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Abstract

Glucagon-like peptide 1 (GLP-1) is produced by L cells in the small intestine in response to
ingested glucose and increases insulin release from pancreatic beta cells by activation of its
cognate receptor (GLP-1R). Stimulation of this receptor also contributes to increased beta
cell survival and regeneration. We have found that pancreatic beta cells from Non Obese
Diabetic (NOD) mice express significantly lower levels of GLP-1R than C57BL/6 mice,
leaving the NOD beta cells with an impaired response to GLP-1 stimulation. The lower
expression appears to be caused by accelerated degradation of GLP-1R in the beta cells, a
process that can be reversed by inhibiting trafficking to the lysosome. Importantly, our results
appear to translate to the human disease since we also observed significantly lower
expression of the GLP-1R in pancreatic islets from donors with type 1 diabetes. These results
suggest that beta cell physiology may play a role in susceptibility to autoimmune

inflammation.
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I ntroduction

Type 1 diabetes is believed to be caused by immune mediated destruction of the insulin
producing beta cells in the pancreas. When these cells are destroyed or incapacitated, the
body can no longer effectively take up glucose, leading to glucose starved tissues combined

with excess levels of glucose in the blood (1, 2).

Despite decades of research, the event or events that precipitate disease remain unknown. It is
clear that certain genes, especially within the MHC locus which directs T cell specificity,
predispose to type 1 diabetes (3). Scientists have justifiably focussed on the immune response
in efforts to understand the disease and to find a cure. However, there is increasing interest in
how much the beta cell contributes to its own destruction, and whether beta cell fragility may
be a contributing factor in disease susceptibility (4-6). More than half of the known genes
associated with type 1 diabetes are expressed in the beta cell, and their expression increases
when the cell is stressed (7). Beta cells can be stressed through different mechanisms
including prolonged exposure to high levels of glucose and exposure to proinflammatory
cytokines and other chemicals (8). It is therefore possible that abnormal and/or prolonged
stress responses predispose to type 1 diabetes through turning the beta cell into a more
available and vulnerable target. The presence of residual beta cells in pancreas tissue from
deceased patients with long standing disease (9) also indicates that the lack of adequate
insulin responses in patients could be due to dysfunction of these cells in addition to

destruction.

Beta cells produce insulin in response to elevated levels of glucose. This effect can be
potentiated by the hormone glucagon-like peptide 1 (GLP-1) (10) which is produced by cells

in the small intestine in response to ingested glucose (11, 12). Due to the actions of GLP-1,
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beta cells secrete increased amounts of insulin in response to ingested glucose when
compared to the same concentration of glucose injected intravenously (13), a phenomenon
described as the incretin effect(14). GLP-1 is short lived in vivo due to rapid inactivation by
dipeptidylpeptidase-4 (DPP-4)(11), but inhibitors of DPP-4 as well as the DPP-4-resistant
GLP-1 analogue exendin-4 are used successfully to increase insulin release in type 2 diabetes
patients (15). As stimulation of the GLP-1 receptor (GLP-1R) has been reported to protect
beta cells and even induce regeneration of the beta cell pool (16, 17), attempts have been
made to combine these effects with other therapies to prevent or treat type 1 diabetes in mice
and humans (18-22). These studies have shown either no, or very limited, effects of GLP-1R

stimulation in reversing or preventing type 1 diabetes.

We have found that non-obese diabetic (NOD) mouse islets have impaired responses to GLP-
1 as well as exendin-4. This impairment is due to a global reduction in GLP-1R in the beta
cell that appears to be caused by accelerated degradation. Such lowered expression, and
therefore impaired response to GLP-1, render NOD beta cells functionally impaired which
may increase their susceptibility to autoimmune attack. We also observe lower expression of
GLP-1R on beta cells of human type 1 diabetic patients. Our findings provide a possible

explanation for the limited success of GLP-1 analogues in treating type 1 diabetes.
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Results

NOD mice manifest deficient responsesto GL P-1 analogue exendin-4

GLP-1 and its analogues stimulate release of insulin from beta cells, which in turn allows
uptake of glucose from the blood into tissues. Wildtype C57BL/6 mice respond to injection
of the GLP-1 analogue exendin-4 by a drop in the levels of blood glucose (Fig. 1a). We found
that NOD mice do not respond to exendin-4 injections by the expected drop of blood glucose
concentration (Fig. 1a). This is not just an effect of the autoimmune attack on beta cells in
diabetic NOD mice, as the same effect can be observed in B- and T cell deficient NOD>
mice in which the beta cells are completely unharmed by inflammation (Fig. 1a). The
decreased effect of exendin-4 is not specific to the NOD mouse colony at the Department of
Pathology, as this was also observed in other NOD mouse colonies (Supplementary figure 1a,
1b), and the effect does not appear to be dominant, as F1 offspring of a C57BL/6XNOD cross
do exhibit a response to injection of exendin-4 (Fig. 1a). Further, using exendin-4 labelled
with Cy3, we observed binding to beta cells in the islets of C57BL/6 mice(23) (Fig. 1b,
middle right panel), but importantly only a very weak binding occurred on the islets of the
NOD mice (Fig. 1b, middle left panel). In addition, the labelled exendin-4 could be easily
detected in the kidneys in both NOD¥“ and C57BL/6 mice, where it is excreted (Fig. 1b,
bottom panels). Islets in both NOD¥® and C57BL/6 mice stained well for insulin and
glucagon, indicating that they were functional and otherwise appeared healthy (Fig. 1b, top
panels). Finally, we noted that by increasing the dose to 4 nmol per mouse (ca 8x10° fold
higher than the physiological levels of GLP-1) we could observe a reduction in blood
glucose, albeit attenuated, in the NOD™' mice, indicating that the NOD mice do express
some receptor (Supplementary figure 1c, d) but that they require much higher concentrations

of ligand to achieve even a modest response.
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GLP-1 receptor gene expression is normal in NOD mouse idets, and the distribution of
the GL P-1 analogue exendin-4 in other organsisunchanged

We wondered if the lack of activity and binding of exendin-4 could be due to a mutation in
the gene encoding for GLP-1R. However, investigation of the NOD and C57BL/6 glp-1r
sequence from the Sanger web site (24) showed no differences in the sequence between the
strains. Islets of NOD™® mice expressed GLP-1R mRNA at similar levels to C57BL/6 islets
(Fig. 2a). We detected the highest levels of GLP-1R mRNA in picked islets and whole
pancreas and lower but still detectable levels in lung and the pyloric valve of the stomach.
GLP-1R expression has been reported in brain (25, 26), heart (27, 28), kidney (29) and aorta
(26), but the levels (where given) are at least 100-fold lower than in beta cells and in some
cases observed in highly enriched sub-fractions (e.g. brain). We do not rule out that there are
levels of MRNA present which are too low to be significant relative to the housekeeping
reference, or diluted by the use of unfractionated tissue. There were no differences in
expression between the mouse strains in any of the organs (Fig. 2a). We therefore asked if the
lack of binding and responses in in vivo injected mice could be due to excessive expression of
receptor in other tissues, which would sequester the exendin-4. By injecting Cy3-labelled
exendin-4 and examining different organs one hour post injection we observed similar
biodistribution of the labelled ligand in lung and stomach, while the difference in
fluorescence in the pancreas was consistent with our previous results (Fig. 2b). The labelled

exendin-4 peptide was excreted via the kidney, hence the very high signal in this organ.

Deficient binding of Cy3-labelled exendin-4 depends on properties of the NOD™ islet

rather than external factors


https://doi.org/10.1101/845776
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/845776; this version posted November 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

To test whether the lack of binding of exendin-4 to NOD islets in vivo is due to properties of
the NOD islet itself or the environment within which it resides, such as soluble factors or
binding to other tissue, we performed cross-transplantation experiments. We transplanted
NOD>" or C57BL/6 islets under the kidney capsule of either NOD™“ or C57BL/6 recipients,
and then investigated whether the transplanted islets could bind injected labelled exendin4
probe. We found that the islets retained the exendin-4 binding properties of the donor even
after transplantation, so that C57BL/6 islets stained with the injected probe regardless of
whether the recipient was NOD** or C57BL/6, while NOD* islets did not (Fig. 3a, bottom
panels). An insulin stain was performed on adjacent sections to ascertain that the islets were
healthy (Fig. 3a, top panels). To support this data, we assessed in vivo binding of the labelled
peptide to islets by real-time noninvasive 2-Photon imaging. As described before, the
exendin-4 peptide acts as an agonist on the GLP-1R, thus not only binding it, but also
inducing increased insulin release. As the mice had to be anaesthetised for the in vivo
imaging procedure and we did not want to risk inducing hypoglycaemia, we used a non-
agonistic exendin-9 peptide, which binds GLP-1R but does not initialise signalling and is not
internalised (30). Pancreatic islets of noninflamed NOD™%" or C57BL/6 mice were
transplanted into the anterior chamber of the eye (ACE) of immunodeficient C57BL/6™%" or
NODR?" mice and repeatedly imaged (Fig. 3b, left panel) (31, 32). After an initial phase of
vascularization, allogenic islets transplanted into the ACE of immunodeficient mice are
sustained and functional as demonstrated by reflection (Supplementary figure 2). Finally,
injection of NODR®%?"" and C57BL/6™%" recipient mice with labelled exendin-9 peptide
showed that although binding to the NODR?" jslets could be observed, it was considerably

dimmer than in the C57BL/6 islets (Figure 3b, right and middle panel).
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NOD* islets express less GLP-1R and are hyporesponsive to GLP-1R stimulation in
vitro

Previous work has demonstrated that labelled exendin-4 can be used for flow cytometric
sorting of NOD beta cells(33), although this work did not comment on relative brightness of
the signal. Immunofluorescent staining of pancreas sections showed very weak GLP-1R
antibody staining of the NOD* islets (Fig. 4a, right panel), compared to C57BL/6 (Fig. 4a,
left panel). This was confirmed with flow cytometry, determining the level of fluorescence of
isolated islet cells incubated with saturating levels of Cy3-labelled probe. This showed
presence of binding in NOD*™* beta cells but at a lower intensity than in the C57BL/6 cells
(Fig. 4b). The lower expression of GLP-1R was not an indication that all surface receptors
are downregulated in NOD¥ beta cells, as similar levels of the transferrin receptor, which
also cycles between the cell membrane and the endosomal compartment, was equally

expressed in NOD™“ beta cells and C57BL/6 beta cells (Supplementary figure 3)

We next sought to pharmacologically characterise the in vitro signalling response
(specifically cAMP accumulation) of the NOD> islets when challenged with wild type GLP-
1. We observed that the C57BL/6 islets were able to generate CAMP with a significantly
higher efficacy (between 10-100 fold increased) compared to the islets isolated from the
NOD*“slets (Fig. 5a). This data further confirms the reduced functionality of the GLP-1R in
the NOD™Y islets. In addition, insulin secretion was potentiated in an exendin-4
concentration-dependent manner in picked islets from C57BL/6 mice stimulated for 30
minutes with 11mM glucose and the indicated concentrations of exendin-4, while
potentiation was attenuated in NOD islets (Fig. 5b). No Ca®* was added to the medium to
minimise non-GLP-1R mediated insulin secretion (34) (Fig. 5b). cAMP signalling after

stimulation of the gastric-inhibitory polypeptide receptor (GIPR), another incretin receptor
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involved in glucose-stimulated insulin release after ingestion of glucose (35), was not

suppressed (Fig. 5¢).

GLP-1R localizes to the lysosome in NOD¥ beta cells, and protein levels can be
restored through inhibition of degradation.

As low levels of GLP-1R can be detected in NOD beta cells, we next investigated where in
the cell the receptor was enriched. We found no evidence of localisation to the endoplasmic
reticulum or the Golgi (Supplementary figure 4), but could detect increased overlap between
GLP-1R and the lysosomal compartment through co-staining with lysotracker (Fig. 6a),
indicating that the degradation of the receptor is accelerated in NOD beta cells. Interestingly,
we found increased levels of lysosomal activity in the NOD cells (Supplementary figure 5).
To clarify why the GLP-1R ends up in the lysosome, we investigated whether inhibition of
protein degradation could restore GLP-1R expression (Fig. 6b-e). We found that inhibition of
lysosome formation through addition of chloroquine could completely restore GLP-1R
expression (Fig. 6¢ and 6e), and that inhibition of autophagy with bafilomycin could partially
restore expression (Fig. 6d and 6e). Combination of bafilomycin and chloroguine also
resulted in complete restoration of receptor expression, but importantly, insulin levels were
not reduced, indicating that, at least in the 4h treatment window, the beta cells integrity and
insulin content remains unchanged (Supplementary figure 6). Inhibition of proteasome
activity had no effect (data not included). Importantly, pre-incubation of islets with
chloroquine before exposure to 11mM glucose with added exendin significantly increased
insulin secretion from the NOD islets (Fig. 6f), indicating that chloroquine-mediated rescue

of receptor expression also restores GLP-1R signalling effects.
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GLP1-R expression is decreased in the islets of patients with type 1 diabetes who retain
endogenous C-peptide production

To assess whether our findings in mice had a potential relevance in human disease, we
performed histological examination of human pancreas tissue from nPOD, the network for
pancreas donors with diabetes (36). Included in the study were 6 healthy control donors, 7
donors with type 1 diabetes with retained C-peptide production (disease duration 0-22 years),
6 donors with type 2 diabetes (disease duration 2-25 years, none on insulin therapy, donor
6189 had received exenatide treatment), and 6 islet autoantibody-positive healthy donors.
Type 2 diabetes specimens served as a control, as previous reports have demonstrated that
hyperglycemia in itself can lead to a reduction in GLP-1R (37). Autoantibody positive
individuals were included as these have been reported to have a higher risk of later
developing type 1 diabetes (38).

To test whether we could detect differences in GLP-1R distribution, we stained sections from
the donated pancreata for GLP-1R and insulin. Antibody specificity was tested beforehand,
demonstrating that the GLP-1R antibody stained beta cells specifically and not alpha cells
(Supplementary figure 7). Conditions for staining and analysis were kept consistent, allowing
us to compare the intensity of GLP-1R and insulin staining in the islets in each section. We
found that sections from people with type 1 diabetes all had significantly lower intensity for
the GLP-1R staining (Fig. 7a, left panel) while the intensity for insulin staining, although
showing a wider spread in sections from individuals with both type 1- and type 2 diabetes,
was not significantly different (Fig. 7a, right panel). Representative islets for analysis are
shown in Figure 7b, and larger fields are shown as tile scans in Figure 7c. Data from the

individual specimens, and representative tile scans, are shown in Supplementary Figure 8.
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Discussion

Targeting the immune system to achieve immunological tolerance to islet antigens is an
attractive approach to halting type 1 diabetes, but although delay of disease has been reported
with treatments such as anti-CD3 antibody, it is not enough to achieve remission (39, 40).
Some researchers have proposed that a combination of treatments targeting the immune
response and the beta cells themselves may give better results (2, 41), and the already well-
established drugs that target GLP-1R signalling, such as Byetta (exenatide, the generic drug
name for exendin-4), stands out as a feasible and safe option. Attempts at combination
treatment in type 1 diabetes with GLP-1R stimulation, although showing some efficacy, have
also failed to achieve remission in mice (19) and humans (22), and the contribution of GLP-
1R stimulation has been unclear. Studies investigating the effects of exenatide treatment in
NOD mice reported a modest effect on diabetes incidence (18, 20). Our findings demonstrate
that both diabetes susceptible NOD mice and people with type 1 diabetes express
significantly lower levels of GLP-1R. These results may explain, at least in part, why
exenatide, alone or in combination, has not achieved greater success in type 1 diabetes. Our
conclusions are further corroborated by a study using labelled exendin-4 probes to image
insulinomas via binding to the GLP-1R. The exendin-4 probe was unable to detect the
pancreas in NOD mice but successfully detected the transplanted rat insulinoma cell line

INS-1 (42).

There are indications that type 1 diabetes patients may have a dysregulated incretin effect,
although this is difficult to assess given that the defining feature of the disease is the lack of
insulin. A group of people diagnosed with type 1 diabetes with normal fasting blood glucose
levels but impaired oral glucose tolerance test and presence of anti-islet autoantibodies

displayed a significantly reduced incretin effect despite normal levels of GLP-1 in serum (43,
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44). However, it is clear that some type 1 diabetes patients can respond to infusion of
exogenous GLP-1, as a report from Vilsboll et al.(45) demonstrated that direct administration
of GLP-1 iv to C-peptide positive volunteers with type 1 diabetes induced stimulation of

insulin secretion, albeit with a large spread in responses (45).

The GLP-1R is central not just to beta cell function but also to beta cell stress resilience and
regeneration. In NOD™ mice, lower expression of the GLP-1R can be seen in the absence of
any immune pathology in the islets, and this is seen even at an early age. This suggests that
reduced levels of GLP-1R in NOD mice and the type 1 diabetes patients we studied might
play a role in the initial events that lead to inappropriate presentation and priming of anti-islet
immune responses in the first place, and contribute to the beta cell fragility observed in
previous studies (6). To investigate whether a deficiency in GLP-1R precedes development of
overt type 1 diabetes in humans, we requested nPOD samples from healthy donors with
presence of islet autoantibodies. People with islet autoantibodies have a greater risk of
developing type 1 diabetes (38), and we hypothesised that if GLP-1R deficiency precedes
development of disease we would observe reduced levels of staining is the specimens from
this donor group. However, these samples showed no decrease in the levels of GLP-1R, in
fact four of the five highest recorded means of staining intensity were seen in this group.
Thus our data, which we acknowledge is based on a small number of donor samples, does not
indicate that downregulation of the GLP-1R precedes the formation of anti-islet immune

responses in people.

Reduced expression of glprl is a feature of immature beta cells, along with lower glucose

stimulated secretion of insulin (46). We see no difference in glpr1 message in the NOD mice,
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but there is a possibility that the reduced level of GLP-1R in the human donor samples we

have assessed reflects higher turnover and an altered phenotype of the detected beta cells.

The GLP-1R gene does not map to any known type 1 diabetes susceptibility loci in either
humans (3) nor mice (47), and there is no difference in the gene sequence between NOD
mice and C57BL/6 mice (24). We did not detect any differences in mRNA levels between the
mouse strains, but instead identified that the GLP-1R protein was continuously degraded in
the NOD mouse beta cells. The GLP-1R is internalised upon ligand binding and recycles to
the cell surface via endosomes (48). Signalling from the receptor continues after it has been
internalised, and internalisation appears to instruct the strength and type of signalling
resulting from ligand binding. However, ligands that induce less internalisation appear to
achieve greater insulin release (48). When the receptor has been internalised, it can either be
sorted back to the cell surface, or to the lysosomes where it is degraded (49). Our data
suggest that the GLP-1R is present in the lysosomes in NOD mouse beta cells, and that
downregulation of GLP-1R in NOD mice can be halted by inhibition of lysosomal
degradation. It is interesting to note that in vivo treatment with chloroquine, a potent inhibitor
of lysosomal degradation via its effects of acidification of the lysosomal compartment and
thus on endosome fusion with the lysosome, leads to decreased incidence of diabetes in NOD
mice (50) and to improved response in a glucose tolerance test in NOD mice (51).
Chloroquine has many effects in an in vivo system and was used in those studies to probe the
effects of TLRO, an intracellular toll like receptor that induces inflammation when it detects
microbial DNA, but it is possible that the results also reflect an effect on GLP-1R that we see
in vitro after treatment with chloroquine. A recent study identified several factors that
contribute to turnover and signalling of the GLP-1R, such as clathrin, dynaminl and Nedd4

(52), and future studies will reveal if any of these contribute to the increased degradation of
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the receptor in NOD mice. In contrast to the downregulation of the GLP-1R, we detected no
deficiency in signalling from the GIPR in NOD mouse beta cells. This indicates that the two
incretin receptors are differently regulated in NOD mouse beta cells and reveals an
opportunity to pursue protection of the beta cell pool via simulation of this receptor as a
therapeutic alternative. Treatment of type 1 diabetes using a combination of approaches
targeting both the anti-islet immune response and the protection of the beta cell pool remains
an attractive goal, and identification of pathways that lead to downregulation of the GLP-1R

offers a new opportunity for therapy.

14


https://doi.org/10.1101/845776
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/845776; this version posted November 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Materials and methods

Mice

NOD and NOD** mice used at the University of Cambridge and B6(Cg)-Tyr"*/J (JAX
#000058) or white C57BL/6, NOD.RagZ"', NOD used at the Karolinska Institutet,
Stockholm, Sweden, and white C57BL/6.Rag2” mice used at the University of Lund
(Sweden) were bred and maintained in a specific pathogen-free environment at the animal
facilities and all procedures were approved by the ethical committee of Cambridge
University, Karolinska Institutet, and Lund University Animal Care and Use, respectively.
C57BL/6.Rag2”™ mice were backcrossed to NOD mice for the generation of NOD.Rag2 ™"~
mice, as previously described (53) and white C57BL/6 were crossed to C57BL/6.Rag for the
generation of white C57BL/6.Rag2” mice for at least 5 generations. Blood glucose levels
were measured using a Breeze2 blood glucose meter (Bayer). C57BL/6 mice were purchased
from Charles River. The mice were used between 6-12 weeks of age and age and sex
matched in all experiments. Mice were housed in IVC with free access to standard chow and

water. This study was carried out in accordance with U.K. Home Office regulations.

GL P-1 analogues

The GLP-1 peptide was purchased from Alta Biosciences(54) and the GIP from Tocris
Biosciences. The labelled exendin-4 was either manufactured in the Department of Chemistry
(TAMRA-Linker-HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS-NH2),
University of Cambridge, or at Novo Nordisk, Copenhagen (Cy3-Linker-
HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS-NH2). Exendin-4 was
purchased from Sigma-Aldrich. Labelled exendin-9
(DLSKQMEEEAVRLFIEWLKNGGPSSGAPPPSC(Cy3)-NH2) was purchased from

Cambridge Peptides.
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For assessment of biological activity 400pmol of unlabelled exendin was injected iv, while
up to 4nmol was injected i.v to assess binding of labelled probe as labelled probes have been

demonstrated to have a significantly decreased affinity for the receptor(55).

Section staining and micr oscopy

We were granted access to specimens from the network for organ donors with diabetes
(nPOD)(36) (https://www.jdrfnpod.org/), from where we requested glass slides with sections
of paraffin embedded pancreas from 7 healthy control donors (6007, 6029,6336, 6134, 6162,
6384 and 6339), 7 donors with type 1 diabetes with retained C-peptide production (6414,
6399, 6362, 6342, 6196, 6240 and 6405), 6 donors with type 2 diabetes (6273, 6108, 6114,
6139, 6189 and 6191) and 6 healthy donors with detected anti-islet autoantibodies (6123,
6080, 6314, 6090, 6147 and 6158, whereof all were positive for anti-GADA, and 6080 and
6158 were positive for anti-mIAA). Details about the donors such as disease duration, serum
C-peptide and diabetes medication are included in supplementary table 1. The sections were
dewaxed followed by antigen recovery, and then incubated with 1% H,O, for 15 minutes to
quench endogenous peroxidase. The sections were incubated with Mab 3F52 mouse anti-
GLP-1R (DSHB, University of lowa) (56) 1pg/ml for 2 h, followed by detection using the
CSA-II kit (DAKO). Insulin was detected with guinea pig anti-insulin antibody (DAKO,
Denmark) followed with secondary Alexa 547 anti-guinea pig (Invitrogen). Glucagon was
detected with rabbit anti-glucagon antibody (Millipore) followed with secondary Alexa 547
anti-rabbit (Invitrogen). Nuclear staining was achieved with DAPI (Invitrogen). The sections
were viewed with a LSM780 Confocal Microscope (Zeiss) and images were captured using
the same settings for all sections acquired in the same session, with each session allocated an

equal number of slides from each donor group to ensure congruity. The intensity of staining
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in individual islets was measured using ZEN software (Zeiss), from at least 10 randomly

selected islets per section.

For staining of mouse GLP-1R in sections, Mab7F38 (57) (DSHB) was used with
amplification using the CSA 11 kit (DAKO) according to the manufacturers instruction, and
insulin and glucagon were detected with the same antibodies that were used for human

sections as these are cross reactive.

Inhibition of degradation

Freshly harvested islets were dispersed to single cell suspension using Enzyme Free
Dissociation Buffer (Gibco), resuspended in DMEM medium (Sigma-Aldrich) without
supplements and were plated on coverslips pre-coated with Poly-L-lysine (Sigma-Aldrich) in
a damp chamber. After seeding at 37C° cells were treated with Lysosome inhibitors
(Chloroquine 50ug/ml and /or Bafilomycin 400nM, Sigma-Aldrich) or vehicle alone
(DMSO) diluted in DMEM medium for 4h (37C°) and stained with LysoTracker DND-99
(Invitrogen). Cells were fixed in 4% PFA. For staining, cells were permeabilised with 0.5%
Triton X-100 for 5mins in room temperature (RT) and blocked in 3% BSA/5% FCS/PBS for
1h. Staining was performed at RT for 1h by using Mab 7F38 mouse anti-GLP-1R (DSHB,
University of lowa) 1.5ug/ml, guinea pig anti Insulin (DAKO), rabbit anti-Calnexin (ENZO),
rabbit anti-ZFPL1 (Atlas antibodies) and then with Alexa Fluor® conjugated- secondary
antibodies (Invitrogen). Nuclei were stained with DAPI (Invitrogen). Coverslips were then
mounted onto slides by using ProLong Diamond antifade mounting medium (Thermo Fisher
Scientific) and allowed to dry over night before imaging.

Images were acquired with LSM780 Confocal Microscope (Zeiss) and image settings were
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kept identical for all conditions. Zen software (Zeiss) was used to quantify the intensity of

staining for at least 20 randomly selected islet cells per condition.

Flowcytometry

Beta cells were prepared as described above and incubated in 1uM TAMRA-labelled
exending-4 for 30 min at 37°C. The cells were then analysed on a Cytek DxP8 analyser, gated
for a population enriched for beta cells (but not containing only beta cells) based on forward
and side scatter, excluding doublets. The mean fluorescence intensity in the population

positive for exendin-4, reported to be beta cells (33), was recorded.

TagMan PCR

RNA was extracted using the RNAEasy kit (Qiagen) and cDNA was generated as previously
described (58). TagMan PCR was performed using commercially available primer-probe sets
for GLP-1R and GAPDH (Applied Biosystems) and analysed on an ABI Prism (Applied
Biosystems) using SDS software, according to the manufacturer’s instructions. A standard
curve was generated by performing a serial 1:10 dilution of cDNA from C57BL/6 islets, with
the highest concentration given a value of 1, and used to translate the results into
semiquantitative values. The amount of signal in each sample was calculated as the ratio

between the target and the endogenous control, as indicated.

IVISimaging of tissues

Mice were injected with either Cy3 labelled exendin-4 (4nmol) or vehicle only iv, and one

hour later the kidney, pancreas, liver, lungs heart, spleen and the whole gastrointestinal tract
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including the stomach were harvested and analysed in the IVIS imaging system (Perkin

Elmer).

Islet transplantation

Transplantation under kidney capsule

Islets were isolated as previously described (59) and transplanted under the kidney capsule as
previously described (60). Islets were isolated from male NOD* or C57BL/6 mice (10-12
weeks old) and transplanted under the kidney capsule of either male NOD* or C57BL/6
recipients as indicated. After 10 days, the mice were given an injection of 4 nmol
(approximately 2ug) of exendin4-Cy3 probe iv. One hour after the injection, the graft bearing
kidney was harvested, fixed in 4% PFA, then embedded in OCT and the frozen sections were
stained and analysed as described above.

Transplantation into the anterior chamber of the eye (ACE)

Mouse pancreatic islets were isolated and between 10 and 30 cultured islets were transplanted
per eye, as previously described (31). Islets from white B6 mice were transplanted into eyes
from 10-week-old female NOD.Rag2™ recipient mice (n=4) and non-inflamed islets from
NOD.Rag2™ mice were transplanted into eyes from 7-week-old female white B6.Rag™ mice
(n=3). At the time of transplantation, the recipient animal was anaesthetised using inhalation
anaesthesia (isoflurane; Schering-Plough, Kenilworth, NJ, USA). To obtain postoperative
analgesia, we administered buprenorphine (0.15mg/kg; RB Pharmaceuticals, Slough, UK)
subcutaneously. Between 10 and 50 cultured islets were transplanted per eye as previously

described (32). Injection of labelled exendin-4 was performed as described above.

In vivo Two-Photon imaging and analysis
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This method has been described previously (32). We used an upright Zeiss LSM 7 MP
microscope system equipped with a tunable Ti:Sapphire laser (MaiTai, Spectra Physics)
together with a long working distance water-dipping lens (Zeiss W Plan-Apochromat 20x/1.0
DIC M27 75mm). Viscotears (Novartis) was used as immersion liquid. For visualization of
blood vessels, we intravenously injected 70-kDa-dextran-FITC (50 pl of 2.5 mg/ml;
Invitrogen) followed by injection of inactive Exendin-4 (E9)-Cy3 (50ul, 0.5-2nmol in HBSS)
via the tail vein. An injection of 0.5nmol of Exendin-4 (E9)-Cy3 sufficiently stained beta
cells in B6 islet grafts within 30 min. We excited either FITC at 890nm or FITC and Cy3 at
1000 nm and collected emission light onto two non-descanned detectors using a dichroic
mirror (RSP795) and emission filters (BP 500-550 and BP 565-610). For morphological
characterization of a pancreatic islet graft reflection was imaged by exciting with 633 nm and
measuring emission between 632 and 639 nm. Engrafted islets were imaged 10 weeks post
transplantation for up to 40 min. Image sequences were recorded using typical imaging
volumes of 512x512x10 for time series or 512x515x50 for whole islet acquisition, 0.639 x

0.639 x 3um voxel size, z-spacing of 3um or less.

Cyclic AMP assay

Islets were isolated as previously described (59) and dispersed to single cell suspension using
Enzyme Free Dissociation Buffer (Gibco). Islets were seeded in a 384-well Optiplate
(PerkinElmer) (4000 cells per well) and stimulated with either GLP-1 or GIP for 30 minutes
prior to measurement of cCAMP accumulation using a LANCE® Ultra cCAMP Detection Kit
(PerkinElmer) in accordance with the manufacturer’s instructions and as described previously
(61, 62). Results are presented as % of total stimulation with 10 uM forskolin (a direct

activator of adenylyl cyclase).
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Insulin Assay

Islets from NOD*“ or C57BL/6 mice were handpicked and seeded in to a U-bottom 96 well
plate (10 islets per well) containing either 11 mM glucose, but no Ca®*, alone or with
exendin-4 (Sigma-Aldrich) added at the indicated concentrations. Extracellular Ca®* is not
required for GLP-1 induced glucose stimulated insulin secretion (34), and was excluded as
Ca®* added to the medium give a high background and variability. After 1h, supernatants
were harvested and analysed for insulin content using the Mesoscale assay (MSD) in the

Cambridge Biochemical Assay Laboratory, Addenbrooke’s Hospital.

Statistics

We have used a paired Student’s t-test to compare before and after exendin-4 levels of blood
glucose, and either Student’s t-test or Mann-Whitney tests to assess difference between
groups in experiments with two groups as indicated in the figure legends. ANOVA followed
by Dunnett’s post-test was used when more than two groups were assessed. Statistical
significance is indicated as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns =

non significant.

Study approval

All animal experiments and procedures were approved by the were approved by the Animal
Welfare and Ethical Review Body of Cambridge University, Karolinska Institutet, and Lund
University Animal Care and Use, respectively. The study of human tissue samples provided
from nPOD was carried out with the approval of the Human Biology Research Ethics

Committee of the School of Biological Sciences, University of Cambridge.

21


https://doi.org/10.1101/845776
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/845776; this version posted November 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Funding

This work was funded by grants from the NC3Rs (NC/M001083/1) (MW), Diabetes UK
(BDA 13/0004785), Diabetes Research and Wellness (SCA/OF/12/13), The Lollipop
Foundation (MW and AR), the Leverhulme Trust (DBG3000) (KB), the BBSRC
(BB/M00015X/2) (GL), Karolinska Institutet’s strategic research program in diabetes (MFT),
The Novo Nordisk Foundation (DH), Barndiabetesfonden (DH) and pump priming funding
from the Cambridge University Isaac Newton trust.

Acknowledgements

We thank the BSU staff and Yvonne K. Sawyer for technical support. We wish to thank Dr
Alessandra De Riva, Department of Medicine, University of Cambridge, for the gift of NOD
mice from her colony. We thank Pia Gottrup Mortensen and Dr Charles Pyke (Novo Nordisk,
Copenhagen) for advice on staining protocols for Mab3F52. We thank the Cambridge

Biochemical Assay Laboratory (CBAL) for technical assistance.

22


https://doi.org/10.1101/845776
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/845776; this version posted November 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

References

1. Wallberg M, and Cooke A. Immune mechanisms in type 1 diabetes. Trends Immunol.
2013;34(12):583-91.

2. Herold KC, Vignali DA, Cooke A, and Bluestone JA. Type 1 diabetes: translating mechanistic
observations into effective clinical outcomes. Nat Rev Immunol. 2013;13(4):243-56.

3. Barrett JC, Clayton DG, Concannon P, Akolkar B, Cooper JD, Erlich HA, Julier C, Morahan G, Nerup

J, Nierras C, et al. Genome-wide association study and meta-analysis find that over 40 loci affect risk
of type 1 diabetes. Nat Genet. 2009;41(6):703-7.

4, von Herrath MG, Korsgren O, and Atkinson MA. Factors Impeding the Discovery of an Intervention-
based Treatment for Type 1 Diabetes. Clin Exp Immunol. 2015.

5. Liston A, Todd JA, and Lagou V. Beta-Cell Fragility As a Common Underlying Risk Factor in Type 1
and Type 2 Diabetes. Trends Mol Med. 2017;23(2):181-94.

6. Dooley J, Tian L, Schonefeldt S, Delghingaro-Augusto V, Garcia-Perez JE, Pasciuto E, Di Marino D,

Carr EJ, Oskolkov N, Lyssenko V, et al. Genetic predisposition for beta cell fragility underlies type 1
and type 2 diabetes. Nat Genet. 2016;48(5):519-27.

7. Eizirik DL, Sammeth M, Bouckenooghe T, Bottu G, Sisino G, Igoillo-Esteve M, Ortis F, Santin I, Colli
ML, Barthson J, et al. The human pancreatic islet transcriptome: expression of candidate genes for type
1 diabetes and the impact of pro-inflammatory cytokines. PLoS Genet. 2012;8(3):e1002552.

8. McKenzie MD, Jamieson E, Jansen ES, Scott CL, Huang DC, Bouillet P, Allison J, Kay TW, Strasser
A, and Thomas HE. Glucose induces pancreatic islet cell apoptosis that requires the BH3-only proteins
Bim and Puma and multi-BH domain protein Bax. Diabetes. 2010;59(3):644-52.

9. Meier JJ, Bhushan A, Butler AE, Rizza RA, and Butler PC. Sustained beta cell apoptosis in patients
with long-standing type 1 diabetes: indirect evidence for islet regeneration? Diabetologia.
2005;48(11):2221-8.

10. Drucker DJ, Philippe J, Mojsov S, Chick WL, and Habener JF. Glucagon-like peptide I stimulates
insulin gene expression and increases cyclic AMP levels in a rat islet cell line. Proc Natl Acad Sci U S
A.1987;84(10):3434-8.

11. Gribble FM. RD Lawrence Lecture 2008: Targeting GLP-1 release as a potential strategy for the
therapy of Type 2 diabetes. Diabet Med. 2008;25(8):889-94.

12. Chambers AP, Sorrell JE, Haller A, Roelofs K, Hutch CR, Kim KS, Gutierrez-Aguilar R, Li B,
Drucker DJ, D'Alessio DA, et al. The Role of Pancreatic Preproglucagon in Glucose Homeostasis in
Mice. Cell Metab. 2017;25(4):927-34 €3.

13. Ahren B, Winzell MS, and Pacini G. The augmenting effect on insulin secretion by oral versus
intravenous glucose is exaggerated by high-fat diet in mice. J Endocrinol. 2008;197(1):181-7.

14. Mclntyre N, Holdsworth CD, and Turner DS. New Interpretation of Oral Glucose Tolerance. Lancet.
1964;2(7349):20-1.

15. Drucker DJ, and Nauck MA. The incretin system: glucagon-like peptide-1 receptor agonists and
dipeptidyl peptidase-4 inhibitors in type 2 diabetes. Lancet. 2006;368(9548):1696-705.

16. Xu G, Stoffers DA, Habener JF, and Bonner-Weir S. Exendin-4 stimulates both beta-cell replication

and neogenesis, resulting in increased beta-cell mass and improved glucose tolerance in diabetic rats.
Diabetes. 1999;48(12):2270-6.

17. King A, Lock J, Xu G, Bonner-Weir S, and Weir GC. Islet transplantation outcomes in mice are better
with fresh islets and exendin-4 treatment. Diabetologia. 2005;48(10):2074-9.
18. Hadjiyanni I, Baggio LL, Poussier P, and Drucker DJ. Exendin-4 modulates diabetes onset in nonobese

diabetic mice. Endocrinology. 2008;149(3):1338-49.

19. Sherry NA, Chen W, Kushner JA, Glandt M, Tang Q, Tsai S, Santamaria P, Bluestone JA, Brillantes
AM, and Herold KC. Exendin-4 improves reversal of diabetes in NOD mice treated with anti-CD3
monoclonal antibody by enhancing recovery of beta-cells. Endocrinology. 2007;148(11):5136-44.

20. Xue S, Wasserfall CH, Parker M, Brusko TM, McGrail S, McGrail K, Moore M, Campbell-Thompson
M, Schatz DA, Atkinson MA, et al. Exendin-4 therapy in NOD mice with new-onset diabetes increases
regulatory T cell frequency. Ann N'Y Acad Sci. 2008;1150(152-6.

21. Ding L, Gysemans CA, Stange G, Heremans Y, Yuchi Y, Takiishi T, Korf H, Chintinne M, Carr RD,
Heimberg H, et al. Combining MK626, a novel DPP-4 inhibitor, and low-dose monoclonal CD3
antibody for stable remission of new-onset diabetes in mice. PLoS One. 2014;9(9):e107935.

22. Rother KI, Spain LM, Wesley RA, Digon BJ, 3rd, Baron A, Chen K, Nelson P, Dosch HM, Palmer JP,
Brooks-Worrell B, et al. Effects of exenatide alone and in combination with daclizumab on beta-cell
function in long-standing type 1 diabetes. Diabetes Care. 2009;32(12):2251-7.

23. Reiner T, Kohler RH, Liew CW, Hill JA, Gaglia J, Kulkarni RN, and Weissleder R. Near-infrared
fluorescent probe for imaging of pancreatic beta cells. Bioconjug Chem. 2010;21(7):1362-8.

23


https://doi.org/10.1101/845776
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/845776; this version posted November 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

24, Keane TM, Goodstadt L, Danecek P, White MA, Wong K, Yalcin B, Heger A, Agam A, Slater G,
Goodson M, et al. Mouse genomic variation and its effect on phenotypes and gene regulation. Nature.
2011;477(7364):289-94.

25. Sisley S, Gutierrez-Aguilar R, Scott M, D'Alessio DA, Sandoval DA, and Seeley RJ. Neuronal GLP1R
mediates liraglutide's anorectic but not glucose-lowering effect. J Clin Invest. 2014;124(6):2456-63.

26. Richards P, Parker HE, Adriaenssens AE, Hodgson JM, Cork SC, Trapp S, Gribble FM, and Reimann
F. Identification and characterization of GLP-1 receptor-expressing cells using a new transgenic mouse
model. Diabetes. 2014;63(4):1224-33.

27. Baggio LL, Yusta B, Mulvihill EE, Cao X, Streutker CJ, Butany J, Cappola TP, Margulies KB, and
Drucker DJ. GLP-1 Receptor Expression Within the Human Heart. Endocrinology. 2018;159(4):1570-
84.

28. Baggio LL, Ussher JR, McLean BA, Cao X, Kabir MG, Mulvihill EE, Mighiu AS, Zhang H, Ludwig
A, Seeley RJ, et al. The autonomic nervous system and cardiac GLP-1 receptors control heart rate in
mice. Mol Metab. 2017;6(11):1339-49.

29. Bullock BP, Heller RS, and Habener JF. Tissue distribution of messenger ribonucleic acid encoding the
rat glucagon-like peptide-1 receptor. Endocrinology. 1996;137(7):2968-78.

30. Schirra J, Sturm K, Leicht P, Arnold R, Goke B, and Katschinski M. Exendin(9-39)amide is an
antagonist of glucagon-like peptide-1(7-36)amide in humans. J Clin Invest. 1998;101(7):1421-30.

31. Schmidt-Christensen A, Hansen L, llegems E, Fransen-Pettersson N, Dahl U, Gupta S, Larefalk A,
Hannibal TD, Schulz A, Berggren PO, et al. Imaging dynamics of CD11c(+) cells and Foxp3(+) cells
in progressive autoimmune insulitis in the NOD mouse model of type 1 diabetes. Diabetologia.
2013;56(12):2669-78.

32. Speier S, Nyqvist D, Kohler M, Caicedo A, Leibiger 1B, and Berggren P-O. Noninvasive high-
resolution in vivo imaging of cell biology in the anterior chamber of the mouse eye. Nat Protoc.
2008;3(8):1278-86.

33. Clardy SM, Keliher EJ, Mohan JF, Sebas M, Benoist C, Mathis D, and Weissleder R. Fluorescent
exendin-4 derivatives for pancreatic beta-cell analysis. Bioconjug Chem. 2013;25(1):171-7.

34. Tsuboi T, da Silva Xavier G, Holz GG, Jouaville LS, Thomas AP, and Rutter GA. Glucagon-like
peptide-1 mobilizes intracellular Ca2+ and stimulates mitochondrial ATP synthesis in pancreatic MING
beta-cells. Biochem J. 2003;369(Pt 2):287-99.

35. Seino Y, Fukushima M, and Yabe D. GIP and GLP-1, the two incretin hormones: Similarities and
differences. J Diabetes Investig. 2010;1(1-2):8-23.

36. Campbell-Thompson M, Wasserfall C, Kaddis J, Albanese-O'Neill A, Staeva T, Nierras C, Moraski J,
Rowe P, Gianani R, Eisenbarth G, et al. Network for Pancreatic Organ Donors with Diabetes (nPOD):
developing a tissue biobank for type 1 diabetes. Diabetes Metab Res Rev. 2012;28(7):608-17.

37. Xu G, Kaneto H, Laybutt DR, Duvivier-Kali VF, Trivedi N, Suzuma K, King GL, Weir GC, and
Bonner-Weir S. Downregulation of GLP-1 and GIP receptor expression by hyperglycemia: possible
contribution to impaired incretin effects in diabetes. Diabetes. 2007;56(6):1551-8.

38. Bingley PJ. Clinical applications of diabetes antibody testing. J Clin Endocrinol Metab. 2010;95(1):25-
33.

39. Herold KC, Gitelman SE, Ehlers MR, Gottlieb PA, Greenbaum CJ, Hagopian W, Boyle KD, Keyes-
Elstein L, Aggarwal S, Phippard D, et al. Teplizumab (anti-CD3 mAb) treatment preserves C-peptide
responses in patients with new-onset type 1 diabetes in a randomized controlled trial: metabolic and
immunologic features at baseline identify a subgroup of responders. Diabetes. 2013;62(11):3766-74.

40. Ambery P, Donner TW, Biswas N, Donaldson J, Parkin J, and Dayan CM. Efficacy and safety of low-
dose otelixizumab anti-CD3 monoclonal antibody in preserving C-peptide secretion in adolescent type
1 diabetes: DEFEND-2, a randomized, placebo-controlled, double-blind, multi-centre study. Diabet
Med. 2014.

41, Ludvigsson J. Therapies to Preserve beta-Cell Function in Type 1 Diabetes. Drugs. 2016;76(2):169-85.

42, Wu Z, Liu S, Nair I, Omori K, Scott S, Todorov I, Shively JE, Conti PS, Li Z, and Kandeel F. (64)Cu
labeled sarcophagine exendin-4 for microPET imaging of glucagon like peptide-1 receptor expression.
Theranostics. 2014;4(8):770-7.

43. Greenbaum CJ, Prigeon RL, and D'Alessio DA. Impaired beta-cell function, incretin effect, and
glucagon suppression in patients with type 1 diabetes who have normal fasting glucose. Diabetes.
2002;51(4):951-7.

44. Greenbaum CJ, Eisenbarth G, Atkinson M, Yu L, Babu S, Schatz D, Zeidler A, Orban T, Wasserfall C,
Cuthbertson D, et al. High frequency of abnormal glucose tolerance in DQA1*0102/DQB1*0602
relatives identified as part of the Diabetes Prevention Trial--Type 1 Diabetes. Diabetologia.
2005;48(1):68-74.

24


https://doi.org/10.1101/845776
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/845776; this version posted November 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

45,

46.

47.

48.

49.

50.

5l

52.

53.

54.

55.

56.

57.

58.

59.

61.

62.

under aCC-BY 4.0 International license.

Vilsboll T, Knop FK, Krarup T, Johansen A, Madsbad S, Larsen S, Hansen T, Pedersen O, and Holst
JJ. The pathophysiology of diabetes involves a defective amplification of the late-phase insulin
response to glucose by glucose-dependent insulinotropic polypeptide-regardless of etiology and
phenotype. J Clin Endocrinol Metab. 2003;88(10):4897-903.

Bader E, Migliorini A, Gegg M, Moruzzi N, Gerdes J, Roscioni SS, Bakhti M, Brandl E, Irmler M,
Beckers J, et al. Identification of proliferative and mature beta-cells in the islets of Langerhans. Nature.
2016;535(7612):430-4.

Steward CA, Gonzalez JM, Trevanion S, Sheppard D, Kerry G, Gilbert JG, Wicker LS, Rogers J, and
Harrow JL. The non-obese diabetic mouse sequence, annotation and variation resource: an aid for
investigating type 1 diabetes. Database (Oxford). 2013;2013(bat032).

Jones B, Bloom SR, Buenaventura T, Tomas A, and Rutter GA. Control of insulin secretion by GLP-1.
Peptides. 2018;100(75-84).

Kuna RS, Girada SB, Asalla S, Vallentyne J, Maddika S, Patterson JT, Smiley DL, DiMarchi RD, and
Mitra P. Glucagon-like peptide-1 receptor-mediated endosomal cAMP generation promotes glucose-
stimulated insulin secretion in pancreatic beta-cells. AmJ Physiol Endocrinol Metab.
2013;305(2):E161-70.

Zhang Y, Lee AS, Shameli A, Geng X, Finegood D, Santamaria P, and Dutz JP. TLR9 blockade
inhibits activation of diabetogenic CD8+ T cells and delays autoimmune diabetes. J Immunol.
2010;184(10):5645-53.

Tai N, Wong FS, and Wen L. TLR9 deficiency promotes CD73 expression in T cells and diabetes
protection in nonobese diabetic mice. J Immunol. 2013;191(6):2926-37.

Buenaventura T, Kanda N, Douzenis PC, Jones B, Bloom SR, Chabosseau P, Correa IR, Jr., Bosco D,
Piemonti L, Marchetti P, et al. A Targeted RNAI Screen Identifies Endocytic Trafficking Factors That
Control GLP-1 Receptor Signaling in Pancreatic beta-Cells. Diabetes. 2018;67(3):385-99.
Soderstrom |, Bergman ML, Colucci F, Lejon K, Berggvist I, and Holmberg D. Establishment and
characterization of RAG-2 deficient non-obese diabetic mice. Scand J Immunol. 1996;43(5):525-30.
Weston C, Poyner D, Patel V, Dowell S, and Ladds G. Investigating G protein signalling bias at the
glucagon-like peptide-1 receptor in yeast. Br J Pharmacol. 2014;171(15):3651-65.

Jodal A, Lankat-Buttgereit B, Brom M, Schibli R, and Behe M. A comparison of three (67/68)Ga-
labelled exendin-4 derivatives for beta-cell imaging on the GLP-1 receptor: the influence of the
conjugation site of NODAGA as chelator. EINMMI Res. 2014;4(31.

Pyke C, Heller RS, Kirk RK, Orskov C, Reedtz-Runge S, Kaastrup P, Hvelplund A, Bardram L,
Calatayud D, and Knudsen LB. GLP-1 receptor localization in monkey and human tissue: novel
distribution revealed with extensively validated monoclonal antibody. Endocrinology.
2014;155(4):1280-90.

Lehtonen J, Schaffer L, Rasch MG, Hecksher-Sorensen J, and Ahnfelt-Ronne J. Beta cell specific
probing with fluorescent exendin-4 is progressively reduced in type 2 diabetic mouse models. Idets.
2016;7(6):1137415.

Wallberg M, Wong FS, and Green EA. An islet-specific pulse of TGF-beta abrogates CTL function
and promotes beta cell survival independent of Foxp3+ T cells. J Immunol. 2011;186(4):2543-51.
Szot GL, Koudria P, and Bluestone JA. Murine pancreatic islet isolation. J Vis Exp. 20077):255.

Szot GL, Koudria P, and Bluestone JA. Transplantation of pancreatic islets into the kidney capsule of
diabetic mice. J Vis Exp. 20079):404-.

Weston C, Lu J, Li N, Barkan K, Richards GO, Roberts DJ, Skerry TM, Poyner D, Pardamwar M,
Reynolds CA, et al. Modulation of Glucagon Receptor Pharmacology by Receptor Activity-modifying
Protein-2 (RAMP2). J Biol Chem. 2015;290(38):23009-22.

Weston C, Winfield I, Harris M, Hodgson R, Shah A, Dowell SJ, Mabarec JC, Woodcock DA,
Reynolds CA, Poyner DR, et al. Receptor activity-modifying protein-directed G protein signaling
specificity for the calcitonin gene-related peptide family of receptors. J Biol Chem.
2016;291(49):25763.

25


https://doi.org/10.1101/845776
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/845776; this version posted November 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Figure 1. GLP-1 analogue exendin-4 does not bind or activate islets in mice on a NOD
genetic background. (A) Measurements of blood glucose were taken before and 1 h after
injection of 400 pmol exendin-4 in C57BL/6, NOD, NOD** and C57BL/6 x NOD F1 mice,
or an equal volume of vehicle (PBS) in NOD™“ mice. Differences were measured using a
paired t-test comparing before and after blood glucose levels. Each dot represents one mouse,
and the experiment was repeated at least three times except for the F1 cross which was
performed once. (B) Binding of Cy3-labelled exendin-4 (red) (4nmol iv) was assessed in
islets from either NOD*® mice (middle left panel) and C57BL/6 (middle right panel), with
glucagon (green) indicating the location of alpha cells. Insulin stain (B, top panels) was equal
in both strains, and labelled exendin-4 could be detected in the kidney, where it is excreted, in
both strains (B, bottom panels).

Figure 2. GLP-1 receptor gene expression is normal in NOD¥¢ mouse islets, and the
distribution of Cy3-labelled exendin-4 in other organs is unchanged. (A) TagMan PCR
analysis of expression of glpir in tissues collected from NOD*“ and C57BL/6 was assessed
using gapdh as a housekeeping control. (B) Accumulation of Cy3-labelled exendin-4 in
different organs of either NOD**“ (B, right panels) and C57BL/6 mice (B, middle panels) was
assessed using IVIS imaging. A vehicle-injected control was used to determine background
signal (B, left panels).

Figure 3. Deficient binding of Cy3-labelled exendin-4 depends on properties of the
NOD¥ islet rather than external factors. (A) Islets were isolated from male NOD¥® or
C57BL/6 mice (10-12 weeks old) and transplanted under the kidney capsule of either male
NOD>" or C57BL/6 recipients as indicated in the figure. After 10 days, the mice were given
an injection of 4 nmol (ca 2ug) of exendin-4-Cy3 iv. 1 hour after the injection, the graft
bearing kidney was harvested stained for insulin and glucagon (A, top panels) or glucagon
alone to counter stain for the exendin-4 labelling (A, bottom panels). (B) Islets were
transplanted into the anterior chamber of the eye (ACE) (B, left panel). Islets from albino
C57BL/6 mice were transplanted into the ACE of a NOD™9" recipient mice (B, middle left
panel) and islets from NOD™%" mice were transplanted into albino C57BL/6™%*" mice (B,
middle right panel). 10 weeks post-transplant, the mice received an injection of 2 nmol Cy3-
labelled exendin-9 (red), and binding was assessed in vivo using 2Photon imaging. Blood
vessels are visualised by iv injection of dextran-FITC in green. Evaluation of staining
intensity in different transplanted islets is plotted in B, right panel. The difference between
the groups was assessed using the Student’s t-test.

Figure 4. NOD¥ islets express less GLP-1R. (A) Section staining of GLP-1R in islets in
the pancreas using fluorescence microscopy in islets from C57BL/6 (A, left) and NOD™ (A,
right). (B) Binding of Cy3-labelled exendin-4 probe to beta cells in vitro was assessed using
flowcytometry. A representative histogram (B, left panel), and a graph plotting all MFI
values in the experiment (B, right panel), are shown. Each dot represents one mouse and the
difference between the groups was assessed using a Mann-Whitney test (B, right panel).

Figure 5. NOD™ islets are hyporesponsive to GLP-1 in vitro. (A) NOD™ and C57BL/6
beta cells were stimulated with GLP-1 in vitro, and their CAMP response was determined.
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The response curve (A, left panel), and the Student’s t-test of the recorded pECS50 (A, right
panel) are shown. (B) NOD¥% and C57BL/6 islets were incubated in 0 or 11mM glucose in
vitro, in the presence of exendin-4 as indicated. After 30 minutes, supernatants were collected
and insulin content was determined. (C) NOD* and C57BL/6 beta cells were stimulated
with GIP in vitro, and their cCAMP response was determined.

Figure 6. GLP1-R localizes to the lysosome in NOD™ beta cells, and protein levels can
be restored through inhibition of degradation. (A) NOD*® and C57BL/6 beta cells were
stained with GLP-1R antibody (green) and lysotracker (red) (A, left and middle panels), and
the overlap of the stains was assessed (A, right panel). Each dot represents one cell, and the
difference between the groups was determined using the Student’s t-test. Data is
representative of three independent experiments. (B-D) GLP-1R, lysotracker and DAPI
staining in C57BL/6 (B-D, top panels) and NOD*“ beta cells (B-D, bottom panels) after
incubation with vehicle alone (DMSO) (B), Chloroquine (C) and Bafilomycin (D). (E) Graph
representation of GLP-1R mean fluorescence intensity in the beta cells after culture.
Differences between groups were assessed using ANOVA followed by a Dunnett’s post test
for multiple testing. Each dot represents one cell. (F) Insulin secretion from C57BL/6 islets or
NOD™" jislets pre-incubated with either vehicle (control) or chloroquine (cq), and then
stimulated with 11mM glucose and 10uM exendin-4. The results are plotted as individual
insulin measurements. The difference between the groups was determined using the Mann-
Whitney test. The data is pooled from 2 individual experiments.

Figure 7. GLP1-R expression is decreased in the islets of patients with type 1 diabetes
who retain endogenous c-peptide production. Paraffin embedded sections of pancreas
samples from nPOD, from either healthy donors (control, black bars), people with type 1
diabetes (T1D, red bars), people with type 2 diabetes (T2D, blue bars), or healthy donors
positive for islet autoantibodies (auto aab+, yellow bars) were stained with GLP-1R and
insulin antibodies, and the mean intensity of staining for GLP-1R (A, left) and insulin (A,
right) in at least 10 islets per section was plotted for each donor. Each dot represents the
average of at least 10 islets from one donor. Differences between groups were assessed using
ANOVA followed by a Dunnett’s post test for multiple comparisons. (B) Representative split
images of analysed islets from control (left), type 1 diabetes (middle left), type 2 diabetes
(middle, right) and islet autoantibody positive (right) donor samples. (C) Representative tile
scans of sections show GLP-1R (green), insulin (red) and nuclear stain DAPI (blue).
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