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PGE> is a lipid mediator of the initiation and resolution phases of inflammation, as well
as a regulator of immune system responses to inflammatory events. PGE» is produced
and sensed by T cells, and autocrine or paracrine PGE> can affect T cell phenotype and
function. In this study, we use a T cell-dependent model of colitis to evaluate the role
of PGE> on pathological outcome and T-cell phenotypes. CD4™ T effector cells either
deficient in mMPGES-1 or the PGE, receptor EP4 are less colitogenic. Absence of T
cell autocrine mPGES1-dependent PGE, reduces colitogenicity in association with an
increase in CD4TRORyt™ cells in the lamina propria. In contrast, recipient mice deficient
in MPGES-1 exhibit more severe colitis that corresponds with a reduced capacity to
generate FoxP3™ T cells, especially in mesenteric lymph nodes. Thus, our research
defines how mPGES-1-driven production of PGE» by different cell types in distinct
intestinal locations impacts T cell function during colitis. We conclude that PGE» has
profound effects on T cell phenotype that are dependent on the microenvironment.

Keywords: IBD-inflammatory bowel diseases, T cell, PGE2, colitis, Th17 & Tregs cells, inflammation
immunomodulation, Th17 activation, Treg = regulatory T cell

INTRODUCTION

Prostaglandin E, (PGE,) is an eicosanoid that modulates diverse physiologic and pathologic
functions. To avoid undesired effects associated with dysregulated inflammation, PGE, tissue
concentrations are tightly regulated by expression of constitutive (COX1) and inducible (COX2,
mPGES1) biosynthetic enzymes, as well as degradative enzymes (15-PGDH) (1, 2) and the
transporters multiple drug resistance-associated protein 4 (MRP4) and prostaglandin transporter
(PGT). The COX1 and COX2 enzymes are responsible for the catabolism of arachidonic acid
into PGH,;, the precursor of PGI,, PGD;, PGF,,, TxA;, and PGE,. COX1 and 2 expression
differs strongly among different tissues, and distinct inflammatory triggers markedly upregulate
the inducible isoform, COX2 (2, 3). mPGES]I, also an inducible enzyme often co-regulated with
COX-2, acts downstream of COX enzymes to specifically generate PGE,, and does not directly
generate other prostaglandins that are derived from the shared PGH, intermediate metabolite. Part
of the variety of effects that can be triggered by PGE, are due to its 4 known receptors (EP1-4),
which display different PGE, binding affinities and a range of tissue and cell-specific expression
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patterns (2, 4). PGE, signaling in T cells is almost exclusively
transduced through the EP2 and EP4 receptors (5, 6).

Immune responses can be highly sensitive to PGE,, as it acts in
a pleiotropic manner affecting many cells of the immune system.
With respect to the innate immune system, PGE, promotes
neutrophil, macrophage, and mast cell activation and migration
into inflamed sites, and can also influence dendritic cells
(DC) with both pro- and anti-inflammatory results (7-9). Cells
belonging to the adaptive immune system can also be influenced
by PGE,, and T cells display an array of diverse responses to PGE,
that include effects on T cell lineage commitment and cytokine
secretion (10-13). In general, PGE; can differentially expand Th1
and Th17 cells via expression of the PGE, receptors EP2 and
EP4 when IL1f and IL-23 are part of the inflammatory response.
However, some of the reported effects are contradictory, as
PGE; can either increase IL-17 and reduce IFNy production in
human memory T cells (14) and inhibit Th1 responses (15), or
enhance antigen-specific Th1 function and expansion (11). We
recently found that production and sensing of PGE, in CD4"
T cells controls antigen-specific regulatory T cell (Treg) and
Th17 expansion, and that PGE; can re-direct T cells undergoing
Th17 polarization to inhibit IL-17A production in lieu of
IFNy (13).

In the gastrointestinal tract, PGE, is implicated in the
modulation of autoimmune and inflammatory diseases as well
as in the control of carcinogenesis (16-18). Expression of COX-
2 is greatly increased during active phases in patients with
ulcerative colitis (19), and non-steroidal anti-inflammatory drugs
(NSAIDs) are associated with significant gastrointestinal adverse
events and exacerbate symptoms of inflammatory bowel disease
(IBD) (20). COX-2 is partially responsible for intestinal damage
in the DSS colitis model in mice, with presence of COX-2 being
required specifically in myeloid and endothelial cells but not
epithelial cells (21) to increase intestinal pathology. However,
although PGE, is generally regarded as a pro-inflammatory
molecule, it is also critical for the resolution of inflammation and
restoration of tissue homeostasis (2, 22).

It is unclear how PGE, affects pathogenic T cell responses
during colitis, and what the relative contribution of T cell
intrinsic or extrinsic sources might be to clinical disease.
Given the effects of PGE; on T cells, PGE, could constitute a
critical regulator of Th17 cells in the colon, which can either
enhance protective responses from gut pathogens and epithelial
regeneration, but also potentially serving to mediate IBD (23—
25). In this study we evaluated the impact of mPGESI-driven
PGE; and PGE; sensing through EP4 in a T-cell driven colitis
model. We found that signaling through EP4 on CD4% cells
strongly controlled colitogenicity and colonic T cell expansion.
Moreover, our studies comparing the origin of PGE, production
in T cells compared with non-lymphoid cells demonstrate
that T cell autocrine mPGES1-mediated PGE, contributes
to colitogenesis by reducing a protective CD4TRORyt™ cell
response, while paracrine mPGES-1-driven PGE; inhibits colon
inflammation by favoring the expansion of FoxP3™ Treg cells.
We conclude that site-specific PGE; production and PGE,
sensing by CD4™ T cells play important roles in intestinal
inflammation.

MATERIALS AND METHODS

Mice and Colitis Induction

WT and mPGES1™/~ mice in a BL/6 background were bred
in house and maintained under SPF conditions in the same
MCN II facility and room at Vanderbilt University. mPGES-1
mice were originally obtained from Pfizer and their generation
has been previously described (26). EP41/f transgenic mice
were a kind gift of Dr. Richard Breyer (27), and they were
crossed with either C57BL/6 or C57BL/6 CD4%™ mice obtained
from Jackson Laboratories. Ragl ™/~ mice were obtained from
Jackson Laboratories and crossed with the mPGES1~/~ line
to obtain double knock-outs. All mice were bred in a specific
pathogen-free barrier facility and used at 8-14 weeks of age.
The Vanderbilt University Animal Care and Use Committee
approved all studies performed for the preparation of this
manuscript.

Colitis was induced by adaptive transfer of 1 x 10° purified
(>99% purity) CD4tCD25-CD45RB" cells ip., and in the
indicated cases co-injection of 0.5 x 10° CD4TCD25~ cells
was performed to study Treg function. Spleen and lymph nodes
suspensions were used first to purify untouched CD4 ™ cells using
magnetic bead cell separation with a StemCell Kit and these
cells were stained with anti-CD4, anti-CD25, and anti-CD45RB
for further flow sorting using a FACS Diva flow cytometer
(Becton-Dickinson) with purities over 95% of the indicated
populations. Mice that received adoptive transfers of different
cell genotypes were always cohoused in the same cages to avoid
differences due to microbiota composition divergence during
colitis development.

Cell Preparation and Flow Cytometry

Single cell suspensions were prepared from spleen, colon
LP, and mesenteric lymph nodes, and stained on ice using
predetermined optimal concentrations of each antibody (Ab) for
20-30 min, washed, and fixed using 1.5% PFA or eBioscience
FoxP3 fixation reagent. Colon lamina propria was obtained
as previously described (28). Cells with the light scatter
properties of singlet lymphocytes were analyzed by multicolor
immunofluorescence staining and a BD FACS Fortessa II flow
cytometer (Becton Dickinson, San Jose, CA). Fcy receptors
blockade was performed (2.4G2; BD PharMingen) prior to
surface staining of cell surface markers. The anti-mouse
mAbs used in this study included CD4-PE.Cy7/FITC (GK1.5),
CD45.1-AF700/Pacific Blue (A20), CD45RB-AF647 (C363-16A)
from BioLegend, RORyt-PE (Q31-378) from BD PharMingen,
FoxP3-APC (FJK-16s) from eBioscience, and CD45.2-PE (104)
from Tonbo. The LIVE/DEAD® fixable cell death stain kit
(Invitrogen) was used to remove dead cells from all analysis
and avoid background staining noise of dead cells. All flow
cytometry analysis and data display were performed using FlowJo
software.

Tissue Culture and PGE> Measure

For all in vitro experiments IMDM medium was supplemented
with 10% FCS, Pen/Strep at 50 UI/ml and 50 pg/ml respectively,
and 2-beta-ME at 10 wM. Colon explant cultures were performed
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in 48-well round-bottom plates and supernatants were
collected 12h after initiation, spin down at >12.000g in
Eppendorf tubes, and clear supernatants used for further
analysis. NS-398 was purchased from Cayman Chemicals,
and stored aliquots were freshly reconstituted before every
use.

The PGE, ELISA Kit from Cayman chemical was used to
evaluate PGE, supernatant concentrations.

Histology and Pathological Scoring

Colon Swiss rolls were generated from mice undergoing colitis
at the indicated time-points. Fresh colon tissue was washed with
cold PBS, cut longitudinally to prepare Swiss rolls and fixed in
10% Formaldehyde for 3 days before transfer to 70% Ethanol.
Paraffin blocks were generated with these fixed samples and
10pwm sections placed in slides for further H&E processing.
Pathological severity and features were evaluated according to
the following scoring system: Lamina Propria Infiltrate (LPI, 0-
3), Neutrophilic Infiltrate (NI, 0-2), Goblet Cell Loss (GCL, 0-3),
Abnormal Crypts (Ab.Cr., 0-3), Crypt Abscesses (Cr. Ab., 0-1),
Erosion and Ulcers (Er.4-Ulc, 0-2), and Depth of Inflammation
(DOI1, 0-3). Scale bars on the images correspond to 100 pM
length. For detection of COX2 and mPGES-1 in colon tissue,
we used rabbit polyclonal anti-mouse COX2 ab52237 and anti-
mouse mPGES-1 ab62050 from Abcam following manufacturer’s
instructions.

Microscopy Analysis, Immunofluorescence

and Signal Quantification

Paraffin-embedded colonic tissues were sectioned (5pm) prior
to deparaffinization, rehydration, and antigen retrieval using a
citrate buffer (pH 6.0) for 20 min in a pressure cooker at 105°C,
followed by a 20min cool down at room temperature (RT).
Endogenous background signal was quenched by incubating
tissue slides in 3% hydrogen peroxide for 10 min at RT. Tissues
were blocked in 3% BSA/10% donkey serum for 1h before
primary Ab staining. Antibodies used for immunofluorescence
were: rat anti-FoxP3-APC (1:100, eBioScience FJK-16a), mouse
anti-RORyt-PE (1:100, BD Q31-378), goat anti-CD3e (1:100,
Santa Cruz M-20), rabbit anti-pSTAT3 (Tyr705) (1:100, Cell
Signaling D3A7), and AF-647-conjugated secondary antibodies
(Life Technologies). Sequential staining and fluorescent
dye inactivation was performed as previously described
(29, 30). Immunofluorescent imaging was performed using
an Olympus X81 inverted microscope with an UPlanSAPO
UIS2 (20X/0.75NA) objective lens and filter sets specific for
DAPI, GFP, CY3, CY5, and Cy7. Images were acquired at
20X magnification and image exposure for each Ab stain was
set manually (<800ms). Initial surveying of the tissue was
performed at 2X magnification on the DAPI channel to establish
10-15 regions per Swiss roll for subsequent analysis. Primary
Ab staining was performed overnight at RT and secondary Ab
staining for 1 h at RT before slide imaging. Complete inactivation
of fluorochromes was performed as described previously (29).
Final image processing and layering was performed using
Image].

Microscopy Imaging Processing,
Single-Cell Quantification, and Data

Analysis

Images acquired for each stain round were processed as
previously described (29). For each stain round, DAPI images
were aligned to those from the first round using rigid
transformation. Autofluorescence removal and correction was
performed by background subtraction of registered images.
Autofluorescence removed images for each stain were used for
single-cell segmentation using Mathworks MATLAB software.
Expression values of transcription factors were quantified by
median intensity levels within a given mask-generated nuclear
segmentation using combination of all nuclear markers available.
CD3e™ cell numbers were estimated by the total area of coverage
per field of the CD3s™ mask, divided by the average area of
a single CD3e% cell. This estimate was verified manually by
counting CD3e™ cells in selected fields of view and comparing to
estimated values. All analyses were performed in a blind fashion
without phenotype identifiers. Cytobank was utilized to analyze
single-cell intensity values and quantify cell populations.

RESULTS

Production of PGE> in the Colon Is
Regulated by mPGES-1 With the
Contribution of T and B Cells

The intestines are well-known to generate PGE,, and inhibition
of COX enzymes reduces PGE,. However, it has not been
investigated to which extent different components of the
intestines contribute to this PGE2 pool. To address this and to
evaluate how baseline production of PGE; is influenced by both
biosynthetic enzymes and by the presence of lymphocytes, we
cultured colon explants of untreated Ragl™/~, mPGES-1~/,
or Ragl™/~ x mPGES-17/~ double knockout mice overnight
and their supernatants were assessed for PGE; concentration.
As expected, colons of WT animals produced the highest
amounts of PGE,. Absence of mPGES-1 significantly impaired
PGE, production, but so did too the lack of adaptive immune
cells in the Ragl~/~ group (Figure 1A). Interestingly, lack of
both the mPGES-1 enzyme and lymphocytes demonstrated an
additive effect, with Ragl ~/~ x mPGES-1~/~ double knockouts
exhibiting the lowest levels of PGE,. Specific inhibition of COX-
2 activity using NS-398 in these explant cultures resulted in
a reduction of nearly half of the secreted PGE; under most
conditions. However, a signiﬁcant decrease in PGE, was not
observed following COX-2 inhibition in colons of Ragl ™/~ x
mPGES-17/~ double knockout mice likely due to the already low
basal levels produced.

We hypothesized that colonic inflammation would increase
the PGE, production capacity in the colon. To test this, we
assessed PGE, concentration in colon explants of WT untreated
mice or Ragl ™/~ mice undergoing colitis induced by adoptive
transfer of effector CD4™ cells. Colons of mice undergoing colitis
at week 10 post-transfer depicted a 5-fold increase of PGE,
compared to healthy untreated colons (Figure 1B).
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P < 0.01 in a one-way ANOVA with Welch’s correction.
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FIGURE 1 | Basal production of PGEy in the colon is regulated by COX-2 and mPGES-1 with significant contribution from cells of the adaptive immune system.

(A) Colon explants from WT (blue), mPGES-1~/~ (red), Rag1~/~ (black) or Rag1~—/~ x mPGES-1~/~ (red/black) mice were cultured for 12 h and their supernatants
were analyzed for basal PGE, production. The specific COX2 inhibitor NS-398 was added to evaluate the differential contribution of COX2 and COX1 to the PGH»
pool prior to PGEy, biosynthesis. (B) PGE» production in colon explants from untreated WT mice (“Untreated,” blue circles) or Rag1 ~/= mice undergoing WT Teff
cell-driven colitis at week 10 post-transfer (“Colitic,” black squares). ** indicates a P value < 0.05 using a 2-tailed heteroscedastic Student’s T-test.

(C) Immunohistochemistry of COX2 (upper row) and mPGES-1 (lower row) in the colon of mice that transferred with WT Teff cells (CD4+CD25—CD45RBhi). Scale bar
is 100 wm long. Arrowheads 1 and 2 point to localization within the LP, while arrowhead 3 indicates localization in the brush border. ** Significant at P< 0.05 and *** at

<-X0d

TS3ddw

Previous studies have shown that the COX-2 and mPGES-
1 enzymes are especially abundant in monocyte/macrophage
cells, and COX-2 expression is restricted in the absence of
inflammation to the kidney, gastrointestinal tract, brain, and
thymus (31). To better understand the increase of PGE,; observed

during colitis, we collected, fixed and stained colitic colons to
detect both enzymes. COX-2 expression was maximal in the
lamina propria (LP) at the apical side of hyperplastic villi, and
mPGES-1 expression was found to mimic that pattern to some
extent (Figure 1C, arrowheads #1-2), although strong COX-2,
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but not mPGES-1 expression, was observed in the brush border
of the villi (arrowhead #3).

CD4* Effector T Cells Lacking mPGES-1
Have Impaired Colitogenic Potential

We have recently demonstrated that T cell autocrine mPGES-
1 expression in CD4* cells contributes to the cytokine profile
that CD4™" cells can acquire during antigen-specific stimulation.
This T cell intrinsic effect is synergic with the ability to secrete
PGE, by interacting APC cells, and it impacts especially IL-17A
and IFNy production by CD4™" cells (13). We asked ourselves
if this T cell intrinsic mPGES-1-driven PGE, effect was also
contributing to the phenotype and pathogenic potential of T cells
in a colitis model. Ragl ™/~ mice received an adoptive transfer
of CD41tCD25-CD45B" cells (Teff) from WT or mPGES-
17/~ donor mice, and were monitored and evaluated for colitis
progression for 10 subsequent weeks after transfer. Mice that
received mPGES-17/~ Teff CD4% cells demonstrated a less
severe weight loss than mice receiving WT Teff CD4" cells
at the latter phases of disease (Figure 2A). Co-transfer of WT
Treg cells with WT Teff cells resulted in suppression of colitis
as expected (Figure 2A, empty circles), and mPGES-17/~ Tregs
also displayed full protective function indistinguishable from
WT Tregs in terms of weight loss (empty squares). Analysis
of the pathological characteristics in the colons of both groups
transferred with Teff cells revealed that mice that received
mPGES-17/~ Teff CD4™ cells lost less goblet cells and developed
less crypt abscesses (Figure 2B). To investigate if the attenuation
of colitis was due to an altered phenotype of the transferred T
cells, we analyzed by flow cytometry the expression of FoxP3
and RORyt in CD4™ cells in the mesenteric lymph nodes (mLN)
and colonic lamina propria (cLP) of the mice belonging to the
same colitis cohorts described above. mPGES-17/~ Teff CD4*
cells were able to generate moderately but significantly increased
numbers of CD4TRORyt"T T cells in the mLN and the cLP
(Figures 2C,D) with the percent being increased only in the cLP.
CD47FoxP3™ cells and total CD4™ cells were not altered.

To determine if the reduced colitogenic potential observed
in absence of mPGES-1 Teff was due to a reduced proliferation
advantage, we co-transferred Teff cells from CD45.17 WT and
CD45.2% mPGES-1~/~ animals in a 1:1 ratio into Ragl™/~
recipient animals. Ten weeks after transfer, the mLN (Figure 3A)
and cLP (Figure 3B) were analyzed. Under these competitive
circumstances, WT T cells were clearly able to expand more than
T cells deficient in mPGES-1. This translated into significantly
more CD4TRORyt™ cells derived from WT T cells. However,
we observed that mPGES-17/~ Teff CD4™" cells were capable of
generating a proportion of RORyt™ T cells in the LP that was
absent in the WT donor T cells (Figure 3B, shaded box). It is
known that colonic CD4" cells display unique characteristics
like high co-expression of RORyt in their FoxP3™ population
(32, 33). This prompted us to investigate if mPGES-1 sufficiency
would impact RORyt expression in Tregs in the colon. For
this purpose, a mix of either CD45.17 WT Teff and CD45.2%
mPGES-17/~ Treg cells or a reciprocal CD45.1%7 WT Treg and
CD45.27 mPGES-17/~ Teff cells mix were injected in a 2:1

(Teff:Treg) ratio into Ragl~/~ recipient animals, and mLN and
cLP were examined as previously described. Total WT Treg
cells were found in much larger proportions than mPGES-17/~
Treg in the mLN, independently of whether they expressed
RORyt or not (Figure 3C). In stark contrast, mPGES-1~/~ Treg
cells showed a much larger proportion of RORyt" cells in
the cLP. Furthermore, mPGES-17/~ Treg cells showed greater
relative expression levels of RORyt than WT Tregs in the cLP
(Figure 3C shaded boxes). In summary, we demonstrate that
mPGES-1 deficiency in T cells reduces their expansion capacity
and colitogenic potential. Additionally, absence of T cell intrinsic
mPGES-1 strongly promotes the localization of Tregs into the
cLP to the detriment of the draining mLN, and this effect
is simultaneous with acquisition of high expression levels of
RORyt. These data suggest unique characteristics of mPGES-1
deficient T cells that protect from colitis.

Inability to Sense PGE; Through EP4 by
CD4* Effector T Cells Impairs Their
Colitogenicity

Detection of PGE, through EP4 increases Thl responses when
IL-12 is present (12) but also amplifies Th17 expansion in
synergy with ILIB/IL-23 (10, 11). To examine if sensing of PGE,
produced during inflammation of the intestines was mediated
through EP4 on T cells, we injected either EP41/ (virtual WT)
and CD4CrexEP4fl/fl (EP4ACD4) Teff cells into Ragl_/ ~ recipient
animals and evaluated colitis development and T cell phenotype
as previously described. Mice that received Teft cells deficient in
EP4 were significantly protected from colitis development, with
little to no weight loss, and significantly less overall LP infiltration
and neutrophils (Figures 4A,B). Examination of mLN and
cLP infiltrates by microscopy and flow cytometry revealed a
decrease in total CD4™ numbers that directly translated into less
CD4%FoxP3™ and CD4TRORyt™ cells, but with no alteration of
CD4™" subsets proportions (Figures 4C,D) on either examined
anatomical location. Microscopic analysis of CD3g, RORyt, and
FoxP3 distribution within the cLP revealed that WT Teft cells
accumulated in larger conglomerates compared to EP42CP* Teff
cells (Figure 4E). We conclude that EP4 expression in CD4 ™ Teff
cells is critical for their proliferative capacity without T cell subset
specificity.

Paracrine mPGES-1-deficiency in
Non-lymphoid Cells Facilitates Colitis by
Inhibiting Generation of CD4*FoxP3* Cells

Non-lymphoid cells have the ability to produce large amounts of
PGE; in a COX-2-dependent manner (8, 13, 34). The net effect of
PGE, during intestinal inflammation is however hard to discern,
as PGE; has been reported to display both pro-inflammatory
effects, and also result in protection from intestinal damage. We
sought to determine whether production of PGE, mediated by
mPGES-1 in the cLP non-lymphoid cell compartment would
alter T cell pathogenicity. For that purpose, we transferred WT
Teff CD4* cells into either Ragl ™/~ or Ragl™/~ x mPGES-
17/~ recipients. Recipient mice lacking mPGES-1 developed
colitis faster, lost more weight, and displayed more overall cell
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FIGURE 2 | mPGES—1—_deﬁciency in T effector cells protects against colitis. (A) Weight loss in Rag1 —/= mice that received transfer of 1 x 106
CD4+CD25-CD45RBN T cells (Teff) from WT or mPGES-1~/~ donors. The dashed lines correspond to mice that received WT Teff and WT or mPGES-1~/~
CD41CD25% (Treg) co-transfers. (B) Colon pathology scores from cohorts receiving transfers of WT or mPGES-1 ~/~ Teff cells. Flow cytometry analysis of the (C)
mesenteric lymph nodes (MLN) and (D) colon lamina propria (cLP) CD4 T populations at the end of the experiment (week 10), with representative dot plots indicating
intracellular expression of RORyt and FoxP3 and graphs below indicating summarized results from 4 experiments. ** indicates a significant difference with P < 0.05
using a two-tailed heteroscedastic Student’s T-test between the WT and mPGES-1 ~/= Teff donor groups.

infiltration and neutrophilic content (Figures 5A,B). Analysis of
the mLN and cLP of colitic mice revealed that absence of non-
lymphoid mPGES-1 impaired the generation of CD4 " FoxP3™
T cells in both tissues (Figures 5C-E), but more strikingly in

the mLN where CD41FoxP3™" T cell proportions and numbers
were markedly decreased. The proportion of CD4TRORyt™ cells
was also significantly reduced in absence of mPGES-1 in the
mLN. However, in the cLP, total CD4" and RORyt"CD4*
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FIGURE 3 | Deficiency in CD4-intrinsic mPGES-1 impairs Teff CD4T cell expansion but enhances Treg localization and RORyt expression in the colonic lamina
propria. (A,B) Rag1 =/ recipient mice received a co-transfer of a 1:1 mix of CD45.11 WT (blue) and CD45.2T mPGES-1 -/ (red) Teff cells. Flow cytometric analysis
of the (A) mLN and (B) cLP CD4* populations, with representative dot plots indicating intracellular expression of CD45.1 or CD45.2 congenic marker expression
together with RORyt. In the cLP plot (B), the shaded box indicates a unique RORyth‘ population of MPGES-1 deficient cells in the cLP. Graphs on the right indicate
the proportions and total numbers for each group. (C) Co-transfer of either CD45.1+ WT Treg with CD45.2+ mPGES-1~/~ Teff cells or CD45.2+ mPGES-1—~/~
Treg cells with CD45.11 WT Teff into Rag1~/~ recipients. Transfers were always performed with a 2:1 Teff:Treg ratio. In the cLP, mPGES-1~/~ CD4" T cells are able
to acquire higher RORyt expression than WT cells (shaded boxes). These CD4+ RORythi cells arise from both mPGES-1~/~ Teff cells and mature Treg cells. Graphs

ANOVA with Welch’s correction.

on the bottom show the proportions of WT or mPGES-1~/~ Treg cells that are either RORyt~ or RORyt™ in the mLN or the cLP. **P < 0.05 using in a one-way

cells numbers were increased in the mPGES-1-deficient Ragl ~/~
mice. Additionally, CD4* cells from the cLP of Ragl™/~ x
mPGES-17/~ recipients were found to form more densely
aggregated foci than in Ragl™/~ recipients (Figure 5E). We
conclude that deficiency of mPGES-1 in non-lymphoid tissues
enhances colitis by reducing the generation of CD4"FoxP3" T
cells in the mLN and increasing pathogenic CD4" T cells in
the cLP. These data suggest that paracrine mPGES-1-derived
PGE,; may help to limit immune-mediated colitis by facilitating
generation of Tregs in mLN and reducing pathogenic T cells in
the cLP.

PGE> Controls Phosphorylation of STAT3 in

Colon CD4* Cells During Colitis

We have previously described that PGE,; can diminish
phosphorylation of STAT3 during Thl7 polarization (13).
This led us to hypothesize that phosphorylation of STAT3 in

colonic T cells could be altered by local PGE,. We quantified
the numbers of pSTAT3™ cells in colon samples of our previous
experiments to determine the relative contribution of either
PGE, signaling through EP4 (EP44CP4 group 2) or host
non-lymphoid mPGES-1-mediated PGE, (Ragl™/~ x mPGES-
17/~ recipients, group 3). We focused on these groups as they
displayed the biggest differences when compared to a standard
colon pathogenic response induced by WT Teft (group 1).

We first validated the quantification of different T cell
populations by microscopy and computational analysis in
whole colon tissue samples (Figures 6A,B). The percentages of
CD3et cells, as well as the CD3etFoxP3T, and CD3e"RORyt™
subsets, were consistent with the previous data observed by
flow cytometry analysis of the cLP. Thus, the percentage of
CD3et cells was lowest when EP4 null cells were used as
donor Teff and was highest when recipient mice were deficient
in mPGES-1 (Figure 6A). Additionally, there were significantly
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FIGURE 4 | EP4 deficient CD4™T T effector cells have severely blunted colitogenic potential due to impaired proliferative capacity. (A) Weight loss in Rag1 =/~ mice
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FIGURE 5 | Paracrine mPGES-1-deficiency in non-lymphoid cells facilitates colitis by inhibiting generation of CD4FFoxP3* cells. (A) Weight loss in Rag1 =/~ or
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lower CD3e*FoxP3™ cell percentages in mPGES-1-deficient
recipient mice compared to WT recipient mice, and lower
CD3etRORyt™ percentages with EP4 deficiency transferred
Teff (Figure 6B). Of note, the percentages of CD3e™RORyt"
in the colon were not fully consistent when we compare the
flow cytometry data (Figures 4C, 5C) with the results obtained
with microscopy fluorescent quantification (Figure 6B). We
explain this discrepancy due to a combination of differences
in sample size (number of cells and coverage/colon), sample
preparation-antigen reactivity, and technique (microscopy vs.
flow cytometry). Co-expression of pSTAT3 was observed with
RORyt (Figure 6C, arrowheads), but it was almost fully absent
in FoxP3™ cells. Additionally, pSTAT3 expression was harder to
detect in absence of EP4 on transferred Teff cells (group 2) or in
absence of mPGES-1 in the recipient colon (group 3). We then
quantified pSTAT3 positivity within each of the different T cell
subsets that were previously evaluated in all the T cells present
in 10 combined sections per colon (Figure 6D). WT (group
1) CD4*RORyt™ and RORyt- showed similar proportions
of pSTAT3™ cells, while CD4"FoxP3* cells showed a very
reduced percentage comparatively (Figure 6D). Interestingly,
both lack of T cell intrinsic EP4 deficiency and mPGES-1-
derived PGE; in the recipient colon niche abrogated almost all
pSTAT3 in CD4T"RORyt™ and CD4"FoxP3™ cells (black and

white bars, Figure 6D). However, CD4TRORyt™FoxP3™ cells
exhibited different sensitivities to PGE,: Inability to detect PGE,
with EP4 decreased phosphorylation of STAT3 by more than
50% (group 2), while absence of paracrine PGE, more modestly
reduced pSTAT3 percentages (group 3) (gray bars, Figure 6D).
We conclude that upregulation of pSTAT3 in colonic T cells is
strongly influenced by PGE,, and abrogating either EP4 sensing
or paracrine PGE; production inhibits STAT3 phosphorylation.

DISCUSSION

This study is the first to demonstrate the divergent effects of
T cell-derived PGE, compared with non-lymphocyte-derived
PGE; on T cell phenotypes during colitis. Using a T cell
dependent model of colitis, we show that deficient production or
sensing of PGE; reduces the colitogenic potential of transferred
CD4™ T cells. Deficient production of PGE, due to deletion of
mPGES-1 in transferred T cells reduces colitis in association with
developing CD4™ cells expressing high levels of RORyt. Deficient
sensing by deletion of the EP4 receptor almost completely
abolishes clinical colitis likely due to reduced T cell proliferation
in the colonic lamina propria. In contrast, transfer of WT T
effector cells into recipient mice deficient in mPGES-1 results in
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a marked increase in colitogenesis. mPGES-1 deficiency in non-
lymphoid cells impairs the development of FoxP3™ cells in mLN
and increases infiltration of total CD4™ cells in the cLP. This
finding suggests that PGE, is required for proper development
of Th17 and Treg cells that restrain colitis.

PGE; has been classically regarded as a driver and perpetuator
of inflammation (2, 16, 35), but it is also clear that it has potent
protective roles (36). In the intestines, the COX1, COX2, and
mPGES-1 enzymes control PGE, levels, but they differ in their
tissue expression pattern. Indeed, indiscriminate inhibition of
COX enzymatic activity with piroxicam accelerates colitis in
both IL10~/~ mice (37) and during transfer of CD4" cells
from IL10~/~ mice into Ragl/’ mice (38). However, the role of
mPGES-1 during intestinal inflammation has not been as deeply
studied. mPGES-1-deficient animals are partially protected from
dextran sulfate sodium (DSS)-induced colitis (35), and PGE,
treatment alleviates mucosal injury and induces EP4 expression
during DSS-induced colitis in WT mice (39). These data
suggest a protective role of mPGES-1-derived PGE, during
intestinal injuries, but the mechanisms describing how mPGES-
1 competence on tissue damaging cells like lymphocytes affects
colitis is unknown. In the current study we show that in absence
of inflammatory stimuli, nearly 50% of production of PGE,
in colon explants relies on mPGES-1 competence (Figure 1A).
Lymphocytes present in the colon contribute less dramatically to
this basal PGE; pool, but colons void of lymphocytes that also
lack mPGES-1 (Ragl_/ ~ x mPGES-1"/7) show further reduced
PGE, concentrations, indicating some synergy of environmental
mPGES-1 expression with lymphocytes. A significant proportion
of this basal PGE; can be inhibited by specifically inhibiting
COX-2 when either mPGES-1 and/or lymphocytes are present,
but not when colons lack both components.

Dysregulation of T cell activity during colitis leads to harmful
responses incapacitating Tregs at the same time that pathogenic
Th1 and Th17 responses are heightened (40, 41). The pathogenic
potential of Thl and Th17 cells actually depends on the colitis
model studied (42, 43), and it has recently been shown that
IENy production is necessary in Thl7 cells to cause colitis
(24). Indeed, although Th17 cells are generally associated with
a pro-inflammatory response in autoimmunity, IL-17A can
have very different effects during colitis (44, 45). The potential
protective function of Thl7-driven IL-17A in IBD is also
exemplified by the recent failure of mAb therapies that target
IL-17 such as secukinumab (46). In this study, we show that
T cell intrinsic mPGES-1 deficiency confers partial protection
from colitis development, and this is associated with increased
RORyt-expressing cells in the mLN and cLP (Figures 2C-E).
Additionally, mPGES-1 deficiency also impairs the capacity of
CD4™ Teff cells to more efficiently expand compared to WT
CD4™ Teff cells (Figures 3A,B). This aspect of T cell biology
contrasts with the lack of T cell-intrinsic mPGES-1 effect that
we recently found during a proinflammatory T cell responses
in a mouse model of collagen-induced arthritis (CIA) (13).
These differences are likely due to several factors related to the
characteristics of each model. Most of the T cell expansion in
a Rag-deficient mouse are due to homeostatic expansion that is
not controlled by Tregs, while the CIA model involves a more

moderate and antigen-specific and adjuvant-boosted expansion.
Furthermore, the T cell responses we observed in the CIA model
happened early on, while T cell homeostatic expansion in the
Rag-deficient model takes weeks to develop, and additionally,
the specific anatomical locations where expansion occurs are
very different (draining lymph nodes vs. lamina propria).
Interestingly, we found that the frequencies of CD4"FoxP3™ cells
were consistently reduced in the cLP compared to the mLN when
only Teff cells were transferred, while CD4TRORyt™" cells were
generally increased, as it would be expected by a preferential
microbiota-driven migration and expansion of Th17 cells in the
intestines. It is hence important to reflect on the fact that T cell
expansion can strongly vary due to the distinct inflammatory
conditions and microenvironment-imposed constraints, and
thus the impact of local concentrations of PGE, mediated by
mPGES-1 or other enzymes contributing to the PGE, pool can
also render different results.

Our results demonstrate the paradoxical finding that mPGES-
17/~ Teff cells are partially protective compared to WT Teff,
associated with an increase in CD4TRORyt™ cells (Figure 2),
while EP4~/~ Teff cells also exert a protective effect, but in this
case with a decrease in CD4TRORyt™ cells (Figure 4). Whether
the phenotype or the expansion of T cells are more affected by
PGE; and how this is related to colitis is a complex question.
PGE, sensing through EP4 controls in vivo expansion of the
total numbers of T cells. This is a straightforward result that
we interpret as related to T cell numbers regardless of their
phenotype. mPGES-1-mediated PGE, production has differing
effects depending on whether the source is autocrine, examined
here by transfer of mPGES-1-deficient Teff cells (Figures 2, 3),
or paracrine, examined here using Ragl and mPGES-1 double
deficient recipients of WT Teff cells (Figures 5, 6). Autocrine T
cell intrinsic PGE; production appears to control the balance of
T cell phenotypes while paracrine PGE; appears to be protective
of colitis and may facilitate development of Treg cells. Therefore,
depending on the specific inflammatory response and location,
PGE; can induce T cell expansion through EP4 but also control
intestinal damage by altering Th17 and Treg phenotypes. The
effect of PGE; on T cell phenotype is likely to be complex and
dependent on the overall inflammatory milieu. Our results also
point to the plastic nature of Th17 and Treg responses, and
how these classically defined phenotypes should be constantly
re-evaluated based on context.

mPGES1~/~ CD4" Teff and Treg cells can acquire higher
levels of RORyt expression exclusively in the cLP (Figures 3B,C),
a phenotype that was especially apparent when mPGES-1-
deficient Tregs were transferred (Figure 3C). It has previously
been shown that a proportion of intestinal FoxP3" Treg
cells co-express RORyt, and their presence is dependent on
intestinal microbiota (33, 47). The suppressive capacities of
CD4 " FoxP3TRORyt* cells have been reported to be superior
to their FoxP3TRORyt™ counterparts (32), and generally geared
toward controlling intestinal Th2 and Th17 responses (48, 49). It
is tempting to speculate that the RORyt™ cells we observed might
be responsible for the reduction in clinical colitis when mPGES-
1-deficient cells were transferred. STAT3 is necessary for the Th17
lineage to develop (48), and is also a master regulator of Treg
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and Th17 lineage commitment (50). STAT3 phosphorylation
mediates resistance of human T cells to regulatory T cell
suppression (51). We have previously reported that exogenous
addition of PGE; can downregulate pSTAT3 of CD4™" cells
during Th17 polarization in vitro (13). We now show that
during the late phases of induced colitis, phosphorylation of
STAT3 is present on nearly 20% of all cLP CD3*FoxP3~RORyt*
and CD3'FoxP3 RORyt™ cells (Figures 6C,D), while it is
barely expressed in CD3"FoxP31t RORyt™ regulatory T cells.
Moreover, ablation of mPGES-1 in recipient mice or EP4
expression in Teff cells dramatically reduced pSTAT3 signal
specifically in CD3"FoxP3~RORyt™ cells, while this reduction
was significant but more modest in the CD3"FoxP3~RORyt™
compartment. These data imply that the context of exposure
to different PGE; levels and signals is critically important for
phosphorylation of STAT3 in different T cell populations.

We have also identified that deficiency of paracrine mPGES1-
driven PGE, exacerbates T cell-driven colitis by selectively
decreasing CD41FoxP3™ cells in the mLN (Figure 5C), with
a concomitant increase of total number of CD4% infiltration
in the cLP (Figure 5D). Classical ex vivo suppression assays
with WT or mPGES-deficient Treg showed no difference in
suppression capacity (Figure S1) suggesting that effects of PGE,
are related to changes in differentiation to Treg or migration
to the colon. Additionally, no differences in disease progression
were found when comparing WT and mPGESI1-deficient Treg-
intrinsic suppressive capacity in vivo (Figure 2A, discontinuous
lines). The specific effects that we observed in mLN or cLP due to
mPGES]1-derived PGE, in recipient mice could be explained by
differences in gut tropism, which we are currently investigating.
In this regard, PGE; has been shown to inhibit the production
of retinoic acid by intestinal CD103" DCs and their capacity to
express CCR9 upon T cell priming (52).

Signaling through EP2 can induce proliferation and cytokine
secretion in Th17 cells (10), but human Th17 cells show specific
downregulation of EP2 expression through RORC-dependent
silencing (6). In the context of IBD, certain polymorphisms
have been found in patients with Crohn’s Disease that lead to
increased expression of EP4 (53). From all EPs, only EP4 is
critical to prevent mucosal damage in murine colitis induced with
DSS (5). EP4 signaling is also critical for in vitro generation of
Thl cells and for expansion of Th17 cells upon IL-23 exposure
(11), but surprisingly EP4 is downregulated during murine Th17
polarization in absence of IL-23 (13). Hemizigosity in EP4 during
T cell induced colitis in the adoptive T cell transfer colitis model
is partially protective, and also affects IFNy and IL2 production
by MLN CD4% cells (12). In our study we show that EP4
controls expansion of all phenotypes derived from Teff transfers
during colitis (Figure 4), and therefore EP4-deficiency confers
protection.

Th17 cell generation relies on sensing IL-23 signals generated
during intestinal inflammation (54), and IL-23 also restrains Treg
cells (55). PGE; can stimulate IL-23 production by DCs, myeloid
cells, and other cells present in the intestines (2, 10, 36). It is
hence possible that PGE, potentiates IL-23-mediated intestinal
inflammation through enhancing EP4-dependent pathogenic

CD4TRORyt™ responses, while in other instances and locations
(like the mLN) it can induce CD4"FoxP3™ cells that protect
from colitis development. However, Treg and Th17 cell lineage
commitment can display significant plasticity, a feature especially
patent in mucosal sites (24, 56, 57). In this context, PGE;
could act inducing shifts in T cell lineage commitment, either
directly on T cells or by altering the cytokine milieu generated
by surrounding APCs: PGE, could hence act in mature Tregs
by contributing to acquire FoxP3 expression in first place, but
also to gain RORyt expression on FoxP3™ cells. PGE, can also
inhibit IL-17A and induce IFNYy production in vitro during Th17
polarization (13), so a different effect of PGE; could be its impact
on promoting IFNY in effector T cells.

In summary, we provide evidence that supports both pro-
and anti-inflammatory effects of PGE; on T cells and colitis. We
show that PGE, can exert opposite effects on T cell colitogenicity
depending on the source of such PGE, and how it is sensed. Our
results imply that extreme caution should be considered when
using drugs that modulate PGE; production in a non-cell specific
manner, as they can have disparate net effects. Our research also
suggests that cell specificity and spatio-temporal considerations
of PGE; production within the colon can be exploited to promote
regulatory vs. pathogenic T cell function.
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Figure S1 | In vitro T reg suppression assays with WT and mPGES-1-deficient
Tregs Conventional CD4™ cells (Tconv, CD4+CD25™) were cocultured with either
WT or mPGES1-deficient Tregs (Treg, CD4TCD257) isolated and pooled from 3
different mice in the presence of plate bound anti-CD3e (0.5 mg/ml) and soluble
anti-CD28 (0.5 mg/ml) for 4 days in different Tconv:Treg ratios to address the Treg
suppressive capacities. (A) Representative histogram depicting a CFSE dilution
assay to evaluate Tconv proliferation in presence of either WT or
mPGES-1-deficient Treg cells (1:2 Tconv:Treg ratio) and Tconv alone. (B)
Summary of proliferating percentages at different Tconv:Treg ratios. Shown is one
of two representative experiments.
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