would be more efficient. Using antagonists 288 

in the concentration range of 0.1-3 µM, we demonstrated that concentrations higher 289 

than 1 µM did not have more profound reversal effect on PGE2-induced inhibition of 290 

ILC2 function (see Figure E4A, B in the Online Repository). 291 

We observed the same effects on the per-cell basis, revealing that only dual EP2 and 292 

EP4 antagonism reversed the PGE2-induced reduction of IL-5 and IL-13 intracellular 293 

expression (Figure 6C-E). Joint antagonism of EP2 and EP4 receptors also reversed 294 

the PGE2-induced reduction of GATA3 expression after incubation for 24 hours 295 

(Figure 6F, G). 296 

Additionally, we addressed the role of selective activation of EP2 and EP4 receptors 297 

in regulating the cytokine production of ILC2 by pre-incubation with specific agonists 298 

butaprost (EP2) and L-902, 688 (EP4) in the concentration range of 10-1000 nM (see 299 

Figure E4C, D in the Online Repository). By using this approach we confirmed that 300 

dual engagement of EP2 and EP4 is required for mimicking the inhibitory effects of 301 
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PGE2 on the ILC2 cytokine production. We observed a tendency for more pronounced 302 

inhibition by selectively engaging the EP4 receptor as compared to EP2, although 303 

these effects did not reach statistical significance. In direct comparison with PGE2, we 304 

show that the selective EP2 and EP4 agonists in 100 nM concentration only partly 305 

reduced cytokine production, while their simultaneous activation completely blocked 306 

ILC2 stimulation, comparably to the effect of PGE2 (Figure 6H, I). 307 

Next, we aimed to determine whether antagonism of EP2 and EP4 receptors is able to 308 

effectively reverse the long-term ILC2 blocking effects of PGE2 after 72 hours 309 

incubation. As PGE2 almost completely abolished proliferation of ILC2 induced by 310 

the cytokine stimulation, we examined the role of EP2 and EP4 receptors in ILC2 311 

proliferation. Indeed, combined EP2 and EP4 antagonism reversed the PGE2-312 

suppressed ILC2 proliferation, by keeping a large proportion of ILC2 into the first 313 

and second division phases (Figure 7A, B). Dual EP2 and EP4 blockade also reversed 314 

the PGE2-caused suppression of ILC2 cytokine production (Figure 7C, D) and 315 

GATA3 expression at this time point (Figure 7E, F), further confirming the role of 316 

both receptors in mediating the long-term inhibitory effects of PGE2 in ILC2 function. 317 

Taken together, PGE2 suppresses IL-5 and IL-13 production and blocks ILC2 318 

proliferation via engagement of both EP2 and EP4 receptors. 319 

  320 
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Discussion 321 

In this study we describe PGE2 as a potent negative regulator of human ILC2 function 322 

by inhibiting IL-5 and IL-13 production as well as the proliferation of ILC2. The 323 

cellular mechanism of the PGE2-caused ILC2 inhibition involved suppression of 324 

CD25 and GATA3 expression in ILC2. Furthermore, we found that PGE2 mediated 325 

these effects via engagement of both EP2 and EP4 receptors, which are expressed by 326 

ILC2.  327 

ILC2 are important in initiating the type 2 inflammation, as shown in mouse models 328 

of asthma and allergy 3, 16. In line with these observations, studies of human subjects 329 

showed increased numbers of ILC2 in peripheral blood and sputum of patients with 330 

allergic asthma 32, 33 and lung fibrosis 34, in nasal tissue of patients with chronic 331 

rhinosinusitis 35 and in the skin of atopic dermatitis patients 36. PGE2 is abundantly 332 

present in the human lung, produced by alveolar epithelial and endothelial cells as 333 

well as by macrophages and dendritic cells 37, while under inflammatory conditions 334 

PGE2 levels are further elevated 38. Our data, therefore, firstly indicate that PGE2 335 

might serve as an endogenous messenger for restriction of uncontrolled signals 336 

mediated by ILC2. Secondly, the findings support the proposal that pharmacological 337 

targeting of the PGE2 - EP2/EP4 pathway might be an efficient novel way to modulate 338 

ILC2 function as a therapeutic strategy in allergy and asthma.  339 

Importantly, earlier clinical studies showed that inhalation of PGE2 prevented 340 

bronchoconstriction in healthy and asthmatic subjects 22, 39-41. Additionally, PGE2 341 

inhibited human Th2 cell activation,42 eosinophil trafficking 24, 43 and mast cell-342 

dependent constriction of human bronchi 44. In mouse models of asthma and allergy, 343 

PGE2 has been shown to be protective by preventing airway sensitization 21, 45. As 344 
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ILC2 are important initiators of allergic responses, we now extend these findings by 345 

showing that PGE2 directly suppresses ILC2 function.  346 

Our single-cell RNA sequencing and RT-qPCR data demonstrated that human tonsil 347 

ILC2 exclusively express EP2 and EP4 receptors. Interestingly, selective blockade of 348 

EP2 or EP4 receptors resulted in only partial reversion of the inhibitory effect of 349 

PGE2, whereas their combined antagonism abolished the inhibitory effect of PGE2. 350 

Accordingly, joint EP2 and EP4 receptor agonism was necessary to completely inhibit 351 

ILC2 activation. Selective EP4 receptor activation appeared to have more profound 352 

suppressive effects than EP2. This might be due to differences in expression levels of 353 

the EP2 and EP4 receptors as we observed that freshly isolated and in vitro expanded 354 

ILC2 expressed higher levels of PTGER4 than PTGER2 mRNA. However, only 355 

simultaneous engagement of EP2 and EP4 receptors could mimic the inhibitory effect 356 

of PGE2 in ILC2 function. This suggests an interesting mechanism, where PGE2 357 

requires engagement of both EP2 and EP4 receptors to exert its full inhibitory effect 358 

on ILC2 function. In line with our findings, previous studies described anti-359 

inflammatory roles of the Gαs protein-coupled EP2 and EP4 receptors 21, 25, 46, 47. 360 

Furthermore, PGE2 was shown to control immunological responses, where such co-361 

operation of EP2 and EP4 receptors was essential, for instance in the PGE2-induced 362 

inhibition of antigen-specific T cell responses of human peripheral blood Th2 cells 42. 363 

Similarly, EP2 and EP4 receptor engagement suppressed human alveolar 364 

macrophages 48. In contrast, the PGE2-induced inhibition of mast cells and the 365 

consequent bronchoprotection 49 as well as the cytokine production of human nasal 366 

polyp cells 46 were mediated only by the EP2 receptor. Besides, the PGE2-EP2 367 

signaling was impaired in patients with aspirin-exacerbated respiratory disease 50, 51. 368 

Another study showed that whereas EP2 receptor activation induced bronchodilation 369 
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in several animal models, only EP4 receptor was responsible for inducing relaxation 370 

of human isolated bronchi 52. Bronchorelaxation, together with EP2- and EP4-induced 371 

inhibition of the immune cells involved in allergic response, would be additional 372 

beneficial effect of treatments with these agonists. Beside these protective effects, 373 

EP2 and EP4 receptor activation induces vasodilation and decreases blood pressure 53, 
374 

54. Activation of these receptors additionally upregulates production of the vascular 375 

endothelial growth factor (VEGF) 55, 56. Therefore, local administration of EP2 and/or 376 

EP4 agonists in the airways might be beneficial in order to minimize systemic side 377 

effects. 378 

Although both EP2 and EP4 receptors are Gαs protein-coupled receptors and activate 379 

cAMP/PKA pathways, the EP4 receptor can trigger pathways independent of the 380 

cAMP signaling. It was shown that EP4 activation can inhibit NF-κB activation in 381 

human macrophage 57, and that EP4 engagement attenuates human eosinophil 382 

migration through cAMP independent pathway 26. Thus, these previously described 383 

mechanisms support our findings about the dual requirement of EP2 and EP4 384 

receptors in mediating the PGE2-induced suppression of ILC2 function. 385 

In addition to PGE2, some other lipid mediators are emerging as novel inhibitors of 386 

ILC2 function 28. Human ILC2 were inhibited by the pro-resolving lipid mediator 387 

lipoxin A4 58 and PGI2 was shown to reduce mouse lung ILC2 activity 59. In contrast, 388 

PGD2 activates ILC2 by binding to CRTH2 receptor 18. CRTH2 is Gαi protein-389 

coupled receptor and inhibits cAMP-mediated signaling. Previously it was shown that 390 

PGD2, via activating the CRTH2 receptor, stimulates other immune cells like Th2 391 

cells, basophils and eosinophils 60, 61. As we previously mentioned, EP2 and EP4 have 392 

been shown to act in an inhibitory manner during allergic inflammation. We 393 

demonstrate here that PGE2 also negatively regulates human ILC2 function. 394 
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We observed that PGE2 inhibited ILC2 response to each of the stimulatory cytokines: 395 

IL-33, IL-25 and TSLP, as well as to their combination, which was necessary for 396 

complete ILC2 stimulation. Therefore, we assessed the mechanism of the PGE2-397 

induced inhibition of ILC2 function by using the combination of these activating 398 

cytokines. Importantly, we demonstrated that PGE2 suppressed both freshly isolated 399 

blood and tonsil ILC2 function, although the inhibitory effects of PGE2 were more 400 

pronounced in expanded ILC2. 401 

As PGE2 reduced cytokine production of ILC2, we investigated whether PGE2 could 402 

affect signaling pathways essential for ILC2 activation. The transcription factor 403 

GATA3 was shown to be crucial for ILC2 development, function and activation 13. In 404 

our work, PGE2 reduced upregulation of GATA3 upon stimulatory cytokine 405 

treatment, suggesting that PGE2 interferes with GATA3 induction. To the best of our 406 

knowledge, we provide the first evidence for PGE2 modulating GATA3 expression in 407 

immune cells. Additionally, we observed that PGE2 inhibited ILC2 proliferation. IL-2 408 

is an essential co-activator of human ILC2 32. A recent study showed that IL-2 is 409 

required for ILC2 function in type 2 lung inflammation in the mice 62. As IL-2 up-410 

regulates CD25 expression via a positive feedback mechanism, it might serve as an 411 

indicator of ILC2 activation. CD25 expression was increased upon cytokine 412 

stimulation, while PGE2 prevented the cytokine-induced CD25 upregulation, 413 

indicating the impact of this lipid mediator on ILC2 activation and at later time point 414 

also on ILC2 proliferation. These data are in line with previous reports demonstrating 415 

that PGE2 reduces CD25 expression and consequently IL-2 signaling in human 416 

primary peripheral blood T cells 63 and bovine CD4+ T cells 64. Similarly, PGE2 was 417 

previously shown to induce genes that block the cell cycle and proliferation of human 418 

primary CD4+ T cells 42, 65.  419 
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In conclusion, our findings reveal that PGE2 hampers fresh and expanded ILC2 420 

activity by reducing production of the type 2 cytokines IL-5 and IL-13. We 421 

demonstrated that both EP2 and EP4 receptors are expressed on ILC2 and are critical 422 

in mediating the PGE2-caused abolishment of ILC2 activation. We showed that PGE2 423 

interferes with molecular pathways involved in type 2 cytokine production, 424 

preventing upregulation of CD25 and GATA3 expression. As ILC2 are essential in 425 

the initiation and amplification of type 2 inflammation, our data propose PGE2 and 426 

selective or even dual EP2/EP4 agonists as promising therapeutic tools for allergic 427 

diseases by directly limiting human ILC2 activation. 428 

  429 
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Figure legends 643 

 644 

Figure 1. PGE2 suppresses IL-5 and IL-13 production of human tonsil ILC2. A. 645 

Gating strategy for sort-purifying human tonsil ILC2. Sorted and expanded tonsil 646 

ILC2 in the presence of IL-2 (10 U/mL) were stimulated with IL-33, IL-25 and TSLP 647 

(50 ng/mL each), shortened as IL, or left non-stimulated (ns) for 24 hours. PGE2 (30 648 

nM) was added 10 min before the cytokines. Concentrations of released IL-5 (B, D) 649 

and IL-13 (C, D) in ILC2 supernatants were assessed by ELISA, graphs show 650 

individual concentrations (****p<0.0001, n=9-10). E. Intracellular cytokine 651 

expression of IL-5 and IL-13 was determined by flow cytometry. F and G. The 652 

graphs present individual percentages of IL-5- (F) and IL-13- (G) positive cells 653 

(**p<0.01, ***p<0.001, n=6). H. Expression of GATA3 was analyzed by flow 654 

cytometry. Graphs show individual geometric mean fluorescence intensity (I) and 655 

geometric mean fluorescence intensity normalized to non-stimulated cells (J), of 656 

GATA3 expression (*p<0.05, n=5). 657 

 658 

Figure 2. PGE2 prevents cytokine-induced CD25 upregulation and proliferation 659 

of ILC2. ILC2 were stimulated as indicated for 24 hours (A, B, C) or 72 hours (D-I). 660 

A. and D. Expression of CD25 was analyzed by flow cytometry, representative 661 

histograms are shown. Graphs show individual geometric mean fluorescence intensity 662 

of CD25 expression after 24 hours (B) (*p<0.05, n=8) and 72 hours (E) (*p<0.05, 663 

n=6) and geometric mean fluorescence intensity normalized to non-stimulated cells of 664 

CD25 expression after 24 hours (C) (*p<0.05, n=8) and 72 hours of culture (F) 665 

(**p<0.01, n=6). G. Proliferation of CellTrace violet dye-loaded ILC2 after 72 hours 666 

incubation was analyzed by flow cytometry. H. Data are shown as percentage of ILC2 667 
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in different division phases (D0-D4) (***p<0.001, n=4). I. Cell viability was 668 

determined as percentage of singlet cells which are negative for dead cell marker. 669 

Data are shown as mean +SEM (n=4). 670 

 671 

Figure 3. PGE2 reduces GATA3 upregulation. ILC2 were stimulated as indicated 672 

for 72 hours. Concentrations of IL-5 (A) and IL-13 (B) in ILC2 supernatants were 673 

determined by ELISA, data are shown as individual concentrations (***p<0.001, 674 

****p<0.0001, n=10). C. Expression of GATA3 was analyzed by flow cytometry. 675 

Graphs show individual geometric mean fluorescence intensity (D) and geometric 676 

mean fluorescence intensity normalized to non-stimulated cells (E), of GATA3 677 

expression (**p<0.01, n=8). 678 

 679 

Figure 4. PGE2 reduces IL-5 and IL-13 secretion from fresh blood and tonsil 680 

ILC2. Freshly sorted human blood (A-E) and tonsil (F, G) ILC2 were incubated as 681 

indicated for 5 days. Concentrations of released IL-5 from blood ILC2 (A) and tonsil 682 

ILC2 (F) and IL-13 from blood ILC2 (B) and tonsil ILC2 (G) were measured by 683 

ELISA, graphs show individual concentrations (*p<0.05, **p<0.01; n=6 for blood 684 

ILC2 and n=4 for tonsil ILC2). C. Expression of CD25 in freshly sorted blood ILC2 685 

was analyzed by flow cytometry, representative histograms are shown. D. Graph 686 

shows individual geometric mean fluorescence intensity of CD25 expression in blood 687 

ILC2 after 5 days of culture (*p<0.05, n=4). E. Images of freshly sorted blood ILC2 688 

after 5 days of treatments; 10 x magnification, scale bar = 100 µm. 689 

 690 

Figure 5. Human tonsil ILC2 selectively express EP2 and EP4 receptors. A. EP 691 

receptor transcripts of freshly sorted human tonsil ILC2 were detected by single cell 692 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 29

RNA sequencing. Expression distribution (violin plots) are shown for genes of PGE2 693 

receptors (PTGER1-4) in each ILC subset (ILC1-3 and NK cells), where expression 694 

patterns were obtained as reads per kilobase gene model and million mappable reads 695 

(RPKMs) B. mRNA expression of EP receptors (PTGER1-4) in sorted and expanded 696 

tonsil ILC2 was determined by RT-qPCR (n=5). C. mRNA expression of EP2 and 697 

EP4 receptor after 24 hours stimulation normalized to non-stimulated cells. Graphs 698 

show mean expression +SEM (n=5). 699 

 700 

Figure 6. PGE2 reduces IL-5 and IL-13 production in ILC2 through activation of 701 

EP2 and EP4 receptors. Sorted and expanded tonsil ILC2 were stimulated as 702 

indicated for 24 hours. EP2 receptor antagonist, PF-04418948 (PF, 1 µM) and EP4 703 

receptor antagonist, ONO AE3-208 (ONO, 1 µM) were added separately or together, 704 

20 min before PGE2. A and B. Concentrations of released IL-5 (A) and IL-13 (B) in 705 

ILC2 supernatants were determined by ELISA. Bar graphs show means +SEM 706 

(*p<0.05, **p<0.01, n=6-7) C. Representative dot plots show intracellular expression 707 

of IL-5 and IL-13 assessed by flow cytometry. D. and E. Graphs show mean 708 

percentage +SEM of IL-5- (D) and IL-13- (E) positive ILC2 (*p<0.05, **p<0.01, 709 

n=6). Expression of GATA3 was analyzed by flow cytometry. Graphs show 710 

geometric mean fluorescence intensity +SEM (F) and geometric mean fluorescence 711 

intensity normalized to non-stimulated cells +SEM (G), of GATA3 expression 712 

(*p<0.05, n=5). Released IL-5 (H) and IL-13 (I) are shown after 10 min pretreatment 713 

with EP2 receptor agonist, butaprost (But) and EP4 receptor agonist, L-902, 688 (L9), 714 

separately or together in 100 nM concentration. Concentrations were determined by 715 

ELISA and are shown as means ±SEM (*p<0.05, **p<0.01, n=4; compared to IL 716 

treatment). 717 
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Figure 7. Activation of EP2 and EP4 receptors inhibits ILC2 cytokine release 718 

likely via preventing ILC2 proliferation. Sorted and expanded tonsil ILC2 were 719 

stimulated as indicated for 72 hours. Additionally, EP2 receptor antagonist, PF-720 

04418948 (PF, 1 µM) and EP4 receptor antagonist, ONO AE3-208 (ONO, 1 µM) 721 

were added separately or together, 20 min before PGE2. A. Proliferation of CellTrace 722 

violet dye-loaded ILC2 after 72 hours of incubation was analyzed by flow cytometry. 723 

B. Data are shown as percentage of ILC2 in different division phases (D0-D4) 724 

(*p<0.05, ***p<0.001, n=4). Concentrations of released IL-5 (C) and IL-13 (D) in 725 

ILC2 supernatants were detected by ELISA, bars show means +SEM (*p<0.05, 726 

**p<0.01, n=7). Expression of GATA3 was analyzed by flow cytometry. Graphs 727 

show geometric mean fluorescence intensity +SEM (E) and geometric mean 728 

fluorescence intensity normalized to non-stimulated cells +SEM (F), of GATA3 729 

expression (*p<0.05, **p<0.01, n=7). 730 

 731 
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METHODS 32 

 33 

Isolation and flow cytometric sorting of tonsil and blood ILC2 34 

Human tonsils were freshly obtained from tonsillectomies of patients with obstructive 35 

sleep apnea syndrome at the Ear Nose Throat Clinic at the Karolinska University 36 

Hospital Huddinge, Sweden. The collection and use of tonsils were approved by the 37 

regional ethical board at Karolinska Institutet. Buffy coats were provided by the blood 38 

bank at the Karolinska University Hospital Huddinge and were collected according to 39 

the approval of the regional ethical board at Karolinska Institutet. Cell isolation from 40 

tonsils was performed as previously described 
1. Briefly, tonsils were dissected into 41 

small pieces, ground through filter and centrifuged. Mononuclear cells were isolated 42 

by lymphoprep centrifugation and depleted from lineage positive cells using directly 43 

conjugated anti-CD3, CD19 and CD14 microbeads (markers for T cells, B cells and 44 

monocytes, respectively) and LD MACS columns (Miltenyi). Lineage-depleted cells 45 

from buffy coats were additionally enriched using CD127 MicroBead Kit (Miltenyi). 46 

Lineage-depleted cells were incubated with the following specific monoclonal 47 

antibodies: FITC-conjugated anti-CD14 (TÜK4, Dako); anti-CD3 (SK7), anti-FcεR1α 48 

(AER-37 CRA-1), anti-CD34 (581), anti-CD123 (6H6), anti-CD1a (HI149), anti-49 

TCRαβ (IP26), anti-TCRγδ (B1), anti-CD94 (DX22) (all Biolegend); anti-BDCA2 50 

(AC144, Miltenyi Biotech), anti-CD19 (4G7, BD Biosciences). Additionally we used 51 

Brilliant Violet 605-conjugated anti-CD161 (HP-3G10), Brilliant Violet 711-52 

conjugated anti-CD56 (HCD56) (both Biolegend); PE-CF594-conjugated anti-53 

CRTH2 (BM16), V500-conjugated anti-CD45 (HI30) (both BD Biosciences); PE-54 

Cy7-conjugated anti-CD127 (R34.34), PE-Cy5.5-conjugated anti-CD117 (104D2D1), 55 

PE-Cy5-conjugated anti-NKp44 (Z231) (all Beckman Coulter). In addition, cells were 56 
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stained with the LIVE/DEAD Fixable Green Dead Cell Stain Kit (Life Technologies). 57 

ILC2 were sort-purified based on their specific phenotype as Lin- CD127+ CD161+ 
58 

CRTH2+ cells by using FACSAria Fusion cell sorter (BD Bioscience) equipped with 59 

the FACSDiva software version 8. 60 

 61 

Culture and expansion of ILC2 62 

Freshly sorted ILC2 were cultured in IMDM medium (Gibco) with Yssel’s 63 

supplement and 1% normal human serum (NHS) (Invitrogen) with penicillin (100 64 

U/mL, HyClone) and streptomycin (0.1 mg/mL, HyClone). Sorted tonsil ILC2 were 65 

expanded for two weeks in culture with a feeder cell mixture of peripheral blood 66 

mononuclear cells irradiated at 25 Gy and JY cells irradiated at 50 Gy, with IL-2 (100 67 

U/mL), IL-4 (25 ng/mL) and PHA (1 µg/mL) as previously described 2. 68 

Freshly sorted ILC2 were kept in Yssel’s medium/1% NHS with IL-2 (10 U/mL) in 69 

96-well plate (2000 cells/sample) and treated the following day. 70 

 71 

Treatments of ILC2  72 

ILC2 were expanded for two weeks and then rested in Yssel’s medium/1%NHS with 73 

IL-2 (2 U/mL) for 3 days before the experiments. Cells were seeded in 96 well U 74 

bottom plates at 5x104 cells/well. ILC2 were treated with PGE2 (30 nM; Cayman 75 

Chemicals) for 10 min before adding IL-2 (10 U/mL) with or without IL-33 76 

(PeproTech), TSLP (PeproTech) and IL-25 (R&D) at 50 ng/mL each. EP2 receptor 77 

antagonist, PF-04418948 and EP4 receptor antagonist, ONO AE3-208 (both from 78 

Cayman Chemicals) were added 20 min before PGE2 in 1 µM concentration. ILC2 79 

were incubated at 37°C for 24 hours or 72 hours. For addressing concentration-80 

dependent effects of PGE2, following concentrations were used: 3nM, 10 nM, 30 nM, 81 
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100 nM and 300 nM. Dose-response effects of EP2 and EP4 receptors antagonists 82 

were analyzed using following concentrations: 100 nM, 300 nM, 1 µM, 3 µM. To 83 

confirm involvement of EP2 and EP4 receptors in suppression of ILC2 function, we 84 

used EP2 receptor specific agonist, butaprost and EP4 receptor specific agonist, L- 85 

902, 688 (both from Cayman Chemicals), in the following concentrations: 10 nM, 30 86 

nM, 100 nM, 300 nM and 1 µM. 87 

For RT-qPCR, expanded ILC2 were seeded 1x105 cells/well and incubated for 24 88 

hours with IL-2 (10 U/mL) and with or without combination of IL-33, TSLP and IL-89 

25 (50 ng/mL each).  90 

Freshly sorted ILC2 were kept in the presence of IL-2 (10 U/mL) and were control-91 

treated or with the combination of IL-33, TSLP and IL-25 (50 ng/mL each) for 5 92 

days. PGE2 (100 nM) was added 10 min before the cytokines. Supernatants were 93 

collected after 5 days.  94 

 95 

Flow cytometry staining and analysis of intracellular cytokines and transcription 96 

factors  97 

Cell surface staining of expanded tonsil ILC2 was assessed by using PE-Cy7-98 

conjugated anti-CD127, PE-Cy5.5-conjugated anti-CD117, Brilliant Violet 605-99 

conjugated anti-CD161, PE-CF594-conjugated anti-CRTH2 and Brilliant Violet 711-100 

conjugated anti-CD56. Dead cells were excluded using LIVE/DEAD Fixable Green 101 

Dead Cell Stain Kit (Life Technologies). CD25 cell surface expression was 102 

determined by using Brilliant Violet 650-conjugated anti-CD25 (BC96, Biolegend). 103 

For intracellular cytokine detection, ILC2 were stimulated for 24 hours as described 104 

above, with Golgi plug and Golgi stop added after 18 hours. ILC2 were thereafter 105 

fixed (2% paraformaldehyde), permeabilized (FACS Permeabilizing Solution 2, BD 106 
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Bioscience) and stained for intracellular IL-13 (APC-conjugated anti-IL-13; JES10-107 

5A2) and IL-5 (PE-conjugated anti-IL-5; TRFK5) with antibodies from BD 108 

Biosciences. 109 

Intracellular expression of GATA3 was determined after fixation and 110 

permeabilization (Foxp3/transcription factor staining buffer set, eBioscience) by using 111 

APC-conjugated anti-GATA3 (clone TWAJ, eBioscience). 112 

All samples were measured on a LSR Fortessa flow cytometer (BD Bioscience), 113 

equipped with FACSDiva software version 8 and data were analyzed using FlowJo 114 

software (Tree Star Inc.). 115 

 116 

Proliferation assay 117 

For assessing cell proliferation, ILC2 were incubated in 500 µL IMDM with 1 µL of 118 

CellTrace violet dye (Invitrogen) for 20 min at 37°C. Cells were washed twice with 119 

IMDM/10% FCS. Cells were thereafter resuspended in Yssel’s medium/1% NHS and 120 

seeded into 96-well plates. Cells were treated with PGE2 (30 nM) for 10 min and 121 

thereafter with IL-2 (10 U/mL) with or without IL-33, TSLP and IL-25 (50 ng/mL 122 

each) for 72 hours. EP2 and EP4 receptor antagonists (1 µM) were added 20 min 123 

before PGE2. All samples were measured on a LSR Fortessa flow cytometer as 124 

described above. Cell viability was determined as the percentage of all singlet cells 125 

lacking staining of the LIVE/DEAD cell marker. 126 

 127 

ELISA 128 

IL-5 and IL-13 concentrations in ILC2 supernatants after the indicated treatments 129 

were assessed by ELISA. Human IL-5 ELISA Duo-Set kit was purchased from R&D 130 

systems, and the human IL-13 ELISA kit was from Sanquin. 131 
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RT-qPCR 132 

Total RNA from expanded tonsil ILC2 cells was isolated using RNeasy micro kit 133 

(Qiagen). iScriptTM cDNA Synthesis Kit (Bio-Rad) was used for cDNA synthesis, and 134 

SsoAdvancedTM Universal SYBR® Green supermix (Bio-Rad) for PCR reactions. 135 

Primers were PrimePCRTM SYBR®Green assay: PTGER1-PTGER4, for human EP1-136 

EP4 receptors and PrimePCRTM SYBR®Green assay: human RPS18, for house-137 

keeping gene RPS18 (all primers were from Bio-Rad). RT-qPCRs were performed in 138 

CFX Connect Real-Time PCR Detection System (Bio-Rad). 139 

 140 

RNA sequencing analysis 141 

Single cell RNA-seq expression patterns were obtained as reads per kilobase gene 142 

model and million mappable reads (RPKMs) from the Björklund, Forkel et al. 1 143 

expression matrix (Gene Expression Omnibus, GSE70580). Expression levels of the 144 

PTGER genes in the different ILC subsets and NK cells were interpreted as violin 145 

plots using the R software. 146 

 147 

Statistical analyses 148 

In all experiments, ’’n’’ represents the number of individual donors used for ILC2 149 

isolation. Differences between two groups were analyzed by using matched-pairs t-150 

test and three or more groups were compared by one-way ANOVA for repeated 151 

measurements and Dunnett’s multiple comparisons test. Analyses were performed 152 

using GraphPad Prism 6 Software. 153 

  154 
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SUPPLEMENTAL FIGURE LEGENDS 168 

 169 

Figure E1. Expanded human tonsil ILC2 retain their phenotype. 170 

A. Gating of ILC2 from lineage-depleted alive freshly isolated human tonsil 171 

mononuclear cells. B. Sorted and expanded ILC2 retain their phenotype after two 172 

weeks of culture expressing CD161 and CRTH2 and lacking expression of CD3 and 173 

CD56 as analyzed by flow cytometry. 174 

 175 

Figure E2. PGE2 does not affect ILC2 viability and proliferation after 24 hours. 176 

ILC2 were stimulated as indicated for 24 hours. A. Proliferation of CellTrace violet 177 

dye-loaded ILC2 after 24 hours was analyzed by flow cytometry. Representative 178 

histograms are shown (n=2). B. Cell viability was determined as percentage of singlet 179 

cells, which are negative for dead cell marker. Data are shown as mean +SEM (n=4). 180 

 181 

Figure E3. PGE2 concentration-dependently inhibits cytokine production of 182 

ILC2. Sorted and expanded tonsil ILC2 were stimulated with combination of 183 

cytokines (IL-33, TSLP, IL-25 plus IL-2) (A, B) for 24 hours. PGE2 was added in 184 

different concentrations (3, 10, 30, 100 and 300 nM) 10 min before the cytokines. 185 

Concentrations of IL-5 (A) and IL-13 (B) in ILC2 supernatants were determined by 186 

ELISA, data are shown as mean concentrations ±SEM (*p<0.05, **p<0.01, 187 

***p<0.001, n=4). ILC2 were stimulated with a cocktail of cytokines or individual 188 

cytokines in addition to IL-2 (C, D). Graphs show individual IL-5 (C) and IL-13 (D) 189 

concentrations, n=3. 190 

 191 
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Figure E4. Dual engagement of EP2 and EP4 receptors is essential for the PGE2-192 

induced reduction of ILC2 cytokine production. Sorted and expanded tonsil ILC2 193 

were stimulated as indicated for 24 hours. Additionally, EP2 receptor antagonist, PF-194 

04418948 (PF) and EP4 receptor antagonist, ONO AE3-208 (ONO) were added 195 

separately or together in different concentrations (100 nM, 300 nM, 1 µM, 3 µM) 20 196 

min before PGE2. A and B. Concentrations of released IL-5 (A) and IL-13 (B) in 197 

ILC2 supernatants were determined by ELISA and shown as means ±SEM (n=4). C. 198 

and D. Sorted and expanded tonsil ILC2 were treated with EP2 receptor agonist, 199 

butaprost (But) and EP4 receptor agonist, L-902, 688 (L9), separately or together in 200 

different concentrations (10 nM, 30 nM, 100 nM, 300 nM and 1 µM) 10 min before 201 

the stimulatory cytokines. Concentrations of released IL-5 (C) and IL-13 (D) in ILC2 202 

supernatants were determined by ELISA and are shown as means ±SEM (*p<0.05, 203 

**p<0.01, n=4; compared to IL treatment).  204 

 205 
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