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SUMMARY

Microbial colonization of the gut induces the devel-
opment of gut-associated lymphoid tissue (GALT).
The molecular mechanisms that regulate GALT func-
tion and result in gut-commensal homeostasis are
poorly defined. T follicular helper (Tfh) cells in Peyer’s
patches (PPs) promote high-affinity IgA responses.
Here we found that the ATP-gated ionotropic P2X7
receptor controls Tfh cell numbers in PPs. Lack of
P2X7 in Tfh cells enhanced germinal center reactions
and high-affinity IgA secretion and binding to com-
mensals. The ensuing depletion of mucosal bacteria
resulted in reduced systemic translocation of micro-
bial components, lowering B1 cell stimulation and
serum IgM concentrations. Mice lacking P2X7 had
increased susceptibility to polymicrobial sepsis,
which was rescued by Tfh cell depletion or adminis-
tration of purified IgM. Thus, regulation of Tth cells by
P2X7 activity is important for mucosal colonization,
which in turn results in IgM serum concentrations
necessary to protect the host from bacteremia.

INTRODUCTION

Host physiology and diet influence the development of the gut
ecosystem (Muegge et al., 2011). Reciprocally, through interac-
tions with the host, the gut microbiota influences physiology
and disease susceptibility (Lozupone et al., 2012), a beneficial
homeostatic relationship that is ensured by several layers of
control, including mucus, antimicrobial factors, and innate and
adaptive immunity (Henao-Mejia et al., 2012; Littman and Pamer,
2011; Sun et al., 2007; Vaishnava et al., 2011).
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The gut microbiota promote the development of the gut-
associated lymphoid tissue (GALT) (Macpherson and Harris,
2004), which is responsible for intestinal IgA production in
response to microbial stimulation (Cerutti and Rescigno,
2008; Craig and Cebra, 1971). In the Peyer’s patches (PPs) of
the small intestine, T follicular helper (Tfh) cells support affinity
maturation of B cells in germinal centers (GCs) (Crotty, 2011)
and differentiation of B cells to IgA-secreting plasma cells, a
process that is critical in maintaining intestinal homeostasis
and efficient mucosal defense (Wei et al., 2011). Moreover,
some evidence suggests that affinity maturation of IgA can
also affect systemic immunity. For example, it has been shown
that recognition of luminal bacteria by secretory IgA prevents
their access to the lamina propria and systemic proinflamma-
tory stimulation by bacterial products (Johansen et al., 1999;
Macpherson and Uhr, 2004; Sait et al., 2007), a result in agree-
ment with the observation that IgA with reduced bacterial bind-
ing capacity results in systemic hyperactivation of the immune
system (Kawamoto et al., 2012).

Purinergic receptors in the plasma membranes of eukaryotic
cells comprise ATP-gated ionotropic P2Xs (P2X1-7) and guanine
nucleotide-binding protein (G protein)-coupled P2Ys (P2Y1, 2, 4,
6, 11-14, which bind also ADP, UDP, UTP, or UDP-glucose)
(Burnstock, 2007). ATP released during tissue damage acts as
a danger-associated molecular pattern (DAMP) for cells of the
innate immune system through stimulation of P2 receptors.
P2rx7, which encodes the ATP-gated P2X7 receptor, is a signa-
ture gene of effector T cell subsets (Choi et al., 2013; Gavin et al.,
2007; Hale et al., 2013; Hill et al., 2008). We have previously
shown that P2X7 activity regulates the immunosuppressive
function of regulatory T (Treg) cells (Schenk et al., 2011), and
persistent P2X7 stimulation by ATP results in pyroptosis-like
cell death of Treg cells (Taylor et al., 2008). In fact, sustained
P2X7 activation leads to the formation of a pore permeable to
molecules up to 900 Da.
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We found that P2rx7 is selectively and highly expressed in Tth
cells. Deletion of P2rx7 in Tfh cells resulted in resistance to cell
death, enhanced GC reaction in PPs, increased IgA binding to
commensals, and reduction of mucosal bacteria. Our results
unravel P2X7 as a regulator of the adaptive IgA response in the
small intestine to allow commensalism and systemic stimulation
of the immune system.

RESULTS

Tfh Cell Numbers Are Increased in the PPs

of P2rx7”~ Mice

Histochemical analysis of the intestine from P2rx7~'~ mice
revealed enlarged PPs with increased cellularity as compared
to wild-type (WT) mice (Figure 1A); ileal and colonic epithelium
were otherwise histologically normal (Figure S1A available
online). Flow cytometry of cells from P2rx7~/~ PPs revealed
an increase of Tth cells identified by expression of the C-X-C
chemokine receptor type 5 (CXCR5) (Forster et al., 1996),
CD28 family member inducible T cell costimulator (ICOS) (Choi
et al., 2011), the transcription factor B cell lymphoma 6 (Bcl6)
(Nurieva et al., 2009; Yu et al., 2009), programmed cell death-1
(PD1) (Haynes et al., 2007), and CD40L (Figure 1B). In addition
to the increase in Tth cell numbers, mean fluorescence intensities
(MFIs) of ICOS and CD40L were increased in Tfh cells from
P2rx7~'~ mice (Figure 1C). Quantitative real-time PCR on various
cell subsets purified from PPs of WT mice, namely CD19" B cells,
Fas*PNA* GC B cells, CD3"CD4" T cells, Treg cells, and Tth
cells, revealed highest expression of P2rx7 transcripts in Tfh cells
(Figure 1D). P2X7 was the only P2X receptor subtype expressed
in PPs Tfh cells (Figure 1E). In fact, these cells showed the
strongest response to stimulation with the P2X7 agonist 3'-O-
(4-Benzoyl)benzoyl ATP (BzATP) (see below). In Tfh cells isolated
from P2rx7~/~ PPs, we observed higher expression of Bcl6
transcripts and concomitant reduction in transcripts encoding
the Bcl6 antagonist Blimp1 (Figure 1F; Johnston et al., 2009).
Expression of Bcl6 inhibits CD4 T cell polarization toward T help-
er 1 (Th1) and Th17 phenotypes (Nurieva et al., 2009; Yu et al.,
2009). Accordingly, the Th17-cell-specific transcripts Rorc and
II17a and Th1-cell-specific transcripts Thx21 and Ifng were all
reduced in Tth cells from P2rx7~'~ PPs (Figure 1F).

The activity of the P2X7 receptor is influenced by a strain poly-
morphism (P451L) in the cytoplasmic domain. Proline-bearing
BALB/c mice are more sensitive to P2X7 stimulation by ATP
than leucine-bearing C57BL/6 mice (Adriouch et al., 2002). We
observed a progressive increase in Tfh cells across BALB/c,
C57BL/6, and finally P2rx7~/~ mice, indicating that P2X7 respon-
siveness inversely correlates with Tth cell number (Figure S1B).
These observations suggest that P2X7 activity limits the abun-
dance of Tth cells in PPs.

Expansion of Tfh Cells in PPs of P2rx7~~ Mice Is Cell
Intrinsic

To rule out that other cell subsets contributed to the increase
of Tth cell numbers in PPs from P2rx7~'~ mice, we adoptively
transferred either WT or P2rx7~/~ CD4 Foxp3ESFP T cells into
Cd3e™~ mice. This model of transfer into lymphopenic mice
has previously demonstrated selective conversion of FoxP3-
expressing cells into Tfh cells in PPs (Tsuji et al., 2009).
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Foxp3ESFP cells from P2rx7~/~ mice did not differ from the WT
counterpart in the expression of gut-homing receptors (CD103
and CCR9) (Annacker et al., 2005; Zabel et al., 1999) (data
not shown). PPs from Cd3e ™'~ mice adoptively transferred with
Foxp3-expressing P2rx7 '~ cells showed a prominent increase
of Tfth cells (Figure 2A). To more directly address the role of
P2X7 in Tfh cells, we competitively transferred Cd3e™~ mice
with Tfh cells purified from PPs of WT (CD45.1%) and P2rx7 '~
(CD45.2*) mice at a 1:1 ratio. After 1 month, more than 90% of
the Tth cells recovered from PPs of reconstituted mice originated
from P2rx7~/~ mice, indicating that P2rx7 deletion conferred
greatly enhanced reconstitution potential to Tth cells (Figure 2B).
To exclude the possibility that the expansion of Tfh cells in
P2rx7~'~ mice was driven by inheritable differences in intestinal
microbiota we analyzed Tth cells in PPs from cohoused WT and
Porx7~'~ mice, which were either delivered through caesarian
and cofostered (CoF) with CD1 adoptive mothers (Figure 2C)
or cross-fostered (CrF) with reciprocal WT and P2rx7~'~ mothers
(Figure 2D) or cobred (CoB) with WT and P2rx7~/~ mothers
(Figure 2E). In all these breeding conditions, P2rx7~/~ mice
sacrificed at 8 weeks of age showed an increase in Tth cell
numbers. Finally, reconstitution of cohoused Cd3e~’~ mice
with WT or P2rx7~/~ Foxp3-expressing T cells also showed the
selective expansion of Tfh cell numbers in mice transferred
with P2rx7~/~ cells (Figure 2A). Taken together, these results
demonstrate that expansion of Tth cell numbers is T cell intrinsic
and not secondary to inheritable dysbiosis in P2rx7~'~ mice.

P2X7 Mediates Tfh Cell Death

We analyzed PPs from WT and P2rx7~/~ mice by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL).
This assay revealed the reduction of positive cells in P2rx7 "/~
mice (Figure 3A). Because P2X7-mediated cell death is charac-
terized by phosphatidylserine (PS) exposure, we analyzed PP
cells for Annexin V staining by flow cytometry; more than 20%
of ex vivo Tfh cells were labeled by Annexin V in WT but not
Porx7~'~ mice, whereas Annexin V staining in other PP cell
subsets was consistently lower and indistinguishable between
the two strains (Figure 3B). These results indicate that P2X7
expression correlates with selective Tfh cell death in PPs.

In peripheral lymph nodes and spleen of nonimmunized
animals, Tth cells are virtually absent, and P2rx7~'~ mice did
not show differences with respect to WT animals (Figure S2A).
In contrast, Tfh cells could be detected in mesenteric lymph
nodes (mLNs) because of constant antigenic challenge. As
observed in PPs, significant increases in Annexin V* Tfh cells
were detected in mLNs from WT mice, suggesting that P2X7
also regulates Tfh cell representation in LNs (Figure S2B;
Wilhelm et al., 2010). The increase in cell death of PP Tfh cells in
WT mice was confirmed with VAD-FMK staining detecting acti-
vated caspases and by increased expression of proapoptotic
bik (Boyd et al., 1995) and bax (Oltvai et al., 1993) transcripts (Fig-
ure S2C). An analogous result together with selective increase
in Annexin V* Tfh cells was obtained with converted WT but not
P2rx7~'~ Tth cells in adoptively transferred Cd3e™~ mice (Fig-
ure S2D), indicating the cell-autonomous nature of P2X7-medi-
ated Tfh cell death. This conclusion was further supported by
the significantincrease of Annexin V* cells in Cd3e ™'~ mice recon-
stituted with Tfh cells purified from PPs of WT mice (Figure S2E).
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Figure 1. P2rx7”'~ Mice Have Increased Tfh Cell Numbers in the PP
(A) lleal PPs from 8-week-old mice (scale bars represent 100 um); histograms show the number of total cells (mean + SD, n = 5) recovered from PPs harvested
from the entire small intestine.
(B) Dot plot and statistical analyses of WT and P2rx7~/~ CD3*CD4* PPs cells stained with ICOS, Bcl6, PD1, CD40L, and CXCR5 antibodies. Percentages are
shown in each gate, histograms show mean percentages + SD (n = 5).
(C) Mean fluorescence intensity (MFI) of ICOS and CD40L on Tth cells from WT or P2rx7~/~ quantified by flow cytometry.
(D) Quantitative real-time PCR of P2rx7 transcripts in purified CD19*B220*, Fas*PNA* GC B cells, CD19* B cells, CD3*CD4* T cells, CD3*CD4*CD25" Treg cells,
and CD3*CD4*CXCR5*ICOS™ Tth cells from WT mice.
(E) Quantitative real-time PCR of P2rx gene transcripts in purified CD3*CD4*CXCR5*ICOS™ Tfh cells from WT mice.
(F) Quantitative real-time PCR of Bcl6, Prdm1, Tbx21, Ifng, Rorc, and Il17a transcripts in purified CD3*CD4*CXCR5*ICOS™ Tth cells from WT or P2rx7~'~ mice.
Data are representative results of three independent experiments with at least five mice per experiment. *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
Error bars represent SD.
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Analysis of permeability to DAPI upon stimulation with the  Time monitoring of PS exposure and DAPI uptake upon P2X7
P2X7 agonist BZATP showed that Tfh cells were the most sensi-  stimulation using the natural ligand ATP confirmed the lack of
tive subset to P2X7-mediated pore formation in PPs (Figure 3C).  PS exposure and DAPI uptake in P2rx7~'~ Tth cells (Figure 3D).
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Figure 2. Expansion of Tfh Cell Numbers in
the PPs of P2rx7~~ Mice Is Cell Autonomous
(A) Dot plot and statistical analyses of PPs
cells from Cd3e™’~ mice reconstituted with WT
or P2rx7~'~ Foxp3ECFP cells. In two independent
experiments, cohoused Cd3e™’~ mice were
analyzed 4 weeks after the reconstitution and are
shown as superimposed blue and red results for
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Analogous sensitivity to ATP stimulation was observed in Tfh
cells from WT but not P2rx7~'~ mLNs (Figure S2F), indicating
that Tth cells are exquisitely sensitive to P2X7-mediated cell
death by extracellular ATP.

Importantly, extracellular ATP-mediated Tfh cell death via
P2X7 does not affect Tth cells actively responding to cognate
antigen stimulation. Indeed, p2rx7 transcription in Tth cells was
robustly downregulated by CD3 and CD28 stimulation and Tfh
cells became resistant to P2X7-mediated DAPI permeability
(Figure 3E). Further, we generated antigen-specific Tth cells by
feeding TCR transgenic OT-Il mice (recognizing OVA peptide
323-339) with OVA. After 7 days we analyzed the amount
of P2rx7 transcripts in ex vivo sorted OT-Il Tth cells from PPs
as well as in OT-Il Tth cells sorted after in vitro stimulation for
16 hr with dendritic cells pulsed with OVA peptide. This analysis
revealed the robust P2rx7 downregulation in antigen-stimulated
cells (Figure 3F), thereby supporting the notion that acute TCR
stimulation spares Ttfh cells from death via P2X7.
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T mice reconstituted with WT or P2rx7 '~ Foxp3EGFP
cells, respectively.

(B) Dot plot and statistical analyses of PPs cells
from Cd3e~’~ mice reconstituted with purified WT
(CD45.1) and P2rx7~/~ (CD45.2) Tth cells at 1:1
ratio. Cells were gated for surface CD4 and CD3,
and ICOS*CXCR5" cells were analyzed for CD45.1
and CD45.2 to score WT and P2rx7~/~ cells
(left dot plot). Middle panels show staining with
CXCR5 and ICOS antibodies on gated WT and
P2rx7~'~ CD4 cells. Histograms on the right show
statistics for percentage and absolute cell number
of WT and P2rx7 '~ Tfh cells recovered from PPs
of reconstituted Cd3e ™~ mice (n = 3).

(C-E) Flow cytometry of PPs CD3*CD4* T cells
stained with CXCR5 and ICOS antibodies; cells
were recovered from cohoused WT and P2rx7 '~
mice. Before cohousing, mice were delivered
through caesarean and cofostered with CD1
adoptive mothers (C), cross-fostered with recip-
rocal WT and P2rx7~/~ mothers and cohoused for
4 weeks (D), or cobred with WT and P2rx7 '~
mothers and cohoused for 4 weeks (E).

Data are representative results of six (A), two (B),
and three (C-E) independent experiments with
three to five mice per experiment. **p < 0.001.
Error bars represent SD.
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P2X7 in Tfh Cells Limits GC
Reaction in PPs
The increase of Tth cells in P2rx7~"~ mice
correlated with an enhanced GC reaction
in the PPs (Figure 4A); the increase in
Fas*PNA" GC B cells was associated
with increased expression of Aicda
mRNA encoding activation-induced cytidine deaminase (AID),
which controls Ig somatic hypermutation (SHM) and class switch
recombination (CSR) (Figure 4B; Muramatsu et al., 2000). In vitro
stimulation of both T and B cells results in extracellular ATP
release (Schena et al., 2013; Schenk et al., 2008). To see whether
P2X7 activation affected Tth cell activity in vitro, WT IgM* B cells
were cocultured with either WT or P2rx7~/~ Tth cells isolated
from PPs; when P2rx7~/~ Tth cells were present in the culture,
there was increased Ig CSR to IgA with more abundant IgA
secretion, suggesting that lack of P2X7 results in enhanced
B cell helper function (Figure 4H). The number of IgA-secreting
B cells measured by ELISPOT was significantly increased in
the small but not large intestine lamina propria of P2rx7 "/~
mice, consistent with increased Tfh cell activity in vivo (Fig-
ure 4C). Accordingly, fecal IgA concentrations in P2rx7 '~ mice
were elevated, whereas IgM were reduced (Figure 4D). The
same phenotype was observed in Cd3e™~ mice reconstituted
with P2rx7~/~ Foxp3* T cells, indicating the dependence of
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Figure 3. Extracellular ATP Promotes Tfh Cell Death

(A) Representative TUNEL assay on ileal PPs from WT and P2rx7~/~ mice (scale bars represent 100 um); white numbers represent TUNEL-positive cells.

(B) Annexin V staining and corresponding statistical analysis of freshly isolated WT and P2rx7~'~ PP cell subsets gated as indicated (n = 5).

(C) Time monitoring of electronically gated PPs cell subsets for DAPI uptake after stimulation with Bz-ATP (75 uM).

(D) Time monitoring of electronically gated PPs WT or P2rx7~/~ Tth cells for DAPI uptake and PS exposure after stimulation with the indicated doses of ATP.
(E) Real-time PCR of P2rx7 transcripts in Tfh cells either unstimulated or stimulated for 16 hr with anti-CD3 and CD28 mAbs; Bz-ATP responsiveness measured by
time-monitoring of DAPI staining in the same cells.

(F) Real-time PCR of P2rx7 transcripts in OT-Il Tth cells either unstimulated or stimulated for 16 hr with OVA peptide-pulsed dendritic cells.

Data are representative results of three to six independent experiments. ***p < 0.001; ns, not significant. Error bars represent SD.
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OWT Figure 4. P2X7 Deficiency in Tfh Cells
B P2rx77- Leads to Enhanced GC Reactions and
- - IgA Response
aicda (A) Representative dot plots and statistical analysis
of Fas*PNA* GC B cells.
(B) Real-time PCR of Aicda in purified CD19* cells
(n=5).
(C) IgA-secreting plasma cells in lamina propria
of small (Sl) or large (LI) intestine quantified by
ELISPOT (n = 3).
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(D) Fecal IgA (n = 10) and IgM (n = 5) concentrations
in WT and P2rx7~/~ mice.

(E-G) Representative dot plots and statistical
analysis of Fas*PNA* GC B cells (E), real-time PCR
of Aicda in purified CD19* cells (n = 5) (F), and fecal
IgA concentrations (n = 6) (G) in Cd3e™’~ mice
either nonreconstituted or reconstituted with WT
or P2rx7~'~ Foxp3E®™P cells.

(H) Absorbance values in ELISA-detecting IgA in
the supernatants of B cells cocultured with WT or
P2rx7~'~ Tfh cells purified from PPs.

Data are representative results of at least two
independent experiments. *p < 0.05, *p < 0.01,
and ***p < 0.001; ns, not significant. Error bars
represent SD.
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the observed phenotype on P2rx7 deletion in Tfh cells (Figures
4E-4G).

Follicular regulatory (CD4*CXCR5*ICOS*Foxp3*) T (Tfr) cells
play a crucial role in GC responses by limiting Tth and GC B
cell numbers as well as plasma cells differentiation (Chung
et al., 2011; Linterman et al., 2011; Wollenberg et al., 2011).
Because P2rx7 is expressed in Tfr cells (Figure S3A), P2rx7 dele-
tion might result in increasing Tfr cells in PPs. However, similar
Tfr cell numbers were found in WT and P2rx7~'~ mice, while
the percentage was reduced in p2rx7~'~ mice (Figure S3B).
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the recovery of mostly CD4*CXCR5*

ICOS*Foxp3~ Tfh cells after 4 weeks (Fig-
ure S3F), indicating that lack of P2X7 does not result in Tfr cell
expansion.

P2X7 Signaling Regulates Human Tfh Cells

TUNEL-positive cells were observed in the T cell area of human
PPs (Figure 5A) as well as selective PS exposure by FACS in Tfh
cells from PPs of three healthy subjects (Figure 5B). On-line
monitoring of Annexin V staining and DAPI permeability of PP
cells exposed to ATP revealed an increase in Tfh but not
other PP cells (Figure 5C). Indeed, naive B cells do not express
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Figure 5. Purinergic Regulation of Tfh Cells
Is Conserved in Humans

(A) Representative TUNEL assay on ileal PPs from
a healthy subject.

(B) Cell suspensions from human PPs were stained
with CD3, CD4, CXCR5, and ICOS antibodies.
A representative staining with Annexin V of
CD3*CD4*ICOS CXCR5~ (X571COS™) and Tfh
(X5*ICOS*) cells is shown. Bars on the right show
statistical analysis of Annexin V staining for three
subjects.

(C) Fold increase of Annexin V* cells and DAPI MFI
in the indicated cell subsets recovered from PPs of
healthy subject upon stimulation with 3 mM ATP.
(D) Gating strategy for purification of the indicated
cell subsets and real-time PCR of P2rx7 transcripts
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in germinal center B cells (GC), plasmablasts (PB),
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(E) Real-time PCR of P2rx7 transcripts in naive
B cells sorted as CD19*IgM*IgD*CD27~ from
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Results are means + SD of five independent
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2004; Peterson et al., 2007). Low-affinity
T-cell-independent IgA is sufficient for
controlling benign commensal bacteria.
Conversely, T-cell-dependent affinity-
matured IgA responses are critical for
efficient mucosal defense and contain-
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detectable amounts of P2rx7 (Figure 5E), and P2rx7 transcripts
were not detected in plasma blasts (PBs), GC, and memory
(ME) B cells by real-time PCR (Figure 5D). These observations
suggest that luminal ATP can also modulate Ttfh cell function in
the human small intestine. To address the role of P2X7 in regu-
lating B cell help by Tth cells, an in vitro assay of Ig CSR was per-
formed in the presence of a selective P2X7 pharmacological
antagonist (A438079). Naive B cells isolated from peripheral
blood as CD19*Lin"CD27 1gG IgA~ cells predominantly ex-
press P2rx5 and to a lesser extent P2rx1 and P2rx4 (Figure 5E),
and therefore they were not directly influenced by the drug.
Coculturing of naive B cells with Tth cells isolated from peripheral
blood as CD4*CXCR5*CD45RA ™ cells (Morita et al., 2011) re-
sulted in substantial |g CSR to IgG. Notably, inhibition of P2X7
by A438079 resulted in an increase of IgG concentration in the
culture medium (Figure 5F), suggesting that P2X7 activity is
also important for regulating human Tth cells.

P2rx7”~ Mice Have Enhanced High-Affinity IgA
Responses and Reduced Mucosal Colonization
Mucosal IgA inhibits intestinal bacteria from penetrating the
epithelial cell layer (Burns et al., 1996; Macpherson and Uhr,

ment of more invasive commensal spe-

cies, such as segmented filamentous

bacteria (SFB), which tightly adhere to
epithelial cells in the terminal ileum (lvanov et al., 2009; Suzuki
et al., 2004). High-throughput sequencing of Ig Vi regions in B
cells isolated from PPs revealed minor differences between
WT and P2rx7~/~ mice in the distribution of the Vj repertoire
of IgA (Figure 6A). However, an increase in the frequency of
replacement (R) mutations (i.e., encoding a different amino
acid) in Vy; family’s CDR2 was detected in P2rx7~/~ mice,
suggesting enhanced affinity maturation of IgA responses
(Figure 6B). Analysis in flow cytometry of IgA-coated bacteria
from the small intestine revealed the increase of IgA-coated
cells in P2rx7~'~ mice. Conversely, bacteria coated by 1gG3, a
T-cell-independent Ig subclass present in the small intestine
and specific for bacterial polysaccharides (McLay et al., 2002),
were the same for both strains (Figure 6C). Inspection of the
ileum from WT and P2rx7~/~ mice by scanning electron micro-
scopy (SEM) revealed the striking reduction of mucosal coloniza-
tion by SFB in P2rx7~/~ mice (Figure 6D). To demonstrate
enhanced high-affinity IgA responses in P2rx7 '~ mice, we gav-
aged mice with E. coli and analyzed the specific IgA response.
In fact, the E. coli-specific IgA response is fully dependent on
PPs (Lécuyer et al., 2014). Total IgA concentration in intestinal
washes was quantified by ELISA. Undiluted aliquots of the
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Figure 6. P2X7 Deficiency Leads to Enhanced IgA Affinity and Depletion of Mucosal Commensals

(A and B) Vy family distribution in five mice per genotype (A) and frequency of R mutations in IgVy; family CDR2 (B) in IgA-expressing CD19* B cells isolated from
PPs of WT and P2rx7~/~ mice.

(C) Representative dot plots and percentages of IgA (n = 6)- and IgGs (n = 6)-coated bacteria from the small intestine of WT and P2rx7~/~ mice as determined
by flow cytometry.

(D) SEM of the terminal ileum from WT and P2rx7~'~ mice. Inset in WT image shows SFBs in more detail.

(E) Quantification by flow cytometry of E. coli-specific IgA in intestinal lavages from WT and P2rx7~'~ mice gavaged with E. coli.

(F) Statistical analysis of colony forming units (CFU) of aerobic and anaerobic bacteria recovered from the Sl of WT and P2rx7 '~ mice (n = 10).

(G) Quantitative real-time PCR of ileal adherent bacteria in WT and P2rx7~/~ mice expressed as prokaryotic/eukaryotic DNA ratio (n = 5).

Data are from one experiment (A and B) or at least two independent experiments. *p < 0.05, **p < 0.01. Error bars represent SD.
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same samples were used to stain E. coli for FACS analysis. Mean
fluorescence intensities of E. coli-specific IgA plotted against
IgA concentrations revealed an increase of E. coli-specific IgA
in P2rx7~'~ mice, thereby indicating that PP-dependent IgA
response was enhanced (Figure 6E). Taxonomic analysis of total
gut microbiota in WT and P2rx7~'~ mice did not reveal differ-
ences in the representation of bacterial families (Figure S4A).
However, bacterial cultures from small intestine of P2rx7 /=
mice showed a decrease of both aerobic and anaerobic species
(Figure 6F). Finally, after removal of fecal pellet, we isolated
whole ileal mucosa comprising epithelium and mucus (Fig-
ure S4B) to quantify adherent bacteria per tissue mass by
real-time PCR. In P2rx7~'~ mice we could detect a decreased
prokaryotic to eukaryotic DNA ratio (Figure 6G), indicating that
P2X7 in Tth cells is important in dampening high-affinity IgA
responses in the small intestine and that P2rx7 deletion results
in an enhanced clearance of mucosal commensals in the small
intestine.

P2rx7”~ Mice Have Reduced Serum IgM

and Are Susceptible to Sepsis

Sensing of commensals profoundly shapes host immune system
(Hand et al., 2012; Hooper et al., 2012). In P2rx7~'~ mice,
reduced IgM serum concentrations were observed in compari-
son with WT animals (Figure 7A). In WT mice, long-term dosing
of antibiotics resulted in reduction of serum IgM, consistent
with a requirement for mucosal colonization in maintaining serum
IgM at physiological concentrations (Figure 7A). It was recently
found that lack of IgA negatively correlates with serum lipopoly-
saccharide (LPS) concentrations (Shulzhenko et al., 2011).
Hyper-IgA in P2rx7~/~ mice was associated with reduced con-
centrations of serum LPS (Figure 7B). In addition, a single low-
dose (20 ug) intraperitoneal injection of LPS induced a significant
increase in serological IgM in P2rx7 '~ mice (Figure 7C), sug-
gesting that reduced mucosal colonization and consequently
less translocation of bacterial components results in reduced
B cell stimulation and IgM secretion.

Because deletion of Icos results in a lack of Tth cells in
both P2X7-proficient and P2X7-deficient mice (Figure S5A),
we used Icos™~ and double mutant lcos™~P2rx7~'~ mice to
address the role of P2X7 in Tfh cells for conditioning serum
IgM concentrations through the regulation of mucosal IgA. By
comparing the ratio of P2rx7 '~ to P2rx7+* fecal IgA and serum
IgM in ICOS-proficient and ICOS-deficient mice, we found that
Icos deletion restored the balance between fecal IgA and serum
IgM in P2rx7~'~ mice (Figure 7D). These results suggest that
Tfh cells are responsible for the elevated fecal IgA and reduced
serum IgM characteristic of P2rx7~'~ mice.

Evaluation of IgM-secreting cells (ISCs) in the spleen by
ELISPOT assay revealed the decrease of ISCs in P2rx7 "/~
mice with respect to their WT counterpart. ISCs reduction in
P2rx7~'~ mice was Tfh cell dependent since it was restored by
Icos deletion (Figure S5B). Further investigation of the spleens
of P2rx7~'~ mice revealed that follicular and marginal zone
B cells were not able to spontaneously secrete IgM (data not
shown) whereas B1 cells did and were responsive to stimulation
by commensals components. In fact, IgM secretion by these
cells was reduced in germ-free mice and was restored in
P2rx7~'~ mice by LPS injection (Figures 7E and 7F).

Serum from P2rx7 '~ mice (1:4 dilution) showed reduced IgM

binding to antigens from cecal commensals compared to serum
from WT mice (Figure 7G) as well as impaired ability to inhibit
cecal bacteria growth in vitro (Figure 7H). Notably, this serolog-
ical defect of P2rx7~/~ mice was restored by addition of purified
IgM from the sera of WT mice (Figure 7H), suggesting that
translocation of bacterial antigens from the small intestine
results in the priming of B cells to secrete IgM able to inhibit
bacterial growth and that this priming is significantly defective
in P2rx7~'~ mice.

It is known that IgM constitutes a first line of defense against
blood-borne microbial infection (Boes et al., 1998), and thus the
reduced concentrations of IgM in P2rx7~~ mice should make
them more susceptible to polymicrobial sepsis. To test this hy-
pothesis, a sublethal terminal cecal ligation and puncture (CLP)
was performed. This model has been shown to closely resemble
human sepsis (Hubbard et al., 2005; Rittirsch et al., 2009).
Strikingly, P2rx7~'~ mice displayed severe symptoms in the first
hours after surgery and most succumbed within 48 hr (Figures 71
and 7L). Although blood from WT mice was always sterile, both
aerobic and anaerobic bacteria could be easily cultured from
blood of P2rx7~'~ mice (Figure S5C). The same morbidity was
observed by CLP in cohoused WT and P2rx7~'~ mice, suggest-
ing that lack of P2X7 results in the depletion of “protective” com-
mensals (Figure S5D). Notably, P2rx7 '~ mice surviving CLP
showed an increase of serological IgM concentrations relative
to WT mice, indicating that P2rx7 '~ B cells were not intrinsically
defective in differentiating to ISCs upon stimulation by bacterial
antigens (Figure 7M). Prophylactic intravenous affinity-purified
IgM from WT mice was administered to P2rx7~'~ mice before
CLP. IgM-treated mice were indistinguishable from WT mice
and showed comparable survival rates (Figures 71 and 7L), impli-
cating reduced IgM as cause of mortality by polymicrobial sepsis
in P2rx7~'~ mice. Of note, infection with Listeria monocytogenes,
in which adaptive immunity is dispensable for containing infection
at early time points (Pamer, 2004), did not result in differences
for morbidity and bacterial recovery between WT and P2rx7 "/~
mice (Figures S5E and S5F). To show the causative role of
P2rx7~'/~ Tth cells in bacterial sepsis after sublethal CLP, the
same experiment was repeated in P2rx7~'~Icos ™~ mice. Strik-
ingly, these mice were fully resistant to sublethal CLP, analo-
gously to lcos™~ animals (Figure S7N). These results indicate
that enhanced adaptive mucosal response in P2rx7~'~ mice
attenuates systemic sensing and basal IgM response to com-
mensals, thus exposing the organism to possible fatal sepsis.

DISCUSSION

The regulated release of ATP influences eukaryotic cell function
through ubiquitously expressed purinergic P2 receptors (Burn-
stock, 2007). The high concentration of ATP inside cells and its
virtual absence extracellularly in healthy tissues renders ATP
also an ideal harbinger of cell death; in fact, ATP is sensed as
a DAMP by cells of the innate immune system. P2rx7 has been
recently shown to be a signature gene of Tfh cells (Choi et al.,
2013; lyer et al., 2013), but its function in this cell subset has
not been addressed so far. Interestingly, extracellular ATP con-
centrations active on P2X7 are present during an alloreactive
response and at site of immunization with complete Freund’s
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Figure 7. P2X7 Deficiency Is Associated with Reduced IgM-Secreting B1 Cells and Susceptibility to Polymicrobial Sepsis

(A) ELISA quantification of serum IgM in WT and P2rx7 '~ mice treated either with PBS (—) or VAM (+) (n = 3).

(B) Serum LPS concentrations in WT and P2rx7 '~ mice as determined by Limulus amebocyte lysate (LAL) assay.

(C) ELISA quantification of serum IgM concentrations in WT and P2rx7~'~ mice treated either with PBS or LPS.

(D) Ratio of P2rx7 '~ to P2rx7*/* fecal IgA (n = 10) and serum IgM (n = 6) in Icos*’* (left) and Icos ™~ (right) backgrounds.

(E) Representative picture and mean percentages of IgM-secreting cells by ELISPOT in purified splenic B1 cells from WT, germ-free (GF), and P2rx7~'~ mice
(WT, 20 mice pooled in group of 5; GF, 10 mice pooled in group of 5; P2rx7 '~ 15 mice pooled in group of 5).

(F) Representative picture and mean percentages of IgM-secreting cells by ELISPOT in purified splenic B1 cells from WT, P2rx7~/~, and P2rx7~'~ mice treated with
intraperitoneal injection of LPS (WT, 10 mice pooled in group of 5; p2rx7~/~, 10 mice pooled in group of 5; p2rx7 '~ treated with LPS, 10 mice pooled in group of 5).
(G) Absorbance in ELISA of antimicrobiota serum IgM in WT and P2rx7 '~ mice (n = 5).

(H) CFUs in cecal cultures from WT and P2rx7~/~ mice with addition of PBS or autologous serum and IgM from WT mice (serum + IgM) (n = 5).

(I'and J) Clinical score (l) and survival rate (J) of WT, P2rx7~'~, and P2rx7~'~ mice treated with IgM purified from WT mice, upon sublethal CLP.

(K) Serum IgM concentrations by ELISA in surviving WT and P2rx7~'~ mice before and 1 week after CLP.

(L) Survival rates of Icos ™~ and P2rx7~'~Icos ™'~ mice upon sublethal CLP.

Data are representative results of two to five independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars represent SD.

adjuvant (Wilhelm et al., 2010), suggesting that signaling through
the ATP-P2X7 axis can regulate Tfh cell response in secondary
lymphoid organs.

Tfh-cell-dependent high-affinity IgA is critical in maintaining
intestinal homeostasis and efficient mucosal defense by
limiting translocation of potentially invasive bacteria from the
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gut lumen into the organism (Wei et al., 2011; Shroff et al,,
1995). Conversely, microbiota-independent (“natural”) and
T-cell-independent (“primitive”) IgA are sufficient for controlling
benign commensal bacteria by promoting their exclusion from
the mucus layer (Slack et al., 2012). In an elegant study, Hapfel-
meier et al. (2010) have shown that mucosal IgA response in the



Immunity
P2X7 as Regulator of Tfh Cells

gut is adapted to actual commensals. In Tth cells, P2rx7 is
robustly downregulated by acute TCR stimulation, thereby
sparing actively responding cells from death via P2X7. The sensi-
tivity of non-actively stimulated Tth cells to ATP as a metabolite
associated with mucosal colonization might underlie IgA attrition
in the gut and allow adapting IgA response to predominant taxa
at any given time. Probably this mechanism contributes also to
the complexity of developing vaccines that effectively protect
the host against intestinal mucosal infections (Slack et al.,
2012). Notably, oral immunization of P2rx7~'~ mice with E. coli
resulted in dramatically enhanced IgA response with respect to
WT mice. Because Tfh cell death by extracellular ATP was
observed also in human PPs, pharmacological ATP antagonism
might constitute a strategy to limit Tfh cells death and promote
long-lasting mucosal IgA responses.

Lack of the inhibitory coreceptor PD1 was recently shown to
result in expanded Tfh cells in PPs. However, the increased
help by PD1-deficient cells interfered with selection of the IgA
repertoire and IgA responses were not specific for commensals
(Kawamoto et al., 2012). In contrast, Tfh cells expansion by
P2rx7 deletion resulted in enhanced IgA responses to commen-
sals and to gavaged E. coli. Further, P2rx7~'~ mice showed
increased IgA SHMs and reduced mucosal colonization, indi-
cating enhanced antigen-specific Tth cell help and the fact that
P2X7 activity contributes to mucosal commensalism by limiting
follicular T cell help.

Commensal-derived signals shape a number of systemic
immune responses (Clarke et al., 2010; Hill et al., 2012; Macpher-
son and Harris, 2004; Noverr and Huffnagle, 2004). Secretory IgA
limit access of antigens from the microbiota to the organism
(Johansen et al., 1999; Macpherson and Uhr, 2004; Sait et al.,
2007; Shulzhenko et al., 2011) and increased IgA are likely
responsible of reduced stimulation of B1 cells as well as serum
IgM concentrations in P2rx7~'~ mice. IgM plays a crucial role
in protecting the organism against blood microbial infection
(Boes et al., 1998) and contrast lethal dissemination of commen-
sals (Kirkland et al., 2012). Sepsis is a major health problem
(Hotchkiss and Karl, 2003); in hospitalized patients, antibiotic-
induced changes in the intestinal microbiota can enable bacteria
to invade the bloodstream (Ubeda et al., 2010). Hypo-IgM in
P2rx7~/~ mice increases the risk of polymicrobial sepsis and
death by otherwise sublethal CLP, an experimental model that
closely resembles the human disease (Hubbard et al., 2005;
Rittirsch et al., 2009). These results point to P2rx7 in Tfh cells
as a master regulator of host-microbiota mutualism. Finally,
elevated ATP in the intestine, as may occur during invasion
of the microbiota by intestinal pathogens or damage to the
epithelium by pathogens, toxins, or injected chemicals, might
modify the balance of immune responses toward a more potent
innate response. Production of metabolically “expensive” and
risky adaptive immunity can then be limited to persistent micro-
organisms that cannot be cleared by innate immunity alone.

EXPERIMENTAL PROCEDURES

Mice and In Vivo Experiments

All animal experiments were performed in accordance with the Swiss Federal
Veterinary Office guidelines and authorized by the Animal Studies Committee
of Cantonal Veterinary. Mice were on a C57BL/6 genetic background. C57BL/

6J, P2rx7~'~ (B6.129P2-P2rx7™'G20/ ) «Foxp3ESFP (B6.Cg-Foxp3tm2Ten/J),
Icos™~, and Cd3e™'~ mice were bred in specific-pathogen-free (spf) facility
at Institute for Research in Biomedicine Switzerland. C57BL/6J germ-free
mice were maintained in flexible film isolators at the Clean Animal Facility,
University of Bern, Switzerland. For sublethal CLP, the cecum was ligated at
10 mm from the distal pole. Cecal puncture (“through-and-through”) in a
mesenteric to antimesenteric direction was carried out after ligation with a
20G needle. Body temperature and clinical score were measured every 3 hr.
Cohousing experiments were performed as follows.

For caesarean delivery and fostering by CD1 adoptive mothers (CoF), WT
and P2rx7 '~ mice were delivered by caesarean section on gestation day
18.5, fed by CD1 adoptive mother, weaned at 4 weeks, cohoused, and sacri-
ficed at 8 weeks of age. For cross-fostering with reciprocal WT and P2rx7 "/~
mothers (CrF), WT mice were fed by P2rx7 '~ mother and P2rx7 '~ newborns
were fed by WT mother. Cubs were weaned at 4 weeks, cohoused, and sacri-
ficed at 8 weeks of age. For cobreeding with WT and P2rx7~/~ mothers (CoB),
WT and P2rx7~’~ newborns were bred together and fed by both WT and
P2rx7 '~ mothers in the same cage (up to ten cubs with two mothers). Mice
were weaned at 4 weeks of age, cohoused, and sacrificed at 8 weeks of age.

Isolation of Human PPs and In Vitro Tfh-Cell-Dependent B Cell Help
Peyer’s patches were obtained during endoscopy from the terminal ileum of
young adults presenting with chronic abdominal pain and in which subsequent
examinations excluded the presence of organic diseases of the bowel. All
patients were otherwise healthy and not taking medications. Peyer’s patches
were identified at endoscopy as small nodules covered by normal mucosa.
For CD4 T-B cell coculture, naive B cells were cocultured with sorted CD4*
T cells in the presence of endotoxin-reduced SEB. P2X7 selective antagonist
A 438079 hydrochloride (Tocris) was added at a final concentration of 10 nM
in the coculture. After 9 days of culture, supernatants were collected and
IgG content was measured by ELISA.

Statistical Analyses

Student’s paired t test was used to determine the significance of differences
between mean values. In flow cytometry analyses, mean values + SD of at
least five mice from the same experiment are shown and are representative
of at least three independent experiments. Values of p < 0.05 were considered
significant.
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