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Abstract

Aims/hypothesis Tissue-resident macrophages sense the mi-
croenvironment and respond by producing signals that act
locally to maintain a stable tissue state. It is now known that
pancreatic islets contain their own unique resident macro-
phages, which have been shown to promote proliferation of
the insulin-secreting beta cell. However, it is unclear how beta
cells communicate with islet-resident macrophages. Here we
hypothesised that islet macrophages sense changes in islet
activity by detecting signals derived from beta cells.
Methods To investigate how islet-resident macrophages re-
spond to cues from the microenvironment, we generated mice
expressing a genetically encoded Ca®* indicator in myeloid
cells. We produced living pancreatic slices from these mice
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and used them to monitor macrophage responses to stimula-
tion of acinar, neural and endocrine cells.

Results Islet-resident macrophages expressed functional
purinergic receptors, making them exquisite sensors of inter-
stitial ATP levels. Indeed, islet-resident macrophages
responded selectively to ATP released locally from beta cells
that were physiologically activated with high levels of glu-
cose. Because ATP is co-released with insulin and is exclu-
sively secreted by beta cells, the activation of purinergic re-
ceptors on resident macrophages facilitates their awareness of
beta cell secretory activity.

Conclusions/interpretation Our results indicate that islet mac-
rophages detect ATP as a proxy signal for the activation state
of beta cells. Sensing beta cell activity may allow macro-
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phages to adjust the secretion of factors to promote a stable
islet composition and size.

Keywords ATP - Betacell - Calcium imaging - Macrophage -
Pancreas - Purinergic - Tissue slice

Abbreviations

[Ca®*]; Intracellular free Ca®* concentration
ATPyS  Adenosine 5'-(3-thiotriphosphate)
Fl1 First filial generation

GABA  y-Aminobutyric acid

GFP Green fluorescent protein

IBA1 Ionised calcium-binding adapter molecule 1

VNUT  Vesicular nucleotide transporter

TRPV1 Transient receptor potential cation channel
subfamily V member 1

Introduction

Glucose homeostasis is maintained through hormone secre-
tion from the pancreatic islet. Insulin secretion from beta cells
involves the co-release of ATP and serotonin [1, 2], which are
potent stimulators of immune cells. Thus, as a by-product of
hormone secretion, islet endocrine cells may activate and in-
teract with the local population of immune cells. In response,
local immune cells such as resident macrophages may provide
homeostatic support. Resident macrophages in other organs
(e.g. Kupffer cells, Langerhans cells, microglia) are
specialised to perform tissue-specific functions needed for tis-
sue stability [3—5]. In mice that lack islet macrophages, islets
show defects in development and decreased beta cell mass [6].
The mechanisms leading to this dysfunction have not been
explored, although it is now known that macrophages promote
beta cell proliferation [7, 8]. These findings suggest that en-
docrine and immune cells interact in the islet to maintain tissue
homeostasis, although the signalling mechanisms remain
mostly unknown.

The role of macrophages in the islet has been studied main-
ly under stressful conditions (e.g. in diabetes, obesity and
regeneration models) in which they contribute to inflamma-
tion and disease progression, but also promote beta cell regen-
eration. These studies provide information about the role of
islet macrophages in the context of responses associated with
inflammation and autoimmunity. By contrast, little is known
about the function of the islet-resident macrophage in the nor-
mal state. Only recently have islet-resident macrophages been
characterised, based on embryonic origin and on classical im-
munological markers [9, 10]. Resident macrophages of other
tissues can sense hypoxia, hyperosmolarity, metabolic stress
or extracellular matrix components to induce tissue-specific
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behaviours that promote local homeostasis [11]. It is still un-
clear, however, what aspects of the islet microenvironment are
monitored by resident macrophages under normal physiolog-
ical conditions.

Because macrophages exert trophic effects on beta cells [7,
8, 12], we hypothesised that to adjust the production of signals
such as growth factors, islet macrophages must monitor the
functional state of beta cells. Testing this hypothesis requires
studying resident macrophages in a preparation in which cel-
lular relationships are preserved. While the physiology of res-
ident macrophages has been studied in tissue slices of organs
such as the brain [13], there has not been an equivalent study
of pancreas macrophages. To investigate the signals that acti-
vate islet-resident macrophages locally, we adapted a method
using pancreas tissue slices for in situ imaging [14]. After
confirming that the properties of pancreas macrophages
remained unchanged by the slicing procedure, we conducted
imaging of intracellular free Ca®* concentration ([Ca®*];) to
determine the responses of islet-resident macrophages to stim-
uli activating different cell populations within the pancreas.

Methods

Mice First filial generation (F1) mice for Ca** imaging exper-
iments were bred by crossing mice that contain the fluorescent
calcium indicator, GCaMP3 (Rosa-GCaMP3 mice; B6, stock
no. 014538; JAX laboratories, Bar Harbor, ME, USA), with
mice expressing Cre recombinase in myeloid cell-specific
promoters: (LyzM)-Cre (B6, stock no. 004781; JAX laborato-
ries); Tg(Csf1r-iCre)lJwp (referred to herein as Csfir-Cre;
FVB, stock no. 021024; JAX laboratories); and Cx3cri
mice (B6, stock no. 025524; JAX laboratories). Mice were
housed in a temperature- and lighting-controlled room (lights
on for 12 h). F1 offspring expressing GCaMP3 in macro-
phages (= 3 months old, both male and female) were
euthanised and pancreatic tissue slices were processed as de-
scribed below. All experimental protocols using mice were
approved by the University of Miami Animal Care and Use
Committee.

Preparation of living pancreatic tissue slices Tissue slices
were prepared from 15 young adult mice (25-30 g) as de-
scribed [14]. Mice were anaesthetised with isofluorane (2%
vol./vol.) and euthanised by cervical dislocation to prepare for
pancreatic duct injection of low-gelling-temperature agarose
(1.2% [wt/vol.], dissolved in HEPES-buffered solution as de-
scribed below, without BSA; catalogue no. 39346-81-1;
Sigma Aldrich, St. Louis, MO, USA). Syringes (5 ml) were
filled with agarose solution, and a 30-gauge needle was used
to inject in the common bile duct. After injection, tissue blocks
were cut, embedded and left to solidify (4°C). Living slices
were then cut (150 um) on a vibroslicer (Leica VT1000s,
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Leica Biosystems, Buffalo Grove, IL, USA). Slices were in-
cubated in HEPES-buffered solution (125 mmol/l NaCl,
5.9 mmol/l KCI, 2.56 mmol/l CaCl,, 1 mmol/l MgCl,,
25 mmol/l HEPES, 0.1% BSA [wt/vol.], pH 7.4).

Immunohistochemistry Mice were anaesthetised, exsangui-
nated and perfused with 4% (wt/vol.) paraformaldehyde.
Blocks of mouse pancreas (0.5 cm®) were post-fixed in 4%
paraformaldehyde, cryoprotected (30% [wt/vol.] sucrose) and
tissue sections (40 um) cut on a cryostat. After
permeabilisation (PBS—Triton X-100 0.3% [wt/vol.]), sections
were incubated in blocking solution (Biogenex, San Ramon,
CA, USA). Primary antibodies were diluted in blocking solu-
tion. To visualise macrophages, we used antibodies against
ionised calcium-binding adapter molecule 1 (IBA1) (1:1000;
catalogue no. 019-19741, Wako Chemicals, Richmond, VA,
USA), F4/80 (1 : 200, catalogue no. ab6640; Abcam,
Cambridge, MA, USA) and CD206 (1 : 100, catalogue no.
141721; Biolegend San Diego, CA, USA). We performed
immunostaining for green fluorescent protein (GFP)
(1 : 200, catalogue no. ab6658; Abcam) to visualise GFP ex-
pression under the control of the myeloid promoters (see JAX
laboratories mice below). Cell nuclei were stained with DAPL
Slides were mounted with ProLong Anti Fade (Invitrogen,
Waltham, MA, USA). All antibodies were validated and used
as per manufacturer’s instructions. See electronic supplemen-
tary materials (ESM) Methods for additional details.

Ca" imaging of living pancreatic tissue slices We generated
mice for [Ca”*]; imaging by using F1 mice crossed from mice
expressing Cre recombinase in myeloid cell-specific pro-
moters with mice expressing the floxed Ca®* indicator
GCaMP3 (see above). Mice (> 3 months old, both sexes) were
euthanised, and pancreatic tissue slices were processed as de-
scribed above. Living tissue slices containing GCaMP3-
labelled macrophages were placed in a perfusion chamber
and immersed in HEPES-buffered solution. Glucose was
added to the buffered solution to give a basal glucose concen-
tration of 3 mmol/l, unless otherwise specified. All stimuli
were bath applied. Throughout the study we used the non-
hydrolysable ATP agonist ATPyS (adenosine 5'-(3-
thiotriphosphate; Tocris Biosciences, Bristol, UK).
Antagonists were left to equilibrate with receptors for 5 min
before stimulation with an agonist. For [Ca®*]; imaging, a Z-
stack of ~ 15-30 confocal images was acquired every 8 s
using a Leica SP5 confocal laser-scanning microscope.
[Ca®"]; responses in pancreatic macrophages were quantified
as the AUC of individual traces of GCaMP3 fluorescence
intensity (expressed as change in fluorescence intensity com-
pared with baseline fluorescence [AF/F]) during the applica-
tion of stimuli. To be included in the analyses, [Ca®*]; re-
sponses had to be reproducible in three or more pancreatic
slices. We further analysed and quantified pseudopodia

movement and velocity using the ImageJ plugin MTrack]
(https://imagescience.org/meijering/software/mtrackj/,
accessed 14 October 2016. For immunohistochemical staining
after [Ca®*]; imaging, slices were processed as described in
ESM Methods (Immunohistochemistry section).

Confocal imaging Confocal images (pinhole = 1 airy unit) of
randomly selected islets were acquired on a Leica SP5 confocal
laser-scanning microscope with 40x magnification (NA = 0.8).
Macrophages were reconstructed in Z-stacks of 15-30 confocal
images (step size = 2.5-4.0 um) and analysed using Image]
(version 1.51 h; http://imagej.nih.gov/ij). Using confocal
images, we established the location of macrophages within
islets (endocrine) or in acinar regions (exocrine). Experiments
were not blinded. To prevent bias, we used an automated meth-
od in ImageJ to segment different pancreas regions based on
DAPI staining to determine macrophage positions.

Flow cytometry Islet macrophages were sorted based on the
viable, GFP" and F4/80" labelled cells. For non-macrophage
internal controls, islet cells were also sorted based on the via-
ble GFP, F4/80" population. See ESM Methods for addition-
al details.

RT-PCR RNA was extracted from FACS sorted islet macro-
phages and non-macrophage internal controls using RNeasy
mini kit (Qiagen, Valencia, CA), and cDNA was prepared
using the high-capacity cDNA reverse transcription kit
(Applied Biosystems, Foster City, CA). cDNA products were
pre-amplified 10 cycles using the TagMan pre-amp master
mix (Applied Biosystems). PCR reactions were run using
TagMan gene expression assays (Applied Biosystems) in a
StepOnePlus Real-Time PCR System (Applied Biosystems).
Relative quantification of gene expression was done based on
the equation relative quantification = 2 ACt 1,000,000 where
ACt is the difference between the threshold cycle (Ct) value
(number of cycles at which amplification for a gene reaches a
threshold) of the target gene and the threshold cycle value of the
ubiquitous housekeeping gene /8s. Genes analysed: Csf1r, 18s
(also known as Rni8s), Gapdh, P2rx1, P2rx2, P2rx3, P2rx4,
P2rx5, P2rx6, P2rx7, P2ryl, P2ry2, P2ry4, P2ry6, P2ryl0),
P2ryi2, P2ryl3, P2ryl4, Adoral, Adora2a Adora2b, Adora3.
For fold change comparisons, we used the delta delta Ct
method, calculated by 288C To ensure for consistent gPCR
results, /8s normalised samples were compared to that of
Gapdh normalised samples. Fold change differences were less
than a 1.2-fold between groups when normalised to /8s vs
Gapdh. Genes analysed: Csfir, 18s, Gapdh, Tnf, 1l1b,
Tgbl, 116, Mmp2, Mmp9, Egf, Vegf (also known as Vegfa).

Data analyses and statistics To quantify [Ca®*]; responses

we calculated the AUC of the fluorescence intensity traces
of GCaMP3. Our criteria for accepting [Ca>*]; responses for
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analyses were that responses could be elicited two or more
times by the same stimulus and that the peak signal was two
or more times the baseline fluctuation. Statistical comparisons
were performed using Student’s ¢ test or one-way ANOVA,
followed by multiple-comparison procedures with the Tukey
or Dunnett’s tests. Data are shown as means + SEM. See ESM
Methods for data analysis of immunohistochemical results.

Results

Functional responses of pancreatic macrophages in situ To
study the physiological responses of pancreatic macrophages

Mouse carrying floxed GCaMP3

Cre recombinase under a
myeloid-specific promoter

Backscatter

Fig. 1 [Ca®"]; imaging of pancreas macrophages in situ. (a) Cre-lox
model used to generate the [Ca**]; indicator GCaMP3 under the control
of myeloid-specific promoters. (b, ¢) Living pancreatic tissue cut using a
vibroslicer (b) and placed in a recording chamber (scale bar, 100 um) (c).
Arrows denote location of pancreatic islets. (d) Confocal image of a fixed
pancreatic slice from a Csf1r-Cre—-GCaMP3 mouse showing GCaMP3
(green) and IBA1 (red) immunostaining, and DAPI (blue) staining of
nuclei. Scale bar, 50 pm. Zoomed images of islet macrophages are also
shown (scale bar, 10 um). (e) Quantification of the proportion of IBA1-
positive cells within the population of GCaMP3" cells in slices (> 75
macrophages pooled from four sections in three mice per group). Box
and whisker plot shows the median (horizontal line) with the lower and
upper quartiles depicted by the bottom and top edge of the box,
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we prepared living pancreatic slices for [Ca®*]; imaging (Fig.
la—c). Calcium ions (Ca®*) act as second messengers in several
intracellular signalling pathways that are activated by surface
receptor classes, including G protein-coupled surface receptors
and receptor tyrosine kinases. Increase in [Ca>*]; indicates cell
activation. The role of Ca®* in immune cell function has been
shown to be biologically important and well characterised in
resident macrophages such as microglia and alveolar macro-
phages, as well as in non-myeloid lymphocyte activity [4, 5].

To perform [Ca**]; imaging of macrophages in real time, we
generated mouse models expressing the genetically encoded
Ca®* reporter GCaMP3 (GFP—calmodulin) selectively in my-
eloid cells. Using a Cre-lox system, we crossed three different
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respectively. (f) Confocal image taken from a live video recording during
[Ca®*]; imaging of macrophages in a living slice from a GCaMP3*
mouse. A maximal projection of a Z-stack of ~ 40 images is shown.
The image shows islet backscatter (grey) and GCaMP3-labelled macro-
phages (green), with macrophages labelled 1-4. (g) Three sequential
higher magnification images of macrophage ‘number 1°, shown in the
dotted box in (f), showing the [Ca**]; response to stimulation with ATP
(100 pwmol/l). The pseudocolour scale indicates the level of fluorescence
intensity. Time points are before, during and after stimulation with ATP.
Scale bar, 10 pum. (h) Traces of [Ca®*]; responses in macrophages 1—4
shown in (f). Arrows indicate time points before, during and after stimu-
lation with ATP at which the images in (g) were taken. AU, arbitrary units
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strains of mice expressing Cre recombinase under myeloid-
specific promoter (Csf1r-Cre, Cx3cri®*, [LyzM]-Cre) with
floxed GCaMP3 transgenic mice (Fig. 1a). In these mouse
strains, Cre expression has also been reported in dendritic cells,
granulocytes and monocytes. Pancreas macrophages in CsfIr-
Cre—GCaMP3 and (LyzM)-Cre—GCaMP3 mice were immu-
nostained for the macrophage marker IBA1 and showed a high
percentage (~90%) of co-localisation with GCaMP3 (Fig. 1d,
e). We did not use Cx3crI“°~GCaMP3 mice in our functional
experiments because many non-myeloid cells expressed
GCaMP3 (Fig. le).

Isolating macrophages from their native environment can
cause changes in their phenotype and does not allow study of
their dynamics and interactions with the local environment in
situ [15]. In contrast, by using living pancreatic slices there is
minimal disruption of tissue integrity and the islet
cytoarchitecture within the acinar tissue is preserved [14, 16].
We sought to establish that living tissue slices are suitable for
the characterisation of the physiology of macrophages in their
native environment. We found that macrophages in pancreatic
tissue slices showed a morphology and cluster of differentia-
tion (CD) profile comparable with those of macrophages in the
pancreas of mice perfused with fixative (ESM Figs 1, 2) and of
islet macrophages characterised using flow cytometry analysis

(ESM Fig. 3). Based on these data, we conclude that the slicing
procedure did not alter macrophage features.

After validating the transgenic mouse lines and the slicing
procedure, we performed [Ca”*]; imaging of macrophage re-
sponses to stimuli (e.g. ESM Video). GCaMP3-expressing
macrophages could be discerned both in exocrine and endo-
crine regions in pancreatic slices (Fig. 1f). Islets were identi-
fied based on their strong backscatter (Fig. 1f). Macrophages
in endocrine and exocrine tissues responded to ATPyS
(100 pmol/l) with increases in [Ca>*]; (Fig. 1g, h). After func-
tional [Ca®*]; imaging, we immunostained pancreatic slices
for macrophage markers (ESM Fig. 4). With our approach,
functionally characterised macrophages, easily tracked in the
immunostained slices because they retained their GCaMP3
labelling, could be further classified based on their CD profile.

Pancreatic macrophages respond selectively to beta cell-
derived stimuli Pancreatic macrophages are exposed to mol-
ecules released from acinar, neural and endocrine cells (Fig.
2a). To identify interactions between these cell types and pan-
creas macrophages, our strategy was to apply stimuli known
to activate these cells and then monitor increases in [Ca®*]; in
macrophages. To selectively stimulate beta cells, we raised the
glucose concentration from 3 mmol/l to 16 mmol/l and found
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Fig.2 [Ca®"];responses of pancreas macrophages to tissue-specific stim-
ulation. (a) Diagram showing the potential inputs to pancreatic macro-
phages from beta cells, local autonomic neurons and pancreatic acinar
cells. (b) Pancreatic macrophages in Csf1r-Cre—GCaMP3 mice displayed
an increase in [Ca”*]; when the glucose concentration was increased from
3 mmol/l 3G) to 16 mmol/l (16G) (grey traces). However, not all mac-
rophages responded (black traces). Macrophages were recorded from
living pancreas slices from Csf1r-Cre—-GCaMP3 mice. Dotted line repre-
sents application of 16 mmol/l glucose. (¢) Quantification of [Ca®"]; re-
sponses as shown in (b), in living slices from Csf7r-Cre—-GCaMP3 mice.
n > 4 macrophages from three mice; *p < 0.05, Student’s ¢ test. (d)
Quantification of macrophage [Ca*]; responses to KCI (25 mmol/l).
n > 8 macrophages from three mice; *p < 0.05, Student’s ¢ test. (e)

Quantification of macrophage [Ca2+]i responses to stimulation with
ATP, serotonin (SHT) or GABA. n = 4-15 macrophages, from more than
three slices from two to four mice; *p < 0.05, ANOVA followed by
Dunnett test for multiple comparisons with the baseline (3G). (f)
Quantification of [Ca®*]; responses to acetylcholine (ACh, 25 umol/l).
n > 6 macrophages from two slices from two mice. (g) Quantification of
[Ca*"); responses to substance P (SP, 1 pmol/l) and capsaicin (Cap,
10 umol/l). n > 9 macrophages from three slices from three mice;
*p < 0.05, Student’s ¢ test. For (c—g), the average AUC is shown for
[Ca”*]; responses in GCaMP3 macrophages in both endocrine and exo-
crine tissue. Data were also confirmed in (LyzM)-Cre—GCaMP3 mice.
AU, arbitrary units
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that this increased the frequency and amplitude of [Ca®*];
responses in macrophages (Fig. 2b, ¢). Cell membrane
depolarisation with KCI (25 mmol/l), which stimulates endo-
crine cells and neurons, produced similar [Ca®*]; increases in
macrophages (Fig. 2d). Macrophages in slices did not respond
to application of acetylcholine (100 wmol/l), a neurotransmit-
ter that stimulates pancreatic acinar cells and postganglionic
autonomic neurons (Fig. 2f). Macrophages responded strong-
ly to capsaicin (10 wmol/l; Fig. 2g), a stimulus for cells ex-
pressing transient receptor potential cation channel subfamily
V member 1 (TRPV1) channels (e.g. visceral sensory neurons
and macrophages). However, substance P (SP, 10 umol/l), a
molecule released by sensory nerves in the context of local
axon reflexes [17], did not increase [Ca®*]; in macrophages.
Our results suggest that pancreas macrophages responded
mainly to activation of endocrine cells. We therefore exam-
ined the effects of the signalling molecules ATP, y-
aminobutyric acid (GABA) and serotonin, which are known
to be released by beta cells [18, 19]. These potential paracrine
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Fig. 3 Islet-resident macrophages express functional purinergic recep-
tors. (a) Traces of [Ca2+]i responses to ATP (100 pmol/l) from Csf1r-
Cre-GCaMP3 islet macrophages in pancreatic slices showing that re-
sponses were inhibited by suramin (20 pmol/l), a broad P2 receptor an-
tagonist. (b) [Ca®*]; responses of individual macrophages to increasing
concentrations of ATP in the islet (black) and exocrine regions (grey) of
pancreatic slices from CsfIr-Cre—-GCaMP3 mice. Vertical dotted lines
denote start of 2 min stimulation. (¢) Concentration—response curves for
[Ca2+]i after stimulation of macrophages with ATP in islet (black circles)
and exocrine regions (grey circles). Responses were quantified as AUC
and were normalised as a percentage of the maximum response. n = 9
cells pooled from nine slices from four mice. (d) Traces of [Ca®*]; re-
sponses to ADP (10 pmol/l) and MRS2693 (1 umol/l) in pancreatic slices
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signals also activate macrophages in other organs [20-22]. We
observed that exposure to GABA or serotonin did not produce
increases in macrophage [Ca”*];. By contrast, ATPyS
(50 umol/l) elicited the strongest increases in [Ca®*]; (Fig. 2e).

Identification of functional purinergic receptors in pancre-
as macrophages We identified ATP as a strong activator of
islet and acinar macrophages (Fig. 2e). The P2 receptor antag-
onist suramin (20 pwmol/l) blocked [Ca®*]; responses of pan-
creatic macrophages to ATP (Fig. 3a), confirming that
purinergic receptors are involved. Macrophages in the exo-
crine tissue showed greater [Ca®*]; responses to low levels
of ATP (10 umol/l), while higher levels of ATP (I mmol/l)
elicited [Ca”*]; responses in endocrine and exocrine macro-
phages equally (Fig. 3b, ¢). BZATP (10 pumol/l), a P2X; re-
ceptor agonist, ADP (10 umol/l), a P2Y receptor agonist,
MRS2693 (1 wmol/l), a nucleotide with preference for P2Y,
receptors, and MRS2768 (1 umol/l), an agonist with prefer-
ence for P2Y, receptors, also stimulated [Ca”*]; responses in
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from Csf1r-Cre-GCaMP3 mice. (e) Quantification of [Ca2+]i responses
to 3 mmol/l glucose (3G), BZATP (10 umol/l; a P2X; receptor agonist)
and the P2Y receptor agonists: ADP (10 pmol/l), MRS2768 (1 pmol/l)
and MRS2693 (1 umol/l). Data are presented as mean + SEM. The dot
plot shows the average AUC (black bar) for [Ca”]i responses to the
stimuli. n > 5 macrophages from two slices from two or three mice;
*p < 0.05, ANOVA followed by Dunnett test for multiple comparisons
to the baseline (3G). (f) Quantification of the mRNA levels of purinergic
receptors (P2rx, P2ry and Adora) expressed by sorted islet macrophages
from n = 3 independent isolations from more than three mice. Data were
also confirmed in (LyzM)-Cre—-GCaMP3 mice. AU, arbitrary units. Data
are presented as mean + SEM
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macrophages (Fig. 3d, e). The P2Y receptor agonists elicited
significant increases in the [Ca”*]; responses in macrophages
(Fig. 3e).

To confirm the presence of specific purinergic receptors
expressed by islet macrophages, previously identified using
a physiological approach above, we performed RT-PCR on
FACS-sorted macrophages from isolated islets. We found ex-
pression of mRNA for the macrophage-specific gene CsfIr,
P2X receptors (P2rx4, P2rx7), P2Y receptors (P2ry2, P2ry6,
p2ryl4) and the P1 receptors (Adoral, AdoraZa, Adora2b
and Adora3; Fig. 3f). Because other cells within the islet are
known to respond to ATP, we compared purinergic receptor
gene expression of islet macrophages with that the F4/80 " islet
cell population (ESM Fig. 5). We found that most receptor
genes were more highly expressed in macrophages: in partic-
ular, P2rx4 (ninefold), P2rx7 (82-fold), P2ry2 (52-fold),
P2ry4 (15-fold), P2ry6 (670-fold) and the P1 receptor
AdoraZa (13-fold). Only the expression of Adoral, the gene
for a P1 receptor known to be highly expressed in alpha cells
[23], was 10.5-fold higher in the islet (F4/80 ) population. The
results suggest that islet macrophages express high levels of
purinergic receptor genes.

Acutely culturing islets with ATP alters macrophage gene
expression Pancreatic macrophages have been shown to mod-
ulate gene expression of cytokines and chemokines during
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Fig. 4 Culturing islets with ATP (16 h) alters macrophage gene expres-
sion from the basal state. (a) mRNA expression from FACS-sorted islet
macrophages from Csf1r-Cre~GCaMP3 mice. ND, not detected. (b—d)
Changes in Mmp2, 116 and Csf1r gene expression compared with that in
control islet culture medium with and without suramin (20 pwmol/l), pre-
sented as fold change. Data are presented as mean + SEM; n = 3 inde-
pendent islet preparations, with islets pooled from five mice per prepara-
tion; *p < 0.05, one-sample ¢ test to a hypothetical value of 1

diet alteration [9]. We identified functional purinergic recep-
tors in islet macrophages and sought to identify the direct
effect of acute purinergic stimulation on islet macrophage
gene expression. In FACS-sorted islet macrophages, we found
mRNA expression of genes encoding for matrix metallopro-
teinase (Mmp2) and genes characteristic of both M1 (Tnfa
[also known as Tnf], I11b) and M2 (Tgfb [TgfbI], 116) macro-
phage polarisation (Fig. 4a). Upon acute stimulation with ATP
(50 umol/l, 16 h) we found Mmp?2 to be significantly down-
regulated when compared with the control islet culture medi-
um (5.5 mmol/l glucose RPMI + supplements) treatment; the
purinergic receptor inhibitor suramin (20 pmol/l) blocked the
effect of ATP (Fig. 4b). 1I6 expression was increased com-
pared with control condition, although the change was not
significant. There was no observable change in the
macrophage-specific gene Csf1r (Fig. 4c) or other genes iden-
tified in the basal state (Fig. 4a). These effects were mirrored
in islets acutely cultured with high glucose concentration
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Fig. 5 ATP stimulates movement of macrophage pseudopodia. (a)
Sequential images of a Csflr-Cre-GCaMP3-derived macrophage taken
during incubation with 3 mmol/l glucose (green) and after stimulation
with ATP (50 pmol/l, red). Merged image shows extended macrophage
pseudopodia (red). Co-localisation of green (before ATP stimulation) and
red (after ATP stimulation) staining is shown in yellow. Scale bar, 10 um.
Images were acquired at the time points denoted by the green and red
arrows in (b). (b) Pancreatic macrophage Ca>* responses to ATP
(50 pmol/l; grey line) with pseudopodia process movement (black line).
(¢) Quantification of the velocity of macrophage processes during stimu-
lation with 3 mmol/l glucose (3G), 16 mmol/l glucose (16G), ATP
(50 pmol/1) and ADP (10 pmol/l). Macrophage pseudopodia showed
increased velocity during ATP stimulation. Box and whisker plot shows
the median (horizontal line) with the lower and upper quartiles depicted
by the bottom and top edge of the box, respectively. n > 7 macrophages
from three mice; *p < 0.05 Student’s ¢ test. AU, arbitrary units

@ Springer



Diabetologia

(16 mmol/l; ESM Fig. 6), although the results were not
significant.

ATP induces pseudopodia movement of pancreatic mac-
rophages In many tissues, macrophages display characteristic
movements of their fine processes to scan the microenviron-
ment [24]. Because pancreas macrophages responded strongly

to ATP, we reasoned that these increases in [Ca>*]; could lead
to changes in dynamic behaviour. Therefore, in parallel with
measurement of [Ca®*];, we recorded movement of macro-
phage pseudopodia (Fig. 5a). Modest increases in pseudopo-
dia movement were observed after exposure to ADP
(10 umol/l), but no observable changes in movement were
seen during high glucose stimulation. Stimulation with ATP
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Fig. 6 Pancreatic macrophages sense endogenous ATP released from
insulin-secreting beta cells. (a) Spontaneous activity ([Ca2+]i responses)
of pancreatic macrophages increased when beta cells were stimulated by
increasing the glucose concentration from 3 mmol/l (3G) to 16 mmol/l
(16G) in Csf1r-Cre-GCaMP3 mice. Grey and black traces are response
traces from individual cells. Spontaneous activity was inhibited by
suramin (20 pmol/l). Vertical, dotted lines denote exchange of solutions.
Red dotted lines denote the start and stop of suramin (20 pmol/l) appli-
cation. (b, ¢) Quantification of [Ca**]; response (AUC of traces shown in
a), during exposure to 3G, 16G or 16G with suramin (20 pmol/l), in
macrophages from pancreatic islets (b) and from exocrine macrophages
(¢). n = 4-20 cells pooled from three pancreatic slices from three mice;
*p < 0.05, ANOVA followed by Tukey test for multiple comparisons. (d)
Activity in pancreatic macrophages induced by increasing the glucose
concentration from 3G to 16G was inhibited by nifedipine (10 pmol/l).
(e) Quantification of [Ca®*]; responses (AUC of traces shown in d) during
exposure to 3G, 16G, 16G with nifedipine (Nife, 10 pmol/l) and 16G
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with ATP (50 umol/l) and nifedipine (10 pwmol/l). n = 612 cells pooled
from three pancreatic slices from three Csf7r-Cre-GCaMP3 mice;
*p < 0.05, ANOVA followed by Tukey test for multiple comparisons.
(f) Quantification of [Ca“]i responses (AUC) to exchanging solutions
between 3G, KCI1 (25 mmol/l) and KCI1 (25 mmol/l) with suramin
(20 umol/l). n = 9 cells pooled from three pancreatic slices from two
mice; *p < 0.05, ANOVA followed by Tukey test for multiple compari-
sons. (g) Spontaneous activity in pancreatic macrophages did not increase
when the glucose concentration was raised from 3G to 16G in pancreatic
slices devoid of islets. Macrophages became activated during stimulation
with ATP (50 pmol/l). (h) Quantification of [Ca2+]i increases (AUC of
traces shown in g). n = 14 cells pooled from three pancreatic slices from
three mice. (i) Proposed model of macrophage communication with beta
cells. Box and whisker plots show the median (horizontal line) with the
lower and upper quartiles depicted by the bottom and top edge of the box,
respectively. AU, arbitrary units
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(50 pumol/l) elicited a sharp [Ca®*]; response and simulta-
neously increased the velocity of pseudopodia movement of
macrophages (Fig. 5b, c). Thus, pancreas macrophages re-
spond to ATP by increasing the extent and rate of microenvi-
ronment scanning. Macrophage motility, however, may not be
increased by the lower levels of ATP present during physio-
logical stimulation of beta cells.

Pancreatic macrophages respond to endogenous ATP re-
leased from beta cells ATP levels are generally higher in-
side the cell, and increased extracellular ATP generally
reflects cell disruption. However, ATP can be released
physiologically into the extracellular space through various
mechanisms including exocytosis. In the islet microenvi-
ronment, macrophages are exposed to ATP as it is co-
released with insulin from beta cells [18]. Within the
mouse pancreas, islets are uniquely competent to release
ATP because they express vesicular nucleotide transporter
(VNUT) [25]. Concentrations of ATP can rise above
25 pumol/l around stimulated beta cells [26], matching the
ECs( of the observed macrophage response to ATP (15—
30 wmol/l, Fig. 3c). We therefore hypothesised that mac-
rophages sense local changes in ATP concentration during
activation of beta cells.

To test this hypothesis, we increased the glucose con-
centration from 3 mmol/l to 16 mmol/l and challenged the
[Ca®*]; responses in macrophages with suramin (20 pmol/
1). After suramin washout, activity in macrophages in-
creased again and later subsided after return to low glucose
concentrations (Fig. 6a). Suramin inhibited the increased
activity during exposure to 16 mmol/l glucose quantitative-
ly (Fig. 6b), indicating that purinergic receptors mediate
the macrophage responses to beta cell activation with in-
creased glucose concentration. By contrast, exocrine mac-
rophages showed modest, non-significant, increases in ac-
tivity during stimulation with 16 mmol/l glucose (Fig. 6¢).
To uncouple the direct effect of glucose on pancreatic mac-
rophages and to pinpoint the beta cell as the source of
increased spontaneous activity, we used the L-type volt-
age-gated Ca”* channel blocker nifedipine, a known inhib-
itor of beta cell secretion [27]. Application of nifedipine
(10 umol/l) blocked [Ca**]; responses elicited by 16 mmol/
1 glucose (Fig. 6d), without affecting ATP sensitivity in
islet macrophages (Fig. 6e). KCl depolarisation induced
increases in macrophage [Ca®*];, but not in the presence
of suramin (Fig. 6f). These results indicate that ATP re-
leased endogenously from beta cells stimulates pancreas
macrophages. There was no change in macrophage
[Ca®*]; response during stimulation with 16 mmol/l glu-
cose in pancreatic slices devoid of islets (Fig. 6g, h).
From these data, we propose a model for communication
between pancreatic islets and their resident macrophages in
which islet-resident macrophages respond to ATP and

other purines released from beta cells under physiological
stimulation (Fig. 61).

Discussion

Our results demonstrate that pancreatic islet macrophages
express a complement of purinergic receptors that detect
endogenous levels of interstitial ATP. While extracellular
ATP generally reflects cell disruption, we established here
that macrophages respond to ATP secreted from beta cells.
ATP can therefore be considered a bona fide paracrine sig-
nal that the beta cell uses to communicate with resident
macrophages.

Functional imaging in living slices allowed us to study
local interactions between islet endocrine cells, local neu-
rons, acinar cells and resident macrophages. While Ca**
imaging of macrophages is commonly performed in other
tissues [5, 28, 29], it had not been attempted in the pancre-
as. Immune cell infiltration and movement has been mon-
itored in the native pancreas [30-32] but given the low
spatial resolution and limited access to local drug applica-
tion it is unlikely that these in vivo approaches would al-
low the physiological characterisation and pharmacologi-
cal interrogation of macrophages in situ we conducted
here.

Using our approach, we determined that islet macro-
phages respond to activation of endocrine cells but not
to stimulation of acinar cells. Macrophage responses to
endocrine cell activation with high glucose concentra-
tions were mediated by ATP receptors. Is very likely
that most of the ATP released under these conditions
is derived from beta cells because: (1) beta cells of
the mouse islet are the predominant cell type responding
to high glucose; (2) in pancreas slices that did not con-
tain islets, acinar macrophages did not respond to high
glucose concentration; (3) beta cells release ATP from
insulin granules [18, 33, 34] and (4) beta cells are the
only pancreatic cells that express VNUT [25], making
them uniquely competent to release stored ATP. Because
ATP release is tightly coupled to insulin secretion, ex-
tracellular ATP levels can be considered a proxy for
beta cell secretory activity. ATP signalling thus converts
islet macrophages into local sensors of the beta cell’s
hormonal output.

ATP may trigger important physiological processes in
islet macrophages. Indeed, purinergic signalling has been
shown to be essential for macrophage functions such as
chemotaxis [35], phagocytosis [36] and cytokine produc-
tion [37]. We determined that ATP induces increases in
[Ca?*]; and movement of macrophage pseudopodia but
the exact secretory responses triggered in islet macro-
phages when exposed to ATP remain unclear. Recent
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studies suggest that macrophages play a trophic role in beta
cell proliferation but the results were obtained under ex-
treme conditions which involved recruited macrophages
[7, 8, 12].

In addition to proliferation factors, local release of pro-
inflammatory cytokines, such as IL-1[3 has been shown to
modulate insulin secretion [38] and is sufficient to damage
human pancreatic islets [39]. IL-1f release from islet mac-
rophages may act in a feedback loop to regulate insulin
secretion. In our limited study, we did not detect significant
differences in cytokine gene expression during acute treat-
ment with ATP or high glucose. However, we did detect a
significant downregulation of Mmp2. It is important to de-
termine whether the purinergic axis between beta cells and
resident macrophages regulates local inflammation (e.g.
IL-13 [38]) and tissue integrity (e.g. matrix metallopro-
teinase 2 [40]) as well as trophic support (e.g. TGF-f3
[41], 11-6 [42]) during physiological and pathological
states.

To fulfil their homeostatic role, macrophages must
monitor the local microenvironment to detect changes in
tissue characteristics, such as cell number and composi-
tion, and the acidity and osmolarity of interstitial fluids
[43]. Our results suggest that resident macrophages use
ATP receptors and probably TRPV1 receptors to respec-
tively monitor beta cell activity and the acidity of the
interstitial milieu in the islet. Islet macrophages have been
shown to be key players in autoimmune destruction of the
islet caused by type 1 diabetes [44—51] and have a role in
producing inflammation during type 2 diabetes [52, 53].
Here, we show that islet macrophages monitor and re-
spond to local environmental cues not only during ex-
treme challenges such as inflammation and autoimmunity
but also during less dramatic alterations in tissue physiol-
ogy. Sensing the microenvironment helps the macrophage
gauge its production of factors that promote islet tissue
stability.
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