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Prostaglandin E2 (PGE2) is a lipid mediator that modulates the function of myeloid immune
cells such as macrophages and dendritic cells (DCs) through the activation of the G
protein-coupled receptors EP2 and EP4. While both EP2 and EP4 signaling leads to an
elevation of intracellular cyclic adenosine monophosphate (cAMP) levels through the
stimulating Gas protein, EP4 also couples to the inhibitory Gai protein to decrease the
production of cAMP. The receptor-specific contributions to downstream immune
modulatory functions are still poorly defined. Here, we employed quantitative imaging
methods to characterize the early EP2 and EP4 signaling events in myeloid cells and their
contribution to the dissolution of adhesion structures called podosomes, which is a first
and essential step in DC maturation. We first show that podosome loss in DCs is primarily
mediated by EP4. Next, we demonstrate that EP2 and EP4 signaling leads to distinct
cAMP production profiles, with EP4 inducing a transient cAMP response and EP2
inducing a sustained cAMP response only at high PGE2 levels. We further find that
simultaneous EP2 and EP4 stimulation attenuates cAMP production, suggesting a
reciprocal control of EP2 and EP4 signaling. Finally, we demonstrate that efficient
signaling of both EP2 and EP4 relies on an intact microtubule network. Together, these
results enhance our understanding of early EP2 and EP4 signaling in myeloid cells.
Considering that modulation of PGE2 signaling is regarded as an important therapeutic
possibility in anti-tumor immunotherapy, our findings may facilitate the development of
efficient and specific immune modulators of PGE2 receptors.
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INTRODUCTION

The ability of cells to respond to their environment is critical for
their function. Important players for transmitting extracellular
information into intracellular signaling events are the G protein-
coupled receptors (GPCRs) (1). The spatiotemporal organization
of GPCRs within the cell membrane allows these receptors to
elicit fine-tuned cellular responses to different ligands.

Prostaglandins are lipid mediators that represent an abundant
type of GPCR ligand. Prostaglandins are derived from
cyclooxygenase (COX)-catalyzed metabolism of arachidonic
acid and exhibit versatile actions in a wide variety of tissues (2,
3). Prostaglandin E2 (PGE2) signals via the four GPCRs EP1-4,
expressed in various combinations at the plasma membrane of
cells (4). PGE2 modulates several key immunological processes
including the activation, migration and cytokine production of
different immune cells such as dendritic cells (DCs), macrophages
and T lymphocytes (3, 5–8). Despite being a known mediator of
inflammation, increased PGE2 concentrations have been associated
with a highly immunosuppressive tumor microenvironment (TME)
of several cancer types (9–13).

DCs are commonly observed in the TME of solid tumors (14).
Yet, despite their potential to generate anti-tumor immunity,
TME-resident DCs often exhibit impaired or defective function
(15). The high PGE2 levels in the TME might play a role in the
suppression of DC phenotype since PGE2 promotes IL-10
production by DCs (16). On the other hand, by stimulating the
dissolution of actin-rich adhesion structures called podosomes,
PGE2 is also important for inducing the highly migratory
phenotype typical of mature DCs and crucial in immunity (6).
Understanding how PGE2 exerts its dual function in DCs can
offer novel leads to reverse unwanted DC immunosuppression in
the context of anti-tumor immunity.

PGE2 modulates DC function exclusively via EP2 and EP4 (6,
17, 18). For example, PGE2 has previously been shown to induce
the dissolution of podosomes through the cAMP-PKA-RhoA
signaling axis downstream of EP2 and EP4 (8). PGE2-induced
podosome dissolution is an important step toward DC
maturation and the acquisition of a highly migratory
phenotype, but the receptor-specific contributions to these
processes are still poorly defined.

Signaling via EP2 and EP4 is predominantly transduced by
the stimulating Ga protein (Gas), leading to increased activity of
adenylate cyclase (AC) and subsequent elevation of intracellular
cyclic adenosine monophosphate (cAMP) levels (19, 20). An
important difference between EP2 and EP4 is the reported
capacity of EP4 to also couple to inhibitory Ga protein (Gai),
thereby inhibiting cAMP formation and activating a
phosphatidylinositol 3-kinase (PI3K) pathway (21, 22).
Furthermore, in contrast to EP2, EP4 is rapidly internalized
upon ligand binding (23–25). Altogether, these observations
suggest that signal modalities (intensity, duration, downstream
effectors) likely differ between EP2 and EP4 and that a better
understanding of EP2 and EP4 differential signaling is key to
understanding and predicting the effects of PGE2 in DC biology.

Here, we aimed to characterize EP2 and EP4 early signaling
events in response to PGE2 in myeloid cells and link them to the
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dissolution of podosomes in DCs. We first demonstrate that in
DCs, PGE2 leads to podosome dissolution primarily through
EP4 signaling. Next, we show that selective EP2 and EP4
stimulation leads to distinct cAMP production profiles and
suggest reciprocal control of receptor signaling efficiency.
Finally, we demonstrate that the integrity of the cortical
microtubule network is important for efficient EP2 and EP4
signaling. Modulation of PGE2 signaling is considered an
important therapeutic possibility in anti-tumor immunotherapy.
Our findings enhance our understanding of early EP2 and EP4
signaling and may thereby facilitate the development of efficient
and specific modulators of PGE2 signaling receptors that can
contribute to reverse tumor immunosuppression (26).
MATERIALS AND METHODS

Chemicals and Reagents
Cells were treated with several compounds that activated or
inhibited EP2 and EP4 (see database of FDA-approved
compounds at www.bindingdb.org for pharmacological
details): EP2 agonist (R)-Butaprost (Sigma), EP4 agonist L-
902688 (Cayman Chemicals), EP2 competitive antagonist
AH6809 (Cayman Chemicals), EP4 competitive antagonist
GW627368X (Cayman Chemicals) or AH23848 (Cayman
Chemicals), pertussis toxin (TOCRIS biosciences), PGE2
(Cayman Chemicals), Pertussis Toxin (PTx, Calbiochem, San
Diego, CA) and nocodazole (Sigma). Concentrations used for the
various compounds are based on previous literature (27–31) in
combination with viability assays (performed by Trypan Blue
staining). Compounds used for immunofluorescence staining
were mouse anti-vinculin antibody (Sigma, V9131), Goat anti-
Mouse-(H&L)-Alexa488 and Goat anti-Mouse-(H&L)-Alexa647
secondary antibodies (Invitrogen), Alexa488-conjugated
phalloidin (Invitrogen, A12379) and Texas Red-conjugated
phalloidin (Invitrogen, T7471), Mowiol (Sigma).

Cell Culture
RAW 246.7 cells were cultured in RPMI-1640 medium (Gibco)
supplemented with 10% Fetal Bovine Serum (FBS, Greiner Bio-
one), 1mM Ultra-glutamine (BioWitthaker) and 0.5% Antibiotic-
Antimytotic (AA, Gibco). iDCs were derived from PBMCs as
described previously (32, 33) and cultured in RPMI 1640 medium
(Gibco) supplied with 10% Fetal Bovine Serum (FBS, Greiner Bio-
one). Transfections with t-Epac-vv (34) (gift from K. Jalink), Gas-
GFP (gift from M. Rasenick), Gai-GFP and Gai1-Citrine (35) (gift
from A. Gilman), Gg2-CFP and Gb1 wildtype (both gifts from M.
Adjobo-Hermans) were performed with Fugene HD (Roche)
according to the manufacturer protocol and imaged after 24 h.
Stable cell lines expressing Gas-GFP and Gai-GFP was maintained
using the appropriate antibiotics. Cells were plated one day prior to
measurements or transfection inWillco dishes (WillcoWells BV) at
400,000 cells/dish or in 96 well-plate (microplate BD Falcon) at
40,000 cells/well or in 4-well Lab-Tek II chambered coverglass
(Nunc) at 100,000 cells/chamber. Prior to imaging, the mediumwas
replaced with 1 ml RPMI medium without phenol red to avoid
background fluorescence.
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Podosome Dissolution Assay
and Widefield Immunofluorescence
For agonist experiments, iDCs were treated with (R)-Butaprost,
L-902688 or 10 mM PGE2 for 10 min. For antagonist and
pertussis toxin experiments, iDCs were pretreated with 3 mM
AH6809 for 1 h, 10 mMGW627368X for 1 h, 100 ng/ml pertussis
toxin for 16 h as previously described (22) or left untreated prior
to the addition of PGE2. After stimulation, iDCs were fixed in
3.7% (w/v) formaldehyde in PBS for 10 min. Cells were
permeabilised in 0.1% (v/v) Triton X-100 in PBS for 5 min
and blocked with 2% (w/v) BSA in PBS. The cells were incubated
with mouse anti-vinculin antibody for 1 h. Subsequently, the
cells were washed with PBS and incubated with GaM-(H&L)
secondary antibody and phalloidin for 45 min. Lastly, samples
were washed with PB prior to embedding in Mowiol. Cells were
imaged on a Leica DM fluorescence microscope with a 63× PL
APO 1.3 NA oil immersion lens and a COHU high-performance
integrating CCD camera (COHU, San Diego, CA) or a Zeiss LSM
510 microscope equipped with a PlanApochromatic 63x/1.4 NA
oil immersion objective. Images were analyzed using Fiji-based
software (36).

Förster Resonance Energy Transfer
Experiments
RAW macrophages expressing t-Epac-vv were imaged using a
BD Pathway high-content imaging inverted widefield
microscope (BD biosciences) equipped with a 20X 0.75 N.A.
objective (Olympus LUCPLFLN). A mercury metal halide lamp
combined with an excitation filter (440/10) was used to excite
mTurqoise. The fluorescence emission was filtered using a
dichroic mirror (458-DiO1) and filters (479/40 and 542/27
for mTurquoise and Venus emission, respectively). Emission
was collected by a high-resolution cooled CCD camera
(1344x1024 pix, 0.32 mm/pix). Samples were prepared in a 96
well-plate (microplate BD Falcon) from which the inner 60
wells were used. Cells were pretreated with 100 ng/ml pertussis
toxin for 16 h or left untreated before adding 3 mM AH6809 for
1 h, or 10 mM GW627368X for 1 h, with and without 5 mM
nocodazole for 20 min, Six mTurquoise and Venus emission
images were acquired followed by automated addition of PGE2
and subsequent acquisition of another 20 mTurquoise and
Venus emission images (tlag=10 s). The mean fluorescence
intensity of the Venus and mTurquoise signal in a cell was
corrected by subtraction of the background signal in each image
and channel before dividing the Venus over mTurquoise mean
fluorescence intensity to obtain the FRET ratio. Values were
normalized to the average ratio value of the first six pre-
stimulus data points.

Fluorescence Lifetime Imaging
Experiments
Frequency-domain FLIM experiments on transfected RAW
macrophages were performed using a Nikon TE2000-U
inverted widefield microscope and a Lambert Instruments
Fluorescence Attachment (LIFA; Lambert Instruments) for
lifetime imaging. A light-emitting diode (Lumiled LUXEON
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III, lmax = 443 nm) modulated at 40 MHz was used to excite
CFP. Fluorescence detection was performed by a combination
of a modulated (40 MHz) image intensifier (II18MD; Lambert
Instruments) and a 640x512 pixel CCD camera (CCD-
1300QD; VDS Vosskühler). The emission of CFP was
detected through a narrow emission filter (475/20 nm;
Semrock) to suppress any fluorescence emission from the
Citrine fluorophore. FLIM measurements were calibrated
with a 1 mM solution of pyranine (HPTS), the lifetime of
which was set to 5.7 ns. All FLIM images were calculated
from phase stacks of 12 recorded images, with exposure times
of individual images ranging from 200 to 400 ms. A USH-
102DH 100 W mercury lamp (Nikon) was used for acceptor
photobleaching. Cells were pretreated with 25 mM AH23848
for 1 h or left untreated and cells were stimulated with 10 mM
PGE2 or 10 mM Butaprost.

Statistics and Reproducibility
All image processing was performed using Fiji/ImageJ software.
Podosome count was performed semi-automatically. Briefly, a
median filter (3 pixel radius) was applied to the phalloidin image
after which the podosome clusters were manually selected. The
Fiji maximum finder was subsequently used to detect and count
the podosomes. Data from the podosome dissolution assay and
the FRET experiments were processed using Microsoft Excel and
GraphPad Prism 8 software. Data from the FLIM experiments
were analyzed using OriginPro 8. All statistical analyses were
performed using GraphPad Prism 8. The specific statistical test,
the multiple testing corrections and the number of replicates
used for each Figure are specified in the Figure legend. The
normality of data distributions was assessed by visual data
inspection and the Shapiro-Wilk normality test. P-values <
0.05 were considered statistically significant for all
experiments. Statistical analyses were only performed for the
comparisons indicated in the Figures.
RESULTS

EP4 Primarily Contributes to Prostaglandin
E2-Induced Podosome Dissolution
in Dendritic Cells
To assess the different contributions of EP2 and EP4 in mediating
PGE2 signaling in DCs, we first determined whether both EP2 and
EP4 signaling can lead to podosome dissolution. For this, we treated
immature DCs (iDCs) with PGE2 or well-established and selective
EP2 and EP4 agonists and quantified the number of podosomes per
cell (Figures 1A, B). In line with our previous observations, the
addition of PGE2 resulted in an almost complete loss of podosomes
in iDCs. Interestingly, both EP2- and EP4-specific stimulation also
reduced the number of podosomes, with EP4 agonist stimulation
being slightly more efficient (Figure 1B). These results indicate that
individual EP2 and EP4 downstream signaling can both lead to
podosome dissolution.

After having established that both EP2 and EP4 signaling can
lead to podosome dissolution, we aimed to investigate the
February 2021 | Volume 11 | Article 613286
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FIGURE 1 | Prostaglandin E2 (PGE2)-induced podosome dissolution in human immature dendritic cells (iDCs) is mostly mediated by EP4. (A) Representative
images of PBMC-derived iDCs that were left untreated or were treated with 1 mM EP4 agonist L-902688, 1 mM EP2 agonist (R)-Butaprost, both 1 mM L-902688 and
1 mM (R)-Butaprost, 1 mM PGE2 alone or 1 mM PGE2 after pretreatment with EP2 antagonist (ant.) AH6809, EP4 antagonist GW627368X or both AH6809 and
GW627368X. Cells were stained for actin (green) and vinculin (magenta). Scale bar = 10 mm. (B) iDCs were treated with different concentrations of EP2 agonist
(ago.) (R)-Butaprost, EP4 agonist L-902688 or both (R)-Butaprost and L-902688. Cells were stained for actin and vinculin and the number of podosomes per image
was quantified and normalized to untreated control. Cells treated with 10 mM PGE2 were included as positive control. The error bars represent mean ± SD. Data
presented are from two different donors. ns, not significant, *P<0.05; ###P<0.001 versus untreated control, Welch ANOVA with Dunnett’s T3 multiple comparison
test. (C) iDCs were treated with different concentrations of PGE2 with or without pretreatment with EP2 antagonist (ant.) AH6809, EP4 antagonist GW627368X or
both AH6809 and GW627368X. Cells were stained for actin and vinculin and the number of podosomes per image was quantified and normalized to untreated
control. The error bars represent mean ± SD. Data presented are from three different donors. ns, not significant, *P<0.05, **P<0.01, ***P<0.001; ##P<0.01,
###P<0.001 versus untreated control, Welch ANOVA with Dunnett’s T3 multiple comparison test.
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respective contribution of EP2 and EP4 signaling. We reasoned
that this would be difficult to assess by using the agonists because
of the different affinities for their respective receptor. Therefore,
we instead pretreated the cells with well-characterized and
selective competitive EP2 and EP4 antagonists to block
signaling, followed by the stimulation with the natural ligand
PGE2, and subsequently quantified podosome dissolution.
Figure 1C shows that inhibition of EP4 attenuates podosome
dissolution upon stimulation with 0.01–0.1 µM PGE2, while
blocking of EP2 has no effect. This indicates that at lower PGE2
concentrations, EP4 is responsible for the induction of podosome
loss. Interestingly, at 1 µM PGE2, EP4 blocking attenuates
podosome dissolution only when EP2 antagonist is co-
administered, suggesting that EP2 triggering by PGE2 could
somehow influence EP4 activity. At the highest PGE2
concentration (10 µM), one cannot fully exclude that the
antagonists are not displaced by the PGE2, which complicates
the interpretation of these specific results.

Together, these results suggest that EP4 primarily contributes
to PGE2-induced podosome dissolution. Importantly, in
subsequent experiments we use selective receptor antagonists
in combination with the natural ligand PGE2 to define the
individual contributions of EP2 and EP4 in mediating
PGE2 signaling.

EP2 and EP4 Differentially Stimulate cAMP
Production
PGE2-induced podosome loss in DCs is mediated by the cAMP-
PKA-RhoA signaling axis downstream of EP2 and EP4 (8). Since
our results strongly suggest that EP4 is primarily responsible for
podosome loss, we sought to determine whether EP4 induces
stronger cAMP responses to PGE2 than EP2. To determine the
individual contribution of EP2 and EP4 to the PGE2-induced
increase of intracellular cAMP levels, we measured the onset of
cAMP production in living RAW macrophages, which
endogenously express both EP2 and EP4 (Supplementary
Figure 1) (37) and are well-accepted as surrogate cell model to
study DCs (38), using ratio measurements of the Förster
Resonance Energy Transfer (FRET)-based cAMP sensor t-
Epac-vv (34). Since the binding of cAMP to t-Epac-vv reduces
FRET between the mTurquoise donor and Venus acceptor
fluorophores, a decreased FRET ratio in the macrophages is a
direct measure of cAMP production (Figures 2A, B). After the
addition of PGE2, cAMP was produced immediately and reached
a maximum concentration after about 40 seconds, subsiding to
Frontiers in Immunology | www.frontiersin.org 5
lower levels after 200 seconds (Figure 2C). To compare the
cAMP kinetics across different treatment conditions, we
quantified the peak of cAMP production and the production
rate, as shown in Figure 2D. Both parameters scaled with
increasing PGE2 concentrations, indicating that the rate and
the magnitude of the induced cAMP response is dose-dependent
(Figure 2E).

Compared to PGE2 only, EP2 inhibition led to higher cAMP
levels at all tested PGE2 concentrations, while cAMP
concentrations subsided to a similar extent (Figure 2F). The
PGE2-induced cAMP production rate and cAMP peak remained
dose-dependent upon EP2 inhibition as both parameters scaled
with PGE2 concentration (Figure 2G). These results indicate
that EP2 blockade increases the signaling efficiency of EP4 in
response to PGE2. Inhibition of EP4 led to a dramatically
different course of cAMP production. In contrast to EP2
inhibition, EP4 inhibition prevented robust cAMP production
at PGE2 concentrations up to 0.1 µM but allowed a strong cAMP
response at ≥ 1 µM (Figures 2H, I). Furthermore, this strong
cAMP response did not attenuate as observed in the absence of
EP4 inhibition. Compared to PGE2 only, the magnitude of the
strong cAMP response observed upon EP4 inhibition suggests
that EP4 activity may somehow impair the signaling efficiency of
EP2. To ascertain that EP2 and EP4 are completely blocked by
the antagonist concentrations used in our experiments, we
measured cAMP production upon simultaneous inhibition of
EP2 and EP4 (Figure 2J). Pretreatment with both antagonists
effectively inhibited total cAMP production at 0.1 and 1 mM
PGE2, showing that both receptors are completely blocked at
physiological concentrations of PGE2 (Figures 2J, K).
Importantly, since 10 mM PGE2 still induced a small amount
of cAMP, even in the presence of both antagonists (Figure 2J),
we decided to omit this condition in subsequent experiments,
since either one or both of the antagonist may be displaced by the
high concentration of PGE2.

Our results demonstrate that the selective stimulation of EP2
and EP4 by PGE2 induces kinetically distinct cAMP production
profiles. While PGE2-EP4 signaling results in a fast and transient
cAMP production that increases proportionally to the ligand
concentrations, PGE2-EP2 signaling is induced only by PGE2
concentrations of 1 µM and higher, and cAMP elevation is more
prolonged. We also show that co-stimulation of EP2 and EP4
mutually dampens their signaling efficiency, as both receptors
induce higher cAMP production when they are individually
triggered by PGE2.
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FIGURE 2 | EP2 and EP4 induce distinct cyclic adenosine monophosphate (cAMP) responses. (A) Schematic illustration of intramolecular cAMP FRET sensor t-
Epac-vv. Binding of cAMP to t-Epac-vv reduces Förster Resonance Energy Transfer (FRET) between the mTurquoise donor and Venus acceptor fluorophores of t-
Epac-vv, making a decreased ratio of the fluorescent intensities a direct measure of cAMP accumulation [adapted from (34)]. (B) The mTurquoise (cyan) and Venus
(yellow) signal were acquired with widefield microscopy (WF panels). After background subtraction in each image and channel, the FRET ratio was calculated as the
Venus intensity over the mTurquoise intensity for each timepoint and was normalized to the average of prestimulus values (FRET panels). Normalized FRET values
range from 0 (red) to 1 (blue). Scale bar = 5 mm. (C) FRET ratios of t-Epac-vv before and after the addition of different prostaglandin E2 (PGE2) concentrations were
measured in transiently transfected RAW macrophages. A control was performed with the addition of buffer only. The data presented are mean ± SD from ≥5 cells
per condition. (D) Example FRET curve that illustrates the definition of the relative cAMP peak and cAMP production rate. The amplitude of the cAMP peak was
defined as the maximal decrease in FRET ratio. The cAMP production rate was quantified by determining the slope between the final prestimulus timepoint and the
timepoint at which minimal FRET ratios were observed using a linear fit over all included timepoints. (E) The cAMP production peak and the cAMP production rate
were measured from the FRET curve of individuals cells from (C) and the average peak was plotted as a function of the average production rate per condition. The
error bars represent SD for both parameters. (F, H, J) FRET ratios were measured after the addition of PGE2 in cells pretreated with EP4 antagonist (ant.)
GW627368X (F), pretreated with EP2 antagonist AH6809 (H) or pretreated with both GW627368X and AH6809 (J). The data presented are mean ± SD from ≥4
cells per condition. (G, I, K) The relative cAMP production peak and the cAMP production rate were measured from (F, H, J), respectively. The error bars represent
SD for both parameters.
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EP4-Coupled Gai Fine-Tunes the
Prostaglandin E2-Induced cAMP
Production
Given that EP2 and EP4 differentially control cAMP dynamics,
we sought to identify factors that contribute to these differences.
Since the inhibitory G protein Gai has been shown to couple to
EP4 (22), we hypothesized that Gai dampens the PGE2-induced
cAMP response in cells expressing EP4. To demonstrate that EP4
selectively activates Gai also in macrophages, we performed
fluorescence lifetime imaging (FLIM) to measure FRET
between cyan fluorescent protein (CFP)-tagged Gg (Gg-CFP)
and Citrine-tagged Gai (Gai-Citrine). The fluorescent lifetime of
the FRET donor (CFP) decreased upon co-expression with the
acceptor (Citrine) and was restored to control levels upon
acceptor photobleaching (Figure 3A), indicating that FRET
occurred between Gg-CFP and Gai-Citrine. Since Gai is
known to undergo conformational rearrangements upon
activation (39) and FRET between Gg-CFP and Gai-Citrine is
likely affected by such rearrangements, a shift in fluorescence
lifetime is expected upon EP4 stimulation. Treatment with PGE2
induced a gradual reduction in the lifetime of the donor
fluorophore, whereas no shift in the lifetime phase was
observed upon either inhibition of EP4 or selective stimulation
of EP2 (Figure 3B). These findings confirm that PGE2 induces
Gai activation via EP4 only.

To determine the consequences of EP4-mediated Gai activation
on PGE2 signaling, we measured cAMP elevation using t-Epac-vv
upon inhibition of Gai with pertussis toxin (PTx). Gai blockade
significantly enhanced the cAMP peak concentrations and
production induced by 0.1 mM PGE2 and to a lower extent also
by 1 mM PGE2 (Figure 3C), indicating that Gai attenuates cAMP
production most strongly at lower PGE2 concentrations. The effect
of Gai inhibition on cAMP production is more clearly depicted in
Figure 3D, where a higher cAMP peak and an increased production
rate are observed after addition of PTx.

Next, to investigate whether EP4-mediated Gai activation
would dampen cAMP-dependent processes such as podosome
dissolution, we determined PGE2-mediated podosome loss in
iDCs with or without PTx treatment. We found that Gai

inhibition led to slightly increased podosome loss at all PGE2
concentrations tested, with 1 µM PGE2 being statistically
significant while 0.01 and 0.1 µM PGE2 show a non-significant
but clear trend (Figure 3E). It should be considered that such low
concentrations of PGE2 are less powerful in inducing podosome
dissolution (Figure 1C), making the effect of PTx treatment
more difficult to assess. Nonetheless, this result indicates that the
Gai-mediated dampening of cAMP production also affects
cellular decisions downstream of EP2 and EP4.

Together, these findings show that Gai dampens the onset of
cAMP production, suggesting that the PGE2-EP4-Gai axis might
act as signaling gatekeeper when low PGE2 levels fluctuate slightly.

EP2- and EP4-Mediated Signaling
Requires Cortical Microtubule Integrity
Since the interplay between G proteins and tubulin is well
documented as well as their localization along microtubules (40–
Frontiers in Immunology | www.frontiersin.org 8
42), we investigated whether microtubule integrity is important for
PGE2-induced cAMP production. We found that microtubule
disruption (Supplementary Figure 2) deregulates PGE2-induced
cAMP elevation (Figure 4A). More specifically, when both
receptors are activated, attenuation of the cAMP response by
nocodazole was only observed at 1 mM PGE2 and not at 0.1 mM
PGE2 (Figures 4A, B). Upon EP2 inhibition, however, the cAMP
production rate and the maximum cAMP levels induced by PGE2-
EP4 were reduced at all PGE2 concentrations tested (Figures 4C,
D). Finally, EP4 inhibition revealed that the strong and sustained
cAMP response of PGE2-EP2 is completely prevented by
microtubule disruption (Figures 4E, F). These results
demonstrate that the Gas-mediated cAMP response to PGE2
relies on an intact microtubule network and that disruption of
this network reduces the signaling efficiency of both EP2 and EP4,
with EP2 activity being more sensitive to microtubule integrity than
EP4 activity.
DISCUSSION

This study characterized the EP2 and EP4 signaling modalities to
better understand DC and macrophage responses elicited by
PGE2. Our first important observation is that selective activation
of EP2 and EP4 by agonists leads to different outcomes compared
to activation by PGE2 in the presence of selective receptor
antagonists. More specifically, when the receptors are individually
activated by a selective agonist, podosome dissolution is almost
equally induced by EP2 and EP4, whereas podosome dissolution is
mostly mediated by EP4 after the addition of natural ligand PGE2 in
the presence of selective antagonists. Throughout this study, we
consistently applied selective antagonists to determine individual
receptor contributions to PGE2 signaling and show that 1) both EP2
and EP4 signal more efficiently when selectively activated by their
natural ligand PGE2; 2) EP4 induces dose-dependent and transient
cAMP production, whereas EP2 induces a sustained cAMP
response only at high PGE2 concentration; 3) EP4-linked Gai

dampens both PGE2-induced cAMP generation and podosome
dissolution; 4) microtubule disruption obstructs efficient signaling of
both receptors, especially affecting EP2 strongly.

We here also show that PGE2-induced podosome loss in iDCs
(18) is differentially controlled by EP2 and EP4. PGE2-induced
podosome dissolution is a first step toward the acquisition of a fast
migratory phenotype by DCs (18, 43). In fact, PGE2 is an important
factor to induce DCmaturation and by using selective agonists, both
EP2 and EP4 have been proposed to play similar roles in this
process (6, 16). Our results suggest that this might not be the case
and that EP4 is likely the most predominant receptor in mediating
the PGE2 signaling that leads to podosome dissolution and the
induction of migratory mature DCs. This is in line with previous
findings in gene-targeting experiments in mice, where PGE2-EP4
signaling was found to promote migration and maturation of
Langerhans cells, thereby initiating skin immune responses (44).
Similarly, other PGE2-mediated immunological processes such
cytokine production and T cell activation have been reported to
be controlled differently by EP2 and EP4 (45–47). Knockdown of
February 2021 | Volume 11 | Article 613286

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Vleeshouwers et al. PGE2 Signaling in Myeloid Cells
EP2 or EP4 in DCs possibly in combination with the use of agonists
and antagonists might eventually help to clarify these differences.
However, since EP2 and EP4 are always co-expressed in DCs, it
remains to be determined whether the knockdown of one receptor
does not affect expression patterns of the other receptor.
Frontiers in Immunology | www.frontiersin.org 9
Early studies characterizing the EP receptor signaling capacity
have mostly used cells that overexpress either EP2 or EP4 (22, 23,
25, 48–50), which makes it challenging to determine the differential
contribution of the receptors when they are co-expressed. Here, we
have addressed this question andmeasured the early onset of cAMP
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production in cells that endogenously express both EP2 and EP4.
Using selective EP2 and EP4 antagonists, we demonstrate that EP2
induces sustained cAMP, whereas EP4-mediated cAMP production
is faster but more transient. This difference may partially be
explained by the fact that EP4, and not EP2, is internalized
shortly after stimulation with PGE2, which halts further signaling
(23, 51). Furthermore, our results showing a sustained EP2-induced
cAMP production are in line with the previous observation that EP2
is the main cAMP generator after extended PGE2 stimulation (48).
We also know that EP4 can couple to both Gas and Gai (22). Here,
we provide additional evidence that Gai is only linked to EP4 and
not to EP2, and that Gai attenuates the cAMP response induced by
low PGE2 concentrations. Given that several GPCRs do not
precouple with Gai (52), it would be important to determine how
and when EP4 and Gai interact. In a recent study, hidden Markov
modeling classified G proteins into four diffusion states, of which
the slowest two states represent G proteins that interact in hot spots
for GPCR activation (53). The same study employed single-
molecule tracking to show that adrenergic receptors and Gai

proteins interact only transiently within these hot spots (53).
Single-molecule imaging methods are excellent tools to
understand the fundamental principles of G protein dynamics
and could be exploited to better understand the molecular
mechanisms regulating the spatiotemporal interaction between
EP4 and Gas or Ga i, which could shape the cAMP
production profile.

Our FRET measurements also reveal that the cAMP response
of EP4 is dose-dependent, whereas the EP2-induced cAMP
Frontiers in Immunology | www.frontiersin.org 10
production is negligible at low PGE2 concentrations and
strong at high PGE2 concentrations. EP4 has a higher affinity
for PGE2 than EP2, as indicated by dissociation constants of 0.59
nM and 13 nM, respectively (54). The high affinity of EP4
explains its responsiveness to low PGE2 concentrations, but
the apparent irresponsiveness of EP2 to PGE2 concentrations
below 1 µM cannot be explained by its lower affinity for PGE2,
based on the magnitude of its dissociation constant. Therefore,
additional mechanisms that mediate the all-or-nothing response
of EP2 could exist and might include receptor hetero- or homo-
oligomerization, which are documented for other GPCRs (55)
but remain to be identified for EP2 and EP4. Importantly, our
results indicate that EP4 is the main producer and regulator of
cAMP production at low, possibly physiological, PGE2
concentrations, whereas EP2 boosts cAMP levels only when
PGE2 concentration increases above a certain threshold, as
could (locally) occur in inflamed or tumor tissues.

Interestingly, our experiments using a cAMP FRET biosensor
show that EP2 and EP4 both signal more strongly when
stimulated selectively. This indicates that simultaneous
activation of both receptors limits efficient signaling and
suggests the presence of signaling crosstalk between EP2 and
EP4. Since both EP2 and EP4 couple to Gas, competition for
downstream effectors could contribute to the attenuated cAMP
response observed in the absence of receptor antagonists.
Additionally, inhibitory interactions between activated
receptors at the plasma membrane could attenuate the PGE2-
induced cAMP response to establish an integrated signal that
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fine-tunes downstream effects. Although the mechanisms
underlying this potential crosstalk remains to be deciphered,
our results strongly indicate that the EP2 and EP4 signaling axes
may be closely intertwined.

The organization of GPCR signaling has previously been
linked to membrane domains and the cortical microtubule
network (56). Here, we show that an intact microtubule
network (and possibly microtubule dynamic properties too, as
shown in Supplementary Figure 2B) is necessary for efficient
signaling of both EP2 and EP4. Remarkably, several other studies
show that cAMP production is dampened by intact microtubules
and lipid membrane domains (56–58). Specifically, microtubules
were suggested to restrict the interactions of Gas with GPCRs
and AC, limiting the efficiency of cAMP responses (57, 59). Yet,
most previous research focused on adrenergic receptors, which
primarily localize to lipid-raft domains (60). By contrast, the
insensitivity of EP receptors to cholesterol depletion suggests that
EP2 and EP4 mainly localize in non-raft regions (61). Moreover,
the AC isoform 2, which is the AC isoform that responds most
strongly to PGE2, is also located in non-raft domains, further
supporting the notion that PGE2 signaling occurs outside lipid
rafts and possibly explaining their differential dependence on
the microtubule network that was reported for the
adrenergic receptors (61). Although a mechanistic explanation
is still lacking, the different sensitivity of EP2 and EP4 to
microtubule disruption is striking: whereas PGE2-EP4
signaling is partially reduced, PGE2-EP2 signaling is
completely abolished by nocodazole treatment. Imaging of
microtubules in combination with single-particle tracking of
EP receptors could reveal the role of microtubules in PGE2
signaling. Furthermore, a detailed molecular investigation of
Gas and Gai dynamics is required to accurately describe the
organization and receptor-coupling of the different Ga proteins
involved. The different sensitivity of EP2 and EP4 to nocodazole
together with the apparently contradictory results between
adrenergic and prostaglandin receptors strongly emphasizes the
complexity of GPCR spatiotemporal organization and the
importance of studying the regulation of a specific receptor in its
endogenous settings.

Based on our experimental observations, we here present a
schematic model for the cAMP responses established by EP2 and
EP4. Upon selective stimulation of EP4, both Gas and Gai proteins
are activated (Figure 5A). Active Gas proteins modulate the activity
of AC, resulting in a strong cAMP response. Gai functions to fine-
tune the cAMP production at low PGE2 concentrations. As EP4 is
subjected to desensitization and internalization (23, 25), the elicited
cAMP response subsides over time. When EP2 is selectively
stimulated instead, only Gas controls AC activity (Figure 5B).
The resulting cAMP response does not subside because EP2 is
insensitive to receptor desensitization and internalization (23).
Disruption of the microtubule network dampens the cAMP levels
induced by both EP2 and EP4, albeit with different strength,
showing that microtubules play an important role in the
organization of EP receptor signaling. Upon simultaneous
activation of EP2 and EP4, Ga proteins are activated by both EP2
and EP4, resulting in an integrated cAMP response (Figure 5C).
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Competition between EP2 and EP4 for Gas likely reduces the
signaling efficiency of individual receptors and thereby moderates
final cAMP levels. Since EP4 has a higher affinity for PGE2 than EP2
(54), EP4 is the main gatekeeper of cAMP levels, especially at low
PGE2 concentrations, while EP2 becomes important only at high
PGE2 concentrations that will result in strong and sustained
cAMP production.

Increased PGE2 concentrations have been reported in the
tumor microenvironment of several cancer types (9–12). Since
PGE2 regulates immune cell function, the selective modulation
of EP receptor signaling pathways has been proven to enhance
the antitumor immune response (62–64). Further insight into
the concerted action of EP2 and EP4 will be essential to efficiently
control the cellular responses to PGE2.
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