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Systemic inflammation, resulting from massive release of pro-inflammatory molecules into the
circulatory system, is a major risk factor for severe illness, but the precise mechanisms underlying
its control are incompletely understood. We observed that prostaglandin E, (PGE>) through its
receptor EP4 is down-regulated in human systemic inflammatory disease. Mice with reduced
PGE; synthesis develop systemic inflammation, associated with translocation of gut bacteria,
which can be prevented by treating with EP4 agonists. Mechanistically, we demonstrate that
PGE,—EP4 signaling directly acts on type 3 innate lymphoid cells (ILCs), promoting their
homeostasis and driving them to produce interleukin-22 (IL-22). Disruption of the ILC/IL-22 axis
impairs PGE,—mediated inhibition of systemic inflammation. Hence, PGE,—EP4 signaling inhibits
systemic inflammation through ILC/IL-22 axis—dependent protection of gut barrier dysfunction.

Systemic inflammation commonly develops from locally invasive infection, is characterized
by dysregulation of the innate immune system and overproduction of pro-inflammatory
cytokines and can result in severe critical illness (e.g., bacteremia, sepsis and septic shock)
(1,2). Despite much research on systemic inflammation, our understanding of the precise
mechanisms for its control remains incomplete and represents an unmet clinical need (1-3).
Prostaglandins (PGs) are bioactive lipid mediators generated from arachidonic acid via the
enzymatic activity of cyclooxygenases (COXs) (4). PGs participate in the pathogenesis of
inflammatory disease (4,5) and many inflammatory conditions are treated using non-
steroidal anti-inflammatory drugs (NSAIDs) that inhibit PG synthesis by blocking COXs
(6). NSAID therapy is also thought to confer similar beneficial effects in treating severe
inflammation, but large randomized controlled clinical trials have found that NSAIDs failed
to reduce mortality in severe systemic inflammation (7,8). More importantly, NSAIDs use
during evolving bacterial infection is associated with more severe critical illness (9-13).
Therefore there is an imperative to define the paradoxical regulatory role of PGs in systemic
inflammation (14).

PGE; is one of the most abundantly produced PGs and modulates immune and inflammatory
responses through its receptors (EP1 — 4) (4). We performed a genome-wide gene expression
analysis of whole blood samples from neonates with sepsis (15) and found that expression of
PTGESZ (encoding membrane-associated PGE synthase-2) and PTGER4 (encoding EP4)
were significantly diminished in the sepsis group compared with non-infected controls (Fig.
1A). The reduced expression of PTGESZ and PTGER4 was associated with increased
neutrophil blood count as a marker of inflammation (Fig. 1B). Down-regulation of PTGER4
and PTGSZ (encoding COX2) was similarly observed in patients suffering from systemic
inflammatory response syndrome, sepsis, septic shock or severe blunt trauma; but in
contrast, expression of HPGD (encoding 15-PGDH which mediates PGE, degradation) in
these patients was up-regulated compared to non-infected controls (fig. S1). Consistent with
this, blood monocytes from patients with sepsis and septic shock produced less PGE, (16).
Thus the PGE,—EP4 pathway is down-regulated in human severe systemic inflammatory
disease.

To understand the mechanism(s) whereby PGE; regulates systemic inflammation, we
challenged wild-type (WT) C57BL/6 mice with lipopolysaccharide (LPS) to induce
systemic inflammation after pre-treatment with indomethacin, which effectively suppresses
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PGE, production (17,18). Mice pre-treated with indomethacin developed an enhanced
cytokine storm (e.g., tumor necrosis factor-a (TNF-a) and IL-6) (Fig. 1C) as well as other
inflammatory signs in indomethacin-treated mice, e.g., splenomegaly (Fig. 1D), peritonitis
characterized by accumulation of CD11b*Ly-6G* neutrophils (Fig. 1E), and a low-grade
hepatic inflammation as characterized by sinusoidal lymphocytosis and necrosis/
inflammatory foci in the parenchyma (Fig. 1F). Furthermore, co-administration of an EP4
agonist almost completely diminished indomethacin-augmented systemic inflammation (Fig.
1, G to I). Thus PGE,-EP4 signaling constrains LPS-induced systemic inflammation.

Besides the inflammatory markers described above, we also detected dissemination of gut
bacteria into normally sterile tissues (e.g., liver) of indomethacin-treated, but not control,
mice (Fig. 2A). The co-administration of EP4 agonist blocked the dissemination of bacteria
to sterile tissues (Fig. 2B). Although pathogenic bacteria spread via the bloodstream usually
cause severe systemic inflammation, gut leakage of commensal bacteria, especially in
patients with damaged gut epithelium or endothelium, may also trigger systemic
inflammation. We therefore tested whether these disseminated bacteria contribute to
indomethacin-augmented systemic inflammation by treating mice with indomethacin and
antibiotics, known to effectively deplete gut bacteria (19). Antibiotic therapy reduced
indomethacin-facilitated systemic inflammation (Fig. 2, C to F). Indomethacin-dependent
systemic inflammation was also observed in RagZ”- mice (fig. S2), and this was again
diminished by EP4 agonism (Fig. 2, G to I). Thus PGE,-EP4 signaling prevents systemic
inflammation independently of adaptive immune cells.

Given that IL-22 has recently been shown to inhibit inflammatory responses, particularly in
the intestine (19-22), we hypothesized that IL-22 may mediate PGE, control of systemic
inflammation. To test this hypothesis, we first examined the effect of PGE, on IL-22
production. Mice treated with indomethacin reduced LPS—induced IL-22 production (Fig.
3A), which was mimicked by an EP4 antagonist (Fig. 3B). Thus PGE,-EP4 signaling
promotes IL-22 production /n vivo. While LPS-induced systemic inflammation in WT mice
was worsened and prevented by indomethacin and EP4 agonist, respectively (Fig. 1, Gto I),
both had little effects on LPS-induced inflammation in IL-22-deficient mice (ref. 23) (Fig.
S3). Thus IL-22 is required for coupling PGE»-EP4 signaling-dependent control of systemic
inflammation. Furthermore, co-administration of recombinant IL-22 (rIL-22) reduced
indomethacin—-induced bacterial dissemination, which positively correlated with reduced
systemic inflammation (Fig. 3, C to E), implying that 1L-22 mediates PGE, suppression of
gut bacterial dissemination and subsequent systemic inflammation.

As both PGE5 and 1L-22 can potentially protect the gut epithelial barrier (17-22), we
reasoned that inhibition of bacterial dissemination by PGE, may act through augmenting
IL-22 action on gut epithelial cells. We therefore examined gene expression related to barrier
function in intestinal tissues. Indomethacin not only suppressed expression of 1L-22 but also
its receptors, i.e., //22ral (encoding IL-22Ral) and //10rb (encoding IL-10Rp), and their
suppression was prevented by rIL-22 (Fig. 3F), suggesting that PGE, may strengthen IL-22—
IL-22R signaling in intestinal epithelial cells. Indeed, IL-22R—target genes such as Reg3b,
Reg3g, Fut2(24), mucins and tight junctions were similarly down-regulated by
indomethacin but rescued by rIL-22 (Fig. 3G and fig. S4). Expression of genes related to
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IL-22R signaling and barrier function inversely correlated with gut bacterial dissemination
(Fig. 3E). Given the protective role of PGE; in acute colonic mucosal injury (17), we
proposed that this protection is mediated by IL-22. Indeed, indomethacin worsened dextran
sulfate sodium (DSS)-induced colitis and this was rescued by rIL-22, which elicited
significantly less colitis disease activity index measured by weight loss, diarrhea and rectal
bleeding (Fig. 3H-J). Our results thus indicate an important role of PGE; in regulating the
intestinal epithelial barrier function through innate 1L-22 signaling.

Flow cytometric analysis showed that IL-22-producing cells were

CD45M9%| ineage(Lin)"CD90.2*RORyt(retinoid acid receptor-related orphan receptor
gamma)*CCR6(CC chemokine receptor 6)* type 3 innate lymphoid cells (ILC3s, ref. 22) in
the gut and CD45*Lineage’CD90.2*CD4* ILC3s in the spleen (fig. S5). We wondered
whether these cells are involved in EP4-dependent control of systemic inflammation.
Although Rag1”- mice co-treated with indomethacin and an EP4 agonist (i.e., lacking PG
signaling except through EP4) did not develop systemic inflammation (Fig. 2, G to 1),
depletion of CD90.2* ILCs restored indomethacin-induced systemic inflammation in these
mice (Fig. 4A). To address whether PGE,—EP4 signaling specifically in ILCs controls
systemic inflammation, we crossed CD90.2-Cre mice (25) with EP4-floxed mice (26) to
generate tamoxifen-induced selective down-regulation of EP4 in CD90.2* cells (including T
cells and ILCs) in heterozygous CD90.2C"eEP4T/+ mice (Fig. 4B). CD90.2C"eEP4M* mice
produced less IL-22 in response to LPS, which was associated with augmentation of
systemic inflammatory response, e.g., TNF-a production (Fig. 4B), while down-regulation
of EP4 in T cells (27) affected neither IL-22 nor TNF-a production (fig. S6). These data
demonstrate that PGE,-EP4 signaling controls systemic inflammation, at least in part,
through the regulation of ILC3s.

Next, we investigated the impact of PGE, on ILC3 maintenance. Indomethacin significantly
diminished ILC3 numbers in the gut and spleen at the steady state (Fig. 4C and fig. S7, A to
C). This reduction was prevented by an EP4 agonist and was mimicked by an EP4
antagonist (Fig. 4C and fig. S7). Consistently, ILC3s express PGE, receptors with especially
high expression levels of EP4 (fig. S8). Furthermore, indomethacin down-regulated Ki-67
expression and an EP4 agonist prevented this reduction in ILC3s (Fig. 4D), suggesting that
PGE,-EP4 signaling potentiates ILC3 proliferation. PGE,-EP4 signaling also prevented
ILC3 apoptosis /n vitrobut it had little effect on ILC3 apoptosis /in vivo (Fig. S9, A and B).
Moreover, down-regulation of EP4 in CD90.2* ILCs not only decreased RORyt* ILC3s but
also weakened IL-7 responsiveness, e.g., Bcl-2 expression, in ILC3s (Fig. S9C). To further
understand the effect of PGE, on ILC3s, we measured gene expression by quantitative
polymerase chain reaction in Lin"CD45/°CD90.2MKLLRG1"CCR6* ILC3s sorted from
small intestines of mice treated with indomethacin and EP4 agonist. PGE,-EP4 signaling
up-regulates many ILC3 signature genes including Rorc, 1123r, 111r1, 1122, I[17a, Lta, Ltb,
Tnfsfl1and Tnfsf4as well as Bcl2/1 (Fig. 4E).

We next asked whether and how PGE> regulates ILC3 function. PGE, promoted IL-23-
driven IL-22 production by gut lamina propria leukocytes isolated from RagZ”- mice in vitro
(Fig. 4, F and G) and this was inhibited by indomethacin (Fig. 4H). PGE, also promoted
IL-22 production from splenic CD4* ILC3s, which was mediated by EP2 and EP4 (fig. S10,
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A to C). More importantly, PGE; increased I1L-23-driven IL-22 production from highly
purified CD45%Lin"CD90.2*KLRG1-CCR6* ILC3s from intestines and
CD3°CD11b"CD11c"CD4* ILC3s from spleen or bone marrow (Fig. 41 and fig. S10D),
suggesting a direct action of PGE, on ILC3s. In addition, PGE; also increased IL-22
production from ILC3s in response to IL-1p and IL-7 (fig. S11). PGE; activated cyclic
adenosine monophosphate signaling in ILC3s and in turn enhanced IL-22 production (Fig.
4J and fig. S12, A and B). Moreover, PGE,-augmented IL-22 production depended on the
transcription factor signal transducer and activator of transcription 3, which is critical for
IL-22 production by ILC3s (28), but not RORyt or Ahr (fig. S12, C to E). Altogether, these
data demonstrate that PGE,—EP4 signaling promotes ILC3 homeostasis and 1L-22
production through promoting ILC3 proliferation and enhancing cytokine (e.g., IL-7, 1L-23
and IL-1) responsiveness.

Finally, we questioned whether PGE, promotes IL-22 production from human ILC3s. To
answer this, we sorted human Lin"CD161*CD127+*CD117*CRTH2" ILC3s from periphery
blood of healthy donors and cultured them with IL-2, IL-23 and IL-1p to induce I1L-22
production. Addition of PGE, similarly up-regulated IL-22 production from sorted human
ILC3s (Fig. 4K). Moreover, expression of the human /L22 gene in healthy individuals
infused with a bacterial endotoxin (ref. 29) positively correlated with expression of PTGS2
and PTGES (encoding mPGES-1) (fig. S13); two inducible enzymes that mediate PGE,
synthesis (4). Acute pancreatitis (AP) is a sterile initiator of systemic inflammation that
results in multiple organ dysfunction where gut barrier injury is central to the pathogenesis
(30). Given that 1L-22 was protective in an animal model of AP (31), we measured IL-22
levels in patients with AP. IL-22 concentrations in plasma were lower in patients with AP
compared to healthy controls at the time of admission to hospital (Fig. 4L), further
confirming that the reduction of IL-22 signaling is associated with development of systemic
inflammation.

In summary, we identify a physiological role of endogenous PGE,—EP4 signaling in
activating the ILC3/IL-22 axis, which functionally contributes to crosstalk between the
innate immune system, gut epithelium and microflora, and subsequently constrains systemic
inflammation (fig. S14). These findings provide valuable insight towards understanding how
inactivation of COXs may be harmful in severe bacterial infection and inflammation (32-34)
and advance a crucial cellular and molecular mechanism for a scenario in which maintaining
or augmenting PGE; signaling, e.g., by inhibiting the PGE,-degrading enzyme 15-PGDH,
protects intestinal barrier injury and potentiates its repair and control of systemic
inflammation (35, 36).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PGE,-EP4 signaling controls LPS—induced systemic inflammation.
(A) Gene expression of PTGESZand PTGER4 in whole blood samples of neonates suffering
from sepsis with confirmed bacterial infection (Red, n=27) and matched non-infection
controls (Blue, n=35). Line graphs display gene expression (Log, scale) as probability
density plots for both group samples. Non-parametric Wilcoxon-Rank-Sum tests (Pg;z) were
used to test for differential expression of a gene between infected and control neonates.
Fligner-Killeen tests (P,,,) were used to test if sepsis and control groups have substantively
different inter-subject variation in gene expression levels. (B) Supervised heat map of
clinical neutrophil counts and expression levels for PTGESZ and PTGER4 genes for non-
infected healthy controls (n=12) and bacterially infected neonates (n=27). Colored scale bar
is shown for neutrophil count or gene expression z-score transformed values, respectively.
***P<(0.001 by non-parametric Spearman correlation test performed to analyze the negative
association between PTGESZ (rs=—0.6111) or PTGER4 (rs=—0.6323) gene expression and
blood neutrophil counts. (C to F) Serum levels of TNF-a and IL-6 (C), spleen size and
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weight (D), neutrophil counts in peritoneal cavity lavage (E) and liver histology (F) of WT
C57BL/6 mice treated with indomethacin (Indo) or vehicle control (\Veh) for 5 d followed by
LPS challenge injection for another 2 (C, n=6 per group) or 24 h (D to F, n=8 per group). (G
to 1) Spleen weight (G), neutrophils (H) and serum levels of TNF-a and IL-6 (1) of WT
C57BL/6 mice treated with indomethacin and agonists for EP2 or EP4 followed by LPS
challenge for 24 (G and H) or 2 h (I). Data shown as means + SEM are pooled from two
independent experiments. Scale bar, 50 um. *£<0.05, **/<0.01 by one-way ANOVA. NS,
not significant; ND, not detected.
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Fig. 2. PGE> control of systemic inflammation involves gut bacterial dissemination and acts
independently of adaptive immune cells.

(A) Colony forming units (CFU) present in liver homogenates from WT C57BL/6 mice
(n=6) treated with indomethacin for 5 d followed by LPS challenge for another 24 h. (B)
CFU present in liver homogenates from WT C57BL/6 mice treated with indomethacin plus
administration of an EP4 agonist (n=6) or vehicle (n=8) for 5 d followed by LPS challenge
for another 24 h. (C to F) Spleen size and weight (C), neutrophils (D), liver histology (E)
and serum levels of TNF-a and IL-6 (F) of WT C57BL/6 mice (n=6 per group) treated with
indomethacin and antibiotics (ABX) for 5 d followed by LPS challenge for another 24 (C to
E) or 2h (F). (G to I) TNF-a and IL-6 levels in serum (G) and peritoneal cavity lavage (H)
and CFU present in liver homogenates (1) from RagZ” mice treated with indomethacin plus
administration of an EP4 agonist or vehicle control (n=8 per group) for 4 d. Data shown as
means # SEM are pooled from two independent experiments. Scale bar, 50 um. *£<0.05,
**p<0.01, ***A£<0.001 by two-way ANOVA (C, D and F) or Mann-Whitney test (G to I).
ND, not detected.
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Fi_gure 3. IL-22 mediates PGEj protection against systemic inflammation and intestinal barrier
injury.

(AJ\) Syerum IL-22 levels of WT C57BL6 mice treated with indomethacin (Indo, n=6) or
vehicle control (Veh, n=6) for 5 days followed by challenge with LPS or PBS for 2 h. (B)
Serum IL-22 levels in WT C57BL/6 mice treated with an EP4 antagonist or vehicle (n=4 per
group) in drinking water for 5 d followed by LPS challenge for another 2 h. (C to G) Ragl”
mice were treated with vehicle (MVeh, n=9) or indomethacin (Indo) plus administration of
riL-22 (n=10) or vehicle control PBS (n=10) for 4 d. (C) CFUs present in liver
homogenates; (D) neutrophil counts; (E) correlation of liver CFU with systemic
inflammation profile and expression profile of genes related to intestinal barrier function; (F
and G) gene expression of 1L-22 and its receptors (F) and antimicrobial peptides (G) in the
terminal ileum. Expression was measured by real-time PCR, normalized to Gapadh gene and
presented as relative expression (in Log, Fold Change) to the vehicle control group. (H to J)
Change in body weight (H), disease activity index (I) and colon length (J) of WT C57BL/6
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mice (n=10 per group) treated with 2% DSS and indomethacin or vehicle control in drinking
water plus administration of rIL-22 or vehicle control PBS for 6 days. Data shown as means
+SEM are pooled from two (A, H, I and J) or three (C to G) independent experiments or
represent one experiment (B). */<0.05, **/<0.01, ***/<0.001 by Mann-Whitney test (A, B
and D), one-way ANOVA (C, F to J) or two-tailed Pearson correlation test (E).
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Fig. 4. PGE>-EP4 signaling potentiates ILC3 homeostasis and function that contributes to
control of systemic inflammatory response.

(A) Splenic CD90.2* ILCs, serum TNF-q levels in and neutrophil counts in RagZ” mice co-
treated with indomethacin and an EP4 agonist plus anti-CD90.2 (aCD90.2) or control 1gG
antibodies (n=8 per group) for 4 days. (B) Expression of Ptger4 mRNA in splenic CD90.2*
cells and serum levels of 1L-22 and TNF-a in tamoxifen-treated CD90.2C"EPA/* mice
(n=7) and control C57BL/6 mice (n=5) at 1.5 h after LPS challenge. (C-E) Ragl”- (C,D) or
C57BL/6 (E) mice were treated with indomethacin with or without an EP4 agonist for 4-5 d.
(C) Percentages and numbers of ILC3s in small intestines. Cells were ex vivo stimulated
with IL-23 for 3 h. Each point represents an individual mouse. (D) Ki-67 expression in gut
ILC3s. Each point represents an individual mouse. (E) Gene expression profile in gut ILC3s
presented as relative expression to the vehicle control group. Data are the summary of two
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independent experiments with 8 mice for each group. (F) Expression of RORyt and 1L-22 by
Rag1”- gut CD45* lamina propria leukocytes (LPLs) stimulated with 1L-23 and PGE for 4
h. Numbers in brackets represent IL-22 MFI of the RORyt*IL-22* populations. (G to J)
IL-22 production in supernatants by LPLs or ILC3s isolated from small intestines of Rag1”
mice and then cultured with indicated conditions overnight (G, H, J) or for 3 d (I). (K) IL-22
production by human ILC3s cultured with IL-2, IL-23, IL-1p and PGE, for 4 d (n=5
donors). (L) Plasma IL-22 levels in individuals with acute pancreatitis (AP) at the time of
presentation to hospital (n=48) or from healthy individual donors (n=28). Horizon line
represent the mean for each group. Data shown as means #SEM are pooled from two or
more independent experiments (A, C to E, G, J and K) or represent one (B) or two (F, H, I)
independent experiments. */£<0.05, **A<0.01, ***P<0.001 by unpaired Student’s £test (A,
B, H and I), one-way ANOVA (C, D, F, G and J), ratio paired #test (K) or Mann Whitney
test (L).
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