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Macrophages and glia are the dominant P2X7-expressing cell
types in the gut nervous system—No evidence for the role of
neuronal P2X7 receptors in colitis
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The blockade or deletion of the pro-inflammatory P2X7 receptor channel has been shown to reduce tissue damage and symptoms
in models of inflammatory bowel disease, and P2X7 receptors on enteric neurons were suggested to mediate neuronal death and
associated motility changes. Here, we used P2X7-specific antibodies and nanobodies, as well as a bacterial artificial chromosome
transgenic P2X7-EGFP reporter mouse model and P2rx7”~ controls to perform a detailed analysis of cell type-specific P2X7
expression and possible overexpression effects in the enteric nervous system of the distal colon. In contrast to previous studies, we
did not detect P2X7 in neurons but found dominant expression in glia and macrophages, which closely interact with the neurons.
The overexpression of P2X7 per se did not induce significant pathological effects. Our data indicate that macrophages and/or glia
account for P2X7-mediated neuronal damage in inflammatory bowel disease and provide a refined basis for the exploration of

P2X7-based therapeutic strategies.

Mucosal Immunology (2023) 16:180-193; https://doi.org/10.1016/j.mucimm.2022.11.003

INTRODUCTION
Inflammatory bowel diseases (IBDs), such as ulcerative colitis and
Crohn’s disease, are chronic relapsing-remitting inflammatory
diseases with rising incidence in industrialized countries. They
are thought to result from an abnormal host-microbial response
of the intestinal immune system in a genetically susceptible
host'%. The resulting imbalance of homeostatic immunomodula-
tory mechanisms is characterized by increased macrophage and
T-cell activation and upregulation of pro-inflammatory cytoki-
nes>*. In addition, IBDs are associated with enteric neurodegen-
eration and abnormal gut motility, and the resulting breakdown
of enteric nervous system (ENS) control is a major contributing
factor in the development of functional bowel disorders® .
Extracellular purines play important roles in immune cell reg-
ulation and enteric signaling®'% High concentrations of adeno-
sine triphosphate (ATP) are sensed as a danger signal by the
P2X7 receptor, and it is generally accepted that activation of this
nonspecific cation channel acts as a secondary stimulus to
induce NLRP3 inflammasome assembly and subsequent matura-
tion and release of pro-inflammatory interleukin (IL)-18 from
macrophages. In addition, it has been shown that ATP, through
the P2X7 receptor, induces apoptosis in several cell types'®* 'S

Although the pathophysiological roles of P2X7 receptors have
been well established in P2rx7”" mouse models'”'®, possible
physiological roles are comparably poorly investigated.

The expression of P2X7 was shown to be increased in
patients with IBD and animal models, and its deletion or block-
ade reduced tissue damage in different rodent colitis mod-
els'*'%?° In a short phase lla clinical study with a limited
number of patients, oral application of a P2X7 antagonist ame-
liorated the pain component in the Crohn’s disease activity
index but did not change the biomarkers of inflammation®'.

A variety of cell types in the colon have been shown to
express P2X7 receptors and were involved in colitis pathology.
These include immune cells, such as mast cells****, and differ-
ent types of T cells*>?°, epithelial cells*’ ?°, and enteric neurons
of both the submucosal and myenteric plexus>?%*°32 P2X7-
mediated neuronal cell death was implicated in motor dysfunc-
tion associated with colitis®*° >3, Accordingly, elevated levels of
extracellular ATP chronically activate a neuronal P2X7/Pannexin/
Asc/caspase complex that leads to preferential loss of nitrergic
neurons’. Although numerous mechanisms and cell types have
been proposed to mediate protective effects of P2X7 blockade,
the localization of P2X7 receptors in specific cell types in situ has
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been challenging due to a lack of metabolically stable and selec-
tive pharmacological tools. In addition, the specificity of the
used antibodies has not been demonstrated in most studies.
So far, the role of P2X7 receptors in neurons remains unclear;
however, its cell type-specific expression, in neurons versus
immune cells in particular, has important implications for poten-
tial treatments. In this study, we therefore set out to perform a
detailed analysis of P2X7-expressing cell types in the distal
colon using a bacterial artificial chromosome (BAC) transgenic
P2X7-EGFP reporter mouse model** in combination with a
P2X7-selective nanobody and P2rx7”" mice as the negative
control.

MATERIAL AND METHODS

Animals

BAC transgenic P2X7-EGFP mice [Tg(RP24-114E20P2X7451P-
StrepHis-EGFP)Ani15 and 17] were recently described® and in
FVB/N or C57BL6 background. Identical P2X7 expression
patterns were observed in both lines and strains. P2rx7”" mice
[P2rx7MdEUCOMMWES \yare bred as described in a study by
Kaczmarek-Hajek et al.>* and in C57BL/6 background. Animals
aged 12-18 weeks of both sexes were used. Mice were housed
in standard conditions (22°C, 12-hour light-dark cycle, water/-
food ad libitum). All animal experiments were performed in
accordance with the principles of the European Communities
Council Directive (2010/63/EU). The procedures were reviewed
and approved by the State of Upper Bavaria (55.2-1-54-2532-
59-2016). All efforts were made to minimize suffering and limit
the number of animals.

Flow cytometric analysis

For the purification of leukocytes from the large intestine, the
colon was separated from the small intestine, opened by longi-
tudinal section, and feces was washed out thoroughly in the
Hanks balanced salt solution. The cleaned colon was cut into
1-cm pieces and further washed in 20-ml Hanks balanced salt
solution at 37°C for 30 minutes. Colon pieces were then digested
for 30 minutes at 37°C in a digestion solution containing collage-
nase (1 mg/ml) and DNase (0.1 mg/ml). The generated cell sus-
pension was filtered through a 100-um cell strainer and
centrifuged for 5 minutes at 300 g. Leukocytes were separated
from debris by resuspending the pellet in 5 ml 33% Percoll solu-
tion (GE Healthcare, Chicago, IL, USA). Erythrocytes were lyzed
using an ammonium-chloride-potassium lysis buffer (155 mM
NH4Cl, 10 mM KHCOs, 0.1 mM EDTA, pH 7.2). Isolated cells were
stained with an antibody mix in fluorescent activated cell sorting
buffer [containing 1 mM EDTA and 0.1 % bovine serum albumin
(both from Sigma-Aldrich, St. Louis, MO, USA)] for 30 minutes at
4°C (for antibodies, see key resource table) to identify major
immune cell populations, including T cells and innate immune
cells. Cells were washed once with fluorescent activated cell
sorting buffer and were subsequently analyzed on a Becton
Dickinson FACSymphony A3 cell analyzer (Becton Dickinson,
Franklin Lakes NJ, USA).

Whole-mount myenteric plexus and submucosal plexus
preparation from the distal colon

For the whole-mount myenteric plexus and submucosal plexus
preparation, the mice were sacrificed by cervical dislocation
and 1-cm segments were taken 1 cm aboral from the proximal
colon and transferred to ice-cold Krebs solution (containing in
mM: 117 NaCl, 4.7 KCl, 1.2 MgCl,, 1.2 NaH,PO,, 25 NaHCOs, 2.5
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CaCly, 11 glucose, aerated with carbogen to pH 7.4) in Sylgard
(Dow Corning, Midland MI, USA)-filled dissecting dishes. After
flushing with the Krebs buffer, segments were opened along
the mesenteric border, pinned out, and fixed for 4 hours at 4°
C [4% paraformaldehyde (PFA) and 0.2% picric acid in 0.1 M
phosphate buffer (pH 7.4)]. Tissue was rinsed (3 x 10 minutes)
with phosphate buffer and dissected in phosphate-buffered sal-
ine (PBS; pH 7.4). Using forceps and a stereomicroscope, the
mucosa and submucosa were carefully removed. For myenteric
plexus preparations, the circular musculature was also removed.
Submucosal and myenteric plexus reparations were transferred
to a reaction tube with blocking buffer [0.5% Triton X-100,
0.1% NaNs, 4% goat serum (Sigma-Aldrich, St. Louis, MO, USA)
in PBS] and after 1 hour at room temperature (RT), incubated
with primary antibodies in blocking buffer (12 hours at RT),
washed 3 x 10 minutes with PBS, and incubated with secondary
antibodies (2 hours at RT). After a final washing step (3x in PBS)
preparations were mounted in PermaFluor (Thermo Fisher Sci-
entific, Waltham, MA, USA) on slides. All antibodies are indicated
in the Supplementary Table 1.

Image acquisition and processing

Fluorescent images were taken with a Leica SP5 (Leica, Wetzlar,
Germany) or Zeiss LSM 880 Airyscan (Carl Zeiss AG, Oberkochen,
Germany) confocal microscope at x20, x40, or x63 magnifica-
tion using LAS AF (Leica, Wetzlar, Germany) or Zen blue 2.3 soft-
ware (Carl Zeiss AG, Oberkochen, Germany). The pinhole was set
to 1 AU for each channel to ensure that only fluorescence that
originates from the focal point is captured by the detector. Z-
stack images were acquired at 1-um intervals to obtain the final
depth of 5-10 um. To minimize fluorescence crosstalk, channels
were acquired sequentially with the spectral slit adjusted for
each respective emission wavelength. For an initial comparison
of WT, P2X7 knockout, and transgenic P2X7 mice, tissues were
processed in parallel and identical parameters for image acqui-
sition [laser intensity, pinhole, detector gain, pixel time, line time,
scaling per pixel, image size (1024 x 1024), averaging] were used
and settings were chosen to determine specific staining in WT
animals. To prevent saturation in transgenic animals and visual-
ize faint background structures in knockout animals, the bright-
ness was adjusted by reducing or increasing the microscope
detector gain, respectively. Specific staining observed in WT ani-
mals served as a reference for the preparation of images that
were prepared without knockout controls. Raw 8-bit grayscale
images were imported into ImageJ and opened as single images
or stacks. The Z-project function was used to select the first and
last slices of the projection and maximum intensity was chosen
as projection type. Merged images were saved as TIFF files. In
some cases, the brightness was further adjusted in ImageJ to
improve the visibility of structures.

Preparation and staining of colon cryosections
Animals were anesthetized with isoflurane (IsoFlo, Abbott Labo-
ratories, Chicago, IL, USA) and euthanized by cervical dislocation.
The distal colon was prepared, flushed three times with PBS,
embedded in Tissue Tek (Sakura Finetek, Alphen aan den Rijn,
Netherlands), and after freezing at —80°C, cut in 10-um cross-
sections using a Cryostat Microm HM560 (Leica Biosystems, Wet-
zlar, Germany).

For immunofluorescence staining, distal colon sections were
dried for 1 hour at RT, fixed for 20 minutes (2% PFA in 150 mM
sodium phosphate buffer pH 7.4), and washed 2 x 10 minutes
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with PBS and 1 x 10 minutes with water. After drying at RT, slices
were blocked for 1 hour (10% goat serum, 0.5% Triton X-100, in
PBS, pH 7.4) and then incubated overnight at 4°C with 100 pl of
the primary antibody dilution in blocking solution using a humid
chamber.

After washing (3 x 10 min in PBS), 100 ul of the secondary
antibody dilution in blocking buffer was applied for 1 hour at
RT and slices were then washed (2 x 10 minutes with PBS, 1 X
10 minutes with water). The sections were subsequently treated
for 1 minute with 0.1% 4’,6-diamidino-2-phenylindole (DAPI),
washed 3 x 5 minutes with PBS, and embedded in the Perma-
Fluor Mounting Medium (Epredia, Kalamazoo, MI, USA). The
preparations were analyzed using a Zeiss 880 Airyscan (Carl
Zeiss AG, Oberkochen, Germany) confocal microscope. For anti-
bodies, see Supplementary Table 1.

Counting analysis

For the counting analysis, 1-cm? whole-mount LMMP prepara-
tions taken 1 cm aboral from the beginning of distal colon were
used. Five and 10 z-stack images (0.25 mm? for macrophages
and 0.5 mm? for neurons) were randomly selected for counting
of macrophages or neurons, respectively. Only F4/80-positive
macrophages or HuCD-positive neurons that were completely
within the image were counted using the ImageJ point tool.

Benzoyl-ATP treatment

For ex vivo benzoyl-ATP treatment of LMMP preparations, a
modified protocol from a study by Gulbransen et al.” was used.
The distal colon was prepared, mounted with minutien pins in a
Sylgard dish, and opened along the mesenteric border as
described previously. The mucosa, submucosa, and submucosal
plexus were prepared off the muscle layer. The circular muscle
layer was maintained to avoid shearing stress of the MP. The tis-
sue was then incubated for 1 hour in a cell culture incubator
with 20 ml of 300 pM BzATP in the Krebs buffer (containing in
mM: 117 Nadl, 4.7 KCl, 1.2 MgCl,, 1.2 NaH,PQy,, 25 NaHCOs, 2.5
CaCl,, 11 glucose, aerated with carbogen to pH 7.4). The tissue
was then washed 3 x 10 minutes with the Krebs buffer and incu-
bated for another 2 hours with 20-ml Krebs buffer before fixa-
tion for 4 hours [4% paraformaldehyde (PFA) and 0.2% picric
acid in 0.1 M of phosphate buffer (pH 7.4)] at 4°C. Subsequently,
the circular muscle layer was removed, and immunofluores-
cence staining was performed as described previously.

T. Jooss, et al.

Dextran sulfate sodium (DSS) colitis model

BAC transgenic P2X7-EGFP mice [Tg(RP24-114E20P2X7451P-Stre
pHis—EGFP)Ani17]34 and their WT control littermates were accli-
matized for at least 7 days and maintained and treated in accor-
dance with the Swiss Federal Veterinary Office guidelines of the
institutional review board of the animal facility. Experiments
were approved by Dipartimento della Sanitd e Socialitd, with
authorization number 29172 (TI-25/2018, TI-24/2019, and TI-
20/2021) and 33486 (T1 20/2021). All mice were from the same
rack and room and housed in standard conditions (20-22°C,
12-hour light-dark cycle, water/food ad libitum in cages with
environmental enrichment, such as tunnel and pressed cotton
squares for nest building). The mice were monitored and
weighted daily (not blinded). For experimental procedures
(based on experience and with help of Clin Calc Simple Size Cal-
culator between two independent study groups, namely WT DSS
and TG DSS, with continuous primary end point), 35 female mice
(16 weeks old) were used and randomly allocated as indicated.
No animals were excluded. Six untreated mice (3 WT and 3
TG) of the same sex and age were added to colon length statis-
tic. The following values were used to establish the daily fecal
score: 0, normal solid feces; 1, soft feces; 2, liquid feces; and 3,
visible blood traces on feces. All efforts were made to minimize
suffering and limit the number of animals used in experiments.

DSS (TdB LabsAB, Uppsala, Sweden) was added at a concen-
tration of 1% in drinking water for 6 days. Then, DSS 1% was
replaced with normal drinking water for the other 4 days. After
10 days from the beginning of the experiment, the mice were
sacrificed by inhalation of CO, for the retrieval of organs.

The histological analysis was performed in a blinded way
according to Dieleman et al.%’. Briefly, a range from 0-3 was
used to describe the amount of and depth of inflammation. Fur-
thermore, a range from 0-4 described the amount of crypt dam-
age and regeneration. These changes were also quantified as to
the percentage of tissue involvement (1 = 1%-25%, 2 = 26%—
50%, 3 = 51%-75%, 4 = 76%-100%). Each section was then
scored for each feature separately by establishing the product
of the grade for that feature and the percentage involvement
(in a range from 0-12 for inflammation and for extent and in
a range from 0-16 for regeneration and for crypt damage).

Statistical analysis

The GraphPad Prism (version 9) software was used for statistical
analysis and data were presented as means + standard deriva-
tion (SD). Student’s t test, Mann-Whitney-U test, and one-way

o
al

Fig. 1 P2X7 localization in different layers and immune cell types of the mouse distal colon. A, Schematic drawing (created with
BioRender.com) of the histological structure of the colon explaining the cell layers and perspectives of the images shown in (B-D). B, Co-
staining of colonic cross section and a planar mucosa preparation. C, from P2X7-EGFP mice with anti-P2X7 and anti-GFP antibodies. Arrow
heads and arrows in (B) indicate examples of single cells and layers with clear co-localization. (D) Co-staining of colonic cross section with anti-
P2X7 antibodies and an antibody against the neuronal marker HuC/D. <scale bar: 50 um>, cell nuclei were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI, blue). E, Flow cytometric analyses of colonic immune cells from WT (black), P2X7-EGFP transgenic (red), and P2rx7”~ mice
(gray). Within the CD3* T-cell population, CD4" and CD8" af T cells and y& T cells were analyzed for cell surface P2X7 expression using the
mAb RH23A44. The right-shifted histogram indicates higher P2X7 expression in transgenic mice. F, Comparison of P2X7 expression in innate
immune cells. Among CD3~ innate immune cells, CD11b*CD11¢”, CD11b*CD11c¢*, and CD11b™CD11c* cells were analyzed for cell surface
P2X7 expression using the monoclonal antibody RH23A44. G, Quantification of data from (E) and (F). P2X7 expression in P2X7* cells from
P2X7-transgenic (red) and WT (dark) is shown (n = 3 / group, mean + SD, Student’s t test, ** p < 0.01, *** p < 0.001). GFP = green fluorescent
protein; KO =P2X7”" mouse; TG = P2X7-EGFP transgenic mouse; WT = wild-type mouse.
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or two-way analysis of variance (Tukey multiple comparisons
test) were used to determine statistical differences between
groups, as indicated in the legends. Significance was accepted
at * p value < 0.05, ** p value < 0.01 ***, and p value < 0.001.

RESULTS

Expression of P2X7 and P2X7-EGFP in different layers and
cell types of the colon

To determine the localization of P2X7 across the different layers
of the colon, we first analyzed cross-sections of the distal colon
in the P2X7-EGFP transgenic mouse model** (Figs 1A and 1B). In
this mouse, an EGFP-tagged P2X7 receptor is overexpressed
under the control of BAC-derived P2X7 promoters. The respec-
tive BAC contains the full-length P2rx7 gene flanked by about
100 kb and 10 kb upstream and downstream sequences, respec-
tively, and careful analysis of P2X7-EGFP localization in the cen-
tral nervous system (CNS) has previously confirmed a P2X7-EGFP
expression pattern that is identical to the endogenous P2X7
receptor and revealed predominant expression in microglia,
oligodendrocytes, and Bergmann glia®**. Co-staining of colon
slices with antibodies against GFP and P2X7 revealed good co-
localization of both signals in single cells throughout the lamina
propria (arrowheads in Fig. 1B) and in two distinct layers adja-
cent to and in the muscular layer (arrows in Fig. 1B). The cells
in the lamina propria show more intense staining and most likely
represent macrophages based on their size, morphology, and
localization, which is in agreement with the known high P2X7
expression in this cell type'®. A weaker EGFP staining and more
intense signal of the P2X7 antibody was seen in the apical side
of the mucosa. Because the anti-P2X7 antibody should detect
both P2X7-EGFP and endogenous P2X7, this could indicate a
lower expression of the P2X7-EGFP protein in enterocytes, which
would be in agreement with the dynamic regulation of P2X7
expression in epithelial cells?. Alternatively, unspecific staining
or higher background signal of the P2X7 antibody in these cells
or in this preparation could account for the difference. To further
confirm the expression of epithelial P2X7-EGFP, we also per-
formed co-staining of P2X7-EGFP with an anti-P2X7 nanobody
in planar mucosa preparations (Fig. 1C). This revealed an almost
complete signal overlap, confirming a good correlation between
P2X7-EGFP and endogenous P2X7 localization in epithelial cells.
As the presence of P2X7 receptors in enteric neurons has been
frequently reported®*°3?, we next performed co-staining for
P2X7 and the neuronal markers HuC/D (RNA-binding proteins
HuC and HuD) to further determine the identity of the P2X7-
expressing cells in the tunica muscularis (Fig. 1D). Although both

T. Jooss, et al.

P2X7 and HuC/D signals were present in the same layers, they
were clearly separated, indicating localization in different cell
types or different subcellular structures.

To compare the cell type-specific expression of P2X7 in
immune cells of the colon from P2X7-EGFP transgenic and
wild-type (WT) mice, we performed flow cytometry and stained
immune cells isolated from the colon with an anti-P2X7 mono-
clonal antibody. Among T cells, cluster of differentiation (CD)
4*,CD8", and y8 T cells from P2X7-EGFP transgenic and WT mice
exhibited a similar P2X7 expression pattern, although cells from
P2X7-EGFP transgenic mice showed a higher P2X7 level in gen-
eral due to transgene overexpression (Fig. 1E). Similarly, colon-
derived innate immune cells, differentiated by the expression
of CD11b and CD11¢, showed a comparable P2X7 expression
pattern in P2X7-EGFP transgenic and WT mice. Here, P2X7 was
expressed on CD11b+CD11¢—, CD11b+CD11¢c+, and CD11b
—CD11c+ cells (Fig. 1F). Again, the expression of P2X7 was
higher in P2X7-expressing cells from P2X7-EGFP transgenic mice
than that from WT mice (Fig. 1F).

P2X7 expression in macrophages of the myenteric plexus

To further investigate the expression of P2X7 in the muscular
layer and identify the respective P2X7-expressing cell types,
we next stained whole-mount preparations of the longitudinal
muscle and myenteric plexus (LMMP) from the distal colon of
P2X7-EGFP, WT, and P2rx7”" mice with the P2X7-specific nano-
body. This revealed specific staining of enteric ganglia that
appeared as mesh-like structures and large isolated extragan-
glionar cells with ramified morphology (arrows in Fig. 2A, also
compare Figs 3A and 5A). The staining of the latter was particu-
larly strong in the P2X7-EGFP mice, which was confirmed by co-
staining with an antibody against GFP (Fig. 2B). In contrast, the
EGFP signal in the mesh-like structures was less consistent and
had a patchy appearance, suggesting that EGFP was only pre-
sent in some clusters of the cells that are forming this structure
(compare 2 representative images in Fig. 2B and Fig. 4A, right
panel). Co-staining with antibodies against F4/80 (EGF-like
module-containing mucin-like hormone receptor-like 1); Iba1
(ionized calcium-binding adapter molecule 1, also known as
allograft-inflammatory factor 1); and CD68 confirmed that the
extraganglionar cells represent macrophages, which is in agree-
ment with the known expression of P2X7 receptors in these cell
types (Fig. 2C). Two different types of macrophages could be dif-
ferentiated; macrophages with longitudinal orientation and
bipolar morphology likely represent muscular macrophages,
whereas those with ramified morphology were localized in the

A
o

Fig. 2 P2X7 staining in whole-mount LMMP preparations from the distal colon. A, Specificity of the P2X7-specific nanobody. Preparations from
P2X7-EGFP (TG), wild-type (WT), and P2rx7”" (KO) mice were stained as indicated and confocal images were taken with identical settings.
Arrows indicate extraganglionar P2X7-positive cells. B, Two representative confocal images of preparations from P2X7-EGFP transgenic mice
co-stained with anti-GFP (GFP) and anti-P2X7 (P2X7) antibody or nanobody (nb), as indicated. C, Tissues from P2X7-EGFP mice were co-stained
with anti-P2X7 or anti-GFP antibodies and antibodies against different macrophage marker proteins. Arrows indicate examples of CD68-
positive macrophages. D, Representative images of tissue from P2X7-EGFP and WT mice stained with an antibody against the macrophage
marker F4/80 and statistical analysis of macrophage numbers in both genotypes. n = 5 images of 0.25 mm? from the distal colon were
analyzed per mouse. Data are represented as mean + SEM from N = 3-4 mice per group (large symbols). Numbers for individual mice are
represented in small symbols with different color intensities for each mouse. 97.03 + 12.91 and 202.7 + 32.03 macrophages per image were
counted in WT and transgenic mice, respectively. Statistical significance was tested by Welch'’s t test (p = 0.0027). Normal distribution (Shapiro-
Wilk, Kolmogorov-Smirnov, QQ plot) was confirmed for each group.
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Fig. 4 Analysis of neuronal and synaptic P2X7 localization in whole-mount LMMP preparations from the distal colon. Tissues from P2X7-EGFP
(TG) and wild-type (WT) mice were co-stained with P2X7-specific nanobody or anti-GFP antibodies as indicated and antibodies against
different neuronal (A) or synaptic (B) marker proteins. 33-Tub = B3-tubulin; Calr = Calretinin; Calb = Calbindin; GFP = green fluorescent protein;
PGP9.5 = protein gene product 9.5; Syn = synaptophysin; vGIuT2 = vesicular glutamate transporter 2; Additional staining in WT tissue is shown
in Supplementary Fig. 5.

vicinity of ganglions. Interestingly, only the ramified macro- notion that macrophages in the myenteric plexus have the abil-
phages were positive for Ibal (see Supplementary Fig. TA). Ram- ity to maintain themselves®®. Because macrophage numbers
ified macrophages were also positive for the proliferation marker appeared to be increased in P2X7-EGFP mice in comparison to
Ki67 (Supplementary Fig. 1B), which is in agreement with the WT mice (Fig. 2D, also compare Fig. 3A), we performed a quan-

A
|

Fig. 3 Analysis of neuronal P2X7 localization in LMMP and submucosal plexus preparations from the distal colon. A, Specificity of staining with
the P2X7-specific antibody in combination with antibodies against the neuronal marker HuC/D. LMMP preparations from P2X7-EGFP (TG),
wild-type (WT), and P2rx7”" (KO) mice are shown. B, Co-staining of HuC/D and P2X2 receptors or P2X4 receptors (both used as positive controls
for neuronal P2X expression) in LMMP preparations from P2X7-EGFP mice. C, Co-staining of P2X7 (using the P2X7 nanobody) and HuC/D in
submucosal plexus preparations of P2rx7” and P2X7-EGFP mice, as indicated (upper panel). The images from P2X7-EGFP mice demonstrate
staining of ganglia (right panel) and blood vessels (arrows in lower left image). V indicates the lumen of the blood vessel. The lower right
image confirms P2X7 co-staining with the macrophage marker F4/80. GFP = green fluorescent protein.
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Fig. 5 Analysis of P2X7 localization in enteric glia of the myenteric plexus from distal colon. A, Specificity of staining with the P2X7-specific
antibody in combination with antibodies against the glial marker glial fibrillary acidic protein GFAP (anti-GFAP antibody from mouse). LMMP
preparations from P2X7-EGFP (TG), wild-type (WT), and P2rx7”" (KO) mice are shown. Note that the weaker intensity of the ganglionic P2X7
signal in transgenic mice compared with WT mice is because of the fact that P2X7-EGFP overexpression is particularly strong in macrophages
and the reduction of the signal intensity (to avoid saturation) consequently results in a weaker glia staining in transgenic mice. B, Co-staining
of P2X7-EGFP (using the anti-GFP antibody) in tissue from P2X7-EGFP mice or P2X7 (using an anti-P2X7 antibody) in WT mice with the glial
marker S100B. GFP = green fluorescent protein; GFAP = glial fibrillary acidic protein; S100 = S100 calcium-binding protein f.

titative analysis by counting the F4/80-positive macrophages in
randomly chosen images of both genotypes. This revealed
about 40% more macrophages in the myenteric plexus of
P2X7-overexpressing mice than in Wt mice [102.2 £ 4.2 and
142.1 + 5.8 standard error of the mean (SEM) macrophages
per image (0.125 mm? n = 5 images/mouse) in WT (N = 3)
and transgenic mice (N = 4), respectively]. Finally, co-staining
with antibodies against Anoctamin-1 and CD117 excluded the
presence of P2X7 receptors in myenteric interstitial cells of Cajal
that function as pacemaker cells (Supplementary Fig. 2). The
good correlation between the staining of Anoctamin-1 and
CD117, which also represents a mast cell marker, is in agreement
with a low number of mast cells in the myenteric plexus.

No evidence for P2X7 expression in neurons of the
myenteric and submucosal plexuses

We next performed co-staining of HuC/D and P2X7 in the myen-
teric plexus (Fig. 3A) and the submucosal plexus (Fig. 3C) to

www.elsevier.com

examine a possible neuronal localization of P2X7. The staining
revealed a clearly different localization of HUC/D and P2X7 in
both WT and P2X7-EGFP mice, which is in agreement with pre-
vious data from transgenic mice'’. Similar results were obtained
if co-staining was performed using the anti-P2X7 nanobody, a
second alternative anti-P2X7 antibody, or the anti-GFP antibody
in P2X7-EGFP transgenic mice (Supplementary Fig. 3A,B). As the
positive control for a neuronal expression pattern, we used anti-
bodies against P2X2 and P2X4 receptors, which were previously
shown to be expressed in enteric and other neurons®®>°,
Accordingly, the staining revealed good co-localization of HuC/
D, with both receptors in distinct neuronal cell bodies (Fig. 3B).
Although a uniform staining in all neurons was seen for the
P2X4R, P2X2R staining appeared more variable between cells.
In contrast to P2X2Rs, a punctate P2X4R staining was also
detected in extraganglionic cells. Here, P2X4 co-localized with
CD68, which is in agreement with its known expression in lyso-
somes of macrophages (Supplementary Fig. 4)*.
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HuC/D is localized in the cell body; however, under patho-
physiological conditions, it has been reported to show a preva-
lent nuclear localization®'. Thus, to exclude the expression of
P2X7 in specific neuronal substructures that are not stained with
HuC/D, we also performed co-localization studies of P2X7 with
3-tubulin, which stains neuronal processes, the neuronal mar-
ker proteins PGP9.5 (protein gene product 9.5), calbindin, and
calretinin (Fig. 4A), as well as with the synaptic marker proteins
synaptophysin and vesicular glutamate transporter subtype 2
(Fig. 4B, Supplementary Fig. 5A). Again, none of the staining
revealed a co-localization with P2X7, thus arguing against a
physiological expression of P2X7 protein in enteric neurons.
Our findings are supported by recent single-cell RNA sequencing
studies performed on the ENS****, Based on these data, the
expression of P2X7 is highest in glia, macrophages, and T cells,
whereas its limited expression is only found in a minority of cells
from neuronal clusters. In contrast, P2X2 is highly expressed in
numerous neuronal clusters, and P2X2 and P2X7 expressions
appear mutually exclusive. P2X4 is found in a variety of neuronal
and nonneuronal cell types. Nevertheless, it needs to be consid-
ered that the levels of RNA transcripts do not necessarily corre-
late with protein levels, which can be regulated by various
posttranscriptional/posttranslational processes.

Interestingly, the strong staining of the P2X7-EGFP-
expressing macrophages enabled the visualization of close inter-
actions of macrophages with the HuC/D-positive neurons
(Fig. 4A), as previously described* . In addition, a close associ-
ation of macrophages with blood vessels in the submucosal
plexus could be observed (Fig. 3C, right panel).

Identification of P2X7 expression in enteric glia cells

Based on the previously mentioned data, we concluded that the
intraganglionic P2X7-expressing cells that form the mesh-like
structure in which the neurons are embedded most likely repre-
sent enteric glia cells. Enteric glia cells are generally differenti-
ated by their localization and morphology, whereas the
expression of specific marker proteins appears highly
dynamic*®*°. Using antibodies against the widely used glia mar-
ker glial fibrillary acidic protein (Fig. 5A) and S100B (S100
calcium-binding protein B) (Fig. 5B), we detected a clear co-
localization of P2X7-EGFP and S100( in WT and transgenic mice.
Co-localization between glial fibrillary acidic protein and P2X7 or
P2X7-EGFP was less clear, most likely because of their different
subcellular localization.

No induction of neuronal P2X7 expression in the dextran
sulfate sodium colitis model

The previously mentioned data show a dominant expression of
P2X7 in macrophages and glia cells but not in enteric neurons.
This is in contrast to previous studies, where neuronal P2X7
receptors have been implicated in colitis-associated enteric neu-
ron death®. Therefore, we wondered whether neuronal P2X7
expression could be induced by P2X7 activation in an ex vivo
model, in which we incubated myenteric plexus preparations
from WT, P2X7-EGFP, and P2rx7”" mice for 60 minutes with 3
mM ATP (Supplementary Fig. 6) or 300 uM benzoyl-ATP, a more
potent and specific P2X7 agonist (Fig. 6A). In agreement with
previous observations’, agonist treatment appeared to cause
more neuronal cell loss in WT and in transgenic mice than in
knockout mice (arrowheads in Fig. 6A and Supplementary
Fig. 6), although the difference in neuron numbers was not sig-
nificant (Fig. 6A). Importantly, no upregulation of P2X7 expres-
sion in neurons was observed neither in WT nor in transgenic
mice (Supplementary Fig. 6). To examine a possible neuronal
P2X7 upregulation under more physiological conditions and
investigate whether P2X7 overexpression is associated with a
higher disease susceptibility, we next subjected WT and trans-
genic mice to the dextran sodium sulfate (DSS) colitis model.
Figs 6B and 6C show only a slightly increased weight loss of
DSS-treated P2X7-EGFP mice compared with DSS-treated WT
mice at day 10 but no effects on the fecal score during the entire
experiment and colon length at the day of sacrifice. Likewise,
swiss roll analysis did not show significant histomorphological
differences between DSS-treated P2X7-EGFP mice and DSS-
treated WT mice in terms of inflammation. Nevertheless, the
epithelial damage appeared more pronounced in P2X7-EGFP
mice (Supplementary Fig. 7). The microscopic analysis of HuC/
D-stained tissue from DSS-treated mice shows no neuronal
P2X7 localization (Fig. 6D). Lack of neuronal P2X7 upregulation
was also confirmed in the transfer colitis model, which further
demonstrated P2X7 expression in T cells, as expected (Supple-
mentary Fig. 8).

DISCUSSION

Despite its importance as a drug target, the localization, regula-
tion, and functions of P2X7 receptors in different cell types
remain controversial. This is partly owing to the complex phar-
macology of purinergic receptors and the unclear specificity of
the available antibodies in different tissues. In this study, we

o
N

Fig. 6 Comparison of wild-type (WT) and P2X7-EGFP (TG) overexpressing mice in an ex vivo model and in the in vivo DSS colitis model. A,
Representative images of LMMP preparations from the distal colon after treatment with 300 uM benzoyl-ATP (line 15) and statistical analysis of
neuron numbers per 0.501 mm?. Arrowheads indicate sites of neuron loss. Data from P2X7 knockout mice (KO), and two different transgenic
P2X7-EGFP lines (lines 15 and 17), and their respective WT litter mates were analyzed by Brown-Forsythe and Welch analysis of variance with a
post-hoc Tamhane T2 test to correct for inhomogeneity of variance. Data are represented as mean + SEM from N = 2—4 mice per group (large
symbols). Numbers from n = 9-10 images per mouse are represented in small symbols with different color intensities for each mouse. B, Delta
of weight variation (left) and fecal score (right) over time in P2X7-EGFP (TG, line 17) mice and their wild-type control littermates (WT) treated or
not with DSS 1% (data from 2 independent experiments). ns: not significant; *: p < 0.05. Fecal score: 0, normal solid feces; 1, soft feces; 2, liquid
feces; 3, visible blood traces on feces. C, Pictures (left) and statistical analysis of colon length (right) at day 10 in P2X7-EGFP (TG) mice and their
wild-type control littermates (WT) treated or not with DSS 1% (data from 3 independent experiments). ns: not significant; * p < 0.05; ** p < 0.01;
*** p < 0.001. Data are represented as mean =+ SD. All mice were in C57/BL6 background. Female mice of 16 weeks of age were used in (B) and
(Q). D, Staining of distal colon tissue from DSS-treated WT and P2X7-EGFP transgenic mice with antibodies against the neuronal marker HuC/D,
the glial markers S1008, and GFP or the P2X7 nanobody, as indicated. DSS = dextran sodium sulfate; GFP = green fluorescent protein; ns =
nonsignificant.
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analyzed the cell type-specific P2X7 localization in the distal
colon, with a focus on the myenteric plexus. We demonstrated
that myenteric macrophages and enteric glia represent the
dominant P2X7-expressing cell types in the myenteric plexus
under both physiological and pathological conditions and
visualize the close interaction of the macrophages with enteric
neurons. Based on our data, we proposed that P2X7 receptors
in macrophages and/or glia cells indirectly contribute to neu-
ronal damage in colitis pathology.

P2X7 in enteric neurons and glia

The ENS and enteric glia cells have emerged as important regu-
lators of gut barrier function and homeostasis in gastrointestinal
diseases, including IBD*°. P2X7 receptors have been described in
enteric neurons>?%*°33, and the role of neuronal P2X7 receptors
in neuronal cell death and colitis-associated motility disorders
was proposed. However, the pharmacological characterization
of purinergic receptor subtypes in native tissues is complex’’,
and at least in the CNS, the presence of P2X7 receptors in neu-
rons has been debated®*®. In this study on the myenteric
plexus, using antibodies against a variety of neuronal marker
proteins in distinct neuronal substructures in combination with
P2X7-specific antibodies and nanobodies and P2rx7”" mouse
controls, as well as a transgenic P2X7-EGFP reporter mouse
model, we could not detect neuronal P2X7 receptors. In contrast,
a clear staining was found with P2X2- and P2X4-specific antibod-
ies that were used as positive controls. Based on these data, we
concluded that the P2X7 protein is either absent in enteric neu-
rons or below the detection limit and that P2X7 receptors do not
play a physiological role in enteric neurons.

Presence and function in glia cells

Enteric glia are closely associated with enteric neurons. They
modulate motility, secretion, function of the epithelial barrier,
and neuroinflammation and have also been involved in nocicep-
tor sensitization and immune cell modulation®***. Using both an
antibody and a nanobody against P2X7, we could detect identi-
cal reticulate patterns of P2X7 staining that differed from the dif-
fuse ganglionic background staining in P2rx7”" mice and
correlated well with the expression of the enteric glia cell marker
S100B. In both WT and P2X7-EGFP reporter mice, the co-staining
of P2X7 or GFP with S100B8 confirmed the expression in the
same structures, although the expression of P2X7-EGFP
appeared more irregular than that of the endogenous P2X7.
The reason for this is unclear but might reflect the highly
dynamic protein expression and subtype differentiation that
has been reported for enteric glia*®**’. In support of our finding,
glial responses to ATP and the expression of P2X7 in enteric glia
were previously reported in rats>**°>% and a glial cell line*®.
However, purinergic neuron to glia signaling and ATP-
mediated Ca®* signals in enteric glia cells were generally
believed to be mediated by P2Y1 receptors*®*9°°¢"  Thus,
although the importance of glia in neuroimmune interaction
in colitis-associated visceral pain has recently been shown®*,
the role of glial P2X7 receptors remains completely unclear.
Interestingly, enteric glia in the myenteric plexus share marker
proteins and functional properties with satellite glia in the dorsal
root ganglia and astrocytes in the CNS, and common roles in
inflammatory processes and abdominal pain generation were
described®?. Both satellite glia and Bergmann glia, a specific type
of S100B-positive astrocytes, also express P2X7, suggesting com-
mon roles of P2X7 receptors in these cells. Further studies are
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needed to clarify the functions of glial P2X7 receptors and their
involvement in colitis pathology and visceral pain.

Presence and function in macrophages

Based on their localization and specific functions, intestinal res-
ident macrophages are classified into two major groups: the
highly phagocytic lamina propria macrophages, which represent
the first line of defense against pathogens and act primarily as
innate immune effector cells, and the muscularis macrophages,
which represent the dominant immune cell population in the
muscular layer and closely and bidirectionally interact with the
ENS and also with smooth muscle cells**. Although of different
developmental origin, macrophages share many marker pro-
teins with microglia, the resident immune cells of the CNS®?.
Muscularis macrophages resemble microglia as well morpholog-
ically and functionally®®. P2X7 receptors are highly expressed in
microglia and macrophages and staining of overexpressed
P2X7-EGFP with P2X7-specific nanobodies and antibodies or
antibodies against GFP resulted in a clear and detailed visualiza-
tion of macrophages and revealed their close interaction with
neuronal cell bodies and processes, similar to microglia in the
CNS. Therefore, the P2X7-EGFP mice might provide a good
model to further study these interactions. Because the matura-
tion and release of cytokines, such as IL-13, is the best investi-
gated function of P2X7 receptors in macrophages, this
represents the most obvious mechanism of how P2X7 could
contribute not just to inflammation but also nociceptor sensiti-
zation®®. P2X7-mediated production of reactive oxygen
species® could further contribute to ATP-induced neuronal
damage or death’. Because intestinal macrophages, similar to
the microglia in the CNS, are considered the gatekeepers of tis-
sue homeostasis, they are also discussed as therapeutic targets
in IBD®®. The physiological mechanism or relevance of the
increased macrophage number in P2X7-EGFP mice remains to
be determined, but it is reminiscent of a trend toward higher
microglia numbers that were found in a preliminary analysis of
the retina of P2X7-EGFP mice®*’. An intriguing possibility would
be that P2X7 overexpression has an effect on macrophage
migration and/or proliferation.

Involvement of P2X7 in other cell types

P2X7 receptors in other cell types besides macrophages and glia
have also been involved in colitis pathology. Thus, P2X7 recep-
tors are highly expressed in mast cells, and P2X7-mediated mast
cell activation was shown to initiate and exacerbate colitis
through cytokine induction and neutrophil infiltration®%. In sup-
port of this finding, the inhibition of ATP-induced mast cell acti-
vation ameliorated colitis>***. P2X7 receptors have also been
involved in T-cell activation, and its expression is dynamically
regulated during T-cell differentiation. T-cell subsets, including
follicular helper T cells, regulatory T cells, and Th17 T cells, are
sensitive to P2X7-mediated cell death'>'®, and it was reported
that P2X7-mediated death of regulatory T cells decreases
immune tolerance and thereby promotes inflammation?>2°. In
epithelial cells, the activation of P2X7 receptors was shown to
induce IL-1B release?’, thereby suggesting promoting inflamma-
tion. Furthermore, it was shown to inhibit epithelial cell prolifer-
ation, and P2X7 receptor inhibition or deletion promoted re-
epitheliation and recovery of inflammatory lesions and also
enhanced tumor susceptibility?®. Based on a study on human
colonic mucosal strips, it was suggested that epithelial P2X7
receptors represent therapeutic targets for IBD*°.
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In conclusion, P2X7 receptors in numerous cell types appear
to contribute to colitis pathology as well as associated motility
disorders and visceral sensitivity. Here, we demonstrated that
in the intestinal nervous system, P2X7 receptors are dominantly
expressed in macrophages and S100B-positive glia. This resem-
bles the situation in the CNS, where P2X7 receptors are highly
expressed in microglia and S10083-positive astrocytes. We pro-
posed that P2X7 fulfills similar functions in both systems and
that ATP-induced neuronal damage in the enteric system is an
indirect effect of macrophage or glial P2X7 activation. Because
numerous studies support beneficial effects of P2X7 blockade
in central and peripheral inflammatory diseases, it represents a
promising drug target, and this study provided a basis to further
elucidate its cell type-specific functions and develop novel
therapies.
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