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SUMMARY

Aging manifests a decline of immune function, induces microbiome dysbiosis, drives organ inflammation,

and impedes the resolution of inflammation. However, the mechanisms underlying age-related intestinal

inflammation remain poorly described. Here, we find that the resolution of T cell-initiated intestinal inflamma-

tion is impaired with aging. This impairment is mediated by disrupting the immune-microbiota interplay,

controlled by intestinal eicosanoid metabolism. Pharmacologically inhibiting eicosanoid biosynthesis, block-

ing the prostaglandin E receptor subtype 4 (EP4), or genetically ablating EP4 diminishes age-related impair-

ment of intestinal inflammation resolution. Mechanistically, mononuclear phagocyte-intrinsic eicosanoid-

EP4 signaling impedes the resolution of intestinal inflammation through fostering gut microbial dysbiosis

and, more importantly, interrupting segmented filamentous bacterial adhesion to the intestinal epithelium.

Colonization with EP4-ablated mouse microbiota or segmented filamentous bacteria improves the resolution

of intestinal inflammation. These findings reveal that eicosanoid-dependent immune-microbiota interactions

impair inflammation resolution in the aged intestine, highlighting potential intervention strategies for

improving age-related gut health.

INTRODUCTION

Aging is a significant risk factor for chronic pathologies, organ

dysfunction, and loss of regenerative capacity.1,2 Inflammatory

conditions are commonly worsened by age and associated

with microbial dysbiosis, and options for management of these

conditions are limited for the elderly.3,4 Aging considerably af-

fects the composition and function of intestinal mononuclear

phagocytes (MNPs)—for instance, recruiting more blood-

derived monocytes to the intestine, which can be differentiated

into various MNP subsets and dilutes the population of intestinal

resident MNPs.5 In addition, aging skews the functionality of in-

testinal MNPs, leading them to adopt more inflammatory pheno-

types.6 These changes not only contribute to the development of

low-grade inflammation commonly seen in elderly individuals but

also modify MNP responses to both internal (e.g., signals from

commensal bacteria) and external pathogenic stimuli, including

vaccines and therapies. In parallel, the maturation change of
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Figure 1. The resolution of T cell-induced intestinal inflammation is impaired with aging, which is associated with an imbalance of eicosanoid

metabolism

(A) Experimental setup.

(B) Baseline body weight and subsequent changes following αCD3 challenge.

(C) Representative terminal ileal histological images. Scale bar, 200 μm.

(D) Representative flow cytometric dot plots and percentages of small intestinal lamina propria (siLP) T cells from αCD3-injected mice.

(E) Percentages of siLP MNP subsets.

(F) UMAP analysis of scRNA-seq data for Thy1-expressing lymphocyte clusters. Treg, regulatory T cells; Tc, cytotoxic CD8 T cells; ILCs, innate lymphoid cells.

(G) Expression of Th1 and Th17 signature genes in specific lymphocyte subsets.

(H) Proportions of each lymphocyte cell subset (left) and Ifng- and/or Il17a-expressing T cells (right) among the total lymphocytes by scRNA-seq.

(legend continued on next page)
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the immune system creates an environment that favors a shift of

the gut microbiota with aging. Age-related microbial dysbiosis,

characterized by the expansion of potential pathobionts (such

as Enterobacteriaceae and Enterococcaceae) and a reduction

in beneficial microorganisms like short-chain fatty acid-produc-

ing bacteria, contributes to intestinal dysfunction by increasing

epithelial permeability and chronic inflammation, while also

exacerbating MNP dysfunction as a result of reciprocal feed-

back.7–9 Crosstalk between MNPs and the microbiota deter-

mines mucosal T cell responses and subsequent intestinal

inflammation.10,11 However, how MNP-microbiota interactions

are controlled to influence intestinal inflammation and its resolu-

tion in the context of aging remains unknown.

Inflammation is elicited by diverse immunomodulatory factors,

including eicosanoids.12 Eicosanoids are a class of lipid mediators

synthesized from 20-carbon polyunsaturated fatty acids (PUFAs).

Of which, prostaglandins (PGs), a subgroup of eicosanoids, are

oxidized derivatives of arachidonic acid. Their synthesis is cata-

lyzed by cyclooxygenases (COXs), which are encoded by the

PTGS1 and PTGS2 genes, respectively.12 Eicosanoids play multi-

faceted roles in both physiological and pathological processes in

health and disease, including influencing aging-related dysfunc-

tions in various organs.13–18 Eicosanoids exert their biological

functions by binding to their specific receptors. The well-known in-

flammatory lipid prostaglandin E2 (PGE2) binds to its receptors,

abbreviated as EP1-4, which are respectively encoded by the

PTGER1-4 genes.12 We and others have previously described a

role of PGE2 in regulating intestinal epithelial homeostasis through

mechanisms involving EP4-expressing epithelial and immune

cells.19–21 However, it is unclear how aging shapes intestinal

eicosanoid metabolism and how immune cell-intrinsic eicosanoid

signaling contributes to age-dependent impairment of the resolu-

tion of intestinal inflammation. In this study, we sought to examine

the role of eicosanoid signaling in age-related intestinal inflamma-

tion and the impact of the gut microbiome alteration.

RESULTS

Impairment of the resolution of T cell-induced intestinal

inflammation with aging

To study T cell-initiated intestinal inflammation and its resolution,

we injected young wild-type (WT) mice intraperitoneally (i.p.) with

an agonistic anti-mouse CD3ε monoclonal antibody (αCD3), a

widely used animal model21–25 that causes small intestinal dam-

age and T cell-dependent inflammation followed by sponta-

neous recovery (Figure S1). To examine the impacts of aging,

we injected young (2–3-month-old) and middle-aged (11–15-

month-old) mice with αCD3 (20 μg per mouse) (Figure 1A).

Despite receiving a lower dose of αCD3 per body weight than

young mice, middle-aged mice exhibited more pronounced

weight loss and severe histopathological changes in the small in-

testine, with no recovery observed during the experimental time

frame, in contrast to young mice (Figures 1B and 1C). Under non-

inflammatory controlled conditions, middle-aged mice exhibited

an expansion of small intestinal lamina propria (siLP) helper T (Th)

cells, including interferon (IFN)-γ-expressing Th1 cells, inter-

leukin (IL)-17-expressing Th17 cells, and IFN-γ/IL-17-coex-

pressing Th1/17 cells, with more pronounced effects observed

in αCD3-treated mice (Figure 1D). In parallel, infiltration of inflam-

matory MNPs such as monocytes, especially those that do not

express major histocompatibility complex class II (MHC class

II), was increased in middle-aged compared with young intes-

tines in response to αCD3 (Figure 1E).

To examine the underlying mechanisms that mediate age-

related inflammatory immune responses, we performed single-

cell RNA sequencing (scRNA-seq) of siLP CD45+Ly6G– immune

cells sorted from young or middle-aged mice challenged with

αCD3 (Figure 1A). The cells were clustered into B and plasma

cells, T cells, innate lymphoid cells (ILCs) including natural killer

(NK) cells, and MNPs (Itgax, Itgam, Ly6c2, Lyz2, and Xcr1)

(Figures S2A and S2B). Among these cells, Thy1-expressing

lymphocytes that were assigned to different treatment groups

were allocated into 6 sub-clusters, including CD4 effector T

(Teff) cells (expressing Th1 and Th17 signature genes like Ifng

and Il17a), CD4 regulatory T cells (Treg, expressing Tnfrsf4,

Foxp3, and Il10), CD8 cytotoxic T cells (Tc, expressing Cd8a,

Cd8b1, Nkg7, and Gzmb), γδ-T cells (Trdc, Trgv2, and Trgv1),

resting/naive T cells (Sell and Cd69), and ILC/NK cells (Rorc,

Tbx21, Gata3, Ncr1, and no T cell markers) (Figures 1F, S2C,

and S2D). The CD4 Teff subset contained cells expressing Th1

and/or Th17 signature genes (e.g., Il17a, Cxcr6, Bhlhe40, and

Zeb2) in young intestines, and this was increased in middle-

aged mice, especially after αCD3 treatment (Figure 1G). The pro-

portion of CD4 Teff, γδ-T, and ILC/NK cells, all of which express

type 1 inflammatory genes Ifng and Tbx21, were increased in

aged intestines in response to αCD3 compared with those in

young intestines (Figures 1H and S2D). Consistent with the

flow cytometric results, aging markedly elevated pathogenic

Ifng- and Il17a-coexpressing Th1/17 cells in the intestine

(Figure 1H). By contrast, the proportion of non-pathogenic

resting/naive T cells decreased with age in both control and

anti-CD3-treated mice. Tregs increased with age in control

mice, while they decreased in anti-CD3-treated middle-aged

mice compared with young counterparts (Figure 1H).

Shaping of intestinal eicosanoid metabolism in aging

We identified five MNP sub-clusters spanning cDC1 (Xcr1),

cDC2 (Irf4), plasmacytoid DC (pDC) (Bst2 and Siglech),

(I) Expression of genes related to eicosanoid metabolism and MNP functions in various MNP subsets. cDC, conventional dendritic cell; pDC, plasmacytoid DC.

(J) Schematic of simplified cyclooxygenase (COX)-mediated eicosanoid metabolism from polyunsaturated fatty acids (PUFAs). Eicosanoids that can bind to PGE

receptors are highlighted in red. AA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; PG, prostaglandin; TX, thromboxane.

(K) Absolute concentrations of eicosanoid metabolites in ileal tissues, normalized to dry tissue weight. EP ligands, eicosanoids capable of binding to PGE

receptors.

(L) Relative eicosanoid abundance, normalized to the young control group in separate experiments.

(B, D, E, K, and L) All data are presented as mean ± SEM. Numbers in brackets indicate group sizes. Significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001.

See also Figures S1, S2, and S3.

ll
OPEN ACCESSArticle

Cell Host & Microbe 33, 671–687, May 14, 2025 673



macrophages (Adgre1, Apoe, and C1qa/b/c), and monocytes

(Ly6c2 and S100a4) (Figures S2E and S2F). Inflammatory genes

(e.g., Il1b, Tnf, and Ccr2) were expressed across MNP subsets in

young intestines, and their expression in macrophages was up-

regulated with aging (Figure 1I). Given that IL-1β+ macrophage/

monocytes initiate pathogenic inflammation through PGE2 pro-

duction26 and that Ptgs1 and Ptgs2 were exclusively expressed

in MNPs compared with other immune cell types (Figure S2B),

we examined gene expression related to eicosanoid metabolism

in MNP subsets. Polyunsaturated fatty acids, including arachi-

donic acid, can be metabolized by COXs, lipoxygenases, and

epoxygenases.27 The COX pathway-related PG synthase genes

(e.g., Ptgs1, Ptgs2, Hpgds, and Tbxas1) were highly expressed in

most young MNP subsets, with a notable increase in the expres-

sion of Ptgs2, Ptges, and Ptges2 in middle-aged MNPs, particu-

larly in macrophages (Figures 1I and S2G). These genes,

including Ptgs1 (COX1), Ptgs2 (COX2), Ptges (mPGES), and

Ptges2 (mPGES2), encode key enzymes involved in the biosyn-

thesis of E series PGs, predominantly PGE2. By contrast, genes

associated with lipoxygenase or epoxygenase pathways were

barely expressed in both young and middle-aged MNPs

(Figure S2G). In corroboration of this, intestinal immune cells,

especially MNPs, highly express the PGE receptor EP4

(Figures S2B and S2G). These results suggest that the machinery

to drive intestinal eicosanoid metabolism is essentially the COX

pathway.

Next, we examined whether an age-related delay of inflamma-

tion resolution is linked to changes in eicosanoid metabolism by

employing a targeted lipidomic profiling of COX-mediated eicos-

anoid production in ileal tissues (Figure 1J). Arachidonic acid-

derived series 2 of PGs (e.g., PGE2, PGD2, and 6-keto PGF1α)

dominated intestinal eicosanoid production, with PGE2 being

most abundant (Figures 1K and S3). Consistent with findings in

other organs,13 most eicosanoids were elevated in older intes-

tines compared with young controls in the steady state

(Figures 1K, 1L, and S3B). Unexpectedly, the levels of PGD2,

PGF2α, 6-keto PGF1α, and TXB2 were reduced by αCD3 in both

young and middle-aged mice (Figures 1K, 1L, and S3B). Interest-

ingly, the levels of E series PGs (including PGE2, PGE1, and

PGE3) and 8-iso PGE2, which all can bind to EP receptors,

were increased with αCD3 treatment and age (Figures 1K, 1L,

and S3B). These results indicate that eicosanoid metabolism is

altered with aging and inflammation and that endogenous, EP-

binding eicosanoids may mediate age-related impairment of res-

olution in T cell-initiated intestinal inflammation.

Enhanced COX pathway gene expression is associated

with intestinal inflammation in humans

To investigate gene expression related to COX-mediated eicosa-

noid metabolic pathways (Figure S4A) in human gut inflamma-

tion, we analyzed public transcriptomic datasets from

intestinal biopsies of Crohn’s disease (CD) patients.28 Genes

involved in E series PG biosynthesis and transport were overex-

pressed in CD intestines but downregulated after successful

anti-tumor necrosis factor (TNF) therapy, remaining unchanged

in refractory patients (Figures 2A and S4B). Conversely, genes

for PGE2 degradation (e.g., HPGD) were downregulated in in-

flamed tissues (Figure S4B). We further analyzed public scRNA-

seq datasets of intestinal samples taken from patients with

CD29 or intestinal inflammation induced by immune checkpoint

blockade (ICB) therapy.30 Human PGE2 synthase genes

(PTGS1, PTGS2, and PTGES) were predominantly expressed in

myeloid cells, and they were elevated in IL1Bhigh inflammatory

myeloid cells compared with MERTKhigh residential myeloid cells

in ICB-induced colitis (Figures 2B–2D). These data suggest that

the inflamed human gut exhibits increased PGE2 biosynthesis

and secretion, leading to elevated PGE2 levels in the extracellular

microenvironment, and that inflammatory myeloid cells are likely

to be the main cellular source of endogenous PGE2 in inflamed

intestines.

Moreover, pathogenic Th1/17 cell-related genes (e.g., IFNG,

IL1B, IL1R1, IL23A, TBX21) were positively correlated with

PGE2 signatures, consisting PGE2 synthases (PTGS1, PTGS2,

PTGES2) and receptors (PTGER2, PTGER4), and negatively

correlated with HPGD expression in the intestines of CD patients,

but showed no such correlations in control intestines without in-

flammatory bowel disease (IBD) (Figure S4C). We further exam-

ined a Nanostring dataset31 and found that compared with normal

tissues, intestinal biopsies from ICB-induced colitis showed

increased expression of inflammatory MNPs and pathogenic

Th1/17 signatures, positively correlated with PTGS2 (Figures 2E

and 2F). In contrast, signatures of homeostatic MNPs were

reduced and negatively correlated with PTGS2. Homeostatic

Th17 signature genes (IL17A, MAF, IL10) remained unchanged

and showed no significant correlation with PTGS2 expression

(Figures 2E and 2F). Together, these results suggest that COX-

dependent eicosanoid metabolism is heightened in inflamed hu-

man intestines, which is associated with upregulation of inflam-

matory MNP and pathogenic T cell genes.

Eicosanoid-EP4 signaling impairs the resolution of

T cell-initiated intestinal inflammation

To examine the roles of eicosanoid pathways in intestinal

inflammation and its resolution, we employed pharmacological

and genetic approaches targeting eicosanoid-EP4 signaling

(Figure 3A). Firstly, indomethacin, a non-selective COX inhibitor

that inhibits intestinal PG biosynthesis,32 prevented αCD3-

induced body weight loss, intestinal Teff cell infiltration, and

cytokine production (Figures S5A and S5B). Intestinal Treg cells

were also increased by αCD3 as expected, but this was not

affected by COX inhibition (Figure S5B). Thus, our results sug-

gest that endogenous eicosanoids promote T cell-initiated intes-

tinal pathology.

Our scRNA-seq results showed that among nine PG receptor

genes, EP4 (encoded by Ptger4) was highly expressed in intes-

tinal immune cells, especially in MNPs (Figures S2B and S2G).

To examine whether eicosanoids mediate intestinal inflamma-

tion through EP4 and EP2 (which share downstream signaling

with EP4), we injected αCD3 into young mice deficient in EP2

(EP2KO),33 mice with heterozygous deletion of EP4,34 and WT

controls. EP4 heterozygous knockout (KO) is sufficient to inhibit

EP4 downstream biological actions in vivo.20,35 WT and EP2KO

mice developed intestinal inflammation, as evidenced by weight

loss, histopathological changes, and loss of goblet cells, while

such inflammation was not observed in EP4 heterozygous

mice (Figures 3B and 3C). Pharmacological EP4 blockade using

a highly selective antagonist, L-161,982, similarly diminished

αCD3-induced mucosal inflammation and inflammatory T cell
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infiltration (Figures 3D–3G). Administration of a highly selective

EP4 agonist, L-902,688, alone had little effect on αCD3-induced

intestinal inflammation in EP4-WT mice (Figure S5C), likely due

to EP4 being already activated by high levels of endogenous li-

gands (e.g., PGE2) in the intestine (Figure 1K). Interestingly,

administering this EP4 agonist into indomethacin-treated WT

mice, where endogenous eicosanoid production was inhibited,

not only reversed the protective effects of indomethacin but

further exacerbated the condition, leading to a high mortality

rate (Figures 3H and 3I). We further examine whether targeting

eicosanoid-EP4 signaling improves the resolution of T cell-initi-

ated intestinal inflammation. Anti-CD3 induces acute epithelial

injury within 4–6 h and establishes intestinal inflammation after

24–30 h post injection. Pharmacologically blocking COXs or

EP4 at different stages markedly reduced intestinal inflammation

(Figures 3J–3M). These results reveal that endogenous eicosa-

noid-EP4 signaling fosters T cell-initiated intestinal inflammation

and delays its resolution.

MNP-intrinsic EP4 impairs the resolution of intestinal

inflammation by reprogramming inflammation-

resolving MNPs

Since EP4 is expressed in various immune cell types

(Figure S1B), we next examined in which specific immune cell

Figure 2. Upregulation of genes related to PGE biosynthesis in human intestinal inflammation

(A) Expression of genes for PGE biosynthases in ileum and colon biopsies from healthy controls or patients with Crohn’s disease (CD) before and after anti-TNF

treatment. Raw gene expression data were obtained from the Gene Expression Omnibus (GEO: GSE16879).

(B) Expression of genes for PGE biosynthases in intestinal MNP subsets from CD patients. Raw data were retrieved from the Gene Expression Omnibus (GEO:

GSE134809).29

(C and D) Expression of genes for PGE synthases, degrading enzymes, and receptors (C) and relative gene expression in homeostatic (MERTKhi) and inflam-

matory (IL1Bhi) myeloid cells (D) of human colon tissues from patients with immune checkpoint blockade (ICB) colitis compared with control colon tissues. Raw

data were retrieved from the Gene Expression Omnibus (GEO: GSE206301).30

(E and F) Relative expression (E) and correlations (F) between the PTGS2 gene and immune cell signatures associated with various immune cell subsets in colonic

biopsies from patients with (n = 22) or without (normal, n = 26) ICB colitis. Immune cell signatures were transformed to normalized Z scores. Original expression

data were extracted from a published Nanostring dataset.31 Data are presented as mean ± SEM.

(A and E) Significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, or ns (not significant).

See also Figure S4.
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Figure 3. Endogenous eicosanoid-EP4 signaling impairs the resolution of T cell-driven small intestinal inflammation

(A) Schematic of strategies for targeting PGE biosynthesis and receptor signaling.

(B and C) Changes in body weight (B) and representative terminal ileal histological images (C) following αCD3 challenge in young wild-type (WT), EP2 knockout

(EP2KO), and EP4 heterozygous knockout (EP4HET) mice. Scale bar, 200 μm.

(D) Experimental setup.

(E and F) Changes in body weight following αCD3 challenge (E) and representative terminal ileal histological images (F). Scale bar, 200 μm.

(G) Left: representative flow cytometric dot plots of siLP Th1, Th17, and Th1/17 cells. Right: accumulative percentages of pathogenic (Th1 and Th1/17) and

homeostatic (Th17) cells (n = 7 each).

(H and I) Experimental setup (H) and changes in body weight and survival rate at 56 h following αCD3 challenge (I).

(J–M) Experimental setup (J) and changes in body weight following αCD3 challenge (K–M).

(B, E, G, I, and K–M) All data are presented as mean ± SEM. Numbers in brackets indicate group sizes. Significance is indicated as *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001, or ns (not significant).

See also Figure S5.
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type EP4 signaling was essential for mediating intestinal inflam-

mation. We have previously shown that T cell-intrinsic EP4

signaling promotes pathogenic Teff cell development and

T cell-driven inflammation in various tissues.36–38 Compared

with control EP4fl/fl mice,39 T cell-specific EP4 deficiency (i.e.,

LckCreEP4fl/fl)36–38 had few effects on αCD3-induced intestinal

inflammation or intestinal IFN-γ+ T cells (including IFN-γ+IL-17–

Th1 and IFN-γ+IL-17+ Th1/17 cells) but significantly reduced

IFN-γ– T cells (including IFN-γ–IL-17+ Th17 and IFN-γ–IL-17–

non-Th1/Th17 cells) (Figures S6A–S6D). Compared with IFN-γ–

T cells, IFN-γ+ T cells (especially IFN-γ+IL-17+ Th1/17 cells)

were hyperactivated, as evidenced by increased cell size (larger

forward scatter area [FSC-A]), Ki-67 expression, and intracellular

cytokine (Figure S6E). This aligns with recent reports indicating

that IFN-γ+ T (especially IFN-γ+IL-17+ Th1/17) cells are more

pathogenic, while IFN-γ– T (including IFN-γ–IL-17+ Th17) cells

are generally homeostatic or non-pathogenic in the intes-

tine.40,41 These findings indicate that T cell-specific EP4

signaling does not impact pathogenic Teff cells and therefore

does not alter T cell-driven intestinal inflammation.

Given that MNP-intrinsic eicosanoid-EP4 signaling inhibits in-

testinal Treg responses,32 we examined whether EP4 fosters Teff

cell responses through MNPs. To this end, we ablated EP4 spe-

cifically in MNPs by crossing EP4-floxed mice with CD11c-Cre-

EGFP mice42 and administered αCD3 into separately housed

EP4fl/fl or CD11cCreEP4fl/fl mice. MNP-specific EP4 deficiency

reduced αCD3-induced intestinal inflammation, as evidenced

by fewer histopathological changes, less goblet cell loss, and

decreased pathogenic IFN-γ+ T cells, while non-pathogenic

T cells, including Foxp3+ Tregs, remained unchanged

(Figures 4A–4C). Thus, MNP-intrinsic eicosanoid-EP4 signaling

plays a critical role in mediating pathogenic T cell-induced intes-

tinal inflammation.

To examine the role of MNP-intrinsic EP4 signaling in T cell-

mediated intestinal inflammation, we performed bulk RNA-seq

analysis of ileal tissues from CD11cCreEP4fl/fl and EP4fl/fl mice

72 h post αCD3 challenge. Consistent with pathological

changes, MNP-specific EP4 deficiency downregulated genes

related to neutrophil activation, stress responses, and cell

growth (Figures S7A–S7C). Conversely, this deficiency upregu-

lated genes involved in immune tolerance (Cd83 and Ccr7),

anti-inflammatory responses (Siglecg, Dio1, and S100g), MHC

molecules, intestinal immunoglobulin A (IgA) production (e.g.,

Aicda, Ms4a1, Cd79a, and Fcer2a), goblet cell maturation, en-

tero-protection (Nt5e and Ada), barrier function (Spink1 and

Reg3a), and epithelial repair (Flt3l, Wnt5b, Wnt6, and Ctnna3)

(Figures S7A–S7F).

Additionally, MNP-specific EP4 deficiency downregulated

genes involved in PGE biosynthesis (e.g., Pla2g2e) and efflux

transport (e.g., Abcc1 and Abcc4), while upregulating Hpgd

(Figure S7B). Notably, this deficiency enriched pathways related

to peroxisome proliferator-activated receptor (PPAR)signaling

and fatty acid metabolism, as well as macrophage functions

including killing and removal of bacteria and dead cells. These

processes encompass phagocytosis, endocytosis, lysosome

function, lipid metabolism, and oxidative phosphorylation

(Figure 4D). The Hpgd gene encodes 15-hydroxyprostaglandin

dehydrogenase (15-PGDH) that catalyzes the conversion of

PGE2 to 15-keto-PGE2, a natural activator of PPARγ.43 In turn,

PPARγ reduces PGE2 levels by inhibiting COX enzymes and up-

regulating 15-PGDH,44 creating a regulatory feedback loop to

promote alternative activation of macrophages to adopt anti-in-

flammatory properties.45 The enrichment of PPAR pathway

genes in CD11cCreEP4fl/fl ilea was linked to downregulation of in-

flammatory MNP signatures alongside upregulation of anti-in-

flammatory MNP signatures (Figures S7E and S7F). This was

corroborated in bone marrow-derived CD11c+ MNPs, which

demonstrated that PGE2 and EP4 agonists significantly

decreased expression of PPARγ and homeostatic macrophage

markers (e.g., CD206) (Figure 4E), while enhancing the expres-

sion of inflammatory MNP markers including CD80 and CD86

(Figure S7G). Intestinal PPARγ, including in MNPs, reduces

mucosal inflammation, at least partially by normalizing gut mi-

crobial dysbiosis (such as by limiting E. coli expansion).46,47

Indeed, activation of PPARγ with the selective agonist Rosiglita-

zone significantly reduced T cell-initiated intestinal inflammation

and mitigated the effects of MNP-specific EP4 deficiency

(Figures 4F and 4G). Together, these results indicate that

MNP-intrinsic eicosanoid-EP4 signaling promotes T cell-initi-

ated intestinal inflammation, at least partly by reprogramming

MNPs and downregulating the PPARγ pathway.

MNP-intrinsic eicosanoid-EP4 signaling alters the

intestinal microbiota during inflammation

In contrast to separately housed mice, co-housed EP4fl/fl and

CD11cCreEP4fl/fl mice displayed similar pathology following

αCD3 challenge (Figure 4H), indicating the involvement of the

gut microbiota in EP4-influenced intestinal inflammation. To

examine how EP4 impacts the gut microbiota, we performed

shotgun metagenomic sequencing of the ileal microbiota from

mice 3 days after administration of αCD3 with or without an

EP4 antagonist. Compared with IgG controls, the administration

of αCD3 tended to reduce gut microbial α-diversity (richness and

evenness, as measured by Shannon and Simpson indices) and

significantly altered β-diversity (microbial composition, as

measured by Bray-Curtis dissimilarity), effects that were nearly

reversed by EP4 antagonism (Figure 5A). Similarly, EP4 ablation

in MNPs partially reversed αCD3-induced changes in β-diversity

but not α-diversity (Figure 5B). Notably, αCD3 treatment reduced

the abundance of most anaerobic and aerobic commensal bac-

teria, including Clostridia, while promoting dysbiotic indicators

such as Escherichia, particularly E. coli. These changes were

also reversed by blocking EP4 signaling (Figures 5A and 5B).

Moreover, αCD3-induced microbiota dysbiosis was mitigated

by COX inhibition but reversed by EP4 agonism (Figure 5C).

We performed metagenomic sequencing of the ileal microbiota

from anti-CD3-treated young and middle-aged mice. In line

with the increases in EP4-binding eicosanoids in middle-aged in-

testines (Figure 1K), microbial α- and β-diversity significantly

decreased with age. This change was marked by a reduction

in various Clostridial species and an increase in dysbiotic indica-

tors, including E. coli bloom (Figure 5D). Furthermore, inhibiting

EP4 signaling increases the abundance of Candidatus Arthromi-

tus (more commonly referred to as segmented filamentous bac-

teria [SFBs]), whereas enhancing it reduces SFB levels in middle-

aged mice (Figures 5A–5D). These data suggest that intestinal

eicosanoid-EP4 signaling mediates microbial dysbiosis in

T cell-initiated mucosal inflammation.
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Figure 4. MNP-intrinsic eicosanoid-EP4 signaling impairs the resolution of intestinal inflammation through inhibition of the PPARγ pathway

(A) Changes in body weight of separately housed EP4fl/fl and CD11cCreEP4fl/fl mice following αCD3 challenge.

(B) Representative terminal ileal histological images. Scale bar, 200 μm.

(C) Representative flow cytometric dot plots and percentages of pathogenic and non-pathogenic T cells. EP4fl/fl (n = 5), CD11cCreEP4fl/fl (n = 9).

(D) Visualization of PPAR signaling-mediated interactions between PGE2 metabolism and cellular metabolic dynamic pathways (left), and gene enrichment

assays of lipid metabolism-associated pathways specifically enriched in CD11cCreEP4fl/fl (n = 4) compared with EP4fl/fl (n = 6) ilea by bulk RNA-seq (right).

(E) Expression histogram and geometric mean fluorescence intensity (gMFI) of CD206 and PPARγ in bone marrow-derived MNPs stimulated with indicated

conditions for 24 h. FMO, fluorescence minus one.

(F and G) Changes in body weight in mice treated as indicated following αCD3 challenge (F) and representative terminal ileal histological images (G). Rosi, ro-

siglitazone. Scale bar, 200 μm.

(H) Changes in body weight of co-housed EP4fl/fl and CD11cCreEP4fl/fl mice following αCD3 challenge.

(A, C, E, F, and H) All data are presented as mean ± SEM. Numbers in brackets indicate group sizes. Significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001, or ns (not significant).

See also Figures S6 and S7.
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Figure 5. MNP-intrinsic eicosanoid-EP4 signaling alters the intestinal microbiota during T cell-initiated inflammation

(A) Alpha- and beta-diversity indices and relative abundances of bacterial species in the ileal microbiota from young mice treated as illustrated in Figure 3D by

shotgun metagenomic sequencing. Statistics in the stacked bar graph show comparisons between the αCD3 + vehicle group and the αCD3 + EP4 antago-

nist group.

(legend continued on next page)
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MNP-intrinsic EP4 signaling mediates age-related

impairment of intestinal inflammation resolution

To investigate whether endogenous eicosanoid-EP4 signaling

mediates age-related impairment of inflammation resolution

and associated microbial dysbiosis, we administered αCD3

into young and middle-aged WT, EP2KO, or EP4KO mice.

Consistent with our findings in Figure 1, middle-aged WT mice

exhibited more severe responses to αCD3 and impaired resolu-

tion of intestinal inflammation, as evidenced by unresolved body

weight loss, exacerbated histopathological changes, and more

goblet cell loss compared with young WT mice (Figures 6A and

6B). The response to αCD3 in middle-aged EP2KO mice was

almost identical to that of middle-aged WT mice (Figures 6A

and 6B), further suggesting that EP2 is not essential. Notably,

middle-aged EP4KO mice responded similarly to young

EP4KO mice, showing resistance to the αCD3 challenge with

reduced body weight loss, less intestinal inflammation, and

diminished goblet cell loss (Figures 6A and 6B). Furthermore,

pharmacologically blocking EP4 significantly attenuated αCD3-

induced intestinal inflammation in middle-aged WT mice

(Figures 6C and 6D), indicating a critical role of endogenous

eicosanoid-EP4 signaling in the age-related impairment of intes-

tinal inflammation resolution.

Consistent with our previous findings, the resolution of CD3-

induced intestinal inflammation was impaired in middle-aged

EP4fl/fl mice compared with young EP4fl/fl mice. This age-

related impairment in resolution was reversed by MNP-specific

EP4 deficiency, which was associated with decreased numbers

of intestinal inflammatory T cells and monocytes (Figures 6E–

6H). Additionally, the age-related reduction of SFB and expan-

sion of E. coli in the EP4fl/fl ilea were also reversed in the mid-

dle-aged CD11cCreEP4fl/fl intestines (Figure 6I). The abun-

dances of ileal SFB and E. coli were negatively and positively

correlated with the severity of intestinal inflammation (e.g.,

body weight loss) respectively (Figure 6J). These results

demonstrate that MNP-intrinsic eicosanoid-EP4 signaling me-

diates the age-related impairment of intestinal inflammation

resolution.

EP4 ablation retains SFB adhesion to the intestinal

epithelium, facilitating the resolution of intestinal

inflammation

To further investigate the relationships between EP4-mediated

microbiota and T cell-initiated intestinal inflammation, we tested

the hypothesis that EP4-deficiency-associated microbes may

actively contribute to restricting mucosal inflammation. To this

end, we collected ileocecal microbiota from CD11cCreEP4fl/fl or

EP4fl/fl mice and transferred them into WT C57BL/6 mice that

had been pre-treated with a broad-spectrum antibiotic cocktail

(Figure 7A). Compared with mice that received gut microbiota

from EP4fl/fl mice, those that received microbiota from

CD11cCreEP4fl/fl mice exhibited improved resolution of intestinal

inflammation following αCD3 challenge, which was associated

with a reduction in mucosal pathogenic T cells (Figures 7B–7D).

In the microbial sequencing analyses, we observed an inverse

relationship between EP4 signaling and SFB abundance

(Figures 5A–5D). SFBs are gram-positive, spore-forming bacte-

ria and are genetically related to the genus Clostridium. SFBs

intimately attach to the ileal epithelium48 and drive the differenti-

ation of homeostatic intestinal Th17 cells.49–53 Scanning electron

microscopic (SEM) analyses confirmed that, compared with

controls, administration of αCD3 completely depleted the ileal

epithelial attachment of SFB, an effect that was mitigated by

EP4 antagonism or deficiency (Figure 7E). Furthermore, activa-

tion of PPARγ strikingly protected against αCD3-induced SFB

detachment from the ileal epithelium (Figure 7E).

SFBs protect against various infections and are related to in-

testinal pathology through mechanisms including alteration of

epithelial cell function, induction of homeostatic intestinal Th17

cells, and suppression of the growth of Enterobacteriaceae spe-

cies, e.g., E. coli and Salmonella.49,54,55 We hypothesized that

SFBs promote the resolution of T cell-induced intestinal inflam-

mation. Indeed, vancomycin, which targets gram-positive bac-

teria including SFBs, increased E. coli populations and hindered

the resolution of αCD3-induced intestinal inflammation

(Figures 7F–7H). Moreover, MNP-specific EP4 deficiency did

not improve the resolution of αCD3-induced intestinal inflamma-

tion in mice vancomycin-treated mice (Figures 7I and 7J), unlike

its beneficial role in mice not treated with vancomycin

(Figure 3A). These results suggest that vancomycin-sensitive mi-

crobes, possibly including SFBs, play a crucial role in promoting

inflammation resolution and that EP4 signaling interacts with mi-

crobial factors to modulate this process.

To directly examine the protective effects of SFBs, we trans-

ferred gut contents obtained from germ-free (GF) or SFB-mono-

colonized mice56 into vancomycin-pretreated C57BL/6 mice,

followed by αCD3 injection (Figure 7K). SFB transfer enhanced

the resolution of αCD3-induced intestinal inflammation, as

demonstrated by reduced body weight loss, diminished histo-

pathological changes in the ileum, increased goblet cell

numbers, and decreased levels of dysbiotic E. coli compared

with mice that received GF gut contents (Figures 7L–7N).

Furthermore, SFB transfer diminished intestinal pathogenic

IFN-γ+ T (Th1 and Th1/17) cells in host mice, while, as expected,

it increased homeostatic IL-17+IFN-γ– Th17 cells (Figure 7O).

Compared with GF content-transferred mice, SFB-transferred

mice exhibited fewer inflammatory monocytes and increased

macrophages in the intestine (Figure 7P). Together, these results

indicate that SFBs actively reduce pathogenic T cell responses

and that the detachment of SFBs from the intestinal epithelium

(B) Alpha- and beta-diversity indices and normalized counts of bacteria at the genus level in the ileal microbiota from control or αCD3-treated young EP4fl/fl and

CD11cCreEP4fl/fl mice by 16S rRNA-seq. Statistics in the heatmap show comparisons between αCD3-treated EP4fl/fl and CD11cCreEP4fl/fl groups.

(C) Alpha- and beta-diversity indices and normalized counts of bacteria at the genus level in the ileal microbiota from young mice treated as illustrated in Figure 3H

by 16S rRNA-seq. Statistics in the heatmap show comparisons between the Indo + EP4 agonist group and the Indo group.

(D) Alpha- and beta-diversity indices and relative abundances of bacterial species in the ileal microbiota from young and middle-aged C57BL/6 mice 72 h after

administration of αCD3 by shotgun metagenomic sequencing.

(A–D) Numbers in brackets indicate group sizes. Each dot represents one mouse. Significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, or

ns (not significant).
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Figure 6. Age-related impairment of intestinal inflammation resolution is mediated by MNP-intrinsic EP4 signaling and associated with al-

terations in the microbiota

(A and B) Changes in body weight (A) and representative terminal ileal histological images (B) of young and middle-aged WT, EP4KO, and EP2KO mice following

αCD3 challenge. Scale bar, 200 μm.

(C) Experimental setup and changes in body weight following αCD3 challenge.

(D) Representative terminal ileal histological images. Scale bar, 200 μm.

(E) Changes in body weight of young and middle-aged EP4fl/fl and CD11cCreEP4fl/fl mice following αCD3 challenge.

(F) Representative terminal ileal histological images. Scale bar, 200 μm.

(G and H) Percentages of siLP T cell and MNP subsets in αCD3-treated middle-aged EP4fl/fl and CD11cCreEP4fl/fl mice.

(legend continued on next page)
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underlies the impairment of inflammation resolution mediated by

eicosanoid-EP4 signaling.

DISCUSSION

Collectively, we reveal a previously unrecognized role of MNP-

intrinsic eicosanoid signaling in the age-related impairment of in-

testinal inflammation resolution. Our findings demonstrate that

aging shifts intestinal eicosanoid metabolism to enhance EP4

signaling, which restricts the reparative MNP phenotype. This

shift is associated with intestinal microbial dysbiosis, particularly

disrupting SFB adhesion to the ileal epithelium. Consequently,

this leads to the amplification of mucosal pathogenic T cell re-

sponses and impairs the resolution of intestinal inflammation

(Figure S8).

Aging has a significant impact on gut inflammatory conditions,

including elderly onset CD3,4 and adverse gastrointestinal ef-

fects of immunotherapy.57 It also influences the resolution of

inflammation.58 Clinically, control of intestinal inflammation re-

sults in disease remission and symptom improvement in IBD pa-

tients, such as decreased pain and diarrhea, less body weight

loss, and enhanced overall health. Our findings indicate that ag-

ing is associated with the exacerbation of T cell-initiated intesti-

nal inflammation and the delay in its resolution, which is due to

disruption in the balance between pathogenic and homeostatic

T cells following anti-CD3 challenge. These results align with ob-

servations that older populations frequently experience gastroin-

testinal problems,59,60 particularly following immunotherapy.57

Additionally, we found that gene expression related to the

biosynthesis of EP4-activating eicosanoids is linked to intestinal

inflammation and response to anti-TNF therapy in human CD.

Therefore, targeting eicosanoid-EP4 signaling in immune cells,

particularly in MNPs, may help alleviate human intestinal inflam-

mation triggered by T cell hyperactivation, such as in CD or

induced by immunotherapies or vaccines, although it should

be noted that EP4 signaling in other cell types, including epithe-

lial cells and ILCs, can have a protective role in conditions like ul-

cerative colitis.19–21

More importantly, we demonstrated that the age-related influ-

ences on intestinal inflammation are linked to imbalanced eicos-

anoid metabolism, mediated by signaling through EP4 ex-

pressed on MNPs. There is a possibility that this may stem

from increased body mass and fat, which is also associated

with age. Indeed, high-fat diet administration, which raises

body fat, increases intestinal PGE2
61 and decreases SFB abun-

dance, correlating with an increase in pathogenic IFN-γ+ Th1

cells in the gut.52 Furthermore, high-fat diet exposure expands

the commensal Enterobacteriaceae, exacerbating pro-IBD-like

mucosal inflammation.62 These findings indicate a strong corre-

lation between high-fat-diet-mediated increase in body mass (or

fat) and the intestinal inflammatory status. However, our retro-

spective analysis revealed no correlation between initial body

mass and the severity of intestinal inflammation in either young

or middle-aged EP4 WT mice raised on normal diets (data not

shown). Therefore, further investigation is needed to clarify the

relationship between body mass or fat and age-related intestinal

inflammation.

Another feature of aging is its impact on the intestinal micro-

biota.7,63,64 Specifically, aging is associated with an increased

abundance of potential pathobionts, such as Enterobacteriaceae

and Enterococcus, along with a decrease in beneficial bacteria in

the human intestinal microbiome.65 This shift is particularly pro-

nounced in unhealthy aging and age-related disease like

IBD.66,67 In addition to inducing microbiota dysbiosis character-

ized by E. coli bloom, we found a relationship between MNP-

intrinsic eicosanoid-EP4 signaling, SFB depletion, and age-

related impairment of the resolution of intestinal inflammation.

SFBs have been shown to increase resistance to colonization

by potential pathobionts such as Enterobacteriaceae and Faeca-

libaculum rodentium.49,68 Furthermore, SFBs promote the devel-

opment of intestinal Th17 cells.49 These SFB-induced Th17 cells

are non-pathogenic and possess homeostatic properties, such as

producing IL-10, in the intestine.51,53 Our findings show that trans-

ferring SFB not only increased intestinal homeostatic Th17 cells

but also reduced pathogenic IFN-γ-producing T (i.e., Th1 and

Th1/17) cells. Although the exact mechanisms by which SFBs

promote homeostatic Th17 cells and suppress pathogenic

T cells require further investigation, macrophages are suggested

to play a role.53

Overall, our research demonstrates that eicosanoid-mediated

immune-microbiota interactions exacerbate intestinal inflamma-

tion and hinder its resolution, particularly in aging populations.

Targeting eicosanoid-EP4 signaling, alongside the disruption of

SFB adhesion to the epithelium, offers promising strategies for

managing age-related inflammation such as IBD, and immuno-

therapy-related adverse effects in the intestine.

Limitations of the study

Several limitations exist in this study and warrant further

research. First, while this research includes analysis of PGE2-

related gene expression in human intestinal biopsies, the broader

implications of PGE2 signaling on immune-microbiome interac-

tions in human intestinal conditions were not fully examined. Sec-

ond, the study omitted the influence of body fat in our experi-

mental models. Considering the link between aging, higher

eicosanoid production, and body fat, and the impact of increased

body fat on intestinal PGE2 and gut microbiota changes,

including reduced SFB,52,61 addressing this factor is crucial for

advancing our understanding. Finally, the specific and active

mechanisms by which PGE2-EP4 signaling inhibits SFB adhesion

during T cell-driven intestinal inflammation remain unclear.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Chengcan Yao

(chengcan.yao@ed.ac.uk).

(I) Relative abundances of SFB and E. coli in ileal contents by qPCR. Data are normalized and presented as relative log10foldchange to the young EP4fl/fl group.

(J) Correlations of body weight loss and relative abundances of E. coli and SFB.

(A, C, E, and G–J) All data are presented as mean ± SEM. Numbers in brackets indicate group sizes. Significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001, or ns (not significant).
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Figure 7. MNP-intrinsic EP4 ablation retains SFB adhesion to the ileal epithelium, facilitating the resolution of intestinal inflammation

(A and B) Experimental setup (A) and changes in body weight following αCD3 injection (B).

(C) Representative recipient terminal ileal histological images. Scale bar, 200 μm.

(D) Representative flow cytometric dot plots and accumulative percentages of siLP T cell subsets.

(legend continued on next page)
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Materials availability

No new, unique reagents were generated in this study.

Data and code availability

• scRNA-seq data have been deposited in the NCBI Sequencing Read

Archive (SRA) under the BioProject PRJNA1109827 (SRA accessions

SRX24520233 and SRX24520234). Bulk RNA-seq data have been

deposited in the SRA under the BioProject PRJNA978526 (SRA

accessions SRS19271684-SRS19271693). 16S rRNA-seq data have

been deposited in the SRA under the BioProject PRJNA972542 (SRA

accessions SRS19269700-SRS19269753). Shotgun metagenomics

sequencing data have been deposited in the European Nucleotide

Archive under the PRJEB83270 (SRA accessions ERX13451376-

ERX13451388, ERX13451390-ERX13451392, ERX13451394, ERX13451

398, ERX13451399, ERX13451401-ERX13451404, ERX13451407, ERX

13452515, ERX13453230).

• This paper does not generate original code.

• All additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

InVivoMAb polyclonal Armenian hamster IgG BioXCell Cat#BE0091; RRID:AB_1107773

InVivoMAb anti-mouse CD3ε (clone 145-2C11) BioXCell Cat#BE0001; RRID:AB_2714218

InVivoMAb anti-mouse CD3 (clone 17A2) BioXCell Cat#BE0002; RRID:AB_1107630

CD45 Monoclonal Antibody (30-F11),

eFluor™ 450, eBioscience™
ThermoFisher Scientific Cat#48-0451-82; RRID:AB_1518806

CD3e Monoclonal Antibody (145-2C11),

PE, eBioscience™
ThermoFisher Scientific Cat#12-0031-82; RRID:AB_465496

CD3e Monoclonal Antibody (eBio500A2 (500A2)),

Alexa Fluor™ 700, eBioscience™
ThermoFisher Scientific Cat#56-0033-82; RRID:AB_837094

Brilliant Violet 650™ anti-mouse CD4 Antibody (clone RM4-5) BioLegend Cat#100545; RRID:AB_11126142

Brilliant Violet 510™ anti-mouse CD8a Antibody (clone 53-6.7) BioLegend Cat#100752; RRID:AB_2563057

FITC anti-mouse/human CD11b Antibody (clone M1/70) BioLegend Cat#101206; RRID:AB_312789

Brilliant Violet 605™ anti-mouse Ki-67 Antibody (clone 16A8) BioLegend Cat#652413; RRID:AB_2562664

FITC anti-mouse CD11c Antibody (clone N418) BioLegend Cat#117306; RRID:AB_312789

CD25 Monoclonal Antibody (PC61.5), APC, eBioscience™ ThermoFisher Scientific Cat#17-0251-82; RRID:AB_469366

CD11c Monoclonal Antibody (N418), APC ThermoFisher Scientific Cat#17-0114-82; RRID:AB_469346

CD11b Monoclonal Antibody (M1/70), APC, eBioscience™ ThermoFisher Scientific Cat#17-0112-82; RRID:AB_469343

IL-17A Monoclonal Antibody (eBio17B7), PerCP-Cyanine5 ThermoFisher Scientific Cat#45-7177-82; RRID:AB_925753

IFN gamma Monoclonal Antibody (XMG1.2), PE ThermoFisher Scientific Cat#12-7311-82; RRID:AB_466193

FOXP3 Monoclonal Antibody (FJK-16s), FITC ThermoFisher Scientific Cat#11-5773-82; RRID:11-5773-82

FOXP3 Monoclonal Antibody (FJK-16s), PE ThermoFisher Scientific Cat#12-5773-82; RRID:AB_465936

ROR gamma (t) Monoclonal Antibody (B2D),

PerCP-eFluor™ 710, eBioscience™
ThermoFisher Scientific Cat#46-6981-82; RRID:AB_10717956

APC anti-T-bet Antibody (4B10) BioLegend Cat#644814; RRID:AB_10901173

Alexa Fluor® 700 anti-mouse I-A/I-E Antibody

(clone M5/114.15.2)

BioLegend Cat#107622; RRID:AB_493727

PE/Cyanine7 anti-mouse Ly-6G Antibody (1A8) BioLegend Cat#127618; RRID:AB_1877261

Brilliant Violet 785™ anti-mouse Ly-6C Antibody (HK1.4) BioLegend Cat#128041; RRID:AB_2565852

PerCP/Cyanine5.5 anti-mouse CD64

(FcγRI) Antibody (X54-5/7.1)

BioLegend Cat#139308; RRID:AB_2561963

APC anti-mouse CD24 Antibody (clone M1/69) BioLegend Cat#101813; RRID:AB_439715

APC anti-mouse CD80 Antibody (16-10A1) BioLegend Cat#104714; RRID:AB_313135

PE/Cyanine7 anti-mouse CD86 Antibody (PO3) BioLegend Cat#105116; RRID:AB_493600

Brilliant Violet 605™ anti-mouse CD206

(MMR) Antibody (C068C2)

BioLegend Cat#141721; RRID:AB_2562340

PPARg (81B8) Rabbit mAb Cell Signaling Technology Cat#2443S; RRID:AB_823598

Normal rabbit IgG Cell Signaling Technology Cat#2729; RRID:AB_1031062

Anti-rabbit IgG (H+L), F(ab’)2 Fragment

(Alexa Fluor® 594 Conjugate

Cell Signaling Technology Cat#8889S

Bacterial and virus strains

GF intestinal contents Bolsega et al.52 N/A

SFB-monoassociated intestinal contents Bolsega et al.52 N/A

Chemicals, peptides, and recombinant proteins

DMSO ThermoFisher Scientific 85190

Indomethacin Sigma-Aldrich I7378
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Prostaglandin E2 Cayman 14010

L-902,688 Cayman 10007712

L-161,982 Abcam Ab120947

Rosiglitazone Abcam Ab142461

Ampicillin Sodium Salt Fisher Scientific 10193433

Gentamycin Sigma G3632-5G

Metronidazole Sigma M1547

Neomycin Sigma N1876

Vancomycin Enzo Life ALX-380-279-G001

Sucralose Sigma 69293

Mouse GM-CSF Miltenyi Biotec 130-094-043

RPMI 1640 Gibco 11875093

HBSS Gibco 14175

DNase I Sigma-Aldrich DN-25-1G

Collagenase IV Life Technologies 17104019

EDTA Fisher Scientific BP2482

Phorbol 12-myristate 13-acetate Merck Life Sciences P8139

Ionomycin calcium salt Merck Life Sciences I0634

Critical commercial assays

BD Cytofix/Cytoperm Fixation/Permeabilization Kit BD Biosciences 554714

Foxp3/Transcription Factor Fix and Staining Buffer set ThermoFisher Scientific 00-5523-00

Chromium Single Cell 3’ Library Kit v3.1 10X Genomics PN-1000268

NextSeq 1000/2000 P3 Reagents v3 Kit Illumina 20100983

DNeasy PowerLyzer PowerSoil Kit Qiagen 12855

RNeasy Mini Kit Qiagen 74104

High Capacity cDNA Reverse Transcription Kit ThermoFisher Scientific 4368814

GoTaq® qPCR Master Mix Promega A6002

Deposited data

Mouse small intestinal single immune cell

RNA sequencing data

NCBI Sequencing Read Archive PRJNA1109827

Mouse ileal bulk RNA sequencing data NCBI Sequencing Read Archive PRJNA978526

Mouse ileal microbial 16S sequencing data NCBI Sequencing Read Archive PRJNA972542

Mouse ileal microbial shotgun metagenomic sequencing data European Nucleotide Archive PRJEB83270

Experimental models: Organisms/strains

Mouse: C57BL/6JOlaHsd Harlan UK N/A

Mouse: C57BL/6NCrl Charles River UK N/A

Mouse: B6(Cg)-Tyrc-2J/J (B6 Albino) Charles River UK JAX 000058

Mouse: B6.129-Ptger2tm1Sna (EP2KO) Ushikubi et al.33 CARD: 1992

Mouse: B6;129-Ptger4tm1Sna (EP4KO) Segi et al.34 CARD: 2035

Mouse: B6.129S6(D2)-Ptger4tm1.1Matb/BreyJ (EP4fl/fl) The Jackson Laboratory JAX: 028102

Mouse: C57BL/6J-Tg(Itgax-cre,-EGFP)4097Ach/J The Jackson Laboratory JAX: 007567

Mouse: LckCreEP4fl/fl Crittenden et al.31 N/A

Mouse: CD11cCreEP4fl/fl Crittenden et al.31 N/A

Oligonucleotides

Information regarding oligonucleotides used in

this study is listed in Table S1

Software and algorithms

Flowjo v8, v9, v10 BD Biosciences https://www.flowjo.com

Prism v10 Graphpad https://www.graphpad.com
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal Experiments

All experiments were conducted in accordance with the UK Scientific Procedures Act of 1986 and had local ethical approval from the

University of Edinburgh Animal Welfare and Ethical Review Body.

EP2KO,33 EP4KO,34 EP4-floxed,39 and CD11c-Cre-EGFP42 mice were bred and maintained under specific pathogen-free (SPF)

conditions in accredited animal facilities at the University of Edinburgh. EP4-floxed mice were crossed to Lck-Cre or CD11c-Cre-

GFP mice to generate T- or MNP-specific EP4-deficient mice (i.e., LckCreEP4fl/fl or CD11cCreEP4fl/fl), respectively.32 Young and mid-

dle-aged wild-type C57BL/6 and B6 Albino mice were bred in the animal facilities at the University of Edinburgh or purchased from

Harlan UK or Charles River UK. Mice were aged >8 weeks old at the beginning of use and sex- and age-matched. Middle-aged (11-

15 months old) mice are used as indicated in the text and figure legends. Both male and female mice were used in experiments, and

no sex differences were observed in our models. Mice were selected based on their genotype and age, with littermate controls used

when feasible. Given the limitations in litter sizes, multiple litters from independent experiments were pooled to ensure robust sample

sizes for effective statistical analysis. Mice were analyzed individually and no mice were excluded from the analysis, with the excep-

tion of exclusions due to technical errors in misinjection or isolation of single intestinal lamina propria immune cells.

Mice were injected intraperitoneally (i.p.) with 20 μg per injection of anti-mouse CD3ε monoclonal antibody (αCD3, clone 145-2C11,

BioXCell) or IgG control on day 0 or indicated time points as shown in respective figure legends, while mice represented in Figure 3K

were administered αCD3 (clone 17A2, BioXCell). Throughout the experimental timeline, mice were weighed daily, and animals were

humanely culled if either their weight loss was greater than 20%.

When indicated, mice were treated with indomethacin (5 mg per kg body weight per day, Sigma) or vehicle control (0.5% EtOH) in

drinking water or via i.p. injections as indicated. In some experiments, mice were treated by i.p. injection with an EP4 selective agonist

(L-902,688, Cayman) at the dose of 10 μg per injection per day. As indicated, mice were treated with an EP4 selective antagonist

(L-161,982 from Abcam, 20 mg per kg body weight per day) or vehicle control (0.5% DMSO) in drinking water for periods indicated

in the figure legends. The PPARγ agonist, rosiglitazone (Abcam, 20 mg per kg body weight per day), was injected i.p. daily from a

week before αCD3 injection and throughout the experiment.

In Figure 7A, recipient SPF WT C57BL/6 mice were pre-treated with a cocktail of antibiotics containing ampicillin (0.5 mg/ml), gen-

tamycin (0.5 mg/ml), metronidazole (0.5 mg/ml), neomycin (0.5 mg/ml), vancomycin (0.25 mg/ml) plus sucralose (4 mg/ml) in drinking

water for 2 weeks. After discontinuing antibiotics, animals were rested for 2 days and then administered with fresh cecal

microbiota collected from naı̈ve SPF EP4fl/fl or CD11cCreEP4fl/fl mice through oral gavage as indicated. The recipient mice were

then injected i.p. with αCD3. In Figures 7F, 7I, and 7K, recipient SPF C57BL/6 mice were pretreated with vancomycin (0.5 mg/ml)

plus sucralose (4 mg/ml) in drinking water for indicated periods. Sucralose (4 mg/ml) was added in the drinking water as vehicle con-

trol. In Figure 7K, mice were rested for one day with normal water after withdrawal of vancomycin, then recipient mice received gut

contents from SFB-monocolonized mice or from germ-free mice as negative control through oral gavage on two consecutive days.

On 14 days after first oral gavage of SFB gut contents, mice were injected i.p. with αCD3 and terminated 3 days later. In Figure 4H,

SPF EP4fl/fl and CD11cCreEP4fl/fl mice were co-housed for more than 4 weeks before αCD3 injection.

Bone marrow-derived MNP culture

Bone marrow cells were flushed from mouse femurs, and cultured with GM-CSF (20 ng/ml) in complete RPMI1640 for 6-7 days. Live

CD11c+CD11b+F4/80+ cells were FACS sorted and further cultured with GM-CSF in the presence of PGE2 (100 nM, Cayman) or EP4

agonist (L-902,688, 100 nM) overnight. Cells were then stained for analysis using flow cytometry.

METHOD DETAILS

Intestinal histology

Terminal ileum samples were fixed with 10% neutral buffered formalin solution (Sigma), embedded in paraffin, and 5 μm sections

were used for staining with hematoxylin and eosin (H&E) or Alcian blue/periodic acid–Schiff (AB-PAS). Histology images were taken

by Axioscan slide scanners (Zeiss).

Isolation of intestinal lamina propria cells

Intestinal lamina propria (LP) cells were isolated as described previously.20 In brief, mice were culled and their intestines removed and

placed in cold PBS. After removing any remaining fatty and mesenteric tissues, samples were cut open longitudinally and any

Continued
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contents removed before being washed with HBSS buffer containing 2% FCS, and then cut into 0.5 cm pieces. Intestines were

shaken at 37oC for 15 min in HBSS containing 2 mM EDTA. After washing with pre-warmed HBSS buffer, intestines were again

shaken at 37oC for 30 min in HBSS containing 2 mM EDTA followed by a wash with HBSS. Intestines were then transferred into gen-

tleMACS C tubes (Miltenyi) digested in RPMI 1640 medium containing 10% FCS, 1% L-glutamine and antibiotics with 1.25 mg/ml

collagenase IV and 30 ug/ml DNase-I by shaking at 37oC for 30 min. Digested tissues were homogenized by the gentleMACS dis-

associator running the programme m_intestine_01 and then mashed through a cell strainer and flushed through with HBSS contain-

ing 2% FCS. After centrifugation, cells were resuspended in complete RPMI 1640 medium for counting, staining, culture and/or

sorting.

Surface and intracellular staining

For surface staining, cells were firstly stained with the Fixable Viability Dye eFluor® 780 (eBioscience) on ice for 30 min to exclude

dead cells. After washing with staining buffer, cells were stained on ice for another 30 min with the indicated Abs. For intracellular

staining of cytokines, cells were re-stimulated with PMA (50 ng/ml, Sigma) and Ionomycin (500 ng/ml, Sigma) for 3-4 h in the presence

of GolgiPlug (BD Bioscience). After staining with the Fixable Viability Dye eFluor® 780 and surface markers, cells were fixed using BD

Cytofix/Cytoperm Fixation buffer (BD Bioscience) for 30 min and then stained with Abs against mouse IFN-γ and IL-17A in the BD

Perm/Wash Buffer on ice for 30 min. For intracellular staining of transcription factors, a Foxp3/Transcription Factor Fix and Staining

Buffer (eBioscience) and Abs against mouse Ki-67, Foxp3, T-bet, and ROR-γt were used. To stain PPARγ, cells were fixed by a

Foxp3/Transcription Factor Fix buffer (eBioscience) for >2 h followed by staining for surface markers and an anti-PPARγ Rabbit

mAb (clone D1G6, Cell Signaling) or a normal rabbit IgG for 1 h. After washing, cells were incubated with Alexa Fluor 594 anti-Rabbit

IgG for another 30 min. Flow cytometry was performed on the BD LSRFortessa (BD Bioscience) and analyzed by FlowJo software

(Tree Star).

Oxylipin analysis

Small intestine samples were weighed and homogenized with ceramic beads in 1 mL anti-oxidation buffer containing 100μM dieth-

ylenetriaminepentaacetic acid (DTPA) and 100μM butylated hydroxytoluene (BHT) in phosphate buffered saline using a Bead Ruptor

Elite for 2 x 30 second intervals at 6 m/s, under cooled nitrogen gas (4◦C). Samples were spiked with 2.1-2.9ng of PGE2-d4, PGD2-d4,

PGF2α-d4, TXB2-d4 standards (Cayman Chemical) prior to homogenization. Lipids were extracted by adding a 2.5 ml solvent mixture

(1 M acetic acid/isopropanol/hexane; 2:20:30, v/v/v) to 1 ml tissue homogenates in a glass extraction vial and vortexed for 30 sec.

2.5 ml hexane was added to samples and after vortexing for 30 seconds, tubes were centrifuged (500 g for 5 min at 4◦C) to recover

lipids in the upper hexane layer (aqueous phase), which was transferred to a clean tube. Aqueous samples were re-extracted as

above by addition of 2.5 ml hexane, and upper layers were combined. Lipid extraction from the lower aqueous layer was then

completed according to the Bligh and Dyer technique using sequential additions of methanol, chloroform and water, and the lower

layer was recovered following centrifugation as above and combined with the upper layers from the first stage of extraction. Solvent

was dried under vacuum and lipid extract was reconstituted in 200 μl HPLC grade methanol. Lipids were separated by liquid chro-

matography (LC) using a gradient of 30-100% B over 20 minutes (A: Water:Mob B 95:5 + 0.1% Acetic Acid, B: Acetonitrile: Methanol –

80:15 + 0.1% Acetic Acid) on an Eclipse Plus C18 Column (Agilent), and analysed on a Sciex QTRAP® 7500 LC-MS/MS system.

Source conditions: TEM 475◦C, IS -2500, GS1 40, GS2 60, CUR 40. Lipids were detected using MRM monitoring with the following

parent to daughter ion transitions: PGD1 and PGE1 [M-H]- 353.2/317.2, PGD2, 8-iso PGE2 and PGE2 [M-H]- 351.2/271.1, PGF2α

[M-H]- 353.2/309.2, 6-keto PGF1α [M-H]- 369.2/163.1, TXB2 [M-H]- 369.2/169.1, 13,14-dihydro-15-keto-PGE2 [M-H]- 351.2/235.1.

Deuterated internal standards were monitored using parent to daughter ions transitions of: TXB2-d4 [M-H]- 373.2/173.1, PGE2-d4

and PGD2-d4 [M-H]- 355.2/275.1, PGF2α-d4 [-H]- 357.5/313.2. Chromatographic peaks were integrated using Sciex OS 3.3.0 soft-

ware (Sciex). Peaks were only selected when their intensity exceeded a 5:1 signal to noise ratio with at least 7 data points across the

peak. The ratio of analyte peak areas to internal standard was taken and lipids quantified using a standard curve made up and run at

the same time as the samples. Each oxylipin was then standardized with weight of the small intestine tissue. Absolute eicosanoid

levels from individual intestine samples that were detected by LC-MS/MS in two independent experiments were presented as indi-

cated in Figure S3B, and summarized eicosanoid levels in each treatment groups were presented in Figure 1K. Absolute eicosanoid

levels were also scaled to the young control group in respective independent experiment and relative eicosanoid levels in each treat-

ment group are also presented in Figure 1L.

Bulk RNA-seq

RNA was extracted from mouse ileal tissues using the Qiagen Mini RNA kit (Qiagen) according to the manufacturer’s instructions.

mRNA library preparation (poly A enrichment) and sequencing was performed on the NovaSeq 6000 system (150PE) by Novogene.

After a quality control by FastQC, Trim Galore were used to trim raw sequencing data (https://www.bioinformatics.babraham.ac.uk/

projects/trim_galore/). STAR was used to align sequence reads to genome (GRCh38, Ensembl release 103). Gene counts were

generated using FeatureCounts. The gene expression table was then processed in R (4.0.3). Symbol and Entrez gene IDs annotation

were applied by biomaRt. Differentially expressed genes (DEGs) were calculated by DESeq2 and defined by adjusted P-value < 0.05

and log2 fold change of > |1|. The functions of DEGs were analysed by clusterProfiler within Kyoto Encyclopedia of Genes and Ge-

nomes (KEGG) database and Molecular Signatures Database (MSigDB) hallmark gene set. Genetic markers for different signaling

pathways or cell subtypes were collected from previous reports and publications. Gene counts were transformed to transcript
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per million (TPM) at a logarithmic scale. Deconvolution algorithm single-sample GSEA (ssGSEA) was used to estimate proportions of

different cell subtypes across samples.69 Wilcox-test was used to compare the differences.

Single-cell RNA-seq and data analysis

Young and middle-aged B6 Albino mice were injected i.p. with αCD3 or vehicle control, and single live CD45+Ly6G– immune cells

were sorted from small intestinal lamina propria by flow cytometry 3 days later. 15,000 cells containing index oligonucleotides

were used to prepare single-cell RNA libraries using the Chromium Single Cell 3’ Library Kit v3.1 with feature barcode technology

for cell multiplexing. Sequencing was performed on the NextSeq 2000 platform (Illumina Inc, #SY-415-1002) using the NextSeq

1000/2000 P3 Reagents (100 cycles) v3 Kit (#20040559). GEX libraries and CMO libraries were each pooled in equimolar quantities

and then GEX and CMO pools were further pooled at a ratio of 7:1 (GEX:CMO). PhiX Control v3 (#FC-110-3001) was spiked into the

run at a concentration of ∼1% to help with cluster resolution and facilitate troubleshooting in case of any problems with the run. Base

call data generated by the NextSeq 1000/2000 Control Software (Version 1.5.0.42699) was used to generate FASTQ files using cell-

ranger mkfastq (version 7.1.0). Read alignment and demultiplexing were performed with ‘‘cellranger –multi’’ using the reference

genome refdata-gex-GRCm39-2024-A, provided by 10X Genomics. High-quality cells characterized by FDR <0.01 for each cell bar-

code, >250 unique molecular identifier (UMI) features, <5.02% of mitochondrial genes, number of genes versus UMIs being linear

fitted, and doublets being filtered out were selected for further analysis. Count matrix data were normalised by the

LogNormalisation function and integrated by the harmony method based on the 2000 highly variable genes. Principal component

analysis (PCA) was used to reduce dimensionality and cells were clustered using the Louvain clustering algorithm with resolution

of 0.8. UMAP, heatmap and dot plot visualizations were generated on the Trailmaker™ platform (Parse Biosciences, available at

http://app.trailmaker.parsebiosciences.com, Feburay 2025).

16S rRNA and shotgun metagenomic sequencing

Microbial genomic DNA was extracted from gut contents using DNeasy PowerLyzer PowerSoil Kit (Qiagen). Amplicon sequencing

was performed by the Integrated Microbiome Resource (IMR) using the MiSeq system. The 16S rRNA sequencing data was pro-

cessed with QIIME2. Raw paired-end reads were trimmed and denoised using cutadapt and DADA2.70 A naive Bayes classifier

trained on the Silva v138 database (https://www.arb-silva.de/documentation/release-138/) was used to assign taxonomy to fea-

tures. Scikit-learn was used to verify the classifier, and the operational taxonomic unit (OTU) table was output. Phyloseq was

used to estimate the diversity within and between samples.71 The Alpha diversity was quantified by Shannon indices for comparison

by Mann Whitney test. The beta diversity was estimated by the bray-curits distance and tested by permutational multivariate analysis

of variance. The frequencies of each fragment were normalized by the DESeq2 algorithm.

Metagenomic sequencing was performed by the Novogene (UK) Company using the Illumina Novaseq system. Short-read

sequencing was conducted on all samples using a NovaSeq producing paired-end 150 bp reads. Quality of sequences was evalu-

ated using FastQC (v.0.11.8, https://www.bioinformatics.babraham.ac.uk/projects/fastqc/2010) and MultiQC (v.1.6).72 Quality con-

trol was performed using fastp (options: –detect_adapter_for_pe -l 30 -q 20 -g –poly_g_min_len 10) (v. 0.24.0).73 Host reads were

removed using BWA (v. 0.7.18)74 and samtools (options: fastq -f 12) (v.1.21),75 mapping against the Mus musculus genome

(GRCm39). Metaphlan476 was used to assign taxonomy to reads (v.4.1.1, database downloaded on 14th November 2024, options:

–subsampling 89000 –subsampling_seed 75646). Beta (Bray-Curtis dissimilarity) and alpha (Shannon and Simpson) diversity metrics

were calculated on the species level assignments using the vegan package77 in R. PERMANOVA analyses (adonis2) were used to test

differences in beta-diversity between groups, and the Kruskal-Wallis rank sum test was used to test differences in alpha diversity. The

command cmdscale was used to calculate PCOA coordinates, based on Bray-Curtis values.

Gene expression analysis of human intestinal biopsies

Expression of PGE2-related genes (synthases, degrading enzymes, and receptors) were analyzed on ileal and colonic mucosal bi-

opsies from patients with active Crohn’s disease (CD) and healthy controls,28 using raw microarray data from Gene Expression

Omnibus (GEO) dataset GSE16879. ANOVA followed by Holm-Sidak’s post-hoc test was used to compare gene expression levels

between healthy controls and CD patients pre-treatment, classified as either responsive or refractory to anti-TNF therapy. Addition-

ally, for patients receiving anti-TNF therapy, pre- and post-treatment gene expressions were compared using a paired two-sided

Student’s t-test. Expression of PGE2-related genes was also examined in a study by Noble et al., which utilized intestinal biopsies

from patients with CD and control subjects without IBD.78 Raw microarray data were retrieved from GEO dataset GSE20881. A

PGE2 signature score was calculated using genes that included PTGS1, PTGS2, PTGES, PTGER2, and PTGER4. Expression of

PGE2-related genes in specific immune cells was assessed in studies by Martin et al.78 and Thomas et al.,29 on intestinal biopsies

from patients with CD and colitis induced by immune checkpoint blockade (ICB), respectively. The raw single-cell RNA sequencing

(scRNA-seq) data were sourced from the Gene Expression Omnibus datasets GSE134809 and GSE206301. Expression of PTGS2

and immune cell signatures were analyzed in a study by Zhou et al.,30 which utilized intestinal biopsies from patients with and without

ICB-induced colitis, using NanoString technology. Correlations between PTGS2 expression and various immune cell subset signa-

tures were determined using two-tailed Spearman correlation analysis. The gene markers for pathogenic T cell signatures included

IFNG, TNF, CSF2, IL17F, STAT4, TBX21, STAT1, IL12RB1, IL12RB2, IL23R, and CXCR3; homeostatic T cell signature markers were
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IL17A, RORC, and MAF; inflammatory MNP signature markers included CD14, CD80, CD86, IL1A, IL1B, IL1R1, IL1RN, IL6, IL12A,

IL12B, IL23A, FCGR1A, and TREM1; and anti-inflammatory MNP signature markers were PPARG, MERTK, MRC1, FCER2, IL4R,

IL13RA1, TRAF6, and STAT6.

Gene expression and real-time qPCR

RNA purification from sorted MNPs was performed using the RNeasy Mini Kit (QIAGEN). Complementary DNA (cDNA) was obtained

by reverse transcription using the High-Capacity cDNA Reverse Transcription Kits (ThermoFisher Scientific). Microbial gDNA sam-

ples were analyzed by real-time PCR using GoTaq qPCR Master Mix (Promega) on the Applied Biosystem 7900HT Fast machine or

ThermoFisher QuantStudio 5 real-time PCR system. Tnf mRNA expression was normalized to Gapdh, while microbial abundance

was normalized to universal 16S total bacteria. All qPCR data were presented as relative expression to the control group by the

2–ΔΔCt method. Primers used are enclosed in Table S1.

Scanning electron microscopy

Mouse ilea were fixed in a solution of 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) for 2 hours. After wash 3 times in

0.1 M sodium cacodylate buffer for 10 min, samples were then postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer

for 45 minutes. A further 3 times washes were performed in 0.1 M sodium cacodylate buffer for 10 min. Dehydration in graded con-

centrations of acetone (50%, 70%, 90%, and 3 x 100%) for 10 minutes each was followed by critical point drying using liquid carbon

dioxide. After mounting on aluminium stubs with carbon tabs attached, the specimens were sputter coated with 20 nm gold palla-

dium and viewed using a Zeiss Crossbeam 550 focused ion beam scanning electron microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Fold changes of ratios, including mRNA expression and microbial abundance except relative eicosanoid amounts, were transformed

logarithmically prior to statistical analysis. Data were expressed as mean ± SEM or indicated in the figure legends. Statistical signif-

icance between two groups was examined by the unpaired two-tailed Student’s t-test or Mann-Whitney test and between multiple

groups by one-way and two-way analysis of variance (ANOVA) with Holm-Sidak’s multiple comparisons tests, while extra sum-of-

squares F test was used to evaluate body weight changes among different treatment groups. Statistical work was performed using

GraphPad Prism (version 9 or 10) and a p value of less than 0.05 was considered as significant.
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