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Prostaglandin E2 promotes intestinal inflammation via 
inhibiting microbiota-dependent regulatory T cells
Siobhan Crittenden1*, Marie Goepp1*, Jolinda Pollock2, Calum T. Robb1, Danielle J. Smyth3, 
You Zhou4, Robert Andrews4, Victoria Tyrrell4, Konstantinos Gkikas5, Alexander Adima1,  
Richard A. O’Connor1, Luke Davies4, Xue-Feng Li6, Hatti X. Yao1, Gwo-Tzer Ho1, Xiaozhong Zheng1, 
Amil Mair1, Sonja Vermeren1, Bin-Zhi Qian6, Damian J. Mole1, Konstantinos Gerasimidis5,  
Jürgen K. J. Schwarze1, Richard M. Breyer7, Mark J. Arends8, Valerie B. O’Donnell4, 
John P. Iredale9, Stephen M. Anderton1, Shuh Narumiya10, Rick M. Maizels3, Adriano G. Rossi1,  
Sarah E. Howie1, Chengcan Yao1†

The gut microbiota fundamentally regulates intestinal homeostasis and disease partially through mechanisms 
that involve modulation of regulatory T cells (Tregs), yet how the microbiota-Treg cross-talk is physiologically 
controlled is incompletely defined. Here, we report that prostaglandin E2 (PGE2), a well-known mediator of 
inflammation, inhibits mucosal Tregs in a manner depending on the gut microbiota. PGE2 through its receptor EP4 
diminishes Treg-favorable commensal microbiota. Transfer of the gut microbiota that was modified by PGE2-EP4 
signaling modulates mucosal Treg responses and exacerbates intestinal inflammation. Mechanistically, PGE2-modified 
microbiota regulates intestinal mononuclear phagocytes and type I interferon signaling. Depletion of mono
nuclear phagocytes or deficiency of type I interferon receptor diminishes PGE2-dependent Treg inhibition. Together, 
our findings provide emergent evidence that PGE2-mediated disruption of microbiota-Treg communication 
fosters intestinal inflammation.

INTRODUCTION
Inflammatory bowel disease (IBD) is a chronic inflammatory disor-
der of the intestine that causes abdominal pain, diarrhea, bleeding, 
and increased risk of intestinal cancer. There are two main subtypes 
of IBD, i.e., Crohn’s disease (CD) and ulcerative colitis. Multiple 
factors including lifestyle (e.g., smoking, diet, medication, and 
psychological state), environmental risk factors (e.g., infections and 
air pollution), genetic and epigenetic alterations, and host immune 
functions can potentially trigger the development and progression 
of IBD (1–2). The gut microbiota plays a critical role in maintaining 
health of the host. Dysfunction of this symbiosis may result in de-
velopment of various human diseases such as IBD, metabolic syn-
drome, infections, allergy, and cancer (3–4). Interplay between the 
host and gut microbiota controls intestinal homeostasis and inflam-
matory responses through mechanisms that involve modulation of 
gut-resident regulatory T cells (Tregs), which express the transcrip-
tion factor, forkhead box P3 (Foxp3) (5–8). Dysregulation of intes-

tinal Tregs is implicated in the pathogenesis of IBD (9). Microbial 
antigens, metabolites [e.g., vitamins and short-chain fatty acids 
(SCFAs)], and signaling molecules released during tissue damage 
(e.g., alarmins) contribute to the induction of distinct intestinal Treg 
subsets, which play critical roles in intestinal homeostasis and con-
trol mucosal inflammation (10–13). However, the mechanisms that 
negatively regulate microbiota-Treg cross-talk for IBD pathogenesis 
are incompletely studied.

Prostaglandins (PGs) are bioactive lipid mediators that are gen-
erated from arachidonic acid via cyclooxygenases (COXs) and spe-
cific PG synthases (14). The PG family has five members including 
PGE2, PGD2, PGF2, PGI2, and thromboxane A2 (TXA2). PGs signal 
in an autocrine and/or paracrine manner through their distinct 
G protein–coupled receptors including receptors EP1 to EP4, 
PGD2 receptors DP1 and DP2, PGF2 receptor FP, PGI2 receptor IP, 
and TXA2 receptor TP. PGE2 is present in most tissues at biologically 
functional nanomolar levels in the steady state, and its levels are 
increased at the sites of inflammation (14–16). Nonsteroidal anti-
inflammatory drugs (NSAIDs), such as aspirin and indomethacin, 
are widely used to reduce pain, fever, and inflammation by inhibiting 
COX activities and therefore decreasing PG production. However, 
NSAIDs are generally avoided for individuals who have gut condi-
tions due to the gastrointestinal adverse effects (17). This is because 
PGE2 plays critical roles in maintaining the gut epithelium, protecting 
against acute damage, and facilitating regeneration after injury 
through actions on various cell types including macrophages, epi-
thelial, stromal, and innate lymphoid cells (18–21).

Genome-wide association studies have revealed that polymor-
phisms in the PTGER4 gene (encoding human PGE2 receptor EP4) 
are associated with overexpression of EP4 and a more severe disease 
phenotype in patients with IBD (22–24). Moreover, variants in the 
PTGER4 gene exert a significant association with CD, in third place 
among all susceptible genetic loci after variants in NOD2 and IL23R 
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genes (25). These findings raised a possibility that PGE2-EP4 signal-
ing may also participate in the pathogenesis of intestinal inflamma-
tion despite its protective actions on the epithelium. We and others 
have recently found that PGE2 plays key roles in immune-related 
chronic inflammatory diseases in rodents and humans, for exam-
ple, multiple sclerosis, rheumatoid arthritis, and inflammatory skin 
disorders, through promoting interferon- (IFN-)–producing T 
helper 1 (TH1) cells and interleukin-17 (IL-17)–producing TH17 cells 
by induction of key cytokine receptors IL-12R2 and IL-23R, re-
spectively (26–29). However, the action of PGE2 on Treg responses, 
especially in the intestine, remains unknown. In this study, we in-
vestigated the roles for endogenous PGE2 in regulation of mucosal 
Treg responses and intestinal inflammation. We demonstrate that 
PGE2 down-regulates intestinal Treg responses by affecting the com-
position of the gut microbiota and modulating the function of 
mononuclear phagocytes (MNPs).

RESULTS
Production of PGs and expression of their receptors 
in the intestine
First, we examined whether the intestine tissues physiologically 
produce PGs and whether inhibition of COXs reduces PG levels in 
the steady state. We administered naïve wild-type (WT) C56BL/6 
mice with a nonselective COX inhibitor, indomethacin, at the dose 
of 5 mg/kg per day (equaling to ~30 mg/day for an adult human 
weighing 75 kg) or vehicle control [0.5% ethanol (EtOH)] in drink-
ing water. Intestine tissues were collected on day 5 for measuring 
levels of PGs by lipidomic analysis. We observed that healthy small 
and large intestines in control mice produced high levels (i.e., hun-
dreds to thousands nanogram per gram dry tissue) of PGs including 
PGE2, PGD2, PGF2, TXA2 metabolite (i.e., TXB2), and PGI2 metab-
olite (i.e., 6-keto PGF1) (Fig. 1A and fig. S1). Small intestine pro-
duced more PGD2 and TXB2, but less PGF2 and 6-keto PGF1, than 
the colon, while both intestinal tissues had comparable levels of 
PGE2 and its metabolite (13,14-dihydro-15-keto PGE2) or epimer 
(8-iso PGE2) (Fig. 1A). Administration of indomethacin nearly com-
pletely inhibited production of all PGs (e.g., PGE2, PGD2, and 
PGF2) and their inactive metabolites, i.e., 15-keto PGE2, 15-keto 
PGD2, 15-keto PGF2, 6-keto-PGF1, and TXB2 in both small and 
large intestines (Fig. 1A). For example, indomethacin reduced PGE2 
levels by ~96% (from 2628 to 105 ng/g of dry tissue) in small intes-
tines and by ~99% (from 2789 to 29 ng/g of dry tissue) in colons 
(Fig. 1A). Reanalysis of public datasets (30) revealed that both mouse 
and human intestines express EP4 genes (i.e., Ptger4 and PTGER4, 
respectively) at the levels remarkedly higher than other PG recep-
tors (Fig. 1, B and C), indicating that the PGE2-EP4 pathway may 
play a more important role than other PG signaling in the intestine.

Increase of intestinal Tregs by COX inhibition
To test whether endogenous PGs regulate intestinal Tregs in the 
steady state, we administered WT mice with indomethacin in drink-
ing water and analyzed Tregs in various organs including colons, 
small intestines, mesenteric lymph nodes (mLNs), and spleens. In-
domethacin treatment increased the accumulation of Foxp3+ Tregs 
in all of these tissues with greater effects in the intestinal lamina 
propria (LP) (by ~2-fold in the colon and small intestine) than that 
in the mLN and spleen (both by ~1.4-fold) (Fig. 2, A and B). Fur-
thermore, indomethacin significantly increased mean fluorescence 

intensity (MFI) of Foxp3 among Foxp3+ Tregs in the colon (Fig. 2B), 
suggesting that inhibition of endogenous PG biosynthesis not only 
increases intestinal Treg frequencies but also enhances Foxp3 ex-
pression at the single-cell level. We also administered mice with in-
domethacin at lower doses of 1 to 2 mg/kg of body weight per day, 
which is the equivalent of ~6 to 12 mg/day for adults weighing 
75 kg, levels known not to induce intestinal damage in human. Sim-
ilarly, low doses of indomethacin still increased intestinal Foxp3+ 
Tregs (fig. S2).

It has been recently reported that a subpopulation of intestinal 
Tregs that express the transcription factor retinoid-related orphan 
receptor gamma t (RORt), namely, RORt+Foxp3+ Tregs, inhibit 
intestinal inflammation with greater suppressive potential than 
RORt−Foxp3+ Tregs (6, 7, 31). We therefore examined the effects of 
endogenous PGs on RORt+Foxp3+ Tregs and found that adminis-
tration of indomethacin markedly increased the percentages of the 
RORt+Foxp3+ subpopulation among Foxp3+ Tregs in the colon, but 
not in the mLN or spleen (Fig.  2,  C  and  D). Furthermore, indo-
methacin also boosted absolute numbers of colonic RORt+Foxp3+ 
Tregs, but not the numbers of RORt−Foxp3+ Tregs or RORt+Foxp3− 
TH17 cells (Fig. 2E). These results indicate that inhibition of endog-
enous PGs increases the accumulation of intestinal Tregs.

Reversion of COX inhibition–dependent increase 
in intestinal Tregs by EP4 agonism
As indomethacin inhibits all PG production, we next examined 
whether PGE2 and its receptors control intestinal Tregs. We co-
administered mice with indomethacin together with a selective EP2 
agonist (Butaprost) or selective EP4 agonists (L-902,688). We found 
that increase in colonic Tregs by indomethacin was prevented by the 
EP4 agonist in colons and mLNs, while the EP2 agonist only 
reduced Tregs in mLNs (Fig. 2, A and B), indicating that PGE2 sup-
presses colonic Treg accumulation mainly through EP4. Similarly, co-
administration of EP4 agonist notably down-regulated RORt+Foxp3+ 
Tregs in the colon and likely in the small intestine, but not in the 
mLN or spleen (Fig. 2, C and D). Furthermore, selective activation 
of EP4 also decreased absolute numbers of colonic RORt+Foxp3+ 
Tregs, but not RORt−Foxp3+ Tregs or RORt+Foxp3− TH17 cells 
(Fig. 2E). These results indicate that activation of PGE2-EP4 signal-
ing overturns NSAID-dependent augmentation of Tregs with the 
greatest potency in the intestine.

To further examine whether exogenous activation of EP4 sup-
presses colonic Tregs, we injected the EP4 agonist alone into naïve 
WT C57BL/6 mice without coadministration of indomethacin. 
Unlike activation of EP4 in indomethacin-treated mice where all en-
dogenous PG production was inhibited (Fig. 2), administration of 
EP4 agonist into naïve WT mice where all PG signaling pathways 
were intact had few effects on colonic Treg accumulation, albeit a 
trend for reducing the proportion of RORt+Helio− Tregs (fig. S3). 
This may be due to the already high levels of PGE2 and other EP4 
ligands (e.g., PGE1) in naïve intestines (Fig. 1A). There is another 
possibility that blockade of endogenous PGs by indomethacin dis-
rupted the intestinal epithelial line (19), which leads to attachment 
and translocation of more invasive commensal microbes and in 
turn increases the accumulation of colonic Tregs. Coadministration 
of EP4 agonist prevented indomethacin-dependent epithelial dam-
age and attachment of invasive microbes, resulting in reduction of 
colonic Treg accumulation. In the naïve intestine without disruption 
of the epithelial integrity (i.e., without COX inhibition), however, 
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EP4 agonism has thus no influence on Treg accumulation in the co-
lon. Nevertheless, these results collectively indicate that PGE2-EP4 
signaling has a potency to inhibit intestinal Treg accumulation.

Involvement of the gut microbiota in PGE2 suppression 
of intestinal Tregs
To examine whether PGE2-EP4 signaling inhibits intestinal Tregs in 
the steady state via direct or indirect actions on T cells, we generated 
Lck-Cre–driven EP4 conditional knockout mice by crossing EP4-

flox mice (32) to Lck-Cre mice (i.e., LckCreEP4fl/fl mice) to delete 
EP4 expression in Lck-expressing T cells. LckCreEP4fl/fl and control 
mice had comparable colonic Treg accumulation in the steady state 
(Fig. 3, A and B), suggesting that PGE2 inhibits intestinal Treg accu-
mulation in the steady state independent of EP4 signaling in T cells.

The gut microbiota is crucial for the development of intestinal 
Tregs, especially the RORt+Foxp3+ Treg subset (6, 7, 31). We therefore 
investigated whether the gut microbiota is involved in PGE2-dependent 
control of intestinal Tregs. We analyzed colonic Tregs from WT mice 

Fig. 1. Expression of PGs and their receptors in the intestine. (A) Levels of PGs and their metabolites in small intestines and colons from mice administered with indo-
methacin or vehicle control in drinking water for 5 days (n = 6 each group) as measured by lipidomic analysis. (B) Gene expression of PG receptors in mouse small and 
large intestines. Microarray gene expression data of normal C57BL/6 mouse colons (n = 3) were retrieved from the Gene Expression Omnibus (GEO) dataset GSE31106. 
RNA sequencing (RNA-seq) data of normal C57BL/6 mouse small intestines (n = 3) were retrieved from the GEO dataset GSE97371. (C) Gene expression of PG receptors in 
human sigmoid (n = 149) and transverse (n = 104) colon biopsy samples of healthy individuals. RNA-seq data were downloaded from the Genotype-Tissue Expression 
project database and analyzed using Python 3.7.0. RPKM, reads per kilobase of transcript. Each scatter dot plot in bar graphs represents data from one mouse (A and B) or 
individual (C). Data shown as means ± SD (A and B) or presented as violin bars with scatter plots (C) are analyzed by analysis of variance (ANOVA) with post hoc Holm-Sidak’s 
multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. n.s., not significant.

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 07, 2022



Crittenden et al., Sci. Adv. 2021; 7 : eabd7954     12 February 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 16

in which the gut microbiota had been depleted by antibiotics, or 
from MyD88/TRIF double knockout mice deficient in both myeloid 
differentiation primary response 88 (MyD88) and TRI domain contain-
ing adaptor-inducing interferon-beta (TRIF) that were unable to sense 
microbial signals. Inhibition of endogenous PGE2 by indomethacin 
increased both the frequencies and numbers of colonic Tregs (especially 
the subpopulation of RORt+Foxp3+ Tregs) but not RORt+​Foxp3− 
TH17 cells in WT mice that have been treated with vehicle control 
(Fig. 3C). In contrast, there was no increased accumulation of colonic 
Tregs by indomethacin in antibiotic-treated WT mice nor in those mice 

with dual deficiency of MyD88 and TRIF (Fig. 3C). Similarly, acti-
vation of EP4 reduced indomethacin-dependent increase in colonic 
RORt+Foxp3+ Tregs in vehicle-treated, rather than antibiotic-treated, 
mice (Fig. 3C). These results suggest involvement of the commensal 
microbiota in the PGE2-dependent control of intestinal Tregs.

Alteration of the gut microbiota by PGE2-EP4 signaling
Use of NSAIDs has been reported to induce changes in the gut 
microbiota composition in humans and rodents (33–35). To examine 
whether PGE2-EP4 signaling modulates the gut microbiota, we collected 

Fig. 2. PGE2-EP4 signaling inhibits intestinal Tregs in the steady state. (A) Representative flow cytometry plots of Foxp3+ Tregs gated on live CD45+CD3+CD4+ T cells in 
colon and small intestinal LP, mLN, and spleen from C57BL/6 mice that were treated with vehicle (Veh) or indomethacin (Indo) in drinking water and injected intraperito-
neally with an EP2 agonist, Butaprost, or an EP4 agonist, L-902,688 (n = 8 to 12). (B) Percentages of Foxp3+ Tregs (top) and geometric MFI (gMFI) of Foxp3 (bottom). 
(C) Representative flow cytometry dot plots of RORt expression among Foxp3+ Tregs in colon and small intestinal LP. (D) Percentages of RORt expression by Foxp3+ Tregs. 
(E) Absolute numbers of RORt+Foxp3+ Tregs, RORt−Foxp3+ Tregs, RORt+Foxp3− TH17 cells in colon LP (cLP). Each scatter dot plot in bar graphs represents data from one mouse. 
Data shown as means ± SD are pooled from four independent experiments and analyzed by ANOVA with post hoc Holm-Sidak’s multiple comparisons test (B, D, and E). 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. n.s., not significant.
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cecal contents from mice that had been treated with indomethacin or 
that had been cotreated with indomethacin and an EP4 agonist and 
performed 16S ribosomal RNA (rRNA) gene metabarcoding to study 
microbiota composition. Principal components analysis (PCA) sug-
gested that there were no differences in overall -diversity of gut micro-
biota signatures measured by unweighted UniFrac distances among the 
three groups (Fig. 4A). The analysis of -diversity indices (i.e., richness 
and evenness) showed that the three groups had also comparable ob-
served operational taxonomic units (OTUs), Chao1 index, Shannon 
diversity, and Inverse Simpson (InvSimpson) indices (Fig. 4B). How-
ever, there were trends showing that the indomethacin+EP4 agonist–
treated group had higher observed OTUs and Chao1 index (Fig. 4B).

We then asked whether PGE2-EP4 signaling alters specific bac-
terial communities. We found that treatment with indomethacin 
increased the abundance of the Firmicutes phylum and reduced 
the abundance of the Bacteroidetes phylum, and the changes in 
phylum-level microbiota composition by indomethacin were slightly 
reversed by cotreatment with the EP4 agonist (Fig. 4C). Indomethacin 
increased, but EP4 agonist reduced, several SCFA-producing bacteria 
belonging to the Muribaculaceae family or the Clostridium cluster 
XIVa (e.g., Lachnospiraceae and Ruminococcaceae) (Fig. 4D) (5). 

SCFA-producing bacteria such as Clostridia play critical roles in in-
testinal Treg induction and accumulation. Furthermore, Anaeroplasma 
bactoclasticum, which promotes expression of immune-regulatory 
transforming growth factor– in the gut (36), was also up-regulated 
by indomethacin and reduced by the EP4 agonist (Fig. 4D). To 
validate the 16S rRNA gene sequencing results, we used real-time 
quantitative polymerase chain reaction (qPCR) to detect gene ex-
pression of SCFA-producing bacteria in mice from independent 
cohorts. As confirmed, activation of EP4 significantly reduced the 
phylum Firmicutes and increased the phylum Bacteroidetes (Fig. 4E). 
In agreement with the 16S RNA sequencing (RNA-seq) results, 
EP4 activation notably decreased the amounts of Clostridia in-
cluding total Clostridium cluster XIVa, Clostridium sp., Clostridium 
coccoides, ASF500 (Ruminococcaceae), and ASF360 (Lactobacillus sp.) 
(Fig. 4E). In addition, several aggressive microbial species such as 
species of the genera Rikenella and Escherichia were also increased 
by indomethacin but reduced by coadministration of EP4 agonist 
(Fig. 4D). Rikenella and Escherichia are pathogenic strains that can 
trigger mucosal inflammation and formation of mucus lesions (37). 
Therefore, besides SCFA-producing gut microbes, these patho-
genic bacteria may also contribute to NSAID/PGE2-dependent 

Fig. 3. The gut microbiota is involved in PGE2-EP4 signaling regulation of intestinal Tregs. (A and B) Representative flow cytometry plots (A) and percentages and 
numbers (B) of RORt+Foxp3+ Tregs, RORt−Foxp3+ Tregs, RORt+Foxp3− TH17 cells in colon LP of LckCreEP4fl/fl (n = 5) and control (n = 4) mice determined by flow cytometry. 
(C) Percentages and numbers of RORt+Foxp3+ Tregs, RORt−Foxp3+ Tregs, and RORt+Foxp3− TH17 cells in colon LP of WT and MyD88/TRIF double knockout (DKO) mice 
that were treated with vehicle, indomethacin, or indomethacin plus EP4 agonist, L-902,688 (n = 7 to 18). Antibiotics (ABX) were administered to WT mice in drinking water 
for 2 weeks started 1 week before receiving indomethacin or vehicle. Each scatter dot plot in bar graphs represents data from one mouse. Data shown as means ± SD are 
pooled from two (B) or five (C) experiments and analyzed by ANOVA with post hoc Holm-Sidak’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. n.s., not significant.
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Fig. 4. PGE2-EP4 signaling alters the gut microbiota. (A to D) DNA extracts of the cecal contents from C57BL/6 mice receiving vehicle control or indomethacin plus EP4 
agonist for 5 days (n = 8 per group) were analyzed by 16S rRNA gene sequencing. (A) PCoA of cecal microbiota structure as measured by unweighted UniFrac distances 
among the three groups. (B) -Diversity of the gut microbiome as measured by observed OTUs, Chao1 index, Shannon diversity, and InvSimpson index. (C) Phylum-level 
microbiota composition expressed as relative abundances. (D) Bacterial species changed in relative abundance among different groups. (E) 16S rRNA gene expression of 
indicated commensal microbiota in cecal contents obtained from C57BL/6 mice treated with vehicle (n = 17), indomethacin (n = 18), or indomethacin plus EP4 agonist 
L-902,688 (n = 9) for 5 days. Relative abundance of each group of bacteria to total cecal bacteria was determined by real-time quantitative polymerase chain reaction 
(qPCR) and normalized to the vehicle group. (F) Relative SCFA levels in cecal contents from mice treated with vehicle (n = 22), indomethacin (n = 22), or indomethacin plus 
EP4 agonist L-902,688 (n = 18). Amounts of SCFAs were detected using gas chromatography and normalized to the vehicle group. Each scatter dot plot represents data 
from one mouse (A, B, and D to F). Data plotted in box and whiskers bar graphs are pooled from five experiments and analyzed by nonparametric Kruskal-Wallis test with 
post hoc Dunn’s multiple comparisons test (E and F). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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modulation of gut epithelial injury and accumulation of Tregs in the 
intestine.

To examine whether PGE2 modulates SCFA production, we 
measured SCFA levels in cecal contents. Indomethacin treatment 
significantly increased the levels of caproic acids and branched 
SCFAs (isobutyric and isovaleric acids) in extracts of cecal contents 
(Fig. 4F). Indomethacin also had a trend to enhance valeric acid 
(Fig. 4F). Coadministration of EP4 agonist specifically reduced 
the levels of caproic acid (Fig. 4F). The levels of caproic and valeric 
acids were found significantly decreased in feces from patients with 
active CD compared to inactive CD or healthy controls (38, 39). 
Clostridia are producers of caproic acid and branched SCFAs in-
cluding isobutyric and isovaleric acids (40, 41). Branched SCFAs, 
similar to conventional SCFAs modulate the host immune response 
(42). These corroboratory results thus suggest that PGE2-EP4 
signaling reduces intestinal Treg accumulation, at least partially, via 
reducing SCFA-producing microbiota.

Modulation of mucosal Tregs and intestinal inflammation by 
EP4-modified gut microbiota
To investigate whether PGE2-modified microbiota modulates intes-
tinal Treg responses and inflammation, we adoptively transferred 
cecal microbiota obtained from WT C57BL/6 mice that had been 
treated with indomethacin, indomethacin plus EP4 agonist, or 
vehicle control into recipient WT C57BL/6 mice (Fig. 5A). Recipient 
mice were pretreated with antibiotics in drinking water for 2 weeks 
before receiving transplantation of microbiota and then received 
normal drinking water for another 10 days, followed by euthanasia 
to analyze colonic immune cell responses at the steady state. Some 
recipient mice received normal drinking water for 8 days after 
stopping antibiotic treatment, followed by receiving dextran 
sulfate sodium (DSS) in drinking water for an additional 6 days 
(Fig. 5A). Compared to mice that had received cecal microbiota from 
vehicle-treated mice, mice transplanted with cecal microbiota from 
indomethacin-treated mice had increased Tregs and Foxp3 expression 
at single-cell levels in the steady state (Fig. 5B). This increased expres-
sion was associated with prevention of body weight loss, reduced 
disease activity index (DAI), and increased colon length under DSS-
induced inflammatory conditions in mice that had received cecal mi-
crobiota from indomethacin-treated mice (Fig. 5, C and D). In con-
trast, mice transplanted with cecal microbiota from mice that have 
been pretreated with indomethacin plus EP4 agonist had a trend to 
reduce colon Tregs and Foxp3 expression compared to mice received 
cecal microbiota from mice that have been pretreated with indo-
methacin (Fig. 5B). Furthermore, the severity of colitis in mice trans-
planted with cecal microbiota from mice that have been pretreated 
with both indomethacin and EP4 agonist was similar to mice that had 
received cecal microbiota from vehicle-treated mice but was significantly 
greater than that in mice received cecal microbiota from indomethacin-
treated mice (Fig. 5, C to E). Histological analysis showed near normal 
proximal and distal colonic mucosa, or only scattered mild inflam-
matory changes, in mice transplanted with cecal microbiota from 
indomethacin-treated mice (Fig. 5F). There was widespread and 
variably severe mucosal ulceration with patches of almost complete 
loss of the crypt epithelium, with marked infiltration of fibrotic mu-
cosal tissue by both acute and chronic inflammatory cells in mice 
that had received cecal microbiota from vehicle-treated mice, with 
more severe inflammatory and ulcerative changes in the distal co-
lon compared with the proximal colon. In contrast, there was a less 

severe pattern of inflammation with more variable mild to moder-
ate inflammatory cell infiltration with only patchy partial loss of 
mucosal crypt epithelium in those mice transplanted with cecal mi-
crobiota from indomethacin- and EP4 agonist–treated mice, again 
with greater inflammatory changes in the distal colon compared 
with the proximal colon (Fig. 5F). This was associated with reduced 
T cell infiltration to colon LP in mice that have received cecal mi-
crobiota from indomethacin-treated mice compared to the other 
two groups (Fig. 5G). Together, these results suggest that PGE2-EP4 
signaling–modified gut microbiota contributes to inhibition of mu-
cosal Tregs and exacerbation of intestinal inflammation.

Increased colonic Treg accumulation in MNP-specific 
EP4-deficient mice
MNPs are critical to mediate the microbiota-dependent generation 
of intestinal Foxp3+ Tregs (43–45). To further study the interplay 
between PGE2 and the gut microbiota in the control of intestinal 
Tregs, we examined MNPs in the colon. Comparing to treatment 
with vehicle control, administration of indomethacin increased both 
the frequency and number of colonic CD11c+MHC II+CD11b+ MNPs, 
and this was again inverted by coadministration of the EP4 agonist 
(Fig. 6A). CD11c+MHC II+CD11b− MNPs were not affected by ei-
ther indomethacin or EP4 activation (Fig. 6A). The effects of indo-
methacin and EP4 agonist on colonic CD11c+MHC II+CD11b+ 
MNPs were invisible in colons of antibiotic-treated mice or in 
MyD88/TRIF double-deficient mice (Fig. 6A). Moreover, transfer 
of gut microbiota from mice that had been treated with indometha-
cin increased colonic CD11c+MHC II+CD11b+ MNPs in host mice, 
and this was again reduced by transfer of gut microbiota from mice 
that had been cotreated with indomethacin and EP4 agonist (Fig. 6B). 
These results indicate that PGE2-EP4 signaling suppresses intestinal 
MNPs through modulating the gut microbiota.

Next, we asked whether CD11c+MHC II+CD11b+ MNPs medi-
ate PGE2 suppression of intestinal Tregs. To address this, we took 
advantage of mice that have CD11b promoter–driven expression of 
the human diphtheria toxin (DT) receptor (CD11b-DTR mice). In-
jection of DT selectively depleted colonic LP CD11c+MHC II+CD11b+ 
MNPs (by ~90%), rather than CD11c+MHC II+CD11b− MNPs, and 
markedly reduced CD11b expression at the single-cell level in co-
lonic CD11c+MHC II+CD11b+ MNPs (Fig. 6, C and D). While in-
domethacin increased and EP4 agonist decreased colonic Foxp3+ 
Tregs in phosphate-buffered saline (PBS)–treated CD11b-DTR mice, 
respectively, neither indomethacin nor EP4 agonist affected colonic 
Tregs in DT-treated CD11b-DTR mice (Fig. 6E). These results sug-
gest that CD11c+MHC II+CD11b+ MNPs mediate PGE2 suppression 
of intestinal Tregs. Furthermore, the C-C chemokine receptor type 2 
(CCR2) mediates migration of monocyte-derived macrophages 
to the intestine. Mice deficient in CCR2 had reduced intestinal 
CD11c+MHC II+CD11b+ MNP numbers (by ~50%) and CD11b expres-
sion at the single-cell level compared to WT mice (fig. S4A). However, 
CCR2 deficiency did not prevent, if not enhanced, indomethacin-
dependent increase in colonic Foxp3+ Tregs (fig. S4B), suggesting a 
role for gut resident but not monocyte-derived migratory MNPs in 
PGE2-dependent inhibition of intestinal Tregs.

We further asked whether EP4 signaling in MNPs suppresses 
colonic Tregs. To address this question, we crossed EP4-flox mice to 
CD11c-Cre mice to generate MNP-specific EP4-deficient mice. In-
activation of EP4 signaling in MNPs increased both percentages 
and absolute numbers of Foxp3+ Tregs in the colon (Fig. 6, F and G). 
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Fig. 5. Altered gut microbiota by PGE2-EP4 signaling suppresses intestinal Treg responses and promotes intestinal inflammation. (A) Experimental schematic 
diagram of cecal microbiota transplantation (CMT). Recipient C57BL/6 mice were pretreated with antibiotics for 2 weeks and rest for 1 day before receiving fresh cecal 
microbiota collected from C57BL/6 mice that had been treated with vehicle (Veh-CMT), indomethacin (Indo-CMT), or indomethacin plus EP4 agonist, L-902,688 (Indo/EP4 
ago-CMT) for 5 days. After antibiotics treatment, some recipient mice were given back normal drinking water for 9 days before euthanized for analysis of colon immune 
cells [for (B)], while some other recipient mice were given back normal drinking water for 7 days, followed by administration with DSS in drinking water to induce colonic 
inflammation [for (C) to (G)]. (B) Numbers of colon LP Foxp3+ Tregs (left) and Foxp3 gMFI (right) in the recipient mice on day 9 after CMT (n = 5 to 6 each group). (C) Changes 
in body weight of recipient mice showing percentages of that at the beginning of DSS treatment (i.e., day 7). (D) DAI of the recipient mice (right) (n = 6 each group). 
(E) Representative images of the cecum and colon tissues (left) and colon lengths (right) of the recipient mice on day 13. Photo credit: Marie Goepp, University of Edinburgh. 
(F) Representative histological (hematoxylin and eosin–stained) images of distal (top row) and proximal (bottom row) colons of the recipient mice (all at same magnifica-
tion, 100×). Scale bar, 200 m. (G) Numbers of infiltrated CD3+ T cells in colon LP of the recipient mice. Each scatter dot plot in bar graphs represents data from one mouse. 
Data shown as means ± SD are analyzed by ANOVA with post hoc Holm-Sidak’s multiple comparisons test (B to E and G). *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001.


