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Translational Statement

P2X7 is a Ca2þ permeable ionotropic purinergic receptor.
Although it is known that P2X7 regulates the release of
interleukin (IL)-1b, its role in regulating IL-1a biogenesis
is largely unknown. We show that activating P2X7 results
in mitochondrial reactive oxygen species production,
which, in turn, is essential for IL-1a release. Importantly,
genetic ablation of P2X7 is protective against chronic
immune cell infiltration of the myocardium but not in
the acute phase of cardiac injury. Strong cardiac pro-
tection is observed, however, in the chronic phase of
heart injury, pointing to involvement of P2X7 in cardiac
remodeling. Our findings draw the attention to a po-
tential dual role of P2X7 in regulating inflammation and
provide important considerations for clinical application
Onset, progression and cardiovascular outcome of chronic
kidney disease (CKD) are influenced by the concomitant
sterile inflammation. The pro-inflammatory cytokine family
interleukin (IL)-1 is crucial in CKD with the key alarmin IL-1a
playing an additional role as an adhesion molecule that
facilitates immune cell tissue infiltration and consequently
inflammation. Here, we investigate calcium ion and reactive
oxygen species (ROS)-dependent regulation of different
aspects of IL-1a-mediated inflammation. We show that
human CKD monocytes exhibit altered purinergic calcium
ion signatures. Monocyte IL-1a release was reduced when
inhibiting P2X7, and to a lesser extent P2X4, two ATP-
receptors that were found upregulated compared to
monocytes from healthy people. In murine CKD models,
deleting P2X7 (P2X7-/-) abolished IL-1a release but
increased IL-1a surface presentation by bone marrow
derived macrophages and impaired immune cell infiltration
of the kidney without protecting kidney function. In
contrast, immune cell infiltration into injured wild type and
P2X7-/- hearts was comparable in a myocardial infarction
model, independent of previous kidney injury. Both the
chimeric mouse line harboring P2X7-/- immune cells in wild
type recipient mice, and the inversely designed chimeric
line showed less acute inflammation. However, only the
chimera harboring P2X7-/- immune cells showed a striking
resistance against injury-induced cardiac remodeling.
Mechanistically, ROS measurements reveal P2X7-induced
mitochondrial ROS as an essential factor for IL-1a release
by monocytes. Our studies uncover a dual role of P2X7 in
regulating IL-1a biogenesis with consequences for
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inflammation and inflammation-induced deleterious
cardiac remodeling that may determine clinical outcomes
in CKD therapies.
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C hronic kidney disease (CKD) represent a significant
worldwide health issue negatively impacting the quality
of life.1–4 Clinical manifestations of CKD are often

complicated by comorbidities, including diabetes, making it
exceedingly challenging to predict the risk of development of
secondary morbidities, such as cardiovascular diseases
(CVDs). Inflammation significantly shapes CKD progression

of P2X7 antagonists in inflammatory diseases.
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Figure 1 | Chronic kidney disease (CKD)–derived monocytes show altered purinergic Ca2D signatures. (a) Human CD14þ monocytes
were isolated from healthy control (Cont) individuals (black) or patients with CKD (red) and loaded with 1 mM acetoxymethyl ester AM for
(b,d,f) measurement of [Ca2þ]i or for (c,e,g) quantitative reverse transcription–polymerase chain reaction (RT-PCR) analysis using primers listed
in Supplementary Tables S2 and S3. (b) Average traces showing changes of fluorescence ratio at 340 to 380 nm (F340/F380) over time in
response to changes of extracellular solutions containing 0.5 mM [Ca2þ]o (black bar) or Ca2þ free external solution with or without 1 mM
thapsigargin (Tg). The right panel represents quantification of maximal Ca2þ influx indicated by peak change of F340/F380. (c) Quantitative RT-
PCR analysis of store-operated Ca2þ entry (SOCE) components expression in control or CKD monocytes. (d) Average traces showing changes of
F340/F380 over time in response to application of 1 mM H2O2 and corresponding quantification of area under the response curve (AUC)

ðcontinuedÞmeasured in control or CKD monocytes. (e) Quantitative RT-PCR analysis of indicated transient receptor protein (TRP) channels in

bas i c re sea r ch M Amini et al.: A dual-immunomodulatory role of P2X7

458 Kidney International (2025) 107, 457–475



M Amini et al.: A dual-immunomodulatory role of P2X7 bas i c re sea r ch
and outcome. The levels of inflammatory cytokines (inter-
leukin [IL]-1b, tumor necrosis factor [TNF]-a, and IL-6)
associate with decreased survival in patients with CKD.5,6 In
addition, we showed a disease stage-dependent upregulation
of IL-1a in CKD-derived monocytes and identified IL-1a as
key mediator of leukocyte-endothelial adhesion in acute
myocardial infarction and CKD with genetic ablation of IL-
1 a ameliorating CKD and CVD in the corresponding animal
models.7

Spatial and temporal regulation of Ca2þ signals is essential
for initiating but also terminating inflammation, making a
dysregulated Ca2þ homeostasis a common factor in several
autoimmune and inflammatory diseases. In myeloid cells,
intracellular Ca2þ was shown to regulate nucleotide-binding
oligomerization domain (NOD)–like receptor family, pyrin
domain–containing 3 inflammasome formation, nitric oxide
production, TNF-a and IL-1b release, as well as phagocy-
tosis.8–10 The main pathways for Ca2þ influx in the immune
cells include the store-operated Ca2þ entry (SOCE); the P2X
family of purinergic receptors; and, to a lesser extent, distinct
members of the transient receptor protein (TRP) family and
other channels.11,12 The relative contribution of these path-
ways depends largely on immune cell type and is significantly
different between adaptive and innate immune cells.13

Particularly relevant to CKD is the finding that CKD-
derived peripheral mononuclear blood cells showed
disturbed Ca2þ homeostasis with indications of higher
contribution of purinergic signaling.14 However, the cell type
dependence and the pathophysiological consequences of these
alterations remained elusive. Furthermore, we and others
have shown that Ca2þ signals are essential for caspase-1–
mediated IL-1b cleavage and activation.15,16 Moreover,
chelating intracellular or extracellular Ca2þ results in partial
or complete impairment of oxalate acid– or oleic acid–
induced IL-1a release, respectively.7

Therefore, the aim of this study was to identify molecular
players that cause altered Ca2þ signatures observed in CKD
monocytes and potentially play a role in disease progression,
as well as to identify the outcome of altered Ca2þ signaling in
terms of inflammatory responses and IL-1a production.
Herein, we show that purinergic signaling is the main altered
pathway in CKD monocytes and that P2X7 plays a significant
role in regulation of IL-1a release and thereby to CKD-related
inflammatory processes, including cardiac remodeling.
METHODS
Additional materials and methods are described in
Supplementary Materials and Methods.
=

Figure 1 | (continued) control or CKD monocytes. (f) Average traces sho
mM adenosine triphosphate (ATP) and corresponding quantification of
PCR analysis of indicated P2X ionotropic receptors in cells isolated as in (a
of average � SEM obtained from 5 to 10 donors, each 1 to 3 independe
number of cells ranges from 402 to 918 cells. Asterisks indicate signific
stromal interaction molecule; TRP, transient receptor potential; TRPC, tran
melastatin; TRPV, transient receptor potential vanilloid.
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Animal studies
All animal experiments were performed according to the
German legislation on protection of animals and the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National
Research Council) and reported using the Animal Research:
Reporting of In Vivo Experiments (ARRIVE)1 reporting
guidelines.17 All experiments were performed according to
the ethical votes 20/2018 and 20/2020 granted approval by the
local governmental animal protection committee of Saarland,
Germany. Details of the used animal strains are mentioned in
the Supplementary Materials and Methods.

Human samples
Patients with stable CKD were recruited at the nephrological
outpatient clinic or at the dialysis unit in Saarland University
Hospital. CKD severity was evaluated using glomerular
filtration rate according to the Kidney Disease: Improving
Global Outcomes guidelines.18,19 Details of the clinical char-
acterization of the patients are listed in Supplementary
Table S1. Healthy subjects were recruited from the em-
ployees of the Saarland University Hospital with the prereq-
uisite of not having prevalent CVD or CKD, diabetes, or
regular medication. All participants signed a written consent,
and the study was approved by the local institutional review
committee (155/13). Further details to isolation of human
monocytes are mentioned in the Supplementary Materials
and Methods.

RESULTS
CKD-derived monocytes show altered purinergic Ca2D

signatures
To investigate if CKD is associated with alterations of Ca2þ-
dependent processes, we systematically compared Ca2þ pro-
files of CKD- or healthy control individual–derived mono-
cytes (Figure 1a). First, we measured SOCE, which is
mediated by a channel complex formed by a Ca2þ selective
ion channel (ORAI1-3) and the endoplasmic reticulum–

resident Ca2þ sensor activator proteins.20,21 Inducing endo-
plasmic reticulum store depletion by thapsigargin resulted in
a SOCE that was unaltered in CKD compared with the con-
trol monocytes (Figure 1b). Similarly, expression of the
channel components was comparable in CKD and control
individuals (Figure 1c). Next, we analyzed transient receptor
potential (TRP) melastatin 2 (TRPM2)–mediated Ca2þ

influx, which can be activated by cyclic adenosine
diphosphate–ribose or hydrogen peroxide (H2O2) and is
essential for monocyte activation and chemokine produc-
tion22 and for IL-1b production in sterile inflammation.16
wing changes of F340/F380 over time in response to application of 2
the AUC measured in control or CKD monocytes. (g) Quantitative RT-
). Ca2þ imaging traces are represented as average traces or bar graphs
nt experiments the average of each is shown as single dot and total
ance at *P < 0.05 or **P < 0.01. ROS, reactive oxygen species; STIM,
sient receptor potential canonical; TRPM, transient receptor potential
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Figure 2 | P2X7-mediated Ca2D influx is essential for adenosine triphosphate (ATP)–induced release of interleukin (IL)-1a with
P2X7–/– bone marrow–derived macrophages (BMDMs) showing abrogated release but increased surface presentation of IL-1a. (a)
Enzyme-linked immunosorbent assay (ELISA) measurements showing IL-1a released by human CD14þ monocytes (dots represent
independent donors) in response to 100 ng/ml lipopolysaccharide (LPS) overnight priming and 2 mM ATP 30-minute application without or
with pretreatment with blockers of the indicated purinergic receptors, 2 mM ethyleneglycol-bis-(b-aminoethylether)-N,N,N0,N0-tetraacetic acid
(EGTA) or 50 mM BAPTA-AM (1,2-bis(o-aminophenoxy)ethane-N,N,N0,N0-tetraacetic acid acetoxymethyl ester), as indicated. (b,c)
Representative of 3 Western blots showing analysis of intracellular IL-1a from monocytes treated as in (a). (d–g) ELISA measurement showing

ðcontinuedÞIL-1a, IL-1b, IL-6, or tumor necrosis factor (TNF)-a release by murine BMDMs derived from wild-type (WT; black) or P2X7–/– (red)
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H2O2-induced Ca2þ influx was comparable in CKD and
control monocytes (Figure 1d). Furthermore, expression
levels of TRPM2 and other members of the TRP channel
family (TRP vanilloid 1 [TRPV1], TRP canonical 1 [TRPC1],
TRPC3, TRPC6, and TRPM7) potentially contributing to
Ca2þ signals in monocytes23,24 were not altered in CKD
monocytes (Figure 1e). Finally, we investigated purinergic
signaling, previously shown essential for inflammasome
activation in monocytes.10 Adenosine triphosphate (ATP)
application induced a biphasic response in human monocytes
where the first component mostly represents ATP-induced
release of Ca2þ from intracellular stores by activation of the
metabotropic Gq-coupled P2Y receptors and the second
component represents Ca2þ influx through the ionotropic
P2X channels. ATP induced a significantly stronger Ca2þ

influx in CKD compared with control monocytes mainly
during the second phase, indicated by the significant increase
of the area under the curve (Figure 1f). Expression analysis
showed increased expression of the ionotropic P2X4 and
P2X7 receptors (gene names P2RX4 and P2RX7, respectively;
Figure 1g), whereas expression of the metabotropic receptors
(P2Y) was not overtly altered (Supplementary Figure S1A),
suggesting that P2X7 and P2X4 regulate Ca2þ-dependent
immune functions of monocytes in CKD.

P2X7-mediated Ca2D influx is essential for ATP-induced
release of IL-1a with P2X7–/– bone marrow–derived
macrophages, showing abrogated release but increased
surface presentation of IL-1a
To directly address the purinergic dependency of IL-1a
secretion, we preincubated primed monocytes with blockers
of selected members of P2Y and P2X receptors and then
measured IL-1a release. Inhibiting P2Y receptors did not alter
ATP-induced IL-1a release, inhibiting P2X4 resulted in a
nonsignificant reduction, while inhibiting P2X7 abolished
ATP-induced IL-1a release (Figure 2a). We observed com-
parable effects on IL-1b release, although less prominent
(Supplementary Figure S1B). Next, we investigated the effect
of Ca2þ chelation on IL-1a release. In contrast to chelating
extracellular Ca2þ with ethyleneglycol-bis-(b-amino-
ethylether)-N,N,N0,N0-tetraacetic acid (EGTA), chelating
intracellular Ca2þ using 1,2-bis(o-aminophenoxy)ethane-
N,N,N0,N0-tetraacetic acid acetoxymethyl ester (BAPTA-AM)
reduced IL-1a release. On the other hand, increasing [Ca2þ]i
per se by releasing intracellular stores with thapsigargin in
lipopolysaccharide (LPS) primed cells was not sufficient to
trigger IL-1a release in absence of ATP treatment (Figure 2a).
=

Figure 2 | (continued) mice, starved overnight (untreated cell [UT]) and p
ATP (LPS/ATP). (h) Representative of 3 Western blots showing expression
analysis and (j) quantification of fraction of cells showing IL-1a surface ex
donors or mice used in each experiment. (k) Representative images (bar ¼
or P2X7–/– and seeded in a transwell migration assay. At 16 hours later
counted. (m) Representative images (bar ¼ 1 mm) acquired after mak
later. (n) Efficiency of scratch closure of measurements in (m). (l,n) Dot
condition, and asterisks indicate significance at *P < 0.05, **P < 0.01
Supplementary Table S4. To optimize viewing of this image, please see

Kidney International (2025) 107, 457–475
Corresponding Western blot analysis of monocyte lysates
showed that resting cells do not express detectable levels of IL-
1a but that LPS treatment induced upregulation of IL-1a with
the proform being more prominent (Figure 2b). ATP reduces
the total intracellular content of IL-1a with concomitant
accumulation in the supernatant, as measured by enzyme-
linked immunosorbent assay (Figure 2a). Notably, treatment
of LPS-primed cells with ATP induces cleavage of IL-1a,
resulting in detectable levels of the mature form in cell lysates,
which was reduced by blocking either P2X4 or P2X7
(Figure 2b). Furthermore, Western blot analysis showed that
processing of the proform into mature IL-1a was inhibited by
chelating both intracellular and extracellular Ca2þ but
enhanced with thapsigargin treatment (Figure 2c).

Together, these results indicate that although both P2X4
and P2X7 are involved in processing of IL-1a, P2X7
signaling has a more prominent role in ATP-induced IL-1a
release. In addition, these results implicate that not only the
Ca2þ levels per se but also ATP-induced intracellular
signaling are necessary for IL-1a release. To confirm the role
of P2X7 in regulating IL-1a release, we measured IL-1a
release from bone marrow–derived macrophages (BMDMs)
from P2X7 knockout mice (P2X7–/–). Results (Figure 2d and
e) depict that genetic ablation of P2XR7 (P2X7–/–)
completely abolished ATP-induced release of both IL-1a and
IL-1b, in line with results obtained from human monocytes
(Figure 2a and Supplementary Figure S1A), whereas the
release of IL-6 and TNF-a were comparable in P2X7–/– and
wild-type (WT) derived cells (Figure 2f and g). In contrast to
IL-1b,25 the role of P2X7 in biogenesis of IL-1a is not fully
characterized. To delineate whether the inability of P2X7–/–

BMDMs to produce IL-1a is due to altered expression or
impaired secretion mechanisms, we analyzed intracellular
IL-1a expression and observed that P2X7–/– cells primed
with LPS showed comparable upregulation of IL-1a to WT
cells, suggesting that P2X7 is involved in regulation of release
mechanisms but not of LPS-induced transcription of IL-1a
(Figure 2h). Because we have previously shown that
membrane-bound IL-1a is essential for adhesion of immune
cells,7 we explored the membrane-bound fraction of IL-1a
in P2X7–/– cells. Flow cytometry experiments showed that
P2X7–/– BMDMs exhibit an accumulation of surface IL-1a
compared with WT cells (Figure 2i and j). Notably, we
observed similar phenotypes in P2X7–/– compared with WT
circulating monocytes (Supplementary Figure S2A–F). To
examine the influence of the accumulating membrane-
bound IL-1a, we assessed the migration potential of
rimed with 100 ng/ml LPS for 4 hours (LPS) before application of 2mM
of IL-1a in cells measured in (d–g). (i) Representative flow cytometry

pression in cells measured in (d–g). (a–j) Dots depict individual human
100 mm) and (l) quantification of migrating BMDMs isolated from WT

, cells on the basolateral side were stained with Hoechst 33342 and
ing a scratch in a monolayer of WT or P2X7–/– BMDMs or 20 hours
s represent 3 to 5 replicate fields analyzed from n ¼ 6 mice in each
, and ***P < 0.001. Tg, thapsigargin. Antibodies used are listed in
the online version of this article at www.kidney-international.org.
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Figure 3 | Genetic ablation of P2X7 reduces Ca2D signals in macrophages and abrogates kidney infiltration during chronic kidney
injury. (a) Schematic representation of the kidney injury model: wild-type (WT; black) or P2X7–/– (red) mice were subjected to standard diet
(SD) or 0.2% adenine diet (AD) for 2 weeks before analysis. Representative images of kidney sections from mice fed with SD or AD and
corresponding quantification of infiltration by (b,c) F4/80þ macrophages, (d,e) Ly6Gþ neutrophils, and (f,g) Sirius redþ fibrotic areas. Bar ¼
500 mm in overview images and 150 mm in the insets. (h) Average traces showing measurement of adenosine triphosphate (ATP)–induced
Ca2þ influx in bone marrow–derived macrophages isolated from WT (black and gray) or P2X7–/– mice (red and pink) subjected to indicated
diet in (h) unprimed state (unprimed) or (i) following priming with lipopolysaccharide (primed). (j) Bar graphs showing average area under
the ATP response curve (AUC) of measurements in (h,i). Ca2þ imaging traces depict average trace of a representative experiment, and

ðcontinuedÞcorresponding bar graphs show single cells (229–503 cells) derived from 4 to 7 mice per group, as indicated by the number of
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BMDMs. Concomitant to surface IL-1a accumulation,
P2X7–/– BMDMs showed a significant increase in migrating
cell numbers in a transwell migration assay (Figure 2k and l).
However, P2X7–/– BMDMs demonstrated a significantly
reduced efficiency of wound closure when challenged in a
wound healing assay (Figure 2m and n). Together, these
findings suggest that genetic ablation of P2X7 results in
multiple alterations in immune cells that might affect the
outcome of the immune response.

Genetic ablation of P2X7 reduces Ca2D signals in
macrophages and abrogates kidney infiltration during
chronic kidney injury
Next, we investigated the role of P2X7 in inflammation-
mediated kidney injury, which has been addressed previ-
ously, but the outcome was controversial depending on the
applied experimental model.26,27 A 2-week 0.2% adenine diet
(AD; Figure 3a) resulted in comparable elevations of creati-
nine and urea levels in both WT and P2X7–/– mice
(Supplementary Figure S2G and H). However, P2X7–/– mice
exhibited a decrease in AD-induced infiltrating F4/80þ mac-
rophages and Ly6Gþ neutrophils, as well as a reduction in
Sirius redþ fibrotic area (Figure 3b–g), indicating the
involvement of P2X7 in the development of kidney injury.

Investigation of concomitant alterations in Ca2þ homeo-
stasis of corresponding BMDMs showed that compared with
the standard diet, subjecting WTmice to high AD resulted in
reduced maximal (Peak; Supplementary Figure S2I and J) but
not sustained (Plateau; Supplementary Figure S2I and K)
thapsigargin-induced Ca2þ entry. These alterations were not
overtly affected by deletion of P2X7. In contrast, AD resulted
in an enhancement of ATP-induced Ca2þ influx in unprimed
WT but not P2X7–/– derived BMDMs (Figure 3h and j).
Deletion of P2X7 resulted in strong reduction of ATP-induced
Ca2þ influx in unprimed knockout BMDMs (Figure 3h
and j), supporting that P2X7 is the main mediator of
ATP-induced Ca2þ influx in BMDMs. A similar reduction of
ATP-induced Ca2þ influx was observed in circulating
monocytes (Supplementary Figure S3A and B). Noteworthy,
priming WT BMDMs with LPS resulted in a dramatic
decrease in ATP-induced Ca2þ entry independent of the
administered diet and without additional impact of P2X7
deletion (Figure 3i and j). To test whether this reduction is
specific to murine cells, we also measured ATP-induced Ca2þ

influx in LPS-primed human monocytes. Results
(Supplementary Figure 3C and D) show that similar to the
murine cells, but to a weaker extent, priming human
monocytes with LPS led to significant reduction of
ATP-induced Ca2þ influx. Expression analysis demonstrated
that although in both human and murine cells, P2X7
expression is not overtly altered, LPS priming resulted in
=

Figure 3 | (continued) dots in the corresponding image analysis bar gr
**P < 0.01, and ***P < 0.001. DAPI, 40,6-diamidino-2-phenylindole. Antib
of this image, please see the online version of this article at www.kidne
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significant upregulation of P2X4 (Supplementary Figure 3E
and F), in agreement with a previous study28 and potentially
explaining the LPS-induced alteration of Ca2þ influx.

P2X7 is dispensable for accumulation of IL-1a in acutely
injured cardiac tissue
IL-1a�/� immune cells are less recruited to injured cardiac
tissues,7 but the P2X7 dependency of this observation is not
known. Subjecting WT mice to permanent left anterior
descending artery (LAD) ligation to simulate myocardial
infarction (MI; Figure 4a) resulted in Ly6Gþ neutrophil
infiltration and an increase in IL-1aþ cells in cardiac tissues
compared with sham operated mice (Figure 4b–e). Genetic
ablation of P2X7 did not alter LAD-induced neutrophil
infiltration (Figure 4b and c) or IL-1a accumulation in
P2X7–/– hearts (Figure 4d and e), indicating that P2X7 dele-
tion is not sufficient to abolish cardiac injury-induced im-
mune cell infiltration or upregulation of IL-1a.

Parallel investigation of Ca2þ profiles in corresponding
BMDMs demonstrated that although WT cells showed un-
altered SOCE, LAD ligation increased SOCE in P2X7–/– mice
compared with WT cells but not BMDMs derived from
P2X7–/– sham operated mice (Supplementary Figure S3F–H).
Similar to observations (Figure 3), ATP-induced Ca2þ entry
was significantly reduced in P2X7–/– compared with WT
unprimed BMDMs (Figure 4f and h). Again, priming with
LPS strongly decreased ATP-induced Ca2þ entry in both sham
and MI operated mice (Figure 4g and h). Together, these
results indicate that genetic ablation of P2X7 affects Ca2þ

homeostasis of immune cells by directly mediating ATP-
induced Ca2þ influx and indirectly by modulating SOCE,
with implications for their potential to induce inflammation
also in later stages postinfarction.

Because CKD is a significant risk factor for developing
CVD,29 we investigated the effect of P2X7 deletion in a
combined CKD/MI model (Figure 5a). Image analyses
showed that cardiac infiltration by Ly6Gþ cells was nonsig-
nificantly ameliorated (Figure 5b and c), and the fraction of
IL-1aþ cells was not altered by deletion of P2X7 (Figure 5d
and e). SOCE was not overtly altered in WT or P2X7–/–

BMDMs in response to the combined injury (Supplementary
Figure S3I–K). On the other hand, combined injury increased
ATP-induced Ca2þ influx in primed but not unprimed WT
BMDMs while P2X7–/– BMDMs were resistant (Figure 5f–h).

To gain more insight into the immunomodulatory role of
P2X7, we investigated the immune profile of corresponding
BMDMs. Interestingly, the proinflammatory cytokines IL-1a
(Figure 5i) and IL-1b (Supplementary Figure S4A) released by
WT-derived BMDMs were not altered by combining kidney
and cardiac injury procedures. Importantly, similar to ob-
servations (Figure 2d–j), secretion of both cytokines was
aphs of the same group. Asterisks indicate significance at *P < 0.05,
odies used are listed in Supplementary Table S4. To optimize viewing
y-international.org.
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Figure 4 | Genetic ablation of P2X7 does not alter infiltration of immune cells or upregulation of interleukin (IL)-1a in injured cardiac
tissues. (a) Schematic representation of myocardial infarction (MI) model: wild-type (WT); black) or P2X7–/– (red) mice were subjected to left
anterior descending artery (LAD) ligation (MI) or sham operation 24 hours before analysis. Representative images of heart sections from mice
treated as in (a) and quantification of fraction of infiltrating by (b,c) Ly6Gþ neutrophils or (d,e) cells expressing IL-1a. Bar represents 500 mm in
overview images and 150 mm in the insets. (f,g) Average traces showing measurements of adenosine triphosphate (ATP)–induced Ca2þ influx
in bone marrow–derived macrophages isolated from WT (black and gray) or P2X7–/– mice (red and pink) treated as in (a). Measurements were
done in (f) resting cells (unprimed) or (g) following priming with 100 ng/ml lipopolysaccharide (primed). (h) Bar graphs showing average area
under the ATP response curve (AUC) of cells measured in (f,g). Ca2þ imaging traces depict average trace of a representative experiment, and
corresponding bar graphs show single cells (309–454 cells) derived from 4 to 5 mice per group, as indicated by the number of dots in the
corresponding image analysis bar graphs of the same group. Asterisks indicate significance at *P < 0.05, **P < 0.01, and ***P < 0.001. DAPI,
40,6-diamidino-2-phenylindole. Antibodies used are listed in Supplementary Table S4. To optimize viewing of this image, please see the online
version of this article at www.kidney-international.org.
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Figure 5 | Genetic ablation of P2X7 abrogates secretion but facilitates surface accumulation of interleukin (IL)-1a in bone marrow–

derived macrophages (BMDMs) associated with cardiac injury. (a) Schematic representation of combined kidney and cardiac injury model:
wild-type (WT; black) or P2X7–/– (red) mice were fed with 0.2% adenine diet (AD) for 2 weeks and then subjected to left anterior descending
artery (LAD) ligation (myocardial infarction [MI]) or sham operation 24 hours before analysis. Representative images of heart sections from
mice treated as in (a) and quantification of fraction of infiltrating by (b,c) Ly6Gþ neutrophils or (d,e) cells expressing IL-1a. (f,g) Average traces
showing measurements of adenosine triphosphate (ATP)–induced Ca2þ influx in BMDMs isolated from WT (black and gray) or P2X7–/– mice

ðcontinuedÞ(red and pink) treated as in (a). Measurements were done in (f) resting cells (unprimed) or (g) following priming with 100 ng/ml
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completely abrogated in P2X7–/– BMDMs (Figure 5i and
Supplementary Figure S4A), whereas there was a higher
fraction of IL-1aþ cells in P2X7–/– compared with WT cells in
both sham and LAD-operated mice (Figure 5j and k) while
intracellular levels were not altered (Supplementary
Figure S4B).

These findings indicate that also in the context of com-
bined CKD and MI, P2X7 is essential in regulating Ca2þ

signaling in both unprimed and primed macrophages as well
as regulating processing and release of IL-1a with abrogated
secretion but increased surface presentation of IL-1a on P2X7
deletion.

P2X7 plays a pivotal role in organ-immune cell interaction
during inflammation and exposure to injury
To distinguish between the impact of P2X7 deletion in im-
mune cells versus nonimmune organs, we created 2 bone
marrow chimeric mouse lines to delete P2X7 on either im-
mune cells (Ch1) or other organs (Ch2) of chimeric lines that
were sham or LAD operated (Figure 6a). We confirmed the
efficiency of chimerism by amplifying a P2X7-specific
genomic region, as in a previous study,30 from genomic
DNA isolated from chimeric BMDMs (Supplementary
Figure S4C and D). Histologic analysis showed an LAD-
induced mild increase in the fraction of Ly6Gþ, which was
equal for cardiac tissues of both chimeras (Figure 6b and c).
Noteworthy, this increase was much less prominent than what
we observed in the single cardiac and combined cardiorenal
injury models (Figures 4c and 5c), although while drawing
this conclusion one has to consider that these procedures and
corresponding analyses were not done in parallel. Interest-
ingly, the fraction of IL-1aþ cells in the infarction area was
significantly lower in Ch1 lacking P2X7 on the immune cells
(Figure 6d and e), indicating a role of P2X7 in regulating
cardiac IL-1a in response to infarction.

BMDMs derived from Ch1 (harboring P2X7–/– BMDMs)
showed the expected reduction of ATP-induced Ca2þ influx
(Figure 6f–h; black and gray), whereas Ch2 showed a biphasic
Ca2þ influx (Figure 6f–h; red and pink) characteristic of WT
BMDMs (see Figures 3h and 4f). Interestingly, inducing
cardiac injury in Ch2 resulted in a significant reduction of
ATP-induced Ca2þ influx in unprimed BMDMs (Figure 6f
and h) in contrast to the same intervention in WT mice
(Figures 4 and 5). This finding indicates that the lack of P2X7
in nonimmune mouse tissues in Ch2 has a significant influ-
ence on the Ca2þ homeostasis of immune cells, especially
under disease conditions.
=

Figure 5 | (continued) lipopolysaccharide (LPS; primed). (h) Bar graphs
measured in (f,g). (i) Enzyme-linked immunosorbent assay measuremen
starved overnight (untreated; black) and primed with 100 ng/ml LPS for
Representative flow cytometry analysis and (k) quantification of fraction
imaging traces depict average trace of a representative experiment, and
from 6 to 7 mice per group, as indicated by the number of dots in the c
indicate significance at *P < 0.05, **P < 0.01, and ***P < 0.001. D
Supplementary Table S4. To optimize viewing of this image, please see
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Next, we investigated the immune profile of both chi-
meras. As predicted for cells lacking P2X7, ATP-induced
IL-1a and IL-1b release by Ch1 was abolished. In
contrast, WT BMDMs of Ch2 mice showed compromised
release of IL-1a or IL-1b in response to ATP (Figure 6i and
Supplementary Figure S4E) compared with nonchimeric
mice (Figure 2d and e). Furthermore, P2X7–/– BMDMs in
Ch1 showed a slight accumulation of membrane-bound IL-
1a compared with Ch2, but alterations were not significant
(Figure 6j and k). Remarkably, the attenuation of cytokine
release by Ch2 was specific to IL-1a and IL-1b because
released IL-6 and TNF-a (Supplementary Figure S4F and
G) by both chimeras were comparable to nonchimeric mice
(Figure 2f and g).

In the cardiac injury models described so far, we
evaluated inflammatory processes during the acute phase
following cardiac injury. To investigate whether genetic
ablation of P2X7 alters the severity of chronic injury, we
evaluated cardiac function using noninvasive echocardi-
ography 2 weeks after the surgical procedures
(Figure 7a). This time period was sufficient for cardiac
tissues to recover from acute inflammation, as indicated
by exhibiting a control fraction of infiltrating immune
cells and a reversal of IL-1a upregulation (Supplementary
Figure S4H and I, images not shown, compared with
Figures 4 and 5). Findings (Figure 7b–f and
Supplementary Table S5) illustrate that P2X7–/– and Ch1
(harboring P2X7–/– immune cells) mice were protected
against LAD-induced heart structural or functional al-
terations. In strong contrast, parasternal long and short
axis images at end diastolic and systolic positions of Ch2
hearts (harboring WT immune cells) show LAD ligation
induced profound dilatation of the left ventricle (LV) to
extents comparable to the remodeling observed in
injured WT mice (Figure 7b and c). Furthermore, re-
cordings of LV systolic function demonstrated that both
WT and Ch2 LAD-operated mice exhibited marked apical
and anterior wall hypokinesia to akinesia with preserved
pump function only in basal parts of the LV compared
with corresponding sham operated mice. These changes
reflect a profoundly compromised cardiac function, as
indicated by the significantly reduced ejection fraction
(Figure 7d and e) and significantly elevated LV end vol-
umes of Ch2 (Figure 7f).

These findings strongly point to an essential role of im-
mune cell–P2X7 in modulating inflammation-dependent
cardiac remodeling following MI.
showing average area under the ATP response curve (AUC) of cells
t showing IL-1a release by BMDMs derived from WT or P2X7–/– mice,
4 hours (LPS; gray) before application of 2 mM ATP (LPS/ATP; red). (j)
of cells showing surface IL-1a expression in cells measured in (i). Ca2þ

corresponding bar graphs show single cells (293–492 cells) derived
orresponding image analysis bar graphs of the same group. Asterisks
API, 40,6-diamidino-2-phenylindole. Antibodies used are listed in
the online version of this article at www.kidney-international.org.
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Figure 6 | P2X7 deletion on immune or heart cells ameliorates acute inflammation after cardiac injury. (a) Schematic representation of
the experimental design of generating chimeric mice: chimera 1 (Ch1) was generated using wild-type (WT) mice as recipient and P2X7–/– mice
as bone marrow (BM) donor, and chimera 2 (Ch2) was generated vice versa. Procedure details are mentioned in Methods section. Chimeric
lines were subjected to left anterior descending artery (LAD) ligation (myocardial infarction [MI]) or sham operation 24 hours before analysis.
Representative images of heart sections from mice treated as in (a) and quantification of fraction of infiltrating by (b,c) Ly6Gþ neutrophils or

ðcontinuedÞ(d,e) cells expressing IL-1a. Bar represents 500 mm in overview images and 150 mm in the insets. (f,g) Average traces showing
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Mitochondrial reactive oxygen species are necessary for
regulation of IL-1a secretion by P2X7
In the next section, we sought to decipher the molecular
mechanisms underlying the immunomodulatory role of
P2X7. In astrocytes, microglia, and monocytes, P2X7-
dependent reactive oxygen species (ROS) production was
shown necessary for IL-6 and IL-1b release.31–33 However, if
IL-1a release is dependent on P2X7-induced ROS is un-
known. Therefore, we transfected a human monocyte cell line
(U937) with mitochondrial- or cytosolic-targeted H2O2

sensor (HyPer7) and measured alterations in [H2O2] in
response to ATP in control or cells pretreated with the P2X7
inhibitor (A804598). Illuminating the cells with the sensor-
specific wave lengths resulted in a steady increase of fluores-
cent ratio (see individual experiments in Supplementary
Figure S5). To unambiguously correlate the fluorescence in-
crease to ATP-mediated P2X7 activation, control experiments
were performed by applying ATP-free buffer and by con-
firming sensor reactivity with a terminal application of H2O2.
Ratiometric measurements showed that ATP results induce a
significant and P2X7-dependent increase in mitochondrial
but not cytosolic H2O2 (Figure 8a–c). Pretreating the cells
with a cell membrane-permeable Ca2þ chelator (BAPTA-AM)
abolished mitochondrial ROS production (Supplementary
Figure S5G and H), indicating the Ca2þ dependency of
ATP-induced mitochondrial ROS.

To further investigate ROS-dependent IL-1a release, we
used 2 mouse lines: a knockout of the main source for
cytosolic ROS in immune cells, reduced nicotinamide
adenine dinucleotide phosphate–oxidase 2 (NOX2–/–)34;
and an overexpression line for mitochondrial catalase,
which buffers mitochondrial ROS.35 Compared with the
corresponding WT (BL6/N or BL6/J), inhibition of mito-
chondrial ROS but not deletion of NOX2 resulted in a
significant reduction of IL-1a but not IL-1b (Figure 8d
and e). Furthermore, pretreating the cells derived from all
examined mouse lines with P2X7 blocker resulted in
reduction of the released IL-1a and IL-1b except for the
mitochondrial catalase, in which a reduction of IL-1b but
not IL-1a was observed, indicating a stronger dependency
of IL-1a than IL-1b on P2X7-induced ROS (Figure 8d
and e). Concomitantly, flow cytometry showed that
reducing mitochondrial but not NOX2-dependent ROS
induced a trend of increased surface IL-1a on mito-
chondrial catalase–derived BMDMs (Figure 8f and g).
=

Figure 6 | (continued) measurements of adenosine triphosphate (ATP)–in
Ch1 (black and gray) or Ch2 mice (red and pink) treated as in (a). Measure
ing with 100 ng/ml lipopolysaccharide (LPS; primed). (h) Bar graphs s
measured in (f,g). Ca2þ imaging traces depict average trace of a represe
� SEM obtained from 5 to 6 mice per group. (i) Enzyme-linked immun
BMDMs derived from Ch1 or Ch2 mice, starved overnight (untreated; b
application of 2 mM ATP (LPS/ATP; red). (j) Representative flow cytome
IL-1a expression in cells measured in (i). Ca2þ imaging traces depict av
graphs show single cells (100–373 cells) derived from 4 to 6 mice per gr
analysis bar graphs of the same group. Asterisks indicate significance
phenylindole. Antibodies used are listed in Supplementary Table S4. To
article at www.kidney-international.org.
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Finally, we explored whether P2X7 deletion alters the
homeostasis of ROS-related proteins. Indeed, compared
with WT, P2X7 deletion is accompanied by significant
downregulation of the cytosolic ROS scavenger catalase36

and to a lesser nonsignificant extent peroxiredoxin-2 and
the mitochondrial peroxiredoxin-3, whereas superoxide
dismutase-2 was not altered (Figure 8h and i).37 These
findings suggest that the protective effect of deleting P2X7
might be partly due to adaptive alterations in ROS levels.

Collectively, our findings implicate that P2X7 plays a
pivotal role in regulation of IL-1a contribution to inflam-
matory processes in kidney and cardiac diseases, and this
regulation is dependent on mitochondrial ROS production.
DISCUSSION
The current work identified purinergic signaling as an
essential pathway for regulation of IL-1a release. We show
that P2X7 is upregulated in CKD monocytes and is the major
pathway for ATP-induced Ca2þ influx in human monocytes
and murine macrophages. The importance of P2X7-mediated
regulation of proinflammatory cytokine secretion is high-
lighted in the context of CKD/MI in the respective animal
models. Mechanistically, we identify mitochondrial ROS as an
important second messenger linking ATP signaling through
P2X7 to IL-1a release. Importantly, chimeric mouse experi-
ments strongly indicate that P2X7 is crucial in monocyte-
driven inflammatory processes during the development of
kidney insufficiency and persistent cardiac injury.

Purinergic receptors represent a signaling hub that is
evidently coupled to Ca2þ and ROS signaling and to the
metabolic state of cells with implications in tumors and in-
flammatory diseases.38–40 Kidney cells are able to release
signaling nucleotides (ATP and adenosine diphosphate) and
are equipped with purinergic signaling machinery.39 Func-
tional P2X7 is associated with glomerular injury in models of
acute glomerulonephritis27 and ischemia-reperfusion acute
kidney injury.41 These findings suggest purinergic signaling as
a therapeutic target for inflammatory diseases, including CKD
and CVD. Although CKD clinical studies using P2X7 blockers
have so far been either aborted or did not result in the
anticipated outcome,39 clinical and translational studies
support therapeutic potential of P2X7 antagonists in other
inflammatory diseases, such as rheumatoid arthritis and
obstructive pulmonary diseases.42,43
duced Ca2þ influx in BM-derived macrophages (BMDMs) isolated from
ments were done in (f) resting cells (unprimed) or (g) following prim-
howing average area under the ATP response curve (AUC) of cells
ntative experiment (50–150 cells), and bar graphs represent average
osorbent assay measurement showing interleukin (IL)-1a release by
lack) and primed with 100 ng/ml LPS for 4 hours (LPS; gray) before
try analysis and (k) quantification of fraction of cells showing surface
erage trace of a representative experiment, and corresponding bar
oup, as indicated by the number of dots in the corresponding image
at *P < 0.05, **P < 0.01, and ***P < 0.001. DAPI, 40,6-diamidino-2-
optimize viewing of this image, please see the online version of this
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Figure 7 | P2X7 deletion on immune but not on heart cells ameliorates cardiac remodeling after cardiac injury. (a) Schematic
representation of the experimental design: nonchimeric wild-type (WT), P2X7–/–, as well as chimeric lines generated as in Figure 6 were
subjected to left anterior descending artery (LAD) ligation (myocardial infarction [MI]) or sham operation 2 weeks before
echocardiography analysis was performed. Representative images of measurements done in (a) from (b) nonchimeric and from (c)
chimeric mice acquired in parasternal long (PLAX) and short (PSAX S) axis at end diastolic and systolic frames or along PLAX during
movement (M-mode). Bar ¼ 2 mm. (Continued)
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Figure 7 | (Continued) (d) Average � SEM of ejection fraction (EF%), (e) left ventricular (LV) fractional shortening (FS%), and (f) LV endocardial
diastolic volume (LVEDV), as quantified from measurements done as in (b,c). BM, bone marrow; Ch, chimera. To optimize viewing of this image,
please see the online version of this article at www.kidney-international.org.
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Here, we identify a novel facet of immunomodulation by
P2X7. Although deletion of P2X7 abrogates the release of the
inflammatory IL-1a/b, simultaneously P2X7 deletion facili-
tates surface accumulation of the adhesion molecule IL-1a on
470
immune cells and promotes migration, thus potentially tissue
infiltration7 and thereby playing a dual immunomodulatory
role. Noteworthy is that we observed significantly higher
migration efficiency of P2X7–/– (Figure 2i and k) despite a
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Figure 8 | Mitochondrial reactive oxygen species (ROS) are necessary for regulation of interleukin (IL)-1a secretion by P2X7. (a,b)
Traces depicting averages of single experiments showing H2O2 production over time in human monocyte cell line (U937) expressing (a)
mitochondrial (Mito-HyPer7) or (b) cytosolic (Cyto-Hyper7) H2O2 sensor on application of adenosine triphosphate (ATP)–free (gray), or ATP-
containing (2 mM) buffer without (black) or with (red) preincubation (30 minutes) with P2X7 inhibitor (A804598; 100 mM). The 1 mM H2O2

was applied at the end of the measurement as positive control. (c) Bar graphs showing average area under the ATP response curve (AUC) of
cells measured in (a,b). Analysis shows average � SEM of 3 independent transfections, with 25 to 45 cells depicted with single dots. (d,e)
Enzyme-linked immunosorbent assay measurements showing released (d) IL-1a or (e) IL-1b by bone marrow–derived macrophages
(BMDMs) isolated from the indicated mouse lines. Cells were untreated, primed with lipopolysaccharide (LPS), or treated with LPS then ATP
with or without preincubation (30 minutes) with P2X7 blocker (A804598; 100 mM), n ¼ 3 to 6 mice/group. (f) Representative flow cytometry
analysis and (g) quantification of surface expression of IL-1a on BMDMs isolated from the indicated mouse lines measured in (d,e). (h)

ðcontinuedÞWestern blot images and (i) quantification showing analysis of the indicated cytosolic (catalase and peroxireduxin-2 [PRX-2])
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decreased wound healing efficiency. The difference in the
outcome of the 2 migration assays can be potentially
explained by the retention of WT by cytokine gradient lacking
in P2X7–/– BMDMs, with such gradient playing a role in the
transwell but not the wound healing assay. Alternative
explanation is a reduced proliferative capacity on P2X7
deletion.44,45 This finding together with the higher expression
of adhesion proteins in cardiac compared with kidney
endothelial cells46 may explain why P2X7 deletion reduces
immune cell infiltration of injured kidneys but not the hearts.

Our study aimed to thoroughly characterize Ca2þ signaling
profile alterations accompanying the development of kidney
or cardiac disease models. Inflammasome activation,47

phagocytosis,48 and upregulation of CD80 and CD8649,50

are Ca2þ dependent in monocytes and macrophages.
Although macrophages exhibit functional SOCE, genetic
ablation of the stromal interaction molecule (STIM) does not
abolish their proinflammatory potential.51 Instead, macro-
phages rely on P2X4- and P2X7-mediated Ca2þ influx for
activation and signal propagation.52 High AD resulted in
reduced SOCE in the corresponding BMDMs, although this
was P2X7 independent. This might be explained by high
adenine-induced upregulation of integrin-linked kinase,
which, in turn, inhibits glycogen synthase kinase-3 activity,
thus reducing SOCE.53–55 Inducing cardiac injury, on the
other hand, was associated with an increased SOCE in
BMDMs, which might be caused by the increased activity of
glycogen synthase kinase-3, as observed by Wang et al.56 In
contrast, ATP-induced Ca2þ influx was consistently reduced
in P2X7–/– compared with WT BMDMs, which together with
the abolished cytokine secretion, support that P2X7 is the
more physiologically relevant Ca2þ influx pathway for regu-
lating proinflammatory functions of macrophages in CKD
and CVD, as suggested by our Ca2þ profiling experiments of
human cells. Noteworthy is that ATP-induced Ca2þ influx was
reduced in LPS primed human monocytes and WT BMDMs
concomitant to upregulation of P2X4 but not P2X7, in line
with observations in microglia.28 The debate whether, in cells
expressing both subunits, P2X4 and P2X7 form true hetero-
multimeric channels with distinct properties is yet unre-
solved.57–59 Our findings, however, suggest that higher levels
of P2X4 inhibit P2X7-mediated Ca2þ influx, in agreement
with current measurements by Casas-Pruneda et al. in cells
transfected with different ratios of DNA encoding both sub-
units.60 Moreover, P2X7-mediated Ca2þ influx can be altered
by mechanisms regulating membrane trafficking and inter-
nalization of P2X7, such as posttranslational modification via
phosphorylation, palmitoylation, or glycosylation of the C-
terminus or the ectodomain of the protein (reviewed previ-
ously61). It remains elusive how these mechanisms are
=

Figure 8 | (continued) and mitochondrial (peroxireduxin-3 and superoxi
obtained from 4 mice either wild-type (WT; black) or P2X7–/– (red). Aste
mCAT, mitochondrial catalase; NOX2, reduced nicotinamide adenine di
please see the online version of this article at www.kidney-international
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differentially regulated in immune cells versus non-
hematopoietic cells and whether LAD ligation induces dif-
ferences that potentially underlie the reduced ATP-induced
Ca2þ responses in BMDMs derived from chimeric mice
(Figure 6f) but not from WT mice subjected to the same
intervention in Figure 4f or Figure 5f.

Our findings demonstrate that genetic ablation of P2X7
resulted in protection against AD-induced kidney infiltration
by immune cell and upregulation of surface IL-1a but
without beneficial effect on kidney function (Supplementary
Figure S2G and H). These findings are in agreement with a
recent study performed in rats62 that, similar to our study,
used global knockout approach in the kidney injury model.
On the other hand, numerous studies support a crucial role of
P2X7 in mediating cardiovascular diseases and show benefi-
cial effects of P2X7 deletion (reviewed previously63). Mainly,
these studies are based on global genetic ablation of P2X7;
thus, we were unable to address whether the role of P2X7 was
more prominent in immune cells or cardiomyocytes. Simi-
larly, to our knowledge, to date only 2 other studies addressed
the question of role of P2X7 on hematopoietic or non-
hematopoietic cells in the context of kidney and cardiac dis-
eases, both using kidney ischemia-reperfusion injury model.
Our findings are in agreement with findings of Koo et al., who
suggest a more important role of P2X7 on the immune cells,64

whereas findings of Qian et al. point to an important role of
P2X7 on nonhematopoietic tissues.65 Although not using
chimeric but global knockout mice, Raggi et al. highlighted
the role of P2X7-mediated inflammation in cardiac injury but
also suggest that P2X7 might have a protective role in the
heart because global P2X7–/– mice showed high-fat diet–
induced myocardial hypertrophy and diastolic dysfunc-
tion.66 We observed in mice with MI a similar tendency to
numerically increased LV posterior wall thickness in P2X7–/–

and even more so in Ch1 but not in Ch2. Thus, depending on
the pathologic setting, P2X7 seems to play differential roles in
immune cells and cardiomyocytes and might influence their
interaction. Our results highlight that the presence of P2X7
on immune cells is essential to induce deleterious cardiac
remodeling following MI also in absence of P2X7 in car-
diomyocytes (Ch2). Further studies are needed to explore the
mechanisms of how P2X7-expressing immune cells induce
cardiac remodeling and to identify potential therapeutic
strategies to treat or prevent cardiac injury, especially in pa-
tients with CKD.

Mechanistically, we present evidence that P2X7-induced
mitochondrial ROS production is Ca2þ dependent and is
essential for regulating IL-1a release. Signaling through P2X7
has been suggested to induce NOX2-dependent ROS produc-
tion in microglia, astrocytes, and submandibular glands.67–69
de dismutase 2 [SOD-2]) ROS-related proteins in kidney tissue lysates
risks indicate significance at *P < 0.05, **P < 0.01, and ***P < 0.001.
nucleotide phosphate–oxidase 2. To optimize viewing of this image,
.org.
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Moore and MacKenzie used NOX2–/– derived BMDMs and
concluded that ATP induces ROS in a NOX2-dependent
manner based on the unaltered ethidium bromide perme-
ability.67 Although we cannot exclude that NOX2 is in part
involved in P2X7-induced ROS production, our compartment-
specific H2O2 measurements together with the reduction of IL-
1a release in mitochondrial catalase mice strongly suggest that
mitochondrial ROS together with P2X7-mediated Ca2þ influx
regulate inflammation. Furthermore, our findings are sup-
ported by the unchanged activation of NLPR3 inflammasome
in human and murine cells deficient for NOX1-4.70,71

Although our study emphasizes the role of P2X7 in regu-
lating CKD-associated inflammation, we do not exclude that
P2X4 contributes to disease progression. We show that similar
to P2X7, P2X4 is upregulated in CKD monocytes. However,
inhibition of P2X4 failed to induce significant reduction of
secreted proinflammatory cytokines, supporting the stronger
relevance of P2X7 in context of CKD. Nevertheless, our Ca2þ

measurements and expression analyses of both receptors in
inflammatory conditions indicate that P2X4 might indirectly
influence the immunomodulatory effects of P2X7.

The fractions of immune cells infiltrating injured hearts or
kidneys in our animal models were too low to allow isolation
of adequate numbers of viable cells to perform our functional
analyses. Our study relied, therefore, on investigating
BMDMs. Besides being a time and cost-effective cellular
model, BMDMs have been shown to play a crucial role in
shaping the outcome of kidney injury72 and cardiac infarc-
tion.73,74 In addition, using the limited yield of tissue-resident
cells, we show that heart-resident macrophages recapitulate
P2X7-deficient BMDMs and circulating monocytes in terms
of accumulating surface IL-1a (Supplementary Figure S6).
Nonetheless, we acknowledge this limitation of our study and
propose further investigations with single-cell multiomic
approaches to explore differences in variable immune cell
populations, beyond the populations that we addressed, as
well as to identify P2X7-dependent molecular players
inducing the differences we observed in susceptibility of heart
and kidney tissues to cellular infiltration. Moreover, future
studies are required to unravel P2X7-dependent (non-)
immunomodulatory effects involved in cardiac remodeling.

In conclusion, by showing the dual-immunomodulatory
role of P2X7, our study provides potential explanation of
the controversial outcome regarding protective effects of
P2X7 deletion while identifying P2X7 as a crucial regulator of
chronic inflammation. Moreover, our findings highlight the
importance of further studies to understand the clinical im-
plications of P2X7 antagonists in cell adhesion and immune
cell infiltration, in addition to altered antagonistic functions
by P2X7 mutations, polymorphisms, or splicing events that
may also underlie the variability of the outcome of trans-
lational studies using P2X7 antagonists in CKD.
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