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SUMMARY

Upon infection with Shigella flexneri, epithelial cells
release ATP through connexin hemichannels. How-
ever, the pathophysiological consequence and the
regulation of this process are unclear. Here we
showed that in intestinal epithelial cell ATP release
was an early alert response to infection with enteric
pathogens that eventually promoted inflammation
of the gut. Shigella evolved to escape this inflamma-
tory reaction by its type lll secretion effector IpgD,
which blocked hemichannels via the production of
the lipid PtdIns5P. Infection with an ipgD mutant
resulted in rapid hemichannel-dependent accumula-
tion of extracellular ATP in vitro and in vivo, which
preceded the onset of inflammation. At later stages
of infection, ipgD-deficient Shigella caused strong
intestinal inflammation owing to extracellular ATP.
We therefore describe a new paradigm of host-
pathogen interaction based on endogenous danger
signaling and identify extracellular ATP as key regu-
lator of mucosal inflammation during infection. Our
data provide new angles of attack for the develop-
ment of anti-inflammatory molecules.

INTRODUCTION

Initiation of inflammation in the absence of infection (e.g., sterile
tissue damage and autoimmune diseases) depends on the
detection of endogenous danger signals. These molecules are
constitutively present inside host cells (i.e., they are “self”) but,
after release, their extracellular presence signals danger to the
immune system (Bours et al., 2006). In contrast, it is thought
that initiation of inflammation during infection depends on the
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detection of microbial patterns (“non-self”), which translates
into production of and response to classical proinflammatory
mediators such as cytokines, chemokines, and lipidic mediators
(Kawai and Akira, 2011).

Extracellular ATP (eATP) has gained recognition as endoge-
nous signaling molecule in immunity and inflammation (Bours
etal., 2006). Its extracellular concentration is negligible in healthy
tissues, because extracellular enzymes quickly degrade it. After
release, ATP modulates inflammation in a concentration-
dependent manner upon binding to purinergic receptors. Both
purinergic receptors and ectoenzymes are ubiquitously ex-
pressed. In immune and nonimmune cells, eATP induces cell
type-specific responses ranging from NF-«B activation, expres-
sion of adhesion molecules and proinflammatory mediators,
enhanced phagocytosis and migration (Bours et al., 2006), to
activation of the NLRP3 inflammasome (Mariathasan et al.,
2006). Nevertheless, a major role for eATP in infectious diseases
has not been recognized so far.

Shigella is a Gram-negative pathogen causing bacillary
dysentery. The primary symptom of infection is mild to bloody-
mucoid diarrhea owing to inflammatory destruction of the
colonic mucosa (Phalipon and Sansonetti, 2007). Shigella is en-
dowed with a type Ill secretion system, which injects an array of
effector molecules into host cells to force bacterial entry and
dissemination, and to manipulate the immune response (Parsot,
2009; Phalipon and Sansonetti, 2007). The effector IpgD is in-
jected during invasion (Niebuhr et al.,, 2000) and acts as
Ptdins(4,5)P, 4-phosphatase, yielding the poorly studied lipid
Ptdins5P (Niebuhr et al., 2002). In vitro lpgD shows various
effects on host cells such as alteration of plasma membrane
tension (Niebuhr et al., 2002) and activation of the kinase Akt
(Pendaries et al., 2006; Ramel et al., 2011) in HelLa cells, and
inhibition of T lymphocyte migration (Konradt et al., 2011). How-
ever, its role during disease remains unclear.

During Shigella invasion, epithelial cells release ATP through
hemichannels composed of connexin (Cx) 26 or 43 (Tran Van
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Nhieu et al., 2003), stimulating bacterial capture by filopodia (Ro-
mero et al., 2011). Importantly, the pathophysiological conse-
quence of ATP release on the outcome of Shigella infection
and its regulation are not understood. Further, it is not known
whether infection of epithelial cells with pathogens other than
Shigella also induces regulated ATP release.

Here we describe an innate immune response against
infection with enteric pathogens, which is initiated by infected
epithelial cells through hemichannel-dependent release of ATP
and mediates early immune recognition and induction of inflam-
mation. We showed that Shigella blocked ATP release through
IpgD-mediated production of PtdIins5P. Thus, we identify regu-
lated ATP release as a key process during infection-induced
mucosal inflammation, providing new targets for the develop-
ment of anti-inflammatory therapy.

RESULTS

Intestinal Epithelial Cells Infected with Shigella,
Salmonelia, or EPEC Release ATP

To determine whether regulated ATP release is a common
response to infection, we challenged epithelial cells with
pathogens other than Shigella. Infection of polarized intestinal
epithelial (TC7) cells, which express Cx26, Cx32, and Cx43
(Clair et al., 2008), with Salmonella enterica serovar Typhi-
murium or with enteropathogenic Escherichia coli (EPEC) led
to appearance of eATP, similarly to Shigella (Figure 1). Con-
centrations of eATP were normalized to allow the comparison
of independent experiments. Hemichannel inhibitors carbe-
noxolone or LaCl; dampened ATP release, in accordance
with previous findings that ATP is released through hemi-
channels during infection of HelLa-Cx-transfectants with
Shigella (Tran Van Nhieu et al.,, 2003). Hemichannel
inhibitors did not compromise bacterial viability (see Figures
S1A-S1I available online) nor did the pathogens alter viability
of infected cells (Figures S1J-S1L). The eATP content of bac-
terial suspensions was negligible (data not shown). These
experiments indicate that hemichannel-dependent ATP release
is a common epithelial response to infection with enteric
pathogens.
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Figure 1. Infection of Polarized Intestinal
Epithelial Cells with Bacterial Pathogens
Induces Hemichannel-Dependent ATP
Release
Polarized TC7 cells were infected with WT (A)
Shigella at MOI 1:40 for 10 min, (B) Salmonella at
MOI 1:2.5 for 3 min, or (C) EPEC at MOI 1:2.5 along
with BSA-treated activated charcoal to adsorb
eATP for 2 hr. ATP was quantified in the
supernatant or after elution from charcoal with a
firefly luciferase-luciferin assay. Concentrations
were in the nM range. Values were normalized to
those of noninfected samples, which were set to 1
and subtracted. The mean with SD of one re-
X presentative experiment of three performed in
triplicates or quadruplicates is shown. Carb., car-
benoxolone, 60 uM; LaClz, 20 pM. See also Fig-
ure S1.

IpgD Inhibits ATP Release In Vitro

To identify effectors that might alter hemichannel function and
thereby ATP release, we focused on Shigella. Infection of
HelLa-Cx26-transfectants cells with ipgD-deficient Shigella
resulted in eATP concentrations that increased over time and
were significantly higher compared with the wild-type (WT) and
the noninvasive mxiD mutant (Figure 2A). Complementation
with a plasmid encoding ipgD resulted in its overexpression (Fig-
ure S2A) and inhibited the appearance of eATP (Figure 2B).
Further, ATP release upon infection with the ijpgD mutant
was abolished in cells treated with hemichannel inhibitors
18a-glycyrrhetinic acid (AGA), CELAb2—a Cx26, Cx32, and
Cx43-hemichannel blocking antibody (Clair et al., 2008)—carbe-
noxolone, or LaCl3 (Figure 2C-D). Similar results were obtained
with polarized TC7 cells (Figures 2E and 2F, Figures S2B and
S2C). Plague formation assays showed that WT and ipgD-
deficient Shigella are equally invasive in HelLa (Allaoui et al.,
1993a) and in polarized TC7 cells (Figure S2D). The intracellular
ATP concentration of cells infected with ipgD-deficient Shigella
decreased moderately, which excluded that elevated eATP
was due to enhanced ATP production (Figure S2E).

For comparison with IpgD, cells were challenged with sopB-
deficient Salmonella, because SopB was reported to hydrolyze
phosphoinositides (Marcus et al., 2001; Norris et al., 1998;
Zhou et al., 2001). Infection of HeLa-Cx26 cells and polarized
TC7 cells with the sopB mutant did not result in higher eATP
concentrations with respect to WT Salmonella, indicating that
SopB does not regulate hemichannel-dependent ATP release
(Figures S2F and S2G).

Together, these experiments showed that IpgD dampens the
appearance of eATP through inhibition of hemichannels during
Shigella infection in vitro.

IpgD Blocks Hemichannels through Production of
PtdIns5P

To gain insight into the inhibitory mechanism of IpgD and to vali-
date our results in a system independent of eATP, we performed
a dye uptake assay in transfected HeLa-Cx26 cells. Transient
expression of GFP-tagged proteins did not alter the number of
hemichannels on the cell surface (Figures S3A and S3B).

Immunity 39, 1121-1131, December 12, 2013 ©2013 Elsevier Inc.
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Figure 2. IpgD Inhibits Hemichannel-
*k Dependent ATP Release in Epithelial Cells
In Vitro
(A-D) HeLa-Cx26 and (E and F) polarized TC7 cells
were infected with Shigella at MOI 1:5 and 1:40,
respectively, for (C and D, F) 30 min or (B and E)
90 min. ATP was quantified in the supernatant with
a firefly luciferase-luciferin assay. Concentrations
were in the nM range. Values were normalized to
those of noninfected samples, which were set to 1
and subtracted. (A) The median with minima and
maxima of eight independent experiments per-
formed in quadruplicates, analyzed by a one-way
ANOVA followed by a Bonferroni post hoc test, is
shown. **p < 0.01. (B-F) The mean with SD of one
representative experiment of three performed in
quadruplicates is shown. AGA, 18a-glycyrrhetinic
acid, 100 puM; CELAb2, hemichannel-blocking
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Similarly to infection, transiently expressed IpgD blocked dye
uptake, but expression of a phosphatase-dead IpgD mutant
allowed normal hemichannel function (Figure 3A). Pretreatment
with AGA or CELAb1 or CELAb2 repressed dye loading, confirm-
ing that dye passage is specific to hemichannels. Transient
expression of a PtdIins(4,5)P, 5-phosphatase (Inp54p), which
converts similar amounts of PtdIns(4,5)P> as lpgD, but to
PtdIns4P (Pendaries et al., 2006), had no effect on hemichannel

Immunity 39, 1121-1131, December 12, 2013 ©2013 Elsevier Inc.
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antibody; carb., carbenoxolone, 60 uM; LaCls,
20 uM. See also Figure S2.

opening (Figure 3B), indicating that IpgD
modulates hemichannel activity by
increasing PtdIns5P, rather than by
reducing PtdIns(4,5)P, levels. Similar
results were obtained with Hela-Cx43
cells (Figures S3C and S3D). To further
investigate the importance of PtdIns5P
in hemichannel regulation, we preincu-
bated TC7 cells with Ptdins5P and
assayed ATP release under low Ca®* con-
ditions. The presence of exogenous
PtdinsPs did not compromise cellular
viability (Figure S3E). Unlike Ptdins3P
and Ptdins4P, PtdIns5P inhibited ATP
release at concentrations superior or
equal to 1 pM—corresponding to 1,000
molecules per cell (Figure 3C). Moreover,
in polarized TC7 cells PtdIns5P “comple-
mented” ipgD-deficient Shigella in an
ATP release assay (Figure 3D). These
experiments showed that PtdIns5P,
either exogenous or produced by IpgD,
prevents hemichannel opening.

IpgD Inhibits ATP Release In Vivo
We then wished to confirm our findings
in vivo and to assess the pathophysiolog-
ical consequence of ATP release during
Shigella infection. Importantly, no nonin-
vasive methods to measure eATP in vivo
are described. The task is complicated by the fact that eATP is
unstable and rapidly degraded to adenosine, inosine, and uric
acid (Bours et al., 2006). Hence, we infected ligated ileal loops
in rabbit—a well-established model to evaluate the phenotype
of Shigella strains—in the presence of BSA-treated activated
charcoal to adsorb and thereby protect eATP in the intestinal
lumen. Activated charcoal did not compromise viability of intes-
tinal epithelial cells and bacteria or invasiveness of Shigella
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Figure 3. Ptdins5P Controls Hemichannel
Opening

(A and B) GFP-tagged proteins of interest (GFP
only for controls) were transiently expressed in
HelLa-Cx26 cells, and hemichannel opening was
induced by exposure to low Ca?* buffer (except for
negative controls). Uptake of the hemichannel-
permeable, plasma membrane-impermeable dye
ethidium bromide was quantified by fluorescence
in transfected cells. Values were normalized to
those of positive controls, which were set to 100.
The mean with SD of 2349 and 1478 cells in (A) and
(B), respectively, from three independent experi-
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(Figure S4). Elevated eATP was found at early stages (4 hr) of
infection with the jpgD mutant compared to WT, noninvasive,
and ipgD-complemented strains (Figure 4A), in keeping with
diminished ATP release owing to IpgD-mediated hemichannel
closure. Accordingly, carbenoxolone and LaCl; suppressed
ATP release (Figure 4B). In a separate set of experiments, we
quantified ATP degradation products in the intestinal lumen after
4 hr of infection (omitting coinjection of charcoal). As for eATP,
levels of ATP degradation products peaked in the absence of
IpgD (Figure 4C). Carbenoxolone and LaCl; inhibited the accu-
mulation of ATP degradation products (Figure 4D), indicating
that they originated from eATP released across hemichannels.
Adenosine, inosine, and uric acid concentrations in rabbit blood
were negligible (data not shown). Together, these experiments
showed that IpgD inhibits the appearance of eATP through inhi-
bition of hemichannels in vivo.

ATP Release Precedes Intestinal Inflammation

Real-time PCR analysis of intestinal tissues from rabbits infected
for 4 hr showed that expression of selected proinflammatory
cytokines and antimicrobial peptides did not change or was
occasionally very slightly upregulated for jpgD-deficient Shigella
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ments, analyzed by a one-way ANOVA followed by
a Bonferroni post hoc test, are shown. **p < 0,001.
AGA, 18a-glycyrrhetinic acid, 100 uM; CELAb1/2,
hemichannel-blocking antibodies.

(C) TC7 cells were treated with 10-fold dilutions of
PtdIns5P, PtdIins4P, or PtdIns3P, and hemichannel
opening was induced by exposure to low Ca®*
buffer. ATP was quantified in supernatants with a
firefly luciferase-luciferin assay. Concentrations
were in the nM range. Values were normalized to
those of positive controls. Means with SD of trip-
licates of one representative experiment of three
are shown.

(D) Polarized TC7 cells were infected with jpgD-
deficient Shigella for 50 min in the presence or
absence of 1 nM PtdIins5P. ATP was quantified
in supernatants with a firefly luciferase-luciferin
assay. Values were normalized to those of nonin-
fected samples. The mean with SD of quadrupli-
cates from one representative experiment of three
is shown. See also Figure S3.

in the absence of charcoal only (Tables
indicating that ATP release

precedes a shift in cytokine profile. Histo-

logical sections showed that the epithe-
lium was intact (Figure 5A; Figure S5A), confirming that ATP
was not shed because of mucosal damage. However, in-
depth analysis showed that upon infection with the ipgD mutant,
in the absence of charcoal, the structure of villi was slightly
altered: they were broadened due to axial edema and beginning
influx of leukocytes (Figure 5B). For WT Shigella, only few
histological changes could be observed. Similar histological re-
sults were obtained in newborn mice (Figure S5B).

IpgD Dampens eATP-Dependent Inflammation

At later stages of intestinal infection in rabbits (6-8 hr) ipgD-
deficient Shigella led to a massive increase of proinflammatory
cytokines and antimicrobial peptides—particularly IL-18, IL-6,
IL-8, IL-12p40, IL-17A, IL-23, IFN-y, TNFa, LeuP, and CAP18
(Figure 6A, Table S5). The cytokine profile was oriented toward
a proinflammatory Th17 cell response, as previously described
for WT Shigella (Schnupf and Sansonetti, 2012; Sellge et al.,
2010). Interestingly, eATP was reported to promote the differen-
tiation of Th17 lymphocytes (Atarashi et al., 2008). Enhanced
cytokine production correlated with an extremely severe
destruction of the mucosa compared with the WT (Figure 6B).
This hyperinflammatory phenotype was readily reverted by

Immunity 39, 1121-1131, December 12, 2013 ©2013 Elsevier Inc.
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Figure 4. IpgD Inhibits Hemichannel-Dependent ATP Release at
Early Stages of Infection In Vivo

Ligated ileal loops of rabbits were infected with Shigella for 4 hr.

(A and B) BSA-treated activated charcoal was injected along with bacteria and
recovered at the end of infection, and adsorbed ATP was eluted. ATP was
quantified with a firefly luciferase-luciferin assay. The mean of duplicate loops
with SD from one representative animal of four per condition is shown.

(C and D) Loops were rinsed with 0.9% NaCl solution to collect luminal con-
tent. ATP degradation products adenosine, inosine, and uric acid were
quantified with a fluorescence assay. The sum of the means of duplicate loops
with the propagated error (SD) from one representative animal of four per
condition is shown. Ado, adenosine; Ino, inosine. Carb., carbenoxolone,
20 uM; LaCls, 20 uM. See also Figure S4.

ipgD-complementation (Figure 6; Table S5). Moreover, as anti-
cipated after 4 hr of infection, at later stages the ijpgD mutant
caused strong edema inside the lamina propria (Figure 6B),
which was accompanied by accumulation of fluid in the lumen
(Figure S6A). This phenotype provided additional support
for IpgD-mediated inhibition of ATP release and ensuing
accumulation of degradation products, because 5-adenosine
monophosphate (AMP) and adenosine induce isotonic fluid
release in intestinal epithelial cells (Madara et al., 1993). There-
fore, eATP-derived adenosine could cause diarrhea during
shigellosis.

To strengthen the causal link between IpgD-inhibited
ATP release and induction of inflammation, we attempted to
reduce the aggressiveness of the ipgD-deficient strain by
blocking eATP-dependent signaling and to expand the destruc-
tive potential of the WT by introducing eATP. Indeed, the
breadth of the inflammatory response was strongly diminished

Immunity 39, 1121-1131, December 12, 2013 ©2013 Elsevier Inc.

Villi length/width

Figure 5. Early Signs of Inflammation Can Be Observed upon Infec-
tion with ipgD-Deficient Shigella

Ligated ileal loops of rabbits were infected with Shigella for 4 hr. Histological
analysis of samples 4C-D is shown.

(A) Shigella-LPS was labeled immunohistochemically (red), and sections were
counterstained with hematoxylin.

(B) The mean with SEM of the length to width ratio of 2,265 villi, analyzed by a
one-way ANOVA followed by a Bonferroni post hoc test, is shown. ***p <
0.0001. See also Figure S5 and Tables S1-S4.

in loops infected with jpgD-deficient Shigella in the presence of
suramin, an inhibitor of purinergic receptors (Figures 7A and C;
Table S6). Suramin did not affect bacterial viability (Figure S1E).
Likewise, coinjection of apyrase, which dephosphorylates
eATP, dampened mucosal damage induced by the ipgD
mutant (Figures 7B and 7C; Table S7). Interestingly, in
apyrase-treated samples, we observed a striking accumulation
of fluid in the tissue and the lumen (Figure 7C; Figure S6B). In
contrast, injection of nonhydrolysable ATPyS along with WT
Shigella boosted its inflammatory phenotype, leading to an un-
precedented production of proinflammatory cytokines and
recruitment of leukocytes (Figures 7B and 7C; Table S7).
ATP+S alone did not cause leukocyte recruitment and inflam-
mation (data not shown; Table S7), in keeping with a previous
report showing that macrophages do not migrate toward
ATPyS (Isfort et al., 2011).

DISCUSSION

Our results indicate that ATP release accelerates the onset of
and exacerbates inflammation, indicating that it acts as endog-
enous danger signal during Shigella infection. To establish an
infection, Shigella needs to escape early immune recognition
by injecting IpgD. To our knowledge, this is the first report of a
microbial factor inhibiting the release of an endogenous danger
signal, which highlights the importance of endogenous danger
signaling to the immune response against infection.

We propose that in the intestinal mucosa, hemichannel-
dependent ATP release is an early and swift alert response to
infection. We advance the following succession of events for
Shigella: hemichannels open when Shigella engages in invasion,
sending out a “message of distress.” The eATP concentration
rises and is sensed and amplified in an autocrine and paracrine
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fashion by epithelial and mucosal immune cells. Concomitantly,
IpgD is injected, eventually forcing hemichannel closure and
stopping ATP release. IpgD has the characteristic necessary to
rapidly suppress ATP release: it is secreted in high amounts at
the very beginning of infection (Niebuhr et al., 2000) and hydro-
lyses an abundant substrate—PtdIns(4,5)P,—yielding a nor-
mally scarce product—Ptdins5P (Coronas et al., 2007; Keune
etal., 2011; Sarkes and Rameh, 2010)—such that small changes
in its abundance can be extremely efficient. Fast action is neces-
sary because ATP release is nearly instantaneous, quicker than a
transcriptional shift toward a proinflammatory cytokine profile.
Moreover, owing to signal amplification and wide spectrum of
target cells, eATP is a very potent mediator (Bours et al., 2006;
Mariathasan et al., 2006). Altogether, these attributes might
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Figure 6. Inflammation Is Boosted upon
Infection with jpgD-Deficient Shigella
Ligated ileal loops of rabbits were infected with
Shigella for 7 hr.

(A) Quantitative real-time PCR analysis for
selected cytokines. Folds of expression are given
with respect to samples infected with the nonin-
vasive strain (equal to 1). The mean of duplicate
loops with range of expression is shown.

(B) Histological analysis. Shigella-LPS was im-
munohistochemically labeled (red), and sections
were counterstained with hematoxylin. The data
are from one representative rabbit of four. See also
Figure S6 and Table S5.

explain the striking difference we
observed between tissues infected with
WT or ipgD-deficient Shigella.

The results obtained with Salmonella
and EPEC further indicate that regulated
ATP release is a common intestinal
epithelial response to infection with
enteric pathogens. However, the finding
that LPS (De Vuyst et al., 2007) and pepti-
doglycan (Robertson et al., 2010) can
trigger hemichannel opening in epithelial
cells in vitro indicates that the signifi-
cance of regulated ATP release to infec-
tious diseases might be much broader.
How other pathogens such as Salmonella
and EPEC avoid the potentially inflamma-
tory effect of eATP remains to be eluci-
dated. The T3SS effector SopB from
Salmonella shares a conserved phospha-
tase motif with IpgD (Ungewickell et al.,
2005), but its product-specificity is
different (Marcus et al., 2001; Norris
etal., 1998; Zhou et al., 2001). SopB likely
only produces very little PtdIins5P
compared to IpgD, which mediates hemi-
channel closure. Accordingly, SopB does
not block hemichannel-dependent ATP
release. The T3SS effector BopB from
Burholderia pseudomallei shares the
same phosphatase motif (Ungewickell
et al.,, 2005), but the output of its enzymatic activity is not
characterized.

The concept of endogenous danger signal has emerged to
explain sterile inflammation and autoimmune diseases, as
opposed to detection of non-self molecules during infection
(Bours et al., 2006). Indeed, it is generally thought that activation
of pattern-recognition receptors, which bind structures of
microbial origin, initiates the inflammatory reaction against
invading pathogens (Kawai and Akira, 2011). Therefore, the
contribution of endogenous danger signals to the response
against infection has not been fully appreciated so far. Parti-
cularly, infection-induced eATP accumulation has been docu-
mented in vitro in either epithelial cells or macrophages for few
pathogens only, including Shigella (Tran Van Nhieu et al,

Immunity 39, 1121-1131, December 12, 2013 ©2013 Elsevier Inc.
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A - wit Figure 7. Inflammation Is Boosted by eATP
. . upon Infection with Shigella
54 - non-invasive Ligated ileal loops of rabbits were infected with
i _ - Shigella for 7 hr.
41 - ngD +suramin (A) Quantitative real-time PCR analysis for
selected cytokines of samples infected in the
34 presence or absence of 50 M suramin. The mean
of duplicate loops with range of expression is
24 shown.
(B) Quantitative real-time PCR analysis for
selected cytokines of samples infected in the
presence or absence of 750 U apyrase or 400 uM
ATPvS. The mean of duplicate loops with range of
expression is shown.
(C) Histological preparations of samples A-B.
Shigella-LPS was immunohistochemically labeled
(red) and sections were counterstained with
B hematoxylin. The data are from representative
wit rabbits of four to six per condition. See also Fig-
ure S6 and Tables S6 and S7.
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They mostly prevent NF-kB activation,

the master regulator of proinflammatory
cytokines, by altering well-described
pathways such as ubiquitin-dependent
protein degradation and MAPK signaling
(Sansonetti and Di Santo, 2007). IpgD’s
> /\V“ A > unique mode of action allowed us to iden-

<<$ $<< tify PtdIns5P as key component of hemi-
A channel regulation. Both synthesis and
functions of PtdIns5P (Coronas et al.,
2007; Keune et al., 2011) and regulation
of hemichannels are poorly studied
(Evans et al., 2006). How PtdIns5P re-
strains hemichannel function is currently
under investigation.

The intestinal mucosa is a unique site
of contact with microorganisms, where
fine-tuned mechanisms permit tolerance
of commensals and immunity to patho-
gens. Rupture of this balance has
catastrophic consequences on human
health (Sansonetti, 2011). Thus, under-
standing how the immune system
discriminates pathogens from com-
mensals to juggle immune tolerance
of microbiota and eradication of patho-
gens is of outstanding importance.
Low levels of microbiota-derived eATP
induce basal levels of intestinal Th17
cells (Atarashi et al., 2008), contributing
to the maintenance of physiologic
inflammation. The present study shows
2003), uropathogenic Escherichia coli (Sdve and Persson, 2010),  that regulated release of high levels of ATP induce tissue-
Bacillus anthracis (Ali et al., 2011), Treponema denticola (Jun  destructive inflammation during Shigella infection. Probably,
et al.,, 2012), Chlamydia trachomatis (Pettengill et al., 2012), exaggerated ATP release is a fundamental mechanism enticing
and HIV-1 (Séror et al., 2011). rupture of mucosal homeostasis and hence relevant to other

Several other potentially anti-inflammatory factors have enteric pathologies—both infectious and not—and to other
been described in Shigella and other pathogenic bacteria. tissues.

Fold expression
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Our data provide new strategies for the development of drugs.
Indeed, although eATP is a well-established proinflammatory
signal, to date only agents targeting purinergic receptors are
available for therapy, but none regulating ATP release (Dinarello,
2010; North and Jarvis, 2013). Chronic inflammatory diseases
such as cancer, atherosclerosis, obesity, type 2 diabetes,
allergies, and neurodegenerative and demyelinating disorders
are major killers with steadily rising incidence, for some of which
the contribution of eATP has been documented. To which extent
hemichannel-dependent ATP release participates in these
pathologies, and which Cx types are involved, remains to be
clarified, but our work shows the great potential of candidate
drugs targeting the hemichannel-eATP axis.

EXPERIMENTAL PROCEDURES

Cell Culture

Because Hela cells lack Cx expression (Elfgang et al., 1995), stable Cx-trans-
fectants were used. Hela cells expressing Cx26 or Cx43 (Paemeleire et al.,
2000) were kept in DMEM supplemented with 100 U/ml penicillin, 100 pg/ml
streptomycin, and 10% heat-inactivated FBS at 37°C and 10% CO, in a humid
environment. For TC7 cells, the medium was further supplemented with
nonessential amino acids (100X stock solution). For infections, cell were
kept in medium devoid of antibiotics for at least 24 hr. Cells were tested for
mycoplasma on a regular basis with the MycoAlert mycoplasma detection
kit (Lonza). Except for plague formation assays, polarized TC7 cells were
obtained with the Biocoat Intestinal Epithelium Differentiation Environment in
the 24-well format (BD Biosciences) according to the manufacturer’s instruc-
tions. For plaque formation assays, 10° cells per well were seeded in 6-well
plates and allowed to differentiate for 21 days with two weekly changes of
medium.

Bacterial Strains and Infections

WT Shigella flexneri serotype 5a strain M90T (Allaoui et al., 1992), the non-
invasive mxiD mutant (Allaoui et al., 1993b), the jpgD mutant SF701, and the
complemented ipgD mutant SF709 (Allaoui et al., 1993a) were described pre-
viously. WT Salmonella enterica serovar Typhimurium strain SL1344 and the
sopB-deficient mutant (Humphreys et al., 2009) were a kind gift from Vassilis
Koronakis and Daniel Humphreys (University of Cambridge, UK), and WT
enteropathogenic Escherichia coli (EPEC) serotype O127:H6 strain E2348/69
from Jean-Philippe Nougayréde (INRA/ENV, Toulouse, France). Bacterial
strains were conserved as glycerol stocks at —80°C.

Shigella was streaked out on soybean-casein digest agar containing 0.01%
(w/v) Congo red and grown overnight at 37°C to select virulent colonies. For
in vitro infections, a single colony was picked, grown overnight at 37°C and
200 rpm in soybean-casein digest broth, with antibiotics if indicated, and a
200-fold dilution subcultured to ODggonm = 0.3-0.5. Bacteria were diluted in
DMEM devoid of phenol red or HBSS supplemented with 20 mM HEPES/
NaOH pH 7.4 to the desired MOI. Shigella expressing the adhesin Afak (Clerc
and Sansonetti, 1987) was used, except for plaque formation and gentamicin-
protection assays. For infections with AfaE-bearing Shigella, cells were care-
fully rinsed twice with solution at room temperature, and bacteria were allowed
to adhere to cells for 15 min, then the supernatant was discarded and replaced
with warm solution for incubations at 37°C and 5% CO, for the indicated time.
For in vivo infections, 300 ul of a 7 hr liquid culture were spread on soybean-
casein digest agar and grown overnight at 37°C. Bacteria were suspended
in 0.9% NaCl solution at the desired dose shortly before infections.

Salmonella and EPEC were streaked out on Luria-Bertani (LB)-agar to
isolate colonies. For infections a single colony was picked, grown overnight
at 37°C and 200 rpm in LB-broth, with antibiotics if indicated, and diluted in
DMEM devoid of phenol red to the desired MOI.

Induction of Hemichannel Opening

Hemichannel opening was either induced by depletion of extracellular Ca®* or
by infection with Shigella. In the first case, cells were carefully rinsed twice with
warm buffer (HBSS supplemented with 20 mM HEPES/NaOH pH 7.4) and
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once with buffer devoid of Ca®* (further supplemented with 0.1 mM EGTA)
or with Ca?*-containing buffer for negative controls. Cells were then incubated
for the indicated time points at 37°C either in buffer containing or devoid of
Ca®* to modulate hemichannel opening. For infections, AfaE-expressing
Shigella was used as described above.

Quantification of ATP In Vitro

Hela-Cx26 and nonpolarized TC7 cells were used at 80% confluency. Cells
were treated in DMEM devoid of phenol red or HBSS supplemented with
20 mM HEPES/NaOH pH 7.4. Hemichannel opening was induced either by
depletion of extracellular Ca®* or by infection with Shigella at an MOI of 1:5
for HeLa-Cx26 cells and an MOI of 1:40 for polarized TC7 cells, as described
above. Cells were incubated at room temperature with inhibitors for 15 min
prior to stimulation. To determine the amount of eATP, we retrieved the super-
natant quickly and filtered it by using Millex-GV Syringe-driven Filter Units with
0.22 um pore size (Millipore) to remove detached cells or bacteria, if present.
To determine the intracellular ATP content, we lysed cells for 10 min under
rotation in ice-cold passive lysis buffer. ATP was quantified immediately with
the firefly luciferase-based sensitive ATP Determination Kit (Biaffin) according
to the manufacturer’s instructions, as previously described (Tran et al., 2011a,
2011b). Briefly, samples were distributed in Lumitrac 200 white plates (Greiner
Bio-One), mixed with an equal volume of assay solution and bioluminescence
read in a MicroLumat Plus microplate LB96V Luminometer (EG&G Berthold)
after 10 min of incubation. The background (from buffer) was subtracted and
values of ATP concentrations of either noninfected or untreated cells were
set to 1 for calculations and, if indicated, subtracted. Samples were prepared
in triplicates or quadruplicates with separate cultures and precultures for
infections.

For Salmonella and EPEC the procedure was similar, with the following mod-
ifications. For Salmonella HeLa-Cx26 and polarized TC7 cells were infected at
an MOl of 1:2.5, but, because of the extremely quick interaction between host
cells and the pathogen, the ATP assay solution was added directly to samples,
just after bacterial suspensions. Luminescence was read in an Infinite M200
PRO multimode plate-reader (Tecan) at 37°C for 3-20 min of infection.

For EPEC polarized TC7 cells were infected at an MOI of 1:2.5. Bacteria were
centrifuged onto cells at 180 X g for 10 min at room temperature, and then the
supernatant was discarded and replaced with warm medium. Because of the
slow interaction between host cells and the pathogen, preheated BSA-treated
activated charcoal (10 mg) was added to samples to protect eATP, and infec-
tions were allowed to proceed for 2 hr at 37°C and 5% CO,. Charcoal was
carefully retrieved and processed as for in vivo eATP determinations.

Dye Uptake

Because the extent of cellular dye uptake is proportional to dye concentration,
exposure time, temperature and, importantly, to the number of active
hemichannels on the cell surface, dye uptake assays are routinely used to
assess hemichannel opening. The uptake of the plasma membrane-imperme-
able, hemichannel-permeant fluorescent dye ethidium bromide was quanti-
fied. HeLa-Cx26 and -Cx43 cells were seeded onto acid-washed glass
coverslips. The following day, cells were transfected with plasmid pKNE16
encoding EGFP-tagged jpgD, pKNE17 encoding phosphatase-dead EGFP-
tagged ipgD owing to a single-point mutation at the catalytic site (Cys438Ser)
(Niebuhr et al., 2002), pcDNA3-GFP-Lyn-INP54 encoding GFP- and Lyn-
tagged Inp54p from Saccharomyces cerevisiae (Raucher et al., 2000), and
pEGFP-N1 encoding EGFP for controls (Clontech). Transfections were
performed with Effectene (QIAGEN) according to the manufacturer’s instruc-
tions. Cells were used at 70% confluency 36 hr after transfection. Hemichannel
opening was induced by depletion of extracellular Ca®* as described above. If
appropriate, 15 min prior to stimulation and during dye loading cells were
treated with 100 uM 18a-glycyrrhetinic acid (AGA) in DMSO or with antibodies
directed against the extracellular loop of Cx26 and Cx43—CELAb1 and
CELAb2 (Clair et al., 2008)—that had previously been dialysed against
(Ca**-free) PBS and were diluted 1:100 (v/v) in buffer. A buffer stock containing
ethidium bromide was prepared to make sure that all samples were exposed to
exactly the same concentration of dye. Cells were loaded with 5 uM ethidium
bromide in buffer (containing Ca®* for the negative control and devoid of Ca*
for all other samples) for 10 min at 37°C as described in (Retamal et al., 2007).
Then the supernatant was discarded and cells washed with buffer containing
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Ca?* to trap the dye in the cytosol. Images of at least ten random fields from
three separate slides per condition were acquired within 30 min (the ethidium
bromide signal was stable during this period) at 40x magnification using a
DMRB_E fluorescence microscope (Leica Microsystems) equipped with a
Cascade 512B CCD camera (Roper Scientific). Single transfected cells and
their shape were distinguished thanks to GFP-fluorescence and intracellular
ethidium bromide-fluorescence was quantified with the software MetaMorph
(Molecular Devices). The background fluorescence was subtracted for every
field. The mean ethidium bromide fluorescence of the positive control was
set to 100 for calculations.

Infection of Rabbit lleal Loops

The protocol was modified from Arondel et al., 1999 and approved by the Ethic
Committee Paris 1 (number 20070004, December 9, 2007). Male New Zealand
white rabbits weighing 2.5-3.0 kg (Charles River) were subjected to fasting the
day before the experiment, and treatment of drinking water with 2.8 g I
sulfadimethoxine sodium salt (Mucoxid) to prevent coccidiosis was sus-
pended. Rabbits were sedated with 0.25 mg kg~ acepromazine maleate
and anesthetized with 20 mg kg~ ketamine. Before laparotomy, 400 mg lido-
caine was applied for local anesthesia. The ileum was exteriorized and up to 12
segments of 5 cm devoid of Peyer’s patches separated by spacers of equal
length were ligatured starting from the ileocaecal junction, without damaging
the mesenteric vasculature. Per loop, 5 x 10° bacteria in 500 pl or vehicle
as control were injected. If indicated, reagents were mixed with bacterial
suspensions immediately prior to injection, assuming that loops weighed 5 g
to calculate concentrations. Samples were prepared in duplicates
with randomized positions. After 4-8 hr, rabbits were euthanized with
120 mg kg~ sodium pentobarbital, the luminal content of loops was collected,
and tissue samples were retrieved for histology and rtPCR.

Quantification of eATP In Vivo

Because ATP is extremely unstable in the extracellular space, it was adsorbed
to BSA-treated activated charcoal to protect it from degradation in the intes-
tinal lumen. Activated charcoal has the property of adsorbing great quantities
of small organic molecules such as ATP. Charcoal was freshly saturated with
BSA to prevent adherence to the intestinal epithelium. Briefly, 50 mg mI~" each
of activated charcoal and BSA were suspended in 0.9% NaCl solution and
incubated overnight at 37°C under rotation. Charcoal was recovered by centri-
fugation, washed with several changes of 0.9% NaCl solution to remove un-
bound BSA, and kept at 4°C until use.

To quantify ATP, rabbit ileal loops were infected with Shigella strains in the
presence of 40 mg BSA-treated activated charcoal and, if indicated, hemi-
channel inhibitors as described above. Samples were prepared in duplicates.
After 4 hr, rabbits were euthanized and a lavage of loops was performed with
0.5-2 ml ice-cold 0.9% NaCl solution. The luminal content was collected and
immediately transferred to ice water. Charcoal was recovered by centrifuga-
tion at 16,000 x g and 4°C for 2 min and washed three times with ice-cold
solution. To eliminate bacteria, we incubated samples with 50 ug mi~" each
of gentamicin and ceftriaxone for 45 min at 37°C under rotation, washed
them, and kept them at 4°C until the next day. ATP was eluted from charcoal
by three successive 30 min incubations with 10% (v/v) pyridine at 4°C under
rotation. Eluates were pooled and dried in a SVC-100H Speed Vac concen-
trator (Savant) because the ATP assay could not be performed in the presence
of pyridine. The pellet was dissolved in double-distilled water, and ATP was
quantified immediately with the firefly luciferase-based sensitive ATP Determi-
nation Kit (Biaffin) as described above. The ATP content of individual samples
was extrapolated from the background-subtracted standard curve, and the
mean with SD of corresponding duplicate loops was obtained. To verify the
integrity of the mucosa and to assess the progress of the inflammatory
response, tissue samples were retrieved for analysis by histology and quanti-
tative RT-PCR.

Quantification of eATP Breakdown Products In Vivo

To quantify ATP breakdown products, we infected rabbit ileal loops with
various Shigella strains with or without hemichannel inhibitors as described
above. Samples were prepared in duplicates. After 4 hr, rabbits were eutha-
nized and a lavage of loops was performed with 0.5-2 ml ice-cold 0.9%
NaCl solution. The luminal content was collected, immediately transferred to
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ice water, and weighed. Samples were spun at 16,000 x g and 4°C for
10 min to remove insoluble material, transferred to clean tubes, and kept at
—80°C. Luminal fluids were defrozen on ice and diluted 1:10 in ice-cold buffer,
and ATP breakdown products were measured using a fluorescence assay as
described in (A.P. and P.J.S., unpublished data). The nucleoside and uric acid
content of individual samples was extrapolated from the background-sub-
tracted standard curve and the mean with SD of corresponding duplicate
loops was obtained. To verify the integrity of the mucosa and to assess the
progress of the inflammatory response, we retrieved tissue samples for anal-
ysis by histology and quantitative RT-PCR.

Histology

Samples were processed according to standard techniques for immunohisto-
chemistry and hematoxylin counterstaining. Briefly, tissue was fixed for 2 days
in 4% (w/v) paraformaldehyde in PBS, dehydrated with increasing concentra-
tions of ethanol, and defatted with xylene according to standard protocols,
embedded in paraffin, cut, and mounted on microscope slides (Superfrost
Plus, Thermo Scientific). Samples were deparaffinized, rehydrated with
increasing dilutions of ethanol, permeabilized with 0.1% (v/v) Triton X-100 in
PBS, bleached with 3.3% hydrogen peroxide, and blocked with Ultra V Block
solution (Lab Vision®). Bacteria were labeled with a monoclonal antibody
directed against S. flexneri serotype 5a LPS (Phalipon et al., 1995) followed
by a peroxidase-coupled secondary antibody (Envision+ System-HRP,
Dako). Color was developed by addition of 3-amino-9-ethylcarbazole (AEC+
High Sensitivity Substrate-Chromogen, Dako). Sections were counterstained
with hematoxylin and samples mounted with Aqua-Mount. Images were ac-
quired on an Eclipse E800 microscope connected to a DXM1200F Digital
Camera with the software ACT-1 (Nikon). For quantitative evaluation of sam-
ples, the length to width ratio of villi was scored with Imaged (Abramoff
et al., 2004).

Quantitative Real-Time PCR

Tissue samples of approximately 1g were retrieved from rabbit ileal loops and
immediately homogenized in 5 ml TRIzol Reagent with an Ultra-Turrax T25
disperser (Janke & Kunkel, IKA Labortechnik, Staufen, Germany). Homoge-
nates were centrifuged at 12,000 x g and 4°C for 10 min to remove insoluble
material and stored at —80°C. RNA was extracted from a TRIzol-chloroform
mixture (5:1 v/v) with MaXtract High Density Tubes (QIAGEN), precipitated
by addition of isopropyl alcohol (1.2:1 v/v), and washed with 75% ethanol.
To remove contaminating DNA, we dissolved RNA pellets in reaction buffer
and digested them with RNase-free DNase | for 10 min at room temperature
and purified them further with the RNeasy Mini Kit (QIAGEN). RNA concentra-
tion and purity were assessed with a NanoDrop 2000 Spectrophotometer
(Thermo Scientific). RNA was kept at —80°C.

For cDNA synthesis, 2 ng of RNA were mixed with 0.5 pg of oligo(dT):s
primer and heated to 70°C for 10 min. After addition of 200 U SuperScript Il
Reverse Transcriptase along with reaction buffer, 10 mM DTT, 0.5 ug each
of dNTP, and 40 U RNasin Plus Ribonuclease Inhibitor, samples were incu-
bated at 42°C for 1 hr. Enzymes were inactivated at 70°C for 5 min. cDNA
was stored at —20°C.

For quantitative RT-PCR, 50-fold diluted cDNA was distributed in MicroAmp
Optical 384-well Reaction Plates (Applied Biosystems) in duplicates and mixed
with 0.2 uM each forward and reverse primer and Power SYBR Green PCR
Master Mix (1:1 v/v). Primers were described in Schnupf and Sansonetti,
2012. Plates were sealed with MicroAmp Optical Adhesive Film (Applied Bio-
systems), and target sequences were amplified in a 7900HT Fast Real-Time
PCR System (Applied Biosystems) under standard conditions: 2 min at 50°C
and 10 min at 95°C, followed by 40 cycles composed of 15 s at 95°C and
1 min at 60°C. For quality control, a dissociation step was added at the end
of the run. Data were analyzed with the Sequence Detection System v2.1 soft-
ware (Applied Biosystems). Relative quantitation of gene expression with
respect to samples infected with noninvasive Shigella was obtained using
the comparative Ct method and the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH) for input normalization.

Statistics
Statistical analysis was performed with the software Prism.
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