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Rheumatoid arthritis (RA) is an autoimmune disease that affects ∼1% of the world’s

population. B cells and autoantibodies play an important role in the pathogenesis of

RA. The P2RX7 receptor is an ATP-gated cation channel and its activation results

in the release of pro-inflammatory molecules. Thus, antagonists of P2RX7 have been

considered to have potential as novel anti-inflammatory therapies. Although originally

identified for its role in innate immunity, P2RX7 has recently been found to negatively

control Peyer’s patches (PP) T follicular helper cells (Tfh), which specialize in helping B

cells, under homeostatic conditions. We have previously demonstrated that PP Tfh cells

are required for the augmentation of autoimmune arthritis mediated by gut commensal

segmented filamentous bacteria (SFB). Thus, we hypothesized that P2RX7 is required

to control autoimmune disease by keeping the Tfh cell response in check. To test

our hypothesis, we analyzed the impact of P2RX7 deficiency in vivo using both the

original K/BxN autoimmune arthritis model and T cell transfers in the K/BxN system.

We also examined the impact of P2RX7 ablation on autoimmune development in

the presence of the gut microbiota SFB. Our data illustrate that contrary to exerting

an anti-inflammatory effect, P2RX7 deficiency actually enhances autoimmune arthritis.

Interestingly, SFB colonization can negate the difference in disease severity between

WT and P2RX7-deficient mice. We further demonstrated that P2RX7 ablation in the

absence of SFB caused reduced apoptotic Tfh cells and enhanced the Tfh response,

leading to an increase in autoantibody production. It has been shown that activation

of TIGIT, a well-known T cell exhaustion marker, up-regulates anti-apoptotic molecules

and promotes T cell survival. We demonstrated that the reduced apoptotic phenotype of

P2rx7−/− Tfh cells is associated with their increased expression of TIGIT. This suggested

that while P2RX7 was regulating the Tfh population by promoting cell death, TIGIT may

have been opposing P2RX7 by inhibiting cell death. Together, these results demonstrated

that systemic administration of general P2RX7 antagonists may have detrimental effects

in autoimmune therapies, especially in Tfh cell-dependent autoimmune diseases, and

cell-specific targeting of P2RX7 should be considered in order to achieve efficacy for

P2RX7-related therapy.
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FIGURE 5 | SFB colonization negates the difference in disease severity between WT and P2rx7−/− mice in the original K/BxN model and K/BxN T cell transfer

model. (A–G) K/BxN mice (A–C) or TCRα−/−. BxN mice (D–G) were gavaged with SFB 1–2 days after weaning. (A) Ankle thickness was followed over time for

K/BxN and P2rx7−/−.K/BxN mice between ∼3.5 and 6 weeks of age. Data are shown as change in ankle thickness compared to first measurement. Error bars

represent SEM. N = 7–17/group, multiple litters combined. (B) Anti-GPI auto-Ab titers in serum obtained from mice 5–7 weeks old were measured by ELISA.

N = 8–11/group, 5 assays combined. (C) SFB level 10 days after gavage was determined by quantitative PCR on 16S rDNA, normalized to a standardized positive

control. N = 5–12/group, 5 assays combined. (D–G) SFB(+) TCRα−/−.BxN recipients were given either K/BxN or P2rx7−/−.K/BxN CD4+ cells retro-orbitally at 6

weeks of age. (D) Ankle thickness was followed beginning at day of transfer for TCRα−/−.BxN mice transferred with either K/BxN or P2rx7−/−.K/BxN CD4+ cells.

Data are shown as change in ankle thickness compared to first measurement. Error bars represent SEM. N = 12/group, 3 assays combined. (E) Anti-GPI auto-Ab

titers in serum obtained from the end point of each experiment were measured by ELISA. N = 12/group, 3 assays combined. (F) SFB level determined by quantitative

PCR on 16S rDNA, normalized to a standardized positive control. Feces were collected at end point of each experiment (14 days after T cell transfer which was

equivalent to 5 weeks after SFB gavage). N = 23–24/group, 5 assays combined. (G) Representative plots and compiled graphs of spleen and PP Tfh numbers.

N = 11/group, 3 assays combined. **p < 0.01.

deficiency had no additive effect on disease when combined
with SFB colonization. Additionally, we found that unlike in
P2RX7 deficiency in the whole organism, in our T cell transfer
model, T cell-specific P2RX7 deficiency did not change the SFB
level after transfer (Figure 5F). As this study was done in the
transfer model, to measure the transferred T cells effects on
SFB colonization, we analyzed SFB level at a much later stage
(two weeks after transfer which was equivalent to 5 weeks after

SFB gavage) compared to the whole mouse deletion (measured
10 days after SFB gavage, Figure 5C), and thus their SFB
levels had declined from initial levels, as has been noted in
our previous reports (44). Nevertheless, unlike in whole mouse
deletion (Figure 5C), T cell-specific P2RX7 deletion does not
further reduce the SFB level (Figure 5F). This suggests that
P2RX7 deficiency in T cells alone is not enough to inhibit SFB
colonization levels, at least in the K/BxN arthritis model. When
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we further examined Tfh cells in SFB(+) transfer mice, we found
that although there was a slight upward trend in Tfh numbers
in mice that received P2rx7−/− T cells compared to those that
received WT cells, there was no significant difference in either
the spleen or the PPs (Figure 5G).

Up-Regulation of TIGIT Corresponds With
a Reduction in Apoptosis in P2rx7−/− Tfh
Cells
Because we observed enhanced Tfh cell responses and reduced
apoptotic Tfh cells in mice with both complete and T cell-
intrinsic P2RX7 deficiency under SFB(–) conditions, we next
investigated the molecular mechanism whereby P2RX7 exerted
its pro-apoptotic effect in SFB(–) mice. In chronic infections
and cancer, T cells are exposed to persistent antigens, causing
T cell dysfunction, a state called “exhaustion” (53, 54). An
important characteristic of exhausted T cells is that these T
cells do not undergo cell death, but instead become inactive
and unresponsive to stimulation (55). Indeed, activation of
TIGIT, a well-known T cell exhaustion marker, up-regulates
anti-apoptotic molecules and promotes T cell survival (56).
Because of the reduced apoptosis in Tfh cells derived from
P2rx7−/−.K/BxN mice, we asked whether P2RX7 deficiency in
T cells might reduce apoptotic Tfh cells by modulating TIGIT.
To investigate this question, we examined the expression levels
of TIGIT on P2rx7−/− or WT K/BxN T cells transferred into
SFB(–) TCRα−/−.BxNmice (57).We found an increase in TIGIT
expression on both splenic and PP P2rx7−/−.K/BxN Tfh cells
compared to WT K/BxN T cells (Figures 6A,B). To further
determine the role of TIGIT up-regulation in P2RX7-deficient
Tfh cells, we examined cell death between TIGIT+ and TIGIT−

Tfh cells. We found that splenic and PP TIGIT+ Tfh cells, in
both mice that received WT and those that received P2rx7−/−

T cells, were associated with a decrease in apoptosis, as detected
by Annexin V staining among Live/Dead Yellow negative cells,
compared to TIGIT− Tfh cells (Figures 7A,B). In P2rx7−/−

TIGIT− Tfh cells, which were already far less susceptible to cell
death than WT TIGIT− Tfh cells, the expression of TIGIT was
associated with a further reduction in the apoptotic Tfh cell
population both in the spleens and in the PPs.

DISCUSSION

P2RX7 has garnered a lot of interest in recent years as a
potential therapeutic target for autoimmune arthritis and many
other diseases (17, 19, 25). However, the results have been
inconsistent and sometimes contradictory. We aimed to further
elucidate the role of P2RX7 in autoimmunity by using the
spontaneous autoimmune arthritis K/BxN model, along with
adoptive transfers to limit the effects of P2RX7 deficiency
specifically in T cells. We found that P2RX7 deficiency in the
original K/BxN model led to worsened arthritis and higher auto-
Ab titers. In addition, examination of Tfh cells revealed the
differential impact of P2RX7 in systemic and mucosal tissues:
while splenic Tfh cells changed little, PP Tfh cells increased in
the absence of P2RX7, despite the fact that Tfh cells in both

organs experienced a disruption of cell death. We further found
that T cell-intrinsic P2RX7 ablation is sufficient to generate
an autoimmune-exacerbation effect similar to that of P2RX7
deficiency in the whole mouse, i.e., an increase in arthritis, auto-
Ab titers, and PP Tfh cell numbers. Many P2RX7 antagonists
were designed for anti-inflammatory purposes (19). Our finding
that P2RX7 deficiency mediated autoimmune arthritis counters
these anti-inflammatory purposes, as we demonstrated that
P2RX7 deficiency enhances rather than reduces autoimmune
arthritis. We believe the conflicting beneficial or detrimental
effects of P2RX7 inhibition could be based on the various
etiopathogenesis in different diseases. For example, P2RX7
inhibition would likely enhance those autoimmune diseases that
are mediated by auto-Abs and Tfh cells such as is seen here in
the K/BxN model and in EAE models reported previously (21).
In contrast, diseases that are mediated by innate immune players
may be ameliorated by P2RX7 inhibition, which targets the IL-1
and IL-18 pathways (19).

Interestingly, when we colonized mice with SFB in either our
K/BxN or T cell transfer model, we found that SFB colonization
negated the difference observed between WT and P2RX7-
deficient mice. We have previously reported that SFB enhanced
the PP Tfh cell response inWTK/BxNmice and the K/BxN T cell
transfer model, and PP Tfh cells are required for SFB-mediated
arthritis enhancement (29). SFB-mediated disease enhancement
can also be demonstrated when compared arthritis and anti-GPI
titers between SFB (-) and (+) WT K/BxN mice in the current
study (Figures 1A,B vs. Figures 5A,B). Thus, we suspect the lack
of disease difference between SFB (+) WT and P2RX7-deficient
mice is most likely because SFB do not further increase the PP
Tfh cell response in P2RX7 deficient mice (compare Figure 3D
and Figure 5G). We speculate that the lack of arthritis difference
between WT and KO groups in the SFB (+) condition could be
due to an overlapping effect between SFB and P2RX7 deficiency
in enhancing arthritis development.More studies will be required
to determine the exact mechanism of whether and how SFB
may inhibit P2RX7 signaling to enhance Tfh cell responses
and arthritis development. Our data also suggested that gut
microbiota composition may account for some of the disparities
in P2RX7 effects in previous studies. Notably, microbe-host
interactions where the host impacts the microbiota have also
been observed in regard to P2RX7 deficiency. For example,
P2RX7 deficiency has been previously demonstrated to trigger an
enhanced PP Tfh cell response, leading to greater IgA production
by B cells to inhibit SFB colonization (26). This effect likely
requires the combination of T cell-specific and B cell-specific
P2RX7 deficiency, as we found that SFB colonization was reduced
with whole-mouse but not T cell-intrinsic P2RX7 deficiency. Our
T cell transfer data showing no difference in arthritis (Figure 5D)
and SFB level (Figure 5F) between P2RX7-deficient and WT
groups indicate that lower SFB levels in whole-mouse P2RX7
deficiency (Figure 5C) was not solely responsible for the lack of
arthritis difference between WT and P2rx7−/− mice in SFB(+)
condition (Figures 5A,D) when compared to SFB(–) condition
(Figures 1A, 3B). Future studies will be required to understand
the mechanisms involved in microbiota-mediated autoimmunity
in the absence of P2RX7.
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FIGURE 6 | TIGIT is increased on P2rx7−/− Tfh cells in the SFB(–) K/BxN transfer model. (A,B) Representative histograms and compiled graphs of TIGIT expression

on (A) splenic or (B) PP Tfh cells from WT or P2rx7−/−.K/BxN CD4+ cells transferred into TCRα−/−.BxN mice. Compiled graphs show TIGIT+ Tfh as a percentage

of total Tfh cells. N = 7–9/group, 2 assays combined. **p < 0.01 ****p < 0.0001.

FIGURE 7 | TIGIT expression on Tfh cells is associated with decreased apoptosis in the SFB(–) K/BxN transfer model. (A,B) WT or P2rx7−/−.K/BxN CD4+ cells were

transferred into TCRα−/−. BxN recipients. Shown are representative plots and compiled graphs of Live/Dead Yellow− Annexin V+ staining as a percentage of either

TIGIT+ or TIGIT− Tfh cells. N = 11–14/group, 3 assays combined. *p < 0.05 **p < 0.01 ****p < 0.0001.

Notably, we identified a significant increase in TIGIT
expression on P2rx7−/− Tfh cells. As mentioned earlier,
activation of TIGIT up-regulates anti-apoptotic molecules and
promotes T cell survival (56). In P2rx7−/− TIGIT− Tfh cells,
which were already far less susceptible to cell death than WT
TIGIT− Tfh cells, the expression of TIGIT was associated with
a further reduction of the apoptotic Tfh cell population both in
the spleens and in the PPs (Figure 8). These data suggested that
P2RX7 can promote cell death in the Tfh population through
a TIGIT-independent mechanism (Figure 8). Our data further
suggested that P2RX7 could potentially promote cell death in
the Tfh population by down-regulating TIGIT and inhibiting
TIGIT’s anti-apoptotic effect. Clearly, more future studies need to
be done to address the apoptotic regulation by P2RX7 and TIGIT.
TIGIT has historically been viewed as an inhibitory molecule,
which signals via ITIM domains to inhibit T cell activation
(56, 57). However, more recent work has identified TIGIT+ Tfh
cells as drivers of the immune response (58, 59). TIGIT, though

it has been associated with T cell exhaustion, may have other
roles as well. A pathogenic role for TIGIT has been implicated by
two other groups, one of which demonstrated that a pathogenic
subset of Tfh cells circulating in human RA patients’ blood can
be identified in part by enhanced expression of TIGIT (59), and
the other of which demonstrated increased B cell costimulatory
activity in a TIGIT+ subset of Tfh cells, which is inhibited by
anti-TIGIT blocking antibodies (58).

Consistent with previous results from another group (26), we
found an induction of the PP Tfh population and little change
in the splenic Tfh response in P2rx7−/−.K/BxN mice compared
to K/BxN mice. One explanation for the difference between the
mucosal and systemic sites could be the much higher P2RX7
expression in PP compared to splenic Tfh cells (>2-fold), as
detected in the whole-mouse model. This would make PP Tfh
cells more sensitive to P2RX7-induced cell death than splenic Tfh
cells, as the ratio of WT to P2rx7−/−.K/BxN apoptotic Tfh cells
in the spleen compared to the PPs is 2.53 and 16.37, respectively,
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FIGURE 8 | Model of interactions between P2RX7 and TIGIT, and their impact

on cell death. (A) P2RX7 promotes apoptosis in PP Tfh cells to regulate Tfh

numbers. P2RX7 may also regulate TIGIT expression on Tfh cells. TIGIT,

conversely, may inhibit apoptosis to promote Tfh cell survival. (B) In the

absence of P2RX7, apoptosis is disrupted, allowing the expansion of the PP

Tfh population. In addition, the absence of P2RX7 leads to greater TIGIT

expression, which may further down-regulate apoptosis.

indicating greater P2RX7-mediated apoptosis in the PPs than
the spleen. We have further confirmed the PP Tfh induction
phenotype using P2rx7−/−.K/BxN T cells in the transfer model.
Interestingly, T cell-intrinsic P2RX7 deficiency induced the PP
Tfh response and it almost significantly induced the Tfh cell
response in the spleen as well. This corresponded with the
increased ratio of WT to P2rx7−/−.K/BxN apoptotic Tfh cells in
spleen of T cell-specific deletion experiments when compared to
that of whole mouse deletion experiments (2.53). These results
suggested that P2RX7 deficiency in T cells alone allow T cells
to be more sensitive to P2RX7-mediated deletion in systemic
sites. Finally, regardless of the system, there were higher ratios
of WT to P2rx7−/−.K/BxN apoptotic Tfh cells in PPs compared
to the spleen. This may be due to the unique environment of the
PPs, because commensal bacteria can serve as a major source of
intestinal luminal ATP to activate P2RX7 (60, 61).

Similarly to Tfh cells, P2RX7 has generally been associated
with increased cell death in Tregs (51, 52). Thus, the effect

of P2RX7 deficiency on Tregs would likely increase Treg cell
numbers, and would be unlikely to explain the increase in
autoimmunity observed in P2rx7−/−.K/BxN mice. In the K/BxN
autoimmune model, we did not observe a difference in Treg cell
number between WT and P2rx7−/− groups. Thus, it appears
that in WT B6 mice, Tregs are more sensitive to P2RX7-induced
apoptosis than the Tregs under autoimmune conditions. P2RX7
inhibits mTOR, which is a critical regulator of Tfh cells (62, 63).
Activation of mTORC1 and mTORC2 expands Tfh and depletes
regulatory T cells (64). Due to limitations on the scope of this
study, we did not investigate the role of mTOR in P2RX7-
medaited apoptosis. Undoubtedly, more studies will be required
to address this important question.

In conclusion, contrary to the expected anti-inflammatory
effect of P2RX7 inhibition through down-regulating innate
immune responses (19), T cell-specific P2RX7 inhibition
effectively enhanced K/BxN inflammatory arthritis. This effect
was associated with an enhancement of the mucosal (but
not systemic) Tfh cell response. These data suggest that non-
selective P2RX7 antagonists may not be very effective in
ameliorating autoimmune diseases, which may explain the
failures in previous P2RX7-antagonist clinical trials with RA.
Interestingly, a recent report suggests that P2RX7 is required
for the establishment, maintenance and functionality of long-
lived memory CD8+ T cell populations but not short-lived
effector CD8+ T cells (65). These findings suggest that activation
of P2RX7 by extracellular ATP can generate a variety of, or
even opposite, outcomes based on the cell type (66). Our
results illustrate a valuable lesson that cell-specific targeting of
P2RX7 should be considered in order to achieve efficacy for
P2RX7-related therapy.
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