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Extracellular ATP mediates mast
cell-dependent intestinal inflammation
through P2X7 purinoceptors

Yosuke Kurashima'43, Takeaki Amiya'34, Tomonori Nochi!, Kumiko Fujisawa3, Takeshi Haraguchi®,
Hideo Iba®, Hiroko Tsutsui®, Shintaro Sato'3, Sachiko Nakajima’, Hideki lijima’, Masato Kubo8°,
Jun Kunisawa'# & Hiroshi Kiyono'234

Mast cells are known effector cells in allergic and inflammatory diseases, but their precise
roles in intestinal inflammation remain unknown. Here we show that activation of mast cells in
intestinal inflammation is mediated by ATP-reactive P2X7 purinoceptors. We find an increase
in the numbers of mast cells expressing P2X7 purinoceptors in the colons of mice with colitis
and of patients with Crohn's disease. Treatment of mice with a P2X7 purinoceptor-specific
antibody inhibits mast cell activation and subsequentintestinalinflammation. Similarly, intestinal
inflammation is ameliorated in mast cell-deficient KitW-sh/W-sh mice, and reconstitution with
wild-type, but not P2x7~/~ mast cells results in susceptibility to inflammation. ATP-P2X7
purinoceptor-mediated activation of mast cells not only induces inflammatory cytokines,
but also chemokines and leukotrienes, to recruit neutrophils and subsequently exacerbate
intestinal inflammation. These findings reveal the role of P2X7 purinoceptor-mediated mast
cell activation in both the initiation and exacerbation of intestinal inflammation.
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oth active and quiescent immunity occur simultaneously to
achieve immunological homoeostasis in the harshest of envi-
* ronments—namely, the intestine. Aberrantimmune responses
in the gut lead to the development of intestinal immune diseases
such as colitis and food allergies!?. Mast cells (MCs) are generally
recognized as major effector cells of type 1 allergic diseases, as well
as of inflammation, host defenses, innate and adaptive immune
responses and homoeostatic responses®~>. Histological analyses
of patients with, and murine models of, colitis have implicated the
involvement of MCs in intestinal inflammation®®, but the factors
responsible for MC activation are not fully understood.

Several lines of evidence have demonstrated that release of extra-
cellular ATP and ADP from injured, dying or activated cells acts
as a danger signal by modulating various cellular functions via the
activation of P2 purinoceptors”®. P2 purinoceptors comprise P2X
(P2X;.7) and P2Y receptors (P2Yy, 7, 4, ¢, 11-14)- P2X;_7 receptors
are ATP-gated jon channels and specific for ATP, whereas P2Y
receptors are G protein-coupled receptors that are specific for ADP,
UTP and ATP7S,

Stimulation by ATP or ADP through the P2 purinoceptors of
macrophages and dendritic cells (DCs) results in the production of
inflammatory cytokines; this can lead to the development of asthma,
contact hypersensitivity or graft-versus-host disease®11. MCs also
express several P2 purinoceptors and release histamine, cytokines
and chemokines upon nucleotide stimulation!?. Although MCs
are thought to be involved in intestinal inflammation, it is unclear
whether extracellular nucleotides are required for this process.

Here, we used a newly established anti-MC monoclonal anti-
body (mAb) to identify activated MCs and found that extracellular
ATP mediates MC activation through P2X7 purinoceptors to initi-
ate and amplify intestinal inflammation. Consequently, obstruction
of the ATP-P2X7 purinoceptor cascade could be used to inhibit gut
inflammatory diseases.

Results
Activated MCs in intestinal inflammation. Using a 2,4,6-
trinitrobenzene sulphonic acid (TNBS)-induced colitis model,
we first examined whether MCs were involved in intestinal
inflammation. To assess MC activation in vivo, we established an
mAb (clone: 5A9) specific for CD63, a marker of activated MCs?3,
We confirmed that our anti-CD63 mAb was reactive specifically to
MCs activated by immunoglobulin (Ig)E plus relevant allergen or
a calcium ionophore, and not to naive and CD63-knocked down
MCs (Supplementary Fig. S1). In the colons of TNBS-treated mice,
increased numbers of CD63*-activated MCs were noted until
day 3 post administration; the numbers then gradually decreased
and reached a basal level on day 6 (Fig. 1lab), indicating that
MC activation was associated with the initiation phase of colitis
development, as previously reported in a murine model and in
patients with inflammatory bowel disease®14. It has generally been
accepted that the mechanistic basis of ulcerative colitis (UC) and
Crohn’s disease (CD) are different. Indeed, the pathogenic cytokines
involved in the development of UC and CD are different? and the
genetic polymorphisms specific for UC and CD are also different!>.
In addition, the cytokines required for the development of MCs
differ between humans (stem cell factor) and mice [interleukin
(IL)-3 and stem cell factor]*, Thus, these different pathological
environments may have led to differences in the requirement for,
and involvement of, MCs in the development of inflammation.
Therefore, we analysed MC numbers in both UD and CD patients,
although we focused on the TNBS-induced colonic inflammation
model. We detected increased numbers of MCs in the colons of
patients with CD or UC (Fig. 1c,d). Thus, increased numbers of
MC:s in the colon is a characteristic of intestinal inflammation.

To directly show the involvement of MCs in the development of
intestinal inflammation, we used MC-deficient KitW-s"W-s" mice. We

confirmed that immunological and inflammatory symptoms induced
by TNBS treatment were identical in KitW-%* heterozygous and
Kit*/* homozygous mice; however, inflammatory symptoms, such
as body weight loss, massive inflammatory cell infiltration and colon
shortening, were restored in KitW-s"W-= mice but not in KitW-sh/+
heterozygous and Kit*/* homozygous mice (Fig. le-h). Similarly,
our histological and immunological analyses revealed that destruc-
tion of the colonic epithelial layer and infiltration by inflammatory
cells—especially neutrophils, which were stained neutral pink and
had lobulated nuclei,—were reduced in KitW-"W-sh mice (Fig. 1£h,1).
Moreover, inflammatory signs were ameliorated in KitWs"/W-sh mice
when we used other well-known inflammatory bowel disease mod-
els, such as the dextran sodium sulphate (DSS) colitis model (Fig.
2a-c). As the use of KitW-sWW-sh mice as an MC-deficient model is
controversial'®17, we also used the MC-specific enhancer-mediated
toxin receptor-mediated conditional cell knockout (TRECK) system
(Mas-TRECK mice)!8. We confirmed that specific depletion of MCs
ameliorated the inflammation in this DSS-induced colitis model
(Fig. 2d-h). Our data indicate that activated MCs participate in the
aggravation of intestinal inflammation.

Establishment of an inhibitory MC-specific mAb. IgE plus a
relevant allergen induces MC activation; however, Rag-1~/~ and
TerB~/~ 87/~ mice showed inflammatory responses comparable
to those in TNBS-induced intestinal inflammation (Supplementary
Fig. S2a~d) 19 and had increased numbers of CD63 * -activated MCs
in their colons (Supplementary Fig. S2e), suggesting that T and B
cells are not involved in MC activation during colitis. We also
found no increase in CD63 expression on MCs after stimulation
with IL-18 and IL-33, which are known to be involved in colitis
(Supplementary Fig, $2£)20:21,

We next tried to establish an anti-MC mAb that could ameliorate
activated MC-mediated intestinal inflammation. We immunized rats
with purified murine-activated colonic MCs, established hybrido-
mas, performed flow cytometry to select hybridomas that produced
mAbs that preferentially recognized colonic MCs and examined the
hybridomas’ ability to inhibit ovalbumin-induced food allergy?? or
TNBS-induced intestinal inflammation (Supplementary Fig. S3).
Among 2,000 clones, we obtained an anti-MC mAb (designated
clone 1F11; rat IgG2b) that was strongly reactive to colonic MCs
(Fig. 3a; Supplementary Fig. S3). In addition to colonic MCs, 1F11
mADb bound efficiently to peritoneal cavity-, lung- and bone marrow
(BM)-derived MCs, but not to skin MCs (Fig. 3a). When tested with
other immunocompetent cells in the colon, 1F11 mAb was weakly
reactive to some CD3* T cells, CD11c* DCs and F4/80* macro-
phages, but was not reactive to Gr-1* granulocytes, IgA™* plasma
cells or epithelial cells (ECs) (Fig. 3b).

To show the inhibitory function of 1F11 mAb in intestinal
inflammation, mice were given 1F11 mAb (0.5mgday~! in a single
dose) for 3 days, beginning 1 day before intrarectal administration
of TNBS. 1F11 mAb treatment reduced the intestinal inflammation
(Fig. 3c~g) and decreased the number of CD63 * -activated MCs in
1F11 mAb-treated mice (Fig. 3h).

Targeting P2X7 receptors reduces intestinal inflammation. Mass
spectrometry analyses of immunoprecipitants of MC cell lysates
with 1F11 mAb showed that the P2X7 purinoceptor is recognized
by 1F11 mAb (Supplementary Fig. S4a). The specificity of 1F11
mAb for the P2X7 purinoceptor was confirmed by its specific reac-
tivity to cells transfected with P2X7 receptors but not with other
types of P2X receptor (for example, P2X1 and P2X4; Supplemen-
tary Fig. $4b). MCs derived from P2x7~/~ mice, however, were not
recognized by 1F11 mAb (Supplementary Fig. S4c). Western blot
and flow cytometric analysis showed that, among the several vari-
ants of P2X7 purinoceptors?3, 1F11 mAb bound to variant a (full-
length; Supplementary Fig. S4d,e). In contrast, variant ¢ (possessing
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Figure 1| Role of activated intestinal MCs in the development of intestinal inflammation. (a) CD63 expression on colonic MCs was examined with
flow cytometry. Cells were gated on c-kit* and FceRla.* cells. (b) The percentage of CD63* MCs in all c-kit* FceRla* MCs was determined with flow
cytometry at various time points after TNBS administration (n=3 for day 6, n=5 for day 3, n=7 for intact, EtOH, day 1and 2, n=14 for day 4). Control
mice were analysed 4 days after EtOH administration (EtOH; n=7). Data are shown as means+s.e.m. (¢) Colonic tissue sections from a healthy
volunteer (HV) and UC and CD patients were stained with 4’,6-diamidino-2-phenyl indole (blue) and MC tryptase (red) or haematoxylin and eosin
(H&E) (bottom). Scale bars, 100 um. (d) Tryptase-positive MCs were counted in the fields of the tissue sections (four fields for each section). Data are
meansts.e.m. (n=6). (e) Body weight changes were monitored after TNBS administration to Kit W-s/W-sh MC-deficient mice (Kit W-sh/W-sh EtOH; open
triangles: n= 4, Kit W-sh/W-sh TNBS; closed triangles: n=9), Kit */* control mice (Kit */* EtOH; open diamonds: n=4, Kit */* TNBS; closed diamonds:
n=13) and Kit W-s"W* control mice (Kit W-SW+ EtOH; open squares: n=4, Kit W-s""W+ TNBS; closed squares: n=11). Data are shown as percentages of
baseline weights and are meansts.e.m., *P<0.0001 (two-tailed Student's t-test); **P=0.0024 (two-tailed Student's t-test). (f) The colon was isolated

4 days after TNBS treatment for H&E staining. Data are representative of at least three independent experiments. Scale bars, 100 um. (g) Colon length
was measured 4 days after colitis induction. EtOH, closed column; TNBS, open column. *P<0.0001 (two-tailed Student's t-test), **P=0.0024 (two-tailed
Student's t-test). Data are shown as means*s.e.m. (h) The percentage of CD11b* Gr-1Mgh cells in the colonic lamina propria was calculated, as measured
with flow cytometry. EtOH, closed column; TNBS, open column. *P=0.0003 (two-tailed Student's t-test), **P=0.0029 (Welch's t-test) and ***P<0.0001
(Welch's t-test). Data are shown as means=xs.e.m. (i) Colonic mononuclear cells were isolated 4 days after TNBS administration and stained with anti-
CD11b and anti-Gr-1 antibodies. CD11b* Gr-1M8h cells were sorted and then stained with May-Giemsa stain. Scale bar, 20 um. Data are representative of

three experiments.

the ATP-binding portion but lacking the C-terminal region) was
detected by western blot, but its surface expression was not detected
by flow cytometry because of its defect in extracellular expression
(Supplementary Fig. S4d,e)?4. In addition, neither western blot nor
flow cytometry detected variant d (lacking the ATP-binding por-
tion; Supplementary Fig. S4d,e). These data strongly suggest that
1F11 mAb recognizes P2X7 receptors, specifically the ATP-binding
portion. We also confirmed that 1F11 mAb had similar reactivity
to that of a commercially available anti-P2X7 mAb (clone: Hano43;
Supplementary Fig. S4f,g).

To evaluate whether 1F11 mAb directly affects MCs during ATP-
mediated activation, we treated MCs with ATP in the presence of
1F11 mAD in vitro. 1F11 mAb treatment reduced the number of
CD63 % -activated MCs induced by ATP in a dose-dependent man-
ner (Fig. 4a). High concentrations of extracellular ATP increased the

NATURE COMMUNICATIONS | 3:1034 { DOI: 10.1038/ncomms2023 | www.nature.com/naturecommunications

cell permeability of the MCs!2. Thus, uptake of Lucifer yellow was
observed in ATP-stimulated MCs but was substantially impaired in
1F11 mAb-treated and P2x7~/~ MCs (Fig. 4b,c).

As many cell types (MCs, T cells and DCs) express P2X7 recep-
tors (Fig. 3b), we then asked whether the P2X7 receptors on MCs
were responsible for the MC-mediated intestinal inflammation
in vivo by analysing MC-deficient KitW"W-=h mice reconstituted
with P2x7*/* or P2x7~/~ MCs. We confirmed that reconstituted
MCs were present in the colon and maintained P2X7 expression
(Supplementary Fig. S5). Like wild-type mice, Kit"-s"W-sh mice
reconstituted with P2x7*/* MCs showed severe inflammatory
responses when treated with TNBS. However, these inflammatory
responses were ameliorated when KitWs"/W-sh mice were reconsti-
tuted with P2x7~/~ MCs; the amelioration included inhibition of
neutrophil infiltration and MC activation (Figs 1 and 5a-f).

© 2012 Macmillan Publishers Limited. All rights reserved.

13



ARTICLE

NATURE COMMUNICATIONS | DO 10.1038/ncomms2023

-
-
o

-
o
o

©
o

A Kt
& Kit-shi+
W Ki-shWsh

Body weight change (%) 2

Kit W-sh/W-sh

Kit W-sh/W-sh

Kit ++

05
W Mas-TRECK WT
95 .. [ Mas-TRECK Tg
.
85
75

Mas-TRECK Tg
4

70— —t——— e

0123456789101 1

(Day) g

(]

d g

DT 250 ng DT 150 ng Analysis E

£

VAR A A VIRV IR A ey

7-6-5-4-32-1012345678910 z

DSs 3
f
8
<
=
w
(%23
«Q

I 100 PR
100 107 102 10% 10* 10° 10" 10% 10° 10°

FeeRlo
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(h) Representative flow cytometric data of infiltrated c-kit* FceRla* MCs in the colon.

We next analysed whether the MCs in UC or CD patients
expressed P2X7. Although increased number of MCs were observed
in the colons of both UC and CD patients (Fig. 1¢,d), P2X7 purino-
ceptors were expressed by the MCs in CD patients but not by those
in UC patients or healthy volunteers (Fig. 5g,h). Thus, it is likely
that P2X7 purinoceptor-mediated MC activation also occurs in the
human colon, especially in CD patients.

To examine whether ATP was extracellularly released at high
concentrations at inflammatory sites, we next measured ATP release
from inflammatory colonic tissues. An elevated level of ATP release
from the colon tissue was noted in TNBS-treated mice (Fig. 6a).
In addition, intrarectal administration of non-hydrolyzable ATP
(adenosine 5’-O-(3-thio) triphosphate and O-(4-benzoyl)benzoyl
adenosine 5’-triphosphate) led to MC activation in the colonic tis-
sue, similar to the effect of TNBS treatment (Fig. 6b). In contrast,
intrarectal administration of other P2Y receptor agonists did not
increase colonic MC activation (Fig. 6b). These findings indicate
that inflammatory stimuli induce the extracellular release of ATP,
which in turn leads to P2X7-dependent MC activation in the colon
and subsequent exacerbation of intestinal inflammation.

P2X7 signalling activates the caspase-1 inflammasome to induce
the production of IL-18 and IL-18 (ref. 25). IL-1B production is
also mediated by MC proteases, such as chymases®®, We therefore
examined whether MCs produced IL-1B via P2X7 receptor activa-
tion, and if so whether this production was caspase-1-dependent.
IL-1B production was decreased when P2X7-deficient MCs were
stimulated with ATP, whereas substantial amounts of IL-13 were
produced in caspase-1-deficient MCs (Supplementary Fig. S6),
indicating that IL-1B production was P2X7-dependent but cas-
pase-1-independent. In line with this finding, body weight changes
were noted in KitW-s"W-sh mice reconstituted with caspase-1~/~

MC:s (Fig. 5a). These results suggest that MC-dependent inflamma-
tion through P2X7 purinoceptors is not dependent on caspase-1-
mediated IL-1[3 or IL-18 production.

An autocrine loop of ATP conversion mediates MC activation. In
addition to ATP, other nucleotides (for example, extracellular ADP)
act as signals to induce inflammatory responses?’. We confirmed
that MCs are activated by high concentrations of ADP and ATP
(Fig. 7a,b). Extracellular ATP is hydrolysed by ectonucleoside tri-
phosphate diphosphohydrolases (CD39) to ADP and AMP; it is then
further hydrolysed by ecto-5"-nucleotidase (CD73) to adenosine,
which has anti-inflammatory functions®’. Colonic MCs expressed
CD39 but not CD73 (Supplementary Fig. S7a,b), indicating that
MCs can convert ATP to ADP but not to adenosine. We therefore
examined the involvement of ADP-reactive P2Y purinoceptors and
found that P2Y1 and P2Y12 were highly expressed on colonic MCs
(Fig. 7¢). However, inhibitors of P2Y1 and P2Y12 receptors, as well
as knockdown of the P2Y12 receptor, had no effect on the induction
of CD63 * -activated MCs (Fig. 7d,e; Supplementary Fig. $8a). Simi-
larly, intestinal inflammation, as well as activation of colonic MCs,
was unaffected in clopidogrel (a P2Y12 receptor inhibitor)-treated
mice (Supplementary Fig. S8b—d). These data indicate that although
P2Y1 and P2Y12 were expressed on MCs neither P2Y1 nor P2Y12
purinoceptors mediate ADP-dependent CD63+ MC induction.

It is generally accepted that P2X7 purinoceptors specifically
recognize ATP, but we found that they were also involved in
ADP-mediated MC activation. Indeed, no activation was noted in
P2x7~/~ MCs when they were stimulated with ADP (Fig. 7f), lead-
ing us to hypothesize that ADP promotes ATP release from MCs and
their subsequent stimulation. To test this hypothesis, we measured
the expression of pannexin-1, connexin 43 and connexin 32, which
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Figure 3 | Amelioration of colitis by treatment with intestinal MC-reactive 1F11 mAb. (a) MCs in the colonic lamina propria, peritoneal cavity (PerC),
skin and lung, as well as BM-derived MCs, were stained with 1F11 mAb. Control staining with rat IgG2b is shown in grey. (b) Cells were isolated from
colonic lamina propria and epithelium. CD3™* T cells, lgA* plasma cells (PCs), F4/80* macrophages, CD11c* DCs, Gr1* granulocytes and ECs were
gated and their reactivity to 1F11 mAb examined. Control staining with rat 1gG2b is shown in grey. (¢) C57BL/6 mice were treated with TNBS and their
body weights were monitored for 4 days; 0.5 mg of 1F11 or the control mAb was intraperitoneally administered. Data from 9 (EtOH; open squares),

19 (TNBS with control mAb; closed triangles) and 12 (TNBS with 1F11 mAb; closed diamonds) mice. *P=0.0066 (Welch's t-test). Data are shown as
percentages of baseline weights and are means=*s.e.m. (d,e) Representative images of haematoxylin and eosin staining and colon tissue from 1F11 mAb-
treated mice. Scale bars, 100 um. (f) Colon length was measured 4 days after TNBS administration. *P=0.0445; **P=0.0073 (two-tailed Student's
t-test). (g) Neutrophils (CD1b* Gr-18") were quantified as percentages and numbers of cells. Data are shown as means+s.e.m. (n=6), *P<0.0001,
**Pp=0.0047 (two-tailed Student's t-test). (h) Percentage of CD63* MCs in all c-kit* FceRloe* MCs was determined with flow cytometry. Data are shown
as means+s.e.m. (n=6) *P=0.0202; **P=0.0284 (two-tailed Student's t-test).

are ATP-releasing hemichannels, during cell activation?®2%. The
hemichannels were rarely expressed on the colonic MCs (Fig. 7g),
and no inhibitory effect was observed when the MCs were treated
with ADP in the presence of hemichannel inhibitors (flufenamic
acid and carbenoxolone). However, cell activation was inhibited by
P2X7 antagonists [oxidized ATP (OxATP), pyridoxal-phosphate-6-
azophenyl-2,4"-disulfonate and 4,4’-diisothiocyanatostilbene-2,2’-
disulfonic acid disodium salt hydrate] (Fig. 7h). To further exclude
the possibility that ADP triggers ATP release, we stimulated MCs
with another P2Y ligand (UTP); we found that UTP did not induce
MC activation (Fig. 7b).

We then tested whether ADP was converted to ATP by ATP-
converting enzymes such as ecto-adenylate kinase, ATP synthase
and nucleoside diphosphokinase®. To test the involvement of these
enzymes, we used inhibitors of ecto-adenylate kinase (diadenos-
ine pentaphosphate; AD2P5), ATP synthase (oligomycin; oligo)
and nucleoside diphosphokinase (UDP), and we found that inhi-
bition of ecto-adenylate kinase and ATP synthase, but not nucle-
oside diphosphokinase, reduced ADP- as well as ATP-dependent
MC activation (Fig. 7h,i). Neither AD2P5 nor oligo inhibited MC
activation induced by the crosslinking of IgE with relevant allergen
(Fig. 7i). Among the adenylate kinases, adenylate kinase 1 (AK1)
and AK2 were expressed in colonic MCs, and the expression of AK2
was much higher than that of AK1 (Supplementary Fig. S9a). As
with AD2P5 treatment, knockdown of AK2, but not AK1, led to the
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inhibition of both ADP- and ATP-mediated MC activation (Supple-
mentary Fig. S9b). These results indicate that P2X7 purinoceptors
have an important role in the activation of MCs by ATP, including
ATP derived from ADP by the action of ecto-enzymes such as ATP
synthase and AK2.

Neutrophil infiltration by MC-derived mediators. Evaluation of
MC activation on the basis of CD63 expression is an important cri-
terion!3; however, degranulation is not absolutely associated with
cytokine production3!. Therefore, we measured MC production of
an array of inflammatory cytokine, chemokine and lipid mediators
to additionally elucidate the role of P2X7 purinoceptor-mediated
MC activation in the development of intestinal inflammation. Stim-
ulation of MCs with ATP induced the production of inflammatory
cytokines such as IL-6, tumour necrosis factor (TNF)o and oncos-
tatin M2 this induction was not observed in P2x7~/~ MCs or in
wild-type MCs treated with 1F11 mAb (Fig. 8a,b).

‘We showed that neutrophil infiltration into the colon was medi-
ated by MC activation (Fig. 1h,i), and a previous study suggested
that neutrophil infiltration is a potential target in colitis treatment’3,
Consistent with these findings, ATP stimulation induced MCs, but
not P2x7-/= MCs, to produce leukotrienes (LTs; LT C4/D4/E4),
which are associated with the translocation of 5-lipoxygenase (5-
LO) into the nucleus—an important step for LT synthesis in MCs>*
(Fig. 8c,d). Also, chemokine gene array analysis demonstrated that

5

© 2012 Macmillan Publishers Limited. All rights reserved.

156



