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Ecto-Nucleoside Triphosphate Diphosphohydrolase 7 Controls
Th17 Cell Responses through Regulation of Luminal ATP in
the Small Intestine
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Extracellular ATP is released from live cells in controlled conditions, as well as dying cells in inflammatory conditions, and,
thereby, regulates T cell responses, including Th17 cell induction. The level of extracellular ATP is closely regulated by ATP
hydrolyzing enzymes, such as ecto-nucleoside triphosphate diphosphohydrolases (ENTPDases). ENTPDasel/CD39, which is
expressed in immune cells, was shown to regulate immune responses by downregulating the ATP level. In this study, we analyzed
the immunomodulatory function of ENTPDase7, which is preferentially expressed in epithelial cells in the small intestine. The
targeted deletion of Entpd7 encoding ENTPDase7 in mice resulted in increased ATP levels in the small intestinal lumen. The
number of Th17 cells was selectively increased in the small intestinal lamina propria in Entpd7 '~ mice. Th17 cells were decreased
by oral administration of antibiotics or the ATP antagonist in Enfpd7 '~ mice, indicating that commensal microbiota-dependent
ATP release mediates the enhanced Th17 cell development in the small intestinal lamina propria of Entpd7 '~ mice. In accordance
with the increased number of small intestinal Th17 cells, Entpd7 ™'~ mice were resistant to oral infection with Citrobacter
rodentium. Entpd7~'~ mice suffered from severe experimental autoimmune encephalomyelitis, which was associated with in-
creased numbers of CD4" T cells producing both IL-17 and IFN-v. Taken together, these findings demonstrate that ENTPDase7

controls the luminal ATP level and, thereby, regulates Th17 cell development in the small intestine.
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tions via purinergic receptors in the nervous, vascular, and

immune system (1-3). In the immune system, the puri-
nergic receptors, such as P2X7 and P2Y2, recognize ATP that is
released from damaged and dying cells. P2X7-dependent sensing
of ATP leads to activation of the NALP3 inflammasome that
induces inflammation via production of IL-1B/IL-18 (4, 5). P2Y2
was shown to mediate recruitment of neutrophils and macro-
phages into inflammatory sites and clearance of apoptotic cells
by phagocytes (6-8). Thus, the innate immune system recognizes
extracellular ATP as danger signals to regulate inflammatory re-
sponses. In addition to ATP that is released from damaged cells,
ATP is released from intact cells under normal conditions and

l z xtracellular ATP was shown to modulate cellular func-
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modulates various immune-cellular functions, such as maturation
of dendritic cells (DCs) and activation of B and T cells (3, 9).
Recently, several reports indicated that ATP modulates mucosal
immune responses by influencing the function of intestinal epi-
thelial cells (ECs) and T cells (10-13). Extracellular ATP was also
shown to directly modulate T cell responses through P2X recep-
tors, leading to the induction of intestinal inflammation (14, 15).

Therefore, the level of extracellular ATP is closely regulated to
prevent uncontrolled ATP-mediated cellular responses by surface-
expressing enzymes that hydrolyze ATP, such as members of the
ecto-nucleoside triphosphate diphosphohydrolase (ENTPDase)
family, consisting of eight members (ENTPDase1-8) (16-18).
Among them, ENTPDasel (also known as CD39), which is highly
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expressed in immune cells, such as T cells, B cells, NK cells, DCs,
and monocytes/macrophages (19, 20), was shown to possess anti-
inflammatory activities through ATP hydrolysis. Indeed, severe
inflammation was induced in mice lacking ENTPDasel/CD39 in
several inflammatory models, including inflammatory bowel dis-
ease (21-24). Combinational activity of ENTPDases such as
CD39 with CD73 ecto-5'-nucleotidase, which hydrolyzes AMP to
adenosine, was also demonstrated in regulatory T cells and inte-
stinal ECs (11, 20, 25). Thus, the immune-modulatory functions of
ENTPDasel/CD39 have been well characterized. However, it re-
mains unclear whether other ENTPDase family members are in-
volved in the regulation of immune responses.

In this study, we analyzed the role of ENTPDase7, which was
selectively expressed in ECs in the small intestine. Deletion of
ENTPDase7 in mice resulted in increased ATP concentrations in the
small intestinal lumen and increased numbers of IL-17-producing
Th17 cells in the small intestinal lamina propria. Blockade of ATP
action decreased the number of Th17 cells in the small intestine of
ENTPDase7-deficient mice. In accordance with the increased Th17
cell number, ENTPDase7-deficient mice showed high resistance to
the intestinal pathogen Citrobacter rodentium. These findings dem-
onstrate that intestinal ECs participate in the regulation of Th17
cell responses by controlling intestinal ATP levels.

Materials and Methods
Real-time RT-PCR

RNA samples were prepared from various organs, epithelial layer, and lamina
propria of C57BL/6J mice (CLEA Japan) using TRIzol reagent (Invitrogen),
from single-cell suspensions using an RNeasy Mini Kit (QIAGEN), or from
laser-microdissected tissue sections using an RNeasy Micro Kit (QIAGEN).
Total RNA was reverse transcribed using Moloney murine leukemia
virus reverse transcriptase (Promega) and random primers (Toyobo) after
treatment with RQ1 DNase I (Promega). cDNA was analyzed by real-time
RT-PCR using GoTaq qPCR Master Mix (Promega) in an ABI 7300 real-
time PCR system (Applied Biosystems). Values were then normalized to the
expression of Gapdh, and the fold difference in expression relative to that
of Gapdh is shown. The following primer sets were used: Entpdl, 5'-
TGGTGCAGCAGTTAGAGGAATG-3" and 5'-CGCACCGATTTCATCT-
GTTTT-3'; Entpd7, 5'-CCCCTTTACATCCTCTGCAC-3' and 5'-GTC-
AAACTCCAACGGCAAAT-3"; Muc2, 5'-ACATCACCTGTCCCGACTT-
C-3" and 5'-GAGCAAGGGACTCTGGTCTG-3'; Krt7, 5'-ACGGCTGCT-
GAGAATGAGTT-3" and 5'-CGTGAAGGGTCTTGAGGAAG-3'; and
Gapdh, 5'-CCTCGTCCCGTAGACAAAATG-3' and 5'-TCTCCACTTT-
GCCACTGCAA-3'.

Isolation of epithelium and lamina propria

Intestines were opened longitudinally, washed to remove fecal content, and
incubated in PBS containing 30 mM EDTA for 5 min. Epithelial layer was
peeled off from intestines and used as epithelium. For isolation of lamina
propria, after removing the epithelial layer, fat tissue was also removed
from intestines.

Laser microdissection

The frozen sections (10 wm) of the small intestine were fixed with acetic
acid/ethyl alcohol (1:19) for 3 min, followed by H&E staining. Tissues
containing >100 goblet cells, absorptive enterocytes, and lamina propria
cells were collected by a laser microdissection device (DM6000B; Leica,
Tokyo, Japan).

Generation of Entpd7-deficient mice

The targeting vector was constructed by replacement of a 1.0-kb fragment
encoding the fourth and fifth exons of Entpd7 with a neomycin resistance
gene cassette, and a gene encoding HSV thymidine kinase driven by a
phosphoglycerate kinase promoter was inserted into the genomic fragment
for negative selection. After the targeting vector was transfected into V6.5
embryonic stem cells, G418 and ganciclovir double-resistant colonies were
selected and screened by PCR and Southern blot analysis. Homologous
recombinants were microinjected into blastocysts of C57BL/6 female
mice, and heterozygous F1 progeny mice were intercrossed to obtain
Entpd7-deficient mice. Entpd7-deficient mice and their wild-type litter-
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mates from these intercrosses were confirmed by Southern blot analysis
and Northern blot analysis and were used for experiments. Entpd7-defi-
cient mice were backcrossed onto C57BL/6 mice for at least four gen-
erations, and Entpd7-deficient mice and their wild-type littermates from
intercrosses of heterozygous mice were used for experiments. All animal
experiments were conducted in accordance with the guidelines of the
Animal Care and Use Committee of Osaka University.

Isolation of lymphocytes

To prepare single-cell suspensions from spleens, mesenteric lymph nodes
(MLNSs), and Peyer’s patches, the collected organs were ground between
glass slides, and the cells were passed through 40-um nylon meshes and
suspended in PBS. Splenocytes were treated with RBC lysis buffer (0.15 M
NH,4Cl, 1 mM KHCO;3, 0.1 mM EDTA) for 5 min before suspension. Naive
CD4" T cells were purified using a FACSAria system as CD4"CD25™
CD44"°“CD62L"" cells. For isolation of intraepithelial lymphocytes,
intestines were opened longitudinally, washed to remove fecal content, and
shaken in HBSS containing 5 mM EDTA for 20 min at 37°C. After fil-
tration through nylon mesh, the EC fraction was washed with RPMI 1640
containing 4% FBS, resuspended in 5 ml 40% Percoll (GE Healthcare),
and overlaid on 2.5 ml 80% Percoll in a 15-ml Falcon tube. Percoll-gra-
dient separation was performed by centrifugation at 780 X g for 20 min
at 25°C. The intraepithelial lymphocytes were collected at the interface of
the Percoll gradient and washed with RPMI 1640 containing 10% FBS. For
isolation of lamina propria lymphocytes, intestines were opened, washed to
remove fecal content, shaken in HBSS containing 5 mM EDTA for 20 min
at 37°C to remove ECs and fat tissue, cut into small pieces, and incubated
with RPMI 1640 containing 4% FBS, 1 mg/ml collagenase D (Roche), 0.5
mg/ml dispase (Invitrogen), and 40 pg/ml DNase I (Roche) for 1 h at 37°C
in a shaking water bath. The digested tissues were washed with HBSS
containing 5 mM EDTA and subjected to Percoll density—gradient cen-
trifugation as for isolation of intraepithelial lymphocytes. The lamina
propria lymphocytes were collected at the interface of the Percoll gradient
and washed with RPMI 1640 containing 10% FBS.

Intracellular cytokine staining

Intracellular expression of IL-17, IFN-y, and IL-10 in CD4" T cells was
analyzed using a Cytofix/Cytoperm Kit Plus (with GolgiStop; BD Bio-
sciences), according to the manufacturer’s instructions. In brief, lymphocytes
obtained from the intestinal lamina propria, spleens, MLNs, or Peyer’s
patches were incubated with 50 ng/ml PMA (Sigma), 5 pM calcium iono-
phore A23187 (Sigma), and GolgiStop at 37°C for 4 h. Surface staining was
performed with anti-CD4-PerCP/Cy5.5 (BioLegend) for 20 min at 4°C, the
cells were permeabilized with Cytofix/Cytoperm solution for 20 min at 4°C,
and intracellular cytokine staining was performed with anti-IL-17A-Alexa
Fluor 647 (BD Biosciences), anti—-IL-10-PE (BD Biosciences), and anti—
IFN-y-FITC (BioLegend) for 20 min. For intracellular staining of Foxp3,
cells were stained using the Foxp3 Staining Buffer set (eBiosciences).

Flow cytometry

The following Abs were used for flow cytometry: anti-CD4-PerCP/Cys5.5,
anti-CD8a—Pacific Blue, anti-CD3-FITC, anti-TCRvy3-PE, anti-TCRf-
FITC, anti-CD8B-Alexa Fluor 647, and anti-CD4-PE/Cy7 (all from
BioLegend); anti-B220-PE, anti-CD3-PE/Cy7, and anti-CD8a-PE (all
from BD Biosciences); and anti-TCRy3-FITC (eBioscience). Anti—
Foxp3—Alexa Fluor 647 (eBioscience) was also used, according to the
manufacturer’s instructions. Data were acquired using a FACSCanto II
(BD Biosciences) and analyzed using FlowJo software (Tree Star).

Establishment of small intestinal EC lines

H-2Kb-tsA58-transgenic mice (26) were backcrossed to C57BL/6 mice for
six generations. To establish the small intestinal EC lines from wild-type
and Entpd7~'~ mice, the mice were crossed with H-2Kb-tsA58—transgenic
mice. Small intestinal ECs were isolated, as previously described (27),
before incubation at 33°C. To confirm that they were intestinal ECs, a sin-
gle-cell suspension was prepared and cytospun onto the glass slides. After
fixation, the cells were incubated with polyclonal anti-cytokeratin Ab
(1:500; Dako) and then treated with a ChemMate EnVision kit (Dako).
DAB (Dako) was used as a chromogen. Images were taken using a BZ-9000
fluorescence microscope (Keyence).

Measurement of ATP

Feces from individual mice were collected, weighed, and gently suspended
in PBS containing 0.01% NaNj;. After centrifugation, the supernatants were
collected, and the levels of ATP were determined with a luciferin-
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luciferase assay using the ATP assay kit (Toyo Ink), according to the
manufacturer’s instructions. To analyze ATP levels in the small intestinal
tissues, the small intestine was isolated and cut into quarters longitudinally.
Each piece was weighed and lysed to measure ATP with a luciferin-
luciferase assay. To analyze ATP levels in the EC lines, single-cell sus-
pensions of the indicated cell lines were prepared. The cells were counted
and lysed to measure ATP with a luciferin-luciferase assay. For de-
termination of luminal ATP levels, the mice were fasted overnight and
anesthetized by i.p. injection with 350 wl 0.5% pentobarbital sodium
(Dainippon Sumitomo Pharma). The peritoneal cavity was opened, and the
small intestine was ligated with nylon threads at 1.5 and 4.5 cm distal from
the Treitz ligament (for the proximal region of the small intestine) or at 3
and 6 cm proximal from the ileum end (for the distal region of the small
intestine) to make a closed intestinal loop. A total of 300 ml PBS or 1.5
mM ATP solution was applied luminally with a 29-G needle. The luminal
fluid was recovered 15 min later using a 29-G needle and suspended in
PBS. After centrifugation, the supernatants were collected, and the levels
of ATP were determined with a luciferin-luciferase assay.

Measurement of NTP hydrolyzing activity

NTP (ATP, GTP, UTP, and CTP) hydrolyzing activity was measured in
crude membranes from wild-type and Entpd7 '~ small intestinal ECs, as
previously described (28). Briefly, ECs were homogenized; after removing
nuclei, the crude membrane fraction was separated from the cytosol by
centrifugation at 100,000 X g for 30 min. To assay NTP hydrolyzing
activity, the membrane fraction containing 10 pg total protein was sus-
pended in reaction buffer (20 mM HEPES [pH 7.4], 120 mM NaCl, 5 mM
KCl, 0.2 mM EDTA, 1 mM NaNj, and 0.5 mM Na;VO,, with or without 5
mM CaCl,). After incubation for 5 min at 37°C, 5 pl the reaction buffer
containing 10 mM NTP was added and incubated for 30 min. NTP hy-
drolyzing activity was determined by measuring the inorganic phosphate,
as described previously (28).

In vitro naive T cell differentiation

Naive T cells were grown for 4 d at 5 X 10° cells/ml with plate-bound anti-CD3
(2 mg/ml) in DMEM supplemented with 10% FBS, penicillin, and strepto-
mycin under Th17-polarizing conditions (2 ng/ml TGF-$, 20 ng/ml IL-6,
5 pg/ml anti-IFN-y, 5 pg/ml anti-IL-4) or ThO conditions (5 wg/ml anti—
IFN-vy, 5 pg/ml anti-IL-4). Then, cells were incubated with 50 ng/ml PMA
(Sigma), 5 uM calcium ionophore A23187 (Sigma), and GolgiStop at 37°C
for 4 h for flow cytometry analysis.

Treatment with antibiotics

Mice were given a combination of antibiotics containing 500 pg/ml van-
comycin (Wako), 1 mg/ml metronidazole, 1 mg/ml ampicillin, and 1 mg/
ml neomycin sulfate (all from Nacalai Tesque) in drinking water from birth
for 8 wk prior to flow cytometric analysis of the small intestinal lamina
propria CD4" lymphocytes.

Isolation of bacterial DNA

The isolation of bacterial DNA was performed as previously described (29),
with some modifications. Briefly, small intestines isolated from littermate
mice at 10 wk of age were opened longitudinally, and intestinal contents
were collected. Intestinal tissues were washed three times with PBS for
10 s to remove the mucus layer. To collect epithelium-associated bacteria,
tissues were further treated by vigorous hand shaking three times for 20 s
in PBS containing 0.5% Tween 20 (30). After centrifuging, pellets were
suspended in 500 wl TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8]).
Glass beads and extraction buffer containing TE-saturated phenol and
NaDodSO, solutions were added to the suspension. The mixture was shaken
vigorously on a FastPrep FP100 A (BIO 101); this step was repeated after
incubation for 10 min at 65°C. After centrifugation, bacterial DNA was
precipitated with isopropanol, washed with 70% ethanol, and suspended in
50 pl TE buffer.

Quantitative real-time PCR amplification of 16S rRNA gene
sequences

For quantitative analysis of specific bacterial groups in the luminal contents
and epithelial layer of the small intestine, quantitative real-time PCR was
performed using a LightCycler 480 II (Roche). Bacterial 16S rRNA genes
extracted from luminal contents and epithelial surfaces were amplified by
bacterial group—specific primers: all bacteria, 5'-ACTCCTACGGGAGG-
CAGCAGT-3" and 5'-ATTACCGCGGCTGCTGGC-3'; Lactobacillaceae,
5'-AGCAGTAGGGAATCTTCCA-3" and 5'-CACCGCTACACATGGAG-
3’; segmented filamentous bacteria (SFB), 5'-GACGCTGAGGCATGA-

GAGCAT-3" and 5'-GACGGCACGGATTGTTATTCA-3'; Bacteroides,
5'-GGTTCTGAGAGGAAGGTCCC-3" and 5'-GCTGCCTCCCGTAG-
GAGT-3’; and Clostridiales, 5'-ACTCCTACGGGAGGCAGC-3’ and 5'-
GCTTCTTAGTCAGGTACCGTCAT-3" (31, 32). All reactions were per-
formed in 20 pl using SYBR Green I Master Mix (Roche). Absolute
numbers of bacterial 16S rRNA gene copies were determined from stan-
dard curves constructed by quantitative PCR of reference plasmids, in-
cluding 16S rRNA genes isolated from Lactobacillus johnsonii, a type
strain of Lactobacillus obtained from Japan Collection of Microorganisms
(JCM No. 2012), murine intestinal Bacteroides, Clostridium, and SFB.

Treatment with oxidized ATP

Mice were given 100 pl 6 mM oxidized ATP (0ATP; ATP periodate oxi-
dized sodium salt; Sigma) i.v. daily for 2 wk prior to flow cytometric
analysis of the small intestinal lamina propria CD4" lymphocytes.

C. rodentium infection

C. rodentium (NBRC 105723T) was cultured in Luria—Bertani broth at
37°C for 16 h. Wild-type and Entpd7-deficient mice were infected orally
with 2 X 10° C. rodentium in a total volume of 200 wl/mouse. Survival of
infected mice was monitored. At 14 d after the infection, spleens were
isolated, weighed, and homogenized. Serial dilutions of the homogenates
with saline were spread onto MacConkey agar (Merck). After incubation at
37°C for 16 h, the colonies of the appropriate dilutions were counted, and
the CFU of bacteria per gram of tissues was calculated. C. rodentium
colonies were identified as pink colonies.

Experimental autoimmune encephalomyelitis induction in mice

For the induction of experimental autoimmune encephalomyelitis (EAE),
mice were immunized s.c. with 100 wg myelin oligodendrocyte glyco-
protein (MOG)35_55 (Biologica) in 100 wl CFA (Difco) divided among four
sites, two on each hind flank. Then, the mice received 250 ng Bordetella
pertussis toxin (List Biological Laboratories) i.p. on days O and 2. The
CNS, especially the whole brain and spinal cord, was harvested 17 d after
challenge, cut into pieces, and incubated in DMEM containing 2.5 mg/ml
collagenase D (Roche) and 1 mg/ml DNase I (Roche) for 20 min at 37°C
in a shaking water bath. The digested tissues were resuspended in 5 ml
37% Percoll (GE Healthcare) and then overlaid on 2.5 ml 70% Percoll in
a 15-ml tube. Percoll-gradient separation was performed by centrifugation
at 500 X g for 20 min at room temperature. Lymphocytes were collected
at the Percoll gradient interface and washed with RPMI 1640 containing
10% FBS. Mice were assigned scores of 1 to 5 as follows: 0, no clinical
signs of EAE; 1, paralyzed tail; 2, loss of coordinated movement; 3, both
hind limbs paralyzed; 4, forelimbs paralyzed; and 5, moribund.

Statistical analysis

Differences between control and experimental groups were evaluated by
the Student ¢ test.

Results

Selective expression of Entpd7 in small intestinal epithelia

ENTPDasel/CD39 encoded by Entpdl was shown to modulate
inflammatory responses in addition to thrombopoiesis (24, 33, 34).
Because the ENTPDase family consists of eight members, we
analyzed tissue expression of Entpd gene family members. Entpd]
was preferentially expressed in lymphoid organs, such as the
spleen and lymph nodes (Fig. 1A). Of the other Entpd genes, we
focused on those that showed selective tissue-expression patterns.
Entpd7 was highly expressed in the small intestine (Fig. 1B). The
highest Entpd7 expression was observed in the proximal region of
the small intestine, and its expression gradually decreased as the
small intestines descended (Fig. 1C). We then analyzed expression
of Entpd7 in the epithelial layers and lamina propria of the small
intestine (Fig. 1D). Entpd7 was predominantly expressed in the
ECs of the small intestine. We further analyzed which types of
intestinal ECs (i.e., goblet cells or absorptive enterocytes) highly
expressed Entpd7. Goblet cell-enriched, absorptive enterocyte-
enriched, and lamina propria cell-enriched regions were isolated
by laser microdissection, and expression of Entpd7 was analyzed
(Fig. 1E). Entpd7 was highly expressed in absorptive enterocytes,
as well as goblet cells characterized by high expression of Muc?2.
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Thus, Entpd7 is highly expressed in all types of ECs of the small
intestine. Expression of Entpd7 in the small intestine was not al-
tered in mice treated with oral antibiotics, indicating that Enptd7
expression is not influenced by microbiota (Fig. 1F).

To assess the physiological function of ENTPDase7 encoded by
Entpd7, we generated Entpd7 '~ mice by gene targeting (Sup-
plemental Fig. 1A, 1B). Entpd7 '~ mice were born at the normal
Mendelian ratios and grew healthily until 16 wk of age (Supple-
mental Fig. 1C). Normal lymphocyte development was observed
in Entpd7 '~ mice (Supplemental Fig. 1D). The composition of
lymphocytes in the small and large intestine was not altered in
Entpd7~'~ mice (Supplemental Fig. 2).

Elevated ATP level in the small intestinal lumen of Entpd7 '~
mice

Because ENTPDase is an enzyme that hydrolyzes nucleoside tri-
phosphates, and Entpd7 was selectively expressed in the small
intestinal epithelia, we analyzed concentrations of ATP in the in-
testine. First, the small intestines were cut into four regions, and
their lysates were analyzed for ATP concentration (Fig. 2A). The

ATP level was not dramatically altered in any region of the small
intestinal tissues between wild-type and Enipd7 '~ mice. Because
Entpd7 is highly expressed in ECs of the small intestine, we
established intestinal EC lines from wild-type and Entpd7 '~ mice
using transgenic mice harboring a temperature-sensitive mutation
of the SV40 large tumor Ag gene under the control of an IFN-y—
inducible H-2K® promoter element to analyze ATP levels in the
ECs (26, 35, 36). ECs from wild-type and Entpd7 '~ mice
expressed keratin proteins equally as well as Krt7 mRNA, in-
dicating that these cells are ECs (Supplemental Fig. 3). Entpd7 was
highly expressed in wild-type ECs but not in Entpd7 '~ ECs
(Supplemental Fig. 3). Intracellular ATP levels were not altered
between wild-type and Entpd7 '~ ECs (Fig. 2B). Fecal concen-
trations of ATP were not different in Enspd7 '~ mice compared
with wild-type mice (Fig. 2C). However, ATP levels in the luminal
contents of the small intestine were substantially increased in
Entpd7~"~ mice (Fig. 2D). We then created a ligated intestinal loop
model to analyze alterations in luminal ATP levels. The proximal
regions of the small intestine were ligated to make a loop in wild-
type and Entpd7 '~ mice. Then, ATP or PBS was injected into the
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in (A). Data are representative of three independent
experiments and represent mean + SD of five mice. (D)
Wild-type and Entpd7~'~ mice were anesthetized,
peritoneal cavities were opened, and the small intestine

was ligated at 1.5 and 4.5 cm distal from the Treitz
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loop, and ATP levels were analyzed in the luminal contents 15 min
later. ATP injection increased luminal ATP levels in wild-type and
Entpd77/ ~ mice (Fig. 2E). There was a 10-fold increase observed
in ATP-treated wild-type mice. In contrast, the ATP level was in-
creased by >1000-fold in the luminal contents of Enfpd7 '~ mice
(Fig. 2F). Thus, Entpd7 '~ mice show an increased level of luminal
ATP, possibly resulting from a serious defect in ATP-clearance
activity in the small intestinal lumen. We then measured NTP
(ATP, GTP, UTP, and CTP) hydrolyzing activity in membrane
preparations of ECs (Fig. 2G). ATP was hydrolyzed most efficiently
by the EC membrane fraction of wild-type mice. In addition, the
ATP-hydrolyzing activity was severely impaired in the EC mem-
brane fraction of Entpd7_/_ mice. Thus, small intestinal ECs,
which highly express ENTPDase7, have the ability to hydrolyze
ATP. These findings indicate that ENTPDase7 is required for the
maintenance of ATP levels in the small intestinal lumen.

Increased number of Thl7 cells in the small intestinal lamina
propria in Entpd7~"" mice

A previous study showed that luminal ATP in the intestine
mediates Th17 cell development (10). In addition, extracellular
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ATP was shown to induce Th17 cell development via the in-
hibition of regulatory T cell functions (15). Therefore, we an-
alyzed the number of CD4" T cells expressing IL-17, IFN-vy,
IL-10, and Foxp3 in the lamina propria of the small and large
intestines. The numbers of IL-17—, IFN-y—, IL-10-, and Foxp3-
expressing CD4™ T cells were not altered in the large intestinal
lamina propria of Entpd7 '~ mice (Fig. 3A, 3C). In contrast,
the number of IL-17-producing CD4* T cells in the small in-
testinal lamina propria was markedly increased in Entpd7 '~
mice compared with wild-type mice, although the numbers of
IFN-vy*, IL-10*, and Foxp3™ T cells were not affected (Fig. 3B,
3C). The number of IL-17-producing CD4* T cells was not
increased in other lymphoid organs, such as the spleen, MLNSs,
and Peyer’s patches of Entpd7 '~ mice (Supplemental Fig. 4).
Thus, Entpd7 '~ mice showed elevation of Th17 cells in the
small intestinal lamina propria. Consistent with Entpd7-ex-
pression patterns in the small intestine, the level of luminal
ATP was higher in the distal region than in the proximal region
of the small intestine of wild-type mice (Fig. 3D); accordingly,
the number of IL-17-producing CD4™ T cells was higher in the
distal region (Fig. 3E).
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FIGURE 3. Enhanced Th17 cell development in the
small intestine of Entpd77/7 mice. (A and B) The
lamina propria lymphocytes were isolated from wild-
type and Entpd7 '~ mice, stimulated, permeabilized,

W

stained for IL-17/IFN-y/IL-10, and analyzed by flow

cytometry. Percentages and total numbers of IL-17-,
IFN-y—, and IL-10-producing, as well as Foxp* CD4",
cells in the large intestinal (A) and the small intestinal
(B) lamina propria. Data are mean + SD of four mice.
(C) Representative FACS dot plots gated on intestinal
lamina propria CD4* cells of wild-type and Entpd7 '~
mice. (D) The level of luminal ATP in the small in-
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measured. Data are representative of three independent
experiments and represent mean + SD of four mice. (E)
The numbers of IL-17-producing CD4" cells in the
small intestine. The small intestinal lamina propria
lymphocytes were isolated from proximal and distal
portions of small intestine of wild-type mice and an-
alyzed for production of IL-17 from CD4* T cells by
flow cytometry. Representative FACS dot plots gated
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Commensal microbiota-dependent, ATP-dependent increase in
Thl7 cells in Entpd7 "~ mice

We analyzed whether increased Th17 cell development in the small
intestine was intrinsic to the T cell itself or caused by extrinsic
environmental factors. We first induced in vitro differentiation of
splenic naive CD4" T cells into Th17 cells. Naive CD4" T cells
were cultured in Th17 cell-skewing conditions and analyzed for
IL-17 production (Fig. 4A). In vitro—differentiated CD4" T cells
from wild-type and Entpd7 '~ mice produced almost equal
amounts of IL-17, indicating that Entpd7 '~ T cells were not
intrinsically programmed to preferentially differentiate into Th17
cells. We then treated Entpd7 '~ mice orally with combinations of
four antibiotics (i.e., vancomycin, streptomycin, metronidazole,
and ampicillin) from birth (Fig. 4B). In antibiotic-treated wild-type
and Entpd7 '~ mice, the number of IL-17—producing T cells, as
well as IFN-y— and IL-10-producing T cells, in the small in-
testinal lamina propria was dramatically reduced. These findings
indicate that the augmentation of Th17 cells in Entpd7 '~ mice
was caused by altered environmental factors influenced by com-
mensal microbiota. Recent data demonstrate that a specific micro-
biota, such as SFB, induces Th17 cell differentiation in the small
intestine (37, 38). Therefore, we analyzed the number of in-
testinal bacteria in the luminal contents and epithelial layers of
the small intestine of wild-type and Entpd7 '~ mice (Fig. 4C).

small intestine

The number of intestinal bacteria was not altered in Entpd7 '~
mice, indicating that Entpd7 deficiency did not cause alteration
of microbiota.

Because commensal microbiota were shown to influence luminal
ATP level (10), we analyzed the effect of the blockade of ATP action.
0ATP, which antagonizes P2X receptors, was shown to be effective in
modulating T cell responses in mice, especially Th17 cell responses
(15). Therefore, Entpd7_/ " mice were treated with oATP; however,
the total number of CD4™ cells in the small intestinal lamina propria
was not altered (Fig. 5A). In accordance with the previous finding
that oATP inhibits T cell responses, such as cytokine production (14),
the number of IFN-y* and IL-10" CD4" T cells was moderately
reduced (Fig. 5B). Notably, the number of IL-17-producing CD4*
T cells was severely reduced in oATP-treated Entpd7 '~ mice (Fig.
5C, 5D). In an intestinal inflammation model of immunocompro-
mised Cd3e™"™ mice transferred with conventional T cells, oATP
treatment increased the number of Foxp3™ CD4" T cells in MLNs of
the diseased mice (14). However, Entpd7_/_ mice treated with oATP
did not show any increase in the number of Foxp3* T cells in MLNs
or the small intestinal lamina propria (Fig. SE). Thus, the ATP an-
tagonist severely decreased Th17 cells and moderately reduced
IFN-vy— and IL-10-producing T cells. These findings indicate that the
increased ATP level is responsible for enhanced Th17 cell develop-
ment in the small intestine of Entpd7 '~ mice.
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FIGURE 4. Decreased number of Th17 cells in an-
tibiotic-treated Entpd7 '~ mice. (A) Splenic naive
CD4" T lymphocytes were cultured for 4 d under
Th17-polarizing conditions (TGF-@, IL-6, anti—-IFN-vy,
and anti—IL-4) or ThO conditions (anti—-IFN-y and anti—
IL-4). Then, lymphocytes were harvested, stimulated,
permeabilized, stained for IL-17 and IFN-vy, and ana-
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Resistance to intestinal C. rodentium infection in Entpd7 "~
mice

A previous study showed that development of Th17 cells in the
small intestine provides the resistance to oral infection with C.
rodentium (38). Therefore, we orally infected wild-type and
Entpd7~'~ mice with C. rodentium. The CFU titers of bacteria in
the spleen were measured at day 14 after the infection (Fig. 6A,
6B). The number of spleens that was invaded with C. rodentium
was dramatically decreased in Entpd7 '~ mice. Accordingly,
Entpd7 '~ mice had decreased numbers of C. rodentium in the
spleen compared with wild-type mice. In addition, although some
wild-type mice died after the oral C. rodentium infection, none of
the Entpd7 '~ mice died (Fig. 6C). Thus, Entpd7 '~ mice are
resistant to the intestinal bacterium C. rodentium.

Deteriorated EAE in Entpd7 ™'~ mice

Enhanced Th17 responses are implicated in the development of
several immune disorders, including EAE (39). Th17 cells, which
develop in the small intestine, were also shown to induce in-
flammation in extraintestinal tissues, such as arthritis in the ankle
joints (40). Furthermore, commensal microbiota were shown to be
involved in the pathogenesis of EAE (41). Therefore, we used
a MOG peptide—induced model of EAE in Entpd7 '~ mice to
determine the effect of ENTPDase7-mediated regulation of in-

” Epithelial layer O wild-type

W Entpd7-

testinal Th17 cells in inflammatory conditions in vivo. As shown
in Fig. 7A, s.c. immunization of wild-type mice with the MOG
peptide, together with pertussis toxin, induced encephalomyelitis
associated with rapidly ascending paralysis appearing at approx-
imately day 10-12. MOG peptide—immunized Entpd7 '~ mice
showed more severe clinical symptoms. We then analyzed cyto-
kine production from CD4* T cells infiltrated into the CNS of the
diseased mice (Fig. 7B). In wild-type and Entpd7~'~ mice, infil-
tration of IL-17- and IFN-y—producing CD4* T cells, as well as
IL-17/IFN-y double-producing cells, was observed. IL-17/IFN-y
double-producing CD4* cells increased markedly in Entpd7 '~
mice compared with diseased wild-type mice. Thus, in the ab-
sence of Entpd7, severe EAE developed that was accompanied by
an increased infiltration of CD4™ T cells producing both IL-17 and
IFN-v.

Discussion

In the current study, we analyzed the physiological function of
ENTPDase7, which is preferentially expressed in ECs of the small
intestine. ENTPDase7 deficiency in mice led to increased ATP
levels in the small intestinal lumen, indicating that ENTPDase7 is
responsible for the maintenance of luminal ATP levels. The number
of IL-17—producing Th17 cells in the small intestinal lamina
propria was increased in Entpd7 '~ mice. The number of Th17
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cells was decreased in Entpd7 '~ mice in the absence of com-
mensal microbiota or after ATP antagonist treatment. Entpd7 '~
mice were resistant to infection with C. rodentium, against which
Th17-related cytokines play a major role.

A previous report indicated that human ENTPDase7 is expressed
in the membrane of intracellular compartments (28). The intra-
cellular ATP level, which was analyzed using total-cell lysates,
was not altered in Entpd7 '~ ECs. However, given that the ATP
concentration in the cytoplasm is >1 mM, whereas the ATP
concentration in the extracellular compartment is usually <10
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FIGURE 6. Resistance to intestinal C. rodentium infection in Entpd7 '~
mice. (A-C) Wild-type (n = 19) and Entpd7_/_ (n = 19) mice were
infected orally with C. rodentium. (A) Detection rate of C. rodentium in the
spleen on day 14. The pooled data of two independent experiments are
shown. (B) Log;o CFU of C. rodentium in spleens. (C) Survival rate of the
mice at the indicated time points. The pooled data of two independent
experiments are shown. **p < 0.01.

nM, ATP levels within the ENTPDase7-expressing cellular vesi-
cles of ECs would be increased in the absence of ENTPDase7.
Indeed, the membrane fraction of intestinal ECs had an enzymatic
activity to hydrolyze ATP, and its activity was decreased in the
absence of Entpd7. Because Entpd7 was highly expressed in
goblet cells, as well as absorptive ECs, it is possible that Entpd7 is
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FIGURE 7. Severe EAE in Entpd7 '~ mice. (A) Wild-type (n = 10) and
Entpd77/ ~ (n=11) mice were immunized with 100 pg MOG3s5_s5 peptide in
CFA; 100 ng of pertussis toxin was injected i.p. on days 0 and 2. The mean
clinical score was calculated by averaging the scores of the mice in each
group. Data are mean = SEM at each time point. Experiments were per-
formed twice with similar results. *p < 0.05. (B) Representative FACS dot
plots gated on CD4™ cells of the CNS in the indicated mice at day 17 after
EAE induction (left and middle panels). CNS lymphocytes were isolated
from wild-type and Entpd7 '~ mice 17 d after EAE induction and analyzed
for the production of IFN-y and IL-17 from CD4" T cells by flow cytometry
(right panel). Data are representative of five mice analyzed. **p < 0.05.
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expressed in the membrane of mucin-containing vacuoles of
goblet cells to control ATP levels in the vacuole. Given that goblet
cells of the airway were shown to secrete ATP, as well as mucin
(42), intestinal goblet cells might be a major source of luminal
ATP, the level of which is closely regulated by ENTPDase7.

Human ENTPDase7 was shown to preferentially hydrolyze
UTP, GTP, and CTP rather than ATP (28). However, the mem-
brane fraction of mouse intestinal ECs effectively hydrolyzed ATP,
and its activity was impaired by Entpd7 deficiency. Thus, mouse
ENTPDase7, unlike human ENTPDase7, effectively hydrolyzes
ATP. Indeed, apparent differences in amino acid sequences are ob-
served in a domain between the second and third apyrase-conserved
regions, supporting that mouse and human ENTPDase7 have dif-
ferent substrate affinities.

Luminal ATP is supposed to be derived from ECs, as discussed
above. In addition, commensal microbiota are a source of luminal
ATP (10). In this regard, commensal microbiota, especially SFB,
mediate Th17 cell development in the small intestine, possibly
through ATP-independent mechanisms (37, 43). Therefore, in the
small intestine, luminal ATP may mediate Th17 cell development
cooperatively with Th17-inducing commensal microbiota. There
is controversy as to how luminal ATP is sensed and induces Th17
development. Intestinal CX3CR1* DCs were shown to extrude
their dendrites into the lumen to sample intestinal Ags (44, 45).
These intestinal DCs might sense luminal ATP via purinergic
receptors. Alternatively, as reported in several studies, ECs sense
extracellular ATP (11, 25, 46). Therefore, intestinal ECs trigger
inflammatory responses to activate T cell development via ATP
sensing. Indeed, intestinal ECs were shown to control DC func-
tions (47).

C. rodentium is an enteric bacterium that colonizes the intestine
of mice postinfection. Clearance of C. rodentium is shown to be
dependent on Thl7-related cytokines, such as IL-17 and IL-22
(48, 49). Data showing that mice lacking IL-23, a critical cy-
tokine for Th17 cell development, are highly susceptible to
C. rodentium infection also indicate that Th17-related cytokines are
critical for the resistance to intestinal C. rodentium infection (50).
Consistent with these facts, Entpd7_/ ~ mice showing an increased
number of Th17 cells in the small intestine are highly resistant to
intestinal infection with C. rodentium. 1L-22 and IL-17, which in-
duce production of antibacterial peptides (REGIIly and 3-defen-
sins) from intestinal ECs (48, 51), are produced from other cell
populations, such as innate lymphoid cells and y3T cells (52, 53).
Therefore, Th17 cells, together with an innate type of IL-17—pro-
ducing cells, contribute to intestinal pathogens.

In an EAE model, CD4" T cells producing both IL-17 and IFN-
v are observed in the CNS (54-56). It is still controversial whether
these IL-17/IFN-y double-producing T cells are Thl or Thl7
cells, but they do contribute to EAE pathogenesis (54). A study
using I123ra™"~ mice, which showed a reduced number of Th17
cells, as well as IL-17/IFN-y double-producing T cells and a
normal number of Thl cells, suggested that IL-17/IFN-y double-
producing T cells are derived from Th17 cells (57). Therefore,
increased numbers of IL-17/IFN-y double-producing T cells in the
CNS of Entpd7~'~ mice with EAE might be due to enhanced
Th17 responses.

It remains unclear how Th17 cells residing in the small intes-
tine mediate EAE. However, several lines of evidence indicate the
relevance between gut immune cells and immune disorders in
extraintestinal tissues: Th17 cells induced by SFB in the small
intestinal lamina propria were shown to be responsible for the
induction of autoimmune arthritis (40); alteration of the com-
mensal flora composition influences the severity of EAE (41); and
SFB-induced Th17 cells in the small intestine induce EAE (58).

Thus, intestinal effector T cells are responsible for the induction
of immune disorders in nongut tissues, including the CNS, and
our present study demonstrates that enhanced intestinal Th17
responses can induce severe inflammatory conditions in these
disease models.

In this study, we showed that an ENTPDase expressed by in-
testinal ECs regulates luminal ATP levels and, thereby, controls
intestinal immune responses. Another ENTPDase, ENTPDaseS8, is
selectively expressed by the ECs in the large intestine, as well as the
small intestine (T. Kusu and K. Takeda, unpublished observations).
Characterization of ENTPDase8 functions in terms of regulation
of intestinal immune responses will be an interesting issue to be
addressed in the future.
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