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Insulin-producing -cells in pancreatic islets are regulated by systemic cues

and, locally, by adjacent islet hormone-producing ‘non-B-cells’ (namely
a-cells, &-cells and y-cells). Yet whether the non-3-cells are required for
accurateinsulin secretionis unclear. Here, we studied mice in which
adultislets are exclusively composed of B-cells and human pseudoislets
containing only primary B-cells. Mice lacking non-f3-cells had optimal
blood glucose regulation, enhanced glucose tolerance, insulin sensitivity
and restricted body weight gain under a high-fat diet. The insulin secretion
dynamicsinislets composed of only -cells was comparable to thatinintact
islets. Similarly, human 3-cell pseudoislets retained the glucose-regulated
mitochondrial respiration, insulin secretion and exendin-4 responses of
entireislets. The findings indicate that non-3-cells are dispensable for blood
glucose homeostasis and [3-cell function. These results support efforts
aimed at developing diabetes treatments by generating [-like clusters
devoid of non-B-cells, such as from pluripotent stem cells differentiated
invitro or by reprograming non-B-cells into insulin producers in situ.

Glucose homeostasisis the maintenance of blood glucose (glycaemia)
levels within a narrow range to meet the body’s fluctuating metabolic
demands. The rapid and delicate adjustment of glycaemia involves a
complex interplay of hormones and neuropeptides that are released
into theblood from multiple organs, including the brain, liver, intestine,
adipose tissue, muscle and pancreas.

Pancreatic islets have an essential role in glucose homeostasis
throughthe secretion of various hormones, particularly insulin, which
stimulates blood glucose uptake from peripheral tissues. Insulin
released from B-cells is tightly regulated by circulating glucose levels
but also by stimuli originating from islet a-cells, §-cells and y-cells'.
For example, glucagon (GCG) produced by a-cells is a major glucose
counter-regulatory hormone throughits actionsin modulating 3-cell
secretory activity®. Indeed, blocking GCG signalling by inactivating the
GCGreceptor (GCGR) or using GCGR-neutralizing antibodies reduces

insulin release®’. Moreover, corticotropin-releasing hormone and
acetylcholine, both secreted from a-cells, can stimulate insulin secre-
tion under certain physiological conditions*’. Glucose-induced soma-
tostatin (SST) secretion by &-cells is also a powerful inhibitor of both
GCG and insulin secretion®. Lastly, the pancreatic polypeptide (PPY)
secreted from y-cells can also reduce the secretion of insulin”®. Col-
lectively, these results strongly suggest that neighboringislet a-cells,
6-cellsand-y-cells have animportant rolein controlling insulin secre-
tion from B-cells.

We have previously shown thatislet non-f-cells have the intrinsic
capacity of being converted to insulin-producing (3-like cells under
certain conditions, such as, for example, upon the loss of 3-cells, which
isafeature of diabetes mellitus’*, Observing such plasticity in endog-
enousislet a-cells, 6-cells and y-cells raises the possibility of exploiting
this property to treat diabetes. This therapeutic strategy will resultin
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islets that exclusively contain surrogate insulin-producing cells, and
itis unknown whether interfering with local intra-islet signalling will
impactinsulinsecretion and blood glucose homeostasis in vivo. Con-
sequently, we developed a mouse model that selectively and simulta-
neously removed a-cells, -cells and y-cells while preserving anintact
B-cellmass. Inaddition, we studied monotypic pseudoislets containing
human primary f3-cells only. These approaches enabled the exploration
of how regulated insulin secretion and blood glucose homeostasis are
affected inislets composed exclusively of B-cells.

Results

Generation of amouse model of islet non-B-cell loss

To determine the necessity of islet non-B-cells in controlling glucose
homeostasis and 3-cell function, we generated triply transgenic mice
allowing the inducible diphtheria toxin (DT)-mediated ablation of
adult a-cells, §-cells and y-cells (‘non-BDTR’ mice). DT receptor (DTR)
expressioninislet cells was driven by the Gcg, Sst and Ppy promoters.
The non-BDTR mice were obtained by breeding the Glu-DTR (trans-
genic)” and Ppy-DTR (knock-in)* lines to a new Sst-DTR knock-inline.
Sst-DTR mice were generated using CRISPR technology toreplace the
coding sequence of the Sst gene with the DTR coding region (Fig. 1a).
Theknock-inSst-DTR and Ppy-DTR alleles were bred to hemizygosity in
non-BDTR mice (Fig. 1b) to secure both hormone and DTR expression
in 8-cells and y-cells, respectively (Fig. 1c).

Non-BDTR mice were given DT at 2 months of age. DT-treated
non-BDTR mice (hereafter, ‘B-only’ mice) showed a >99% reduction
in a-cell, 6-cell and y-cell numbers 4 weeks post ablation (wpa; that
is, at 3 months of age) compared with untreated mice (GCG* > 99.9%,
SST*>99.9%, PPY* > 99.9% ablation efficiency; Fig. 1d,e). Islet Gcg, Sst
and PpymRNA levels were reduced to 0.4%, 0.2% and 0.5%, respectively
(Fig. 1f). The near total loss of a-cells, 8-cells and y-cells was main-
tained in mice approaching1year of age (40 wpa), with no evidence of
non-B-cell regeneration (Fig. 1d,e and Extended Data Fig.1). Pancreatic
insulin content was unalteredin 3-only mice (Fig. 1g and Extended Data
Fig.1).In conclusion, thenon-BDTRIine allows the selective, inducible
and efficient ablation of a-cells, 6-cells and y-cells and thus represents
aunique modeltostudy the regulatory properties of pancreaticislets
composed exclusively of -cells.

Proper glucose homeostasis in $-only mice
To examine the effect of non-f3-cell loss on blood glucose regulation,
male and female -only mice were analysed longitudinally for aperiod of
40 wpa. These mice were healthy, with normal glycaemia, body weight
and body composition (Fig. 2a and Extended Data Figs. 2 and 3). Yet
therewasatransient reductioninglycaemiaand body weight at2 wpa,
coincident with the DT-mediated ablation of gut SST-expressing 6-cells
(Extended DataFigs.2and 3). However, intestinal 6-cells were restored
and SST circulating levels were back to normal by 30 days post ablation
(dpa) (Extended Data Fig. 2). Of note, this transient drop in glycaemia
and body weight was also observed after the ablation of &-cells only, but
not after the loss of either a-cells or y-cells separately (Extended Data
Fig.4 and Supplementary Table 1). To avoid any confounding effects
caused by this transient phenotype, all subsequent experiments were
performed using B-only mice at 4 wpa or later time points.
Hypothalamic Sst-expressing neurons probably exert an orexi-
genic function by controlling feeding and physical behaviours'®™".
After DT treatment, the ablation of SST* neurons was only partial in
3-only mice, which may explain the unaltered food intake and loco-
motor activity (Extended Data Fig. 2). 3-only mice were normogly-
caemic under random-fed conditions and after short and prolonged
fasting despite the drastic reduction in pancreatic GCG (Figs. 2a and
3a). Indeed, the moderate decrease in circulating GCG, which was
already reported after a-cell ablation*°, as well as the normal levels
of plasma counter-regulatory hormones (cortisol, growth hormone
and epinephrine) probably prevented hypoglycaemia (Fig. 3b-f)>',

In addition, liver-induced glucose mobilization, pyruvate and lactate
levels, glycogen storage as well as the mRNA levels of gluconeogenic
enzymes were comparably regulated in -only and controls (that is,
untreated non-BDTR mice) after a prolonged 16-h fasting challenge
(Fig. 3g-k). These observations support previous reports indicating
that the counter-regulatory responses to hypoglycaemia are main-
tained after extreme a-cell loss®.

We then assessed glucose tolerance in 3-only males and females.
Oral, but notintraperitoneal glucose tolerance wasimproved after DT
treatment, suggesting that non-p-cell ablation leads to an enhanced
incretin effect (Fig.2b—d and Extended Data Fig. 3). Notably, circulating
GLP-1levels and glucose-stimulated insulin secretion were increased
inB-only mice after glucose gavage (Fig. 2e,fand Extended DataFig. 3).
DT-treated mice also exhibited improved insulin sensitivity correlating
with increased glucose uptake in white adipose tissue (WAT; Fig. 2g,h
and Extended Data Fig. 3). Enhanced insulin sensitivity was further
confirmed with a hyperinsulinemic-euglycaemic clamp: 3-only mice
showedincreased glucoseinfusionrate, enhanced hepaticinsulinsen-
sitivity and higher glucose absorption in WAT (Extended Data Fig. 5).
Metabolic cages were thenused to further characterize the metabolic
status of B-only mice. Although energy expenditure was similar during
the dark phase, aslight increase during the light period was observed
in DT-treated mice (Fig. 2i). Interestingly, the subtle but significant
decrease in the respiratory exchange ratio during the day phase indi-
cated that B-only mice rely more onlipid than carbohydrate catabolism
(Fig. 2j). The observedincreasein glucose uptake in WAT, together with
the higher lipid catabolism, suggests that adipose tissue metabolism
is enhanced in 3-only mice. Altogether, these results revealed that
the absence of a-cells, &-cells and y-cells does not lead to detrimental
effects onglucose homeostasis. Instead, several metabolic parameters
areimproved.

Improved glucose homeostasis in B-only mice on a high-fat
diet

Astheablation of islet non-B-cells had no deleterious effects on glucose
regulation under homeostatic conditions, we next investigated how the
metabolic stress induced by a high-fat diet (HFD) affects 3-only mice
relative to controls. To this end, we devised four experimental groups
of mice treated with or without DT and raised on either achow or HFD
(60% fat) regimen. High-fat or control diets were given to 3-month-old
males (4 wpa) for 24 weeks (Fig. 4a). Strikingly, DT-treated non-BDTR
animals showed a restricted body weight gain and limited increase in
fat mass under HFD compared to challenged control mice (Fig. 4b,c).
Importantly, food intake quantities were equal in all experimental
groups (Extended Data Fig. 6). Fasting and random-fed glycaemia in
the HFD group were higher in mice with intact islets relative to -only
animals (Fig. 4d and Extended Data Fig. 6). In addition, 3-only mice
exhibited better glucose tolerance than controls, which became
glucose-intolerant (Fig. 4e and Extended Data Fig. 6). Of note, oral
glucose tolerance in -only mice under a HFD was like that of control
mice under a chow diet (Fig. 4e). The control mice also manifested
higher basal and glucose-stimulated insulin secretion than 3-only mice
under the HFD regimen. This suggests that HFD treatment triggers
insulinresistance in control but notin 3-only mice (Fig. 4fand Extended
Data Fig. 6). This was confirmed by the worsened insulin sensitivity
in HFD-raised control mice (Fig. 4g). By contrast, 3-only mice chal-
lenged with HFD retained the improved insulinsensitivity first observed
under homeostatic conditions (Fig. 4g). Thus, the combined loss of
GCG-expressing, SST-expressing and PPY-expressing cells limits body
weight gain ratesunder HFD. This can be explained, at least in part, by
the enhanced insulin sensitivity acquired after non-f-cell ablation.

Islet non-f-cellloss drives the phenotype of B-only mice
The significant decrease in the number of SST-expressing neurons in
the brain upon DT-mediated non-f-cell ablation (Extended DataFig. 2)
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Fig.1| Generation and characterization of transgenic mice for the
simultaneous ablation of islet a-cells, 8-cells and y-cells. a, CRISPR-Cas9
strategy to replace the Sst coding sequence (Sst CDS) on mouse chromosome 16
with the human DTR coding region (targeting vector). LHA, left homology

arm; RHA, right homology arm; UTR, untranslated region. b, Transgenes
required for DTR-mediated non-B-cell ablation. ¢, PCR products of Gecg-DTR
(-800 bp), Sst-DTR (WT 871 bp, K1483 bp) and Ppy-DTR (WT 389 bp, KI223 bp)
transgenes. WT, wild type; HTZ, heterozygous. ‘No DNA'’is a negative control.

d, Immunofluorescence on pancreatic sections from control (Ctrl) or -only mice
4 wpa.INS, insulin (red); GCG, green (left); SST, green (middle); PPY, green (right).
Scale bars, 20 pm. e, Quantification of GCG*, SST" and PPY" cellsin Ctrl (n = 4) or
DT (n=>5) mice. GCG"and SST" cells were scored in the dorsal pancreas; PPY* cells
were scored in the ventral pancreas. Statistical tests: two-way ANOVA. P values

for Ctrl vs DT: GCG*, ***P < 0.0001; SST*, **P=0.0012; PPY*, ***P < 0.0001.
f,qPCR of Gcg, Sstand Ppy onisolated islets of Ctrl (n = 10) and (3-only mice at
1wpa(n=4),2wpa(n=_8)and4 wpa (n="7).Dataare normalized to housekeeping
genes (Gapdh and S-actin) and shown as relative hormone expression to Ctrl.
Pvalues for Gcg:1wpavs 0 wpa, **P=0.0001; 2 wpa vs 0 wpa, **P=0.0001;

4 wpavs 0 wpa, ***P=0.00005; Sst:1wpavs O wpa, **P=0.0001; 2 wpa vs O wpa,
**P=0.007;4 wpavs 0 wpa, ***P=0.00005; Ppy:1wpavs O wpa, P=0.056;2 wpa
vs 0 wpa, **P=0.0001; 4 wpavs O wpa, ***P=0.00005. NS, not significant.

g, Pancreatic insulin content of Ctrl (n=10) and DT (n =10) at 4 wpa. P value Ctrl
vs DT, P=0.63. All data are shown as mean + s.e.m. Male and female mice were
used for these experiments. Unless otherwise indicated, P values are from
two-tailed Mann-Whitney tests. NS, not significant.

couldimpactthe 3-only phenotypeinvivo. Yet lowering the DT dosage
(threeinjections of 5 ng of DT) significantly spared SST* neurons with-
outreducing the cell ablation efficiency in pancreaticislets (Extended
Data Fig. 7). In the stomach, the SST-producing &-cells were ablated
at15 dpabut reconstituted 2 weeks later, as in mice treated with the
highest DT dose. Mice injected with 5 ng of DT did not display a sharp
transient drop in body weight or glycaemia at 15 dpa (Extended Data
Fig.7), suggesting involvement of the SST-producing neurons in the
transient phenotype observed with the high DT dosage. Interestingly, at

30 dpa, B-only mice treated with 5 ng of DT had improved oral glucose
tolerance, glucose-stimulated insulin secretion and insulin sensitivity,
similar to mice treated with a high DT dosage (Extended Data Fig. 7).
Thus, the phenotype of -only mice from1 month post ablationis deter-
mined by the lack of islet non-B-cells.

B-only islets have anormalinsulin secretion profile
To evaluate the intrinsic capacity of B-only islets to regulate insulin
secretion without the influence of peripheral tissues, we assessed
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Fig. 2| Optimal blood glucose homeostasis in mice whose islets comprise
B-cells only. a, Glycaemia over 40 wpa in Ctrl (n = 6) and DT (n = 6) mice under
random-fed (RF) or fasting (F) conditions. Right panel: area under the curve
(AUC). Pvalues (DT vs Ctrl): RF, P=0.73; F, P= 0.3939. b, Intraperitoneal glucose
tolerance test (ipGTT) on Ctrl (n =33) and DT (n = 34). Right panel: AUC P value
(Ctrlvs DT), P=0.3. ¢, Plasmainsulin O min and 15 min after glucose injection
alongipGTT in Ctrl (n =25) and DT (n=25) mice. Right panel: stimulation index
ofinsulin secretion. P value (Ctrl vs DT), **P=0.0074. d, Oral glucose tolerance
test (0GTT) on Ctrl (n=7) and DT (n =11). Right panel: AUC P value (Ctrl vs DT),
**P=0.0028. e, Plasma GLP-1along oGTT in Ctrl (n =5) and DT (n = 7) mice.
Pvalue (Ctrlvs DT), *P=0.0303. f, Plasma insulin O min and 10 min after glucose
gavage along oGTTin Ctrl (n = 8) and DT (n = 11) mice. Right panel: stimulation

index; Pvalue (Ctrlvs DT), **P=0.0006. g, Insulin tolerance test (ITT) on Ctrl
(n=6)and DT (n=6) mice. Data as % relative to glycaemia at time 0. Right panel:
AUC of ITT; Pvalue Ctrlvs DT, *P=0.03. h, Radiolabelled 2-deoxy-D-glucose (2DG)
uptake by WAT in Ctrl (n = 6) and DT (n = 6) mice. P values (Ctrl vs DT), *P=0.039.
i, Energy expenditure (EE) in Ctrl (n = 9) and DT (n = 7) mice. Right panel: AUC

of EE, Pvalue: light period Ctrlvs DT, **P = 0.0012; Ctrl dark vs light period,
P<0.0001; DT dark vs light period, **P = 0.0047.j, Respiratory exchange ratio
(RER) in Ctrl (black, n=9) and DT (red, n = 7) mice. Right panel: AUC of RER.
Pvalue: light period Ctrl vs DT, *P = 0.035; Ctrl dark vs light period, P< 0.0003; DT
dark vslight period, P=0.1212. Only male mice were used. All data are shown as
mean +s.e.m.; Pvalues are from two-tailed Mann-Whitney tests.
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Fig.3| The ablation of pancreatic a-cells has no effect on GCG-mediated
hepatic function. a, Glycaemia of control (Ctrl) and DT -only mice after 5 h
(Ctrl,n=6;DT,n=6)0r16 h(Ctrl, n=7; DT, n = 6) fasting. P values (DT vs Ctrl): 5h
fasting, P=0.093;16 h fasting, P= 0.7587.b, Pancreatic GCG levels of Ctrl (n =7)
and DT (n = 6) B-only mice after 16 h fasting. P values: DT vs Ctrl, **P = 0.0012.

¢, Plasma GCG levels of Ctrl and DT B-only mice after 5 h (Ctrl, n=8;DT,n=8) or
16 h (Ctrl,n=9; DT, n = 8) fasting. P values: 5 h fasting DT vs Ctrl, **P=0.0011;16 h
fasting DT vs Ctrl, P= 0.1447.NS, not significant. d-f, Plasma cortisol (Ctrln=7;
DT n=6) (d), growth hormone (Ctrln=7; DT n=4) (e) and epinephrine (Ctrln=8;
DT n=6) (f) levels of Ctrland DT after 16 h fasting. P values DT vs Ctrl: cortisol,
P=0.0688; growth hormone, P=0.7879; epinephrine, P= 0.1074. g, Pyruvate

tolerance test (PTT) after 16 h fasting in Ctrl (n = 13) and DT (n =16) mice. Right
panel: AUC of PTT. P values: DT vs Ctrl, P= 0.7136. h-j, Hepatic glycogen (Ctrl
n=12;DT n=38) (h), pyruvate (Ctrln=15; DT n = 8) (i) and lactate (Ctrln = 14;

DT n =8) (j) levels after 16 h fasting in Ctrland DT mice. P values DT vs Ctrl:
glycogen, P=0.69; pyruvate, P=0.579; lactate, P= 0.713. k, Expression of hepatic
gluconeogenic enzymes after 16 h fasting in Ctrl (black, n=14) and DT (red, n=9)
mice. Phosphoenolpyruvate carboxykinase (Pepck), pyruvate carboxylase (Pcx),
glucose-6-phosphatase (G6pase) and glucose transporter 1 (Glutl). Pvalues DT vs
Ctrl: Pepck, P=0.2303; Pcx, P= 0.095; Gépase, P= 0.8775; Glutl, P= 0.0534. Only
male mice were used. All data are shown as mean + s.e.m.; P values are from two-
tailed Mann-Whitney tests.

the glucose-stimulated insulin secretion response in perfused
pancreatic slices® (Fig. 5a). Pancreatic slices from B-only mice had
the same insulin secretion pattern as those containing intact islets
from controls (Fig. 5b and Extended DataFig. 8). In addition, anormal
glucose-stimulated insulin secretion profile was also observed inislets
isolated from (3-only mice (Fig. 5c,d and Extended Data Fig. 8). These
results revealed that the biphasicinsulin secretion profile is conserved
inislets exclusively composed of B-cells. Moreover, the potentiation
of glucose-stimulated insulin secretion by exendin-4 (Ex-4, a GLP-1
agonist) was similar in isolated intact and B-only islets (Fig. 5e and
Extended Data Fig. 8). Furthermore, 3-only and control islets dis-
played the same mitochondrial respiratory capacity to increase the

oxygen consumption rate (OCR) in response to glucose, with similar
basaland maximal OCRs (Fig. 5fand Extended Data Fig. 8). Thus, main-
tenance of the B-cell secretory response correlates with the capacity
to effectively engage oxidative phosphorylation for glucose oxidation
in the absence of islet a-cells, &-cells and y-cells. The regular 3-cell
functionin 3-only mice was further supported by the unaltered gene
expression and identity of B-cells under fasting or refed conditions
(Extended Data Fig. 9).

Next, we wondered whether islets containing only 3-cells could
enhance their secretory capacity under pathophysiological condi-
tions, such asan extreme insulin demand. For this purpose, theinsulin
receptor antagonist S961 (ref. 12) was dispensed using an osmotic pump
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Fig. 4 |Restricted body weight gain and better glucose homeostasis in

B-only mice under HFD. a, Experimental design; wdc, weeks of diet challenge.

b, Percentage of body weight change in Ctrl + chow (n=10), Ctrl + HFD (n=10),
DT + chow (n=8) and DT + HFD (n =11). Right panel: AUC of body weight change.
Pvalues: Ctrl + chow vs Ctrl + HFD, ****P < 0.0001; Ctrl + chow vs DT + chow,
P=0.44; DT + chow vs DT + HFD, *P= 0.03; Ctrl + HFD vs DT + HFD, **P = 0.007.

¢, Body composition (fat and lean mass, as % of body weight (BW)) in Ctrl + chow
(gray, n=10), Ctrl + HFD (black, n =10), DT + chow (pink, n = 8) and DT + HFD (red,
n=11). Pvalues: fat mass, Ctrl + chow vs Ctrl + HFD, ***P < 0.0001; Ctrl + HFD

vs DT + HFD, P=0.0003; lean mass, Ctrl + chow vs Ctrl + HFD, ***P < 0.0001;
Ctrl+HFDvs DT + HFD, P< 0.0001. d, Fasting glycaemia of Ctrl + chow (gray,
n=10), Ctrl + HFD (black, n =10), DT + chow (pink, n = 8) and DT + HFD (red,
n=11).Right panel: AUC of fasting glycaemia. P values: Ctrl + chow vs Ctrl + HFD,
**P=0.,0089; Ctrl + HFD vs DT + HFD, *P=0.0207. e, oGTT at 24 wdc of Ctrl + chow
(gray, n=10), Ctrl + HFD (black, n=10), DT + chow (pink, n = 8), DT + HFD (red,

n=11) mice. Right panel: AUC of oGTT. P values: Ctrl + chow vs Ctrl + HFD,
**P=0.0015; DT + chow vs DT + HFD, *P = 0.0068; Ctrl + HFD vs DT + HFD,
**P=0.0028.f, Plasmainsulin along oGTT. Left panel, plasma insulin 0 and 10 min
after glucose injection in Ctrl + chow (n=10), Ctrl + HFD (n=8), DT + chow (n = 6),
DT +HFD (n =9). Right panel: stimulation index of insulin release. P values:

Ctrl+ chow (0 vs10 min), P=0.0052; Ctrl + HFD (0 vs 10 min), P=0.0006;

DT + chow (0 vs 10 min), P=0.0043; DT + HFD (0 vs 10 min), P= 0.004. Ctrl + HFD
vs DT + HFD at O min, **P = 0.0056; Ctrl + HFD vs DT + HFD at 10 min, **P = 0.0025.
g, ITT at 24 wdc. Left panel, ITT as % of change relative to time O in Ctrl + chow
(gray,n=9),Ctrl + HFD (black, n =10), DT + chow (pink, n=6) and DT + HFD (red,
n=10).Right panel: AUC of ITT. Pvalues: Ctrl + chow vs DT + chow, *P = 0.0496;
Ctrl+ HFD vs DT + HFD, **P = 0.0005. Body weight changes, body composition,
fasting glycaemia, oGTT, plasmainsulin levels and ITT were obtained from

the same mice. Only male mice were used. All data are shown as mean +s.e.m.;
Pvalues are from two-tailed Mann-Whitney tests.

to impose chronic hyperglycaemia (around 30 mM) in control and
B-only mice. Bothgroups behaved similarly and became overtly hyper-
glycaemic (Fig. 6a) and drastically increased their insulin secretion

levels (Fig. 6b). Interestingly, the S961-induced B-cell proliferation
was enhanced in -onlyislets as compared to controls (Fig. 6¢,d). Alto-
gether, theseresultsindicate that B-cell nutrient sensing and secretion
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Fig. 5| Monotypic B-only islets have normal dynamic insulin secretion and
islet respirometry. a, Representative picture of a -only mouse pancreas slice.
b, Dynamic insulin secretion profiling on pancreatic slices from Ctrl (n =5) and
DT (n=3) mice. Gray background area indicates the first and second phase
ofinsulinrelease. ¢, Representative picture of isolated islets of -only mice.

d, Dynamic glucose-stimulated insulin secretion profiling onisolated islets.
Absolute insulin secretion from Ctrl (n =9) and DT (n = 8) mice. Gray background
arearepresents the firstand second phase of insulin release. e, Stimulation index
(as fold change to baseline values) of in vitro glucose-stimulated insulin secretion
inisolated islets of Ctrl (black, n=7) and DT (red, n = 9) mice in the presence or
absence of the GLP-1agonist Ex-4. Low glucose is 3 mM; high glucose is16.7 mM.

Pvalues: Ctrl with vs without Ex-4, *P = 0.048; DT with vs without Ex-4, *P= 0.018.
f, Islet respirometry by Seahorse XF96 bioanalyser. Figure shows representative
OCRtraces of islets from Ctrl (n = 8 mice) and DT (n = 7 mice) sequentially
exposed to16.7 mM glucose (G16.7), 2.5 pM oligomycin (Oligo), 2 uM FCCP and

3 pM Rot/AA at the indicated time points. Basal measurement was performed at
3 mM glucose before injections. OCR was normalized by insulin content of each
well and represented as % of basal. Two to four wells per mouse, eight to tenislets
per well. Two-way ANOVA with Sidak’s multiple comparisons test. Only male
mice were used. All data are shown as mean + s.e.m. Unless otherwise indicated,
Pvalues are from two-tailed Mann-Whitney tests.

are appropriately regulated under physiological and extreme insulin
needs in mouseislets lacking a-cells, §-cells and y-cells.

Human B-cell pseudoislets display optimal insulin secretion

To assess whether human 3-cells also maintain their glucose sensing
andinsulin secretory capacitiesin the absence of a-cells, §-cells and
y-cells, we generated human ‘islet-like’ cell clusters, termed pseudois-
lets, composed of either all the islet cell types (‘control pseudoislets’)

or only fluorescence-activated cell sorting (FACS)-sorted (3-cells
(monotypic ‘B-pseudoislets’; Fig. 7a and Extended Data Fig. 10). A
sharp reductionin GCG, SST and PPY mRNAs, but not /NS mRNA, was
observedin monotypic B-pseudoislets compared with control pseu-
doislets (Fig. 7b). Accordingly, GCG*, SST* and PPY* cells were not
detectable in B-pseudoislets (Fig. 7¢).

Monotypic B-pseudoislets showed glucose-regulated insulin
secretion, with levels similar to control pseudoislets at basal and
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stimulatory glucose concentrations (Fig. 7d). When further challenged
with Ex-4, B-pseudoislets secreted more insulin than control pseudois-
lets (Fig. 7d), indicating a potentiation of the incretin response in the
absence of a-cells, 6-cells and y-cells. Similar results were obtained
when assessing the stimulatory index (Extended Data Fig. 10). Like
mouse [3-only islets, human 3-pseudoislets showed no significant dif-
ferencesinislet respirometry parameters compared to control pseu-
doislets (Fig. 7e and Extended Data Fig. 10). Thus, glucose-stimulated
insulin secretion from human -pseudoisletsis closely correlated with
their capacity to increase mitochondrial respiration in response to
glucose (Fig. 7d,e and Extended Data Fig. 10). Altogether, these results

indicate that human f-cells, like mouse 3-cells, can sense glucose and
secrete insulinin aregulated manner in the absence of a-cells, §-cells
and y-cells.

Discussion

We describe a mouse model in which the adult pancreatic islets are
exclusively made up of B-cells. The near total loss of non-p-cells in
these mice does not affect their viability, motor and feeding behav-
iour, body weight or blood glucose homeostasis (fasting and ran-
dom fed). This correlates with—and could be explained, at least in
part by—the persistence of circulating SST and GCG after non-B-cell
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Fig.7 | Human monotypic B-pseudoislets maintain glucose-stimulated
insulinsecretion and islet respirometry. a, Generation of human pseudoislets.
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¢, Immunofluorescence on control pseudoislets (Ctrl) or monotypic
B-pseudoislets (B). INS, red; GCG, blue; SST, green (left); INS, red; GCG, blue;
PPY, green (right). Scale bar, 20 pm. d, In vitro insulin secretion normalized by
total insulin content in Ctrl and monotypic B-pseudoislets assessed at basal
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(3 mM, low glucose (LG)) or stimulatory (16.7 mM, high glucose (HG)) glucose
concentrations in the presence or absence of the GLP-1agonist Ex-4.n = 4 donors.
Pvalues (Ctrlvs B): LG, P= 0.1831; HG, P> 0.999; HG + Ex-4, ***P=0.0002. NS, not
significant. e, Islet respirometry by Seahorse XF96 bioanalyser. OCR traces of
human Ctrl or B-only pseudoislets. Glucose (16.7 mM; G16.7), oligomycin (2.5 pM;
Oligo), FCCP (2 uM) and Rot/AA (3 uM) were injected at the indicated time points.
Basal measurement was performed at 3 mM glucose before injections. OCR was
normalized by insulin content of each well and represented as % of basal.n =3
independent donors. Two to five wells per condition per donor, ten pseudoislets
per well; Two-way ANOVA with Sidak’s multiple comparisons test. Both male

and female human donors were used. All data are shown as mean + s.e.m. Unless
otherwise indicated, P values are from two-tailed Mann-Whitney tests.

ablation. The modest decrease in glucagonaemia, which was previ-
ously described in mice lacking a-cells only*?°, along with the pre-
served counter-regulatory actions of cortisol, epinephrine and/or
growth hormone, probably prevent mild hypoglycaemia, as reported

in mice with constitutive and complete GCG signalling abrogation®?.,
We could not assess blood PPY levels owing to the absence of reliable
commercial kits, yet the fact that PPY knockout mice remain normo-
glycaemic in both homeostatic'* and HFD* conditions suggests that
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PPY is dispensable for blood glucose homeostasis. We also evaluated
ex vivo the intrinsic capacity of islets devoid of a-cells, 5-cells and
y-cells to secrete insulin in response to glucose independently of the
influence of peripheral tissues. Surprisingly, we found that pancre-
atic slices and isolated islets composed exclusively of -cells exhibit
insulin secretion dynamics similar to that of intact islets, with pre-
served first and second secretion phases upon glucose stimulation.
This correlates with the transcriptomic and mitochondrial respira-
tion analyses, which did not show major changesin 3-cellidentity and
glucose metabolism.

Our results reveal an unexpected consistent improvement of
insulin sensitivity and glucose tolerance in 3-only mice of both gen-
ders. Coincidentally, although plasmatic GCG levels were moder-
ately reduced after non-B-cell ablation, improved glucose tolerance
associated with increased GLP-1levels, better insulin sensitivity and
restricted HFD-induced weight gain were also previously reported
under extreme conditions of GCG signalling blockade® (GCGR KO and
GCGR-neutralizing antibody treatment).

Single-islet cell-type ablation (either a-cells, &-cells or y-cells;
Supplementary Table 1) did not fully recapitulate the metabolic phe-
notype of -only mice. The a-cell or y-cell ablated mice did not exhibit
an obvious metabolic phenotype, as previously shown'*">. However,
the absence of 6-cells led to a mild reduction of blood glucose levels
(Extended Data Fig. 4), as it was previously shown in a similar mouse
model of 8-cell ablation* and in Ss¢t> or Hhex*® null mice. The defects
in B-cell function and blood glucose homeostasis associated with the
absence of 6-cells are somehow compensated by the simultaneous
removal of a-cells and y-cells in 3-only mice. We thus reason that the
combined loss of all non- cells may imbalance systemic hormone sig-
nalling (thatis, the insulin/GCGratio and GLP-1levels,among others),
triggering compensatory or adaptive mechanismsin peripheral organs
such as the liver and WAT, which may explain the observed improved
insulin sensitivity and fatty acid metabolism. The increased GLP-1
levels triggered by non-f-cell loss may participate in the phenotype
of B-only mice under homeostatic and HFD conditions, as this intes-
tinalincretinis animportant regulator of blood glucose homeostasis
through potentiation of glucose-stimulated insulin secretion” %,
suppression of hepatic gluconeogenesis or glycogenolysis and of GCG
secretion, satiety stimulation and improvement of insulin sensitiv-
ity”*.Inaddition, GLP-1receptor agonists enhance insulin sensitivity
in hepatic and adipose tissues and reduce obesity in diabetic animals
and humans®7, Of note, theimproved insulin sensitivity in -only mice
mightbearesult of the slightly lower basal insulin secretion observed
in vivo after removal of the three islet cell types. This subtle decrease
in basal insulin secretion may trigger better insulin sensitivity as an
adaptive phenomenon. However, defining the precise contribution
of each peripheral organ in the phenotype of 3-only mice is difficult
owing to the dynamic and complex interplay between the different
tissuesinvolved in glucose homeostasis and lipid metabolism. Overall,
intra-islet interactions are superimposed to inputs from peripheral
tissues and integrated within the islet network to minutely regulate
the 3-cell secretory activity.

The ability of B-cells to increase their secretion capacity in
response to incretin potentiators or extreme insulin demand, such
as GLP-1receptor agonist or an insulin receptor blockade, was main-
tained in B-only mice. These observations were repeated with human
B-cells, whereby the glucose-stimulated insulin secretion and the
mitochondrial respiration capacity were preserved in 3-pseudoislets.
Interestingly, it has been postulated that GLP-1 secreted by human
a-cellsis required for regulated and synchronous insulin secretion from
B-cells**%, yet here we show that human B-only pseudoislets maintain
theincretin-stimulated insulin secretion like pseudoislets composed
of allislet cell types.

Although a-cells, 6-cells and y-cells unequivocally participate in
the regulation of B-cell function, it is astonishing that both murine and

human islets maintain proper insulin secretion in their absence. This
optimal glucose-regulated insulin secretion strongly suggests that
connectivity and communication of 3-cells among themselves is crucial
whereas the heterologousinteractions between 3-cellsand non-f3-cells
are not. B-cells are functionally coupled through gap junctions among
themselves and with non-B-cells within islets***'. Electrical coupling
between B-cellsis critical to ensure proper insulin secretion****. Insulin
release defects upondisruptionofthe gap junction connexin36illustrate
theimportance of the electrical coupling between 3-cells for their syn-
chronization, controlled intracellular Ca®* oscillations and properinsulin
secretoryactivity*”**. The genetic or pharmacological inhibition of con-
nexin 36 causes the loss of oscillatory insulin secretion****, Reaggrega-
tionof purifiedisolated primary human f3-cellsin cell clusters devoid of
a-cells, 5-cellsand y-cells restores glucose-stimulated insulin secretion
as compared to dispersed cells'*¢, supporting the notion that B-cell
connectivity is key for regulated secretion activity in different species.
In this context, humanislet a-cells, 8-cells and y-cells are intermingled
among -cells (whichrepresent 50% of the islet cell mass), implying that
most of the B-cells physically interact with non-B-cells*’~*’, Conversely,
inmouseislets, non-B-cellsare mainly located at theislet periphery sur-
roundingacentral core of B-cells (representing 75% of the islet mass), an
architecture that favours homotypic associations between 3-cells over
B-cell-non-B-cellinteractions***°, The variable proportions and spatial
distribution of the differentislet cell types across species, together with
thenon-B-cell ablation datareported here, suggest that 3-cell-non-f3-cell
direct interactions are not crucial to ensure properly regulated insulin
secretion, contrary to what was thought so far.

Our results reveal that non-3-cells, when concomitantly lost, do
not appear to be essential to ensure (3-cell function in homeostatic or
stress conditions, such as extreme insulin demand. Therefore, one
wonders why adult pancreatic islets have a-cells, &-cells and y-cells.
One possibility is that these cells had essential functions during evo-
lution, but became somewhat ‘redundant’ as evolution progressed.
For instance, GCG-expressing a-cells may have evolved as part of an
essential counter-regulatory mechanism to cope with long periods
of starvation and energy deficit. However, the presence of alternative
counter-regulatory hormones could have attenuated the require-
ment of a-cells through evolution. Still, the lack of 5-cellsimpacts the
threshold for glucose-stimulated insulin release®, suggesting that
the absence of this single cell type cannot be compensated, unless
all non-B-cells are simultaneously depleted. Alternatively, or in addi-
tion, a-cells, &-cells and y-cells may have a direct role as supporting
cells during embryonic development and perinatal maturation of
B-cells®*. In line with this notion, a previous study showed that abla-
tion of embryonic SST-expressing cells results in increased insulin
content and excessiveinsulinrelease leading to severe hypoglycaemia
and neonatal death®. Yet other reports do not supporta developmen-
tal role for embryonic 5-cells on B-cell maturation®”**. Depletion of
Ppy-expressing cellsin mouse embryos led to asignificant reductionin
pancreaticinsulin-containing and SST-containing cells, suggesting that
the presence of y-cellsis crucial for B-cell and 8-cell differentiation>>-¢.
Likewise, GCG signalling was also shown to be critical for proper islet
development and maturation®.

Although defectsin 3-cell function and identity are clearly asso-
ciated with diabetes, mounting evidence supports that the activity
of non-B-cells is compromised in this condition. Although it is not
clear how non-f3-cells precisely contribute to disease progression
and insulin secretion defects, our findings support that the absence
of dysfunctional non-f3-cells or strategies aimed at abrogating aber-
rant signalling from these cells would confer beneficial therapeutic
effects in diabetes**"°, It has been shown that a-cell dysfunction
occurs at early stages of islet autoimmunity, before diabetes onset® %,
Ongoing clinical trials are exploring the effect of GCGR antagonists
onthe hyperglucagonaemia typical of diabetic patients®*"". Interest-
ingly, insufficient secretion of GCG in response to hypoglycaemiain
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type 1 diabetes increases the risk of hypoglycaemic episodes
under insulin therapy®®®. In diabetic rodents, restoration of GCG
levels during hypoglycaemia was described upon administration of
SST receptor antagonists’””, suggesting that perturbed SST secre-
tion could have arole in the absence of counter-regulatory response
in diabetes™”>.,

At present, multiple therapeutic strategies are aimed at gener-
ating, either in vitro or in situ, insulin-producing p-like cells™*”. The
preserved glucose-stimulated insulin secretion in pancreatic islets
made exclusively of B-cells, whichis also found in aged mice and human
cells, suggests that non-f-cells are dispensable for B-cell function. This
supports current efforts aimed at generating functional surrogate
B-like cells from stem cells’, with particular attention to establishing
adequate -cellidentity and cellular connectivity. These observations
alsoclarify concerns about the decreased non-B-cell massinsituations
whereby massive non-f-cell recruitment into insulin production and
secretion was achieved to treat diabetes’™””’5,

Methods

Animals

To generate the Sst-DTR knock-in mice, we used a CRISPR ribonu-
cleoprotein complex containing the Cas9 protein along with the
following two gRNAs: 5-CAGGGCGCACTGGAGACGGC-3’ and
5-ACAACAATATTAAAGCTAAC-3 to target the SST locus. The donor
plasmid (pBluescript 11 SK+) contained the DTR sequence flanked by
a2kbright homology arm (upstream of the ATG in the Sst locus) and
a2 kb left homology arm (downstream of the STOP codon in the Sst
locus). Theribonucleoprotein complex was co-injected with the donor
plasmidin one-cell embryos. To generate this transgenic mouse model,
the Sst-DTR transgene was combined with the previously described
Gcg-DTR and Ppy-DTR transgenes. The non-3-DTR mice had a mixed
genetic background.

Mice were housed in open cages, with densities varying depending
on the size of the cage, in accordance with the Swiss regulation (Cage
type StoL, Charles River). Cages were enriched with bedding, nestlet
and a mouse house. Temperature and humidity in the housing room
were maintained at20-24 °C and 30-70%, respectively. The day-night
cycles were programmed by alternating 12 h day and 12 h night. Animals
received food and tap water ad libitum. Both male and female mice were
used for experiments. Animals were randomly allocated to control or
treatment groups. The study followed all ethical regulations regarding
animal experimentation, and all experiments were performed under
the guidelines of the Direction General de laSanté du Canton de Genéve
(license numbers GE/111/17, GE/121/17 and GE15820).

DT and S961 treatment

DT (Sigma-Aldrich) was injected intraperitoneally (126 ng of DT per
injectionondays0,1and2, or 5 ngof DT perinjectionondays 0,3 and 6)
to2-month-old mice.S961 (Novo Nordisk) was given by ALZET osmotic
pumps implanted subcutaneously (40 nmol per week).

Humanislets and generation of human pseudoislets
Allstudiesinvolving samples of human tissues were approved by the
ethical committee of the University of Geneva. Human pancreatic
islets were obtained from the Geneva University Hospital (Geneva,
Switzerland), from the National Institute of Diabetes and Digestive
and Kidney Diseases (NIDDK)-funded Integrated Islet Distribution
Program (IIDP) at Beckman Research Institute of City of Hope (Duarte,
CA, USA) and from the University of Alberta Diabetes Institute Islet-
Core (Edmonton, Alberta, Canada). Alldonors’ families gave informed
consent for the use of pancreatic tissue in research. Subjects were
de-identified at the source of organ procurement, whereby samples
were assigned a unique identifier or RRID to ensure privacy. Donors'
unique identifiers and basic metabolic details are described in Sup-
plementary Table 4.

Upon arrival, islets were cultured overnight in fresh CMRL 1066
media (11530-037, Gibco) at 37 °C and 5% CO,. Dissociation of human
islets and staining with cell-surface antibodies to purify B-cells was
performed as described previously®”. Stained cells were sorted ona
Moflo Astrios (Beckman Coulter) system. Single viableislet cells were
gated by forward-scatter, side-scatter and pulse-width parameters and
by negative staining for DAPI (Invitrogen, D1306) to remove doublets
and dead cells. For the formation of pseudoislets, agarose structures
with spherical microwells were obtained by using a micro-mold (3D
Petri Dish, Microtissues) and then used to promote self-assembly of
the cellsinadensity of 1,000 cells per pseudoislet. Every other day, the
culture mediawas changed. Experiments were performed 7 days after
culture. Pseudoislet morphology and cell composition were evaluated
by immunostaining and quantitative PCR with reverse transcription
(RT-qPCR), as detailed below.

Isletisolation, FACS and RNA extraction

Islets were isolated from previously reported Insulin-mCherry mice,
whose insulin-producing cells constitutively express mCherry'. Cell
sorting using FACS was performed as described in previous works'**>"*
using a Moflo Astrios (Beckman Coutler) system with Summit v.6.2
(Beckman Coulter) software. Kaluza Analysis v.2.0 (Beckman Coulter)
software was used for subsequent analyses. Islets were frozen in RLT
buffer (Qiagen) with B-mercaptoethanol and stored at —80 °C before
being processed for RNA extraction. RNA extraction from islets was
performed using the Qiagen RNeasy Micro Kit. RNA extraction from
tissue (duodenum, brain or liver) was performed using the Qiagen
RNeasy Plus Universal Mini Kit.

RT-qPCR

Complementary DNA (cDNA) of total mouse islets, human pseudois-
lets, duodenum, liver and/or brain fractions was generated using the
Qiagen QuantiTect Reverse Transcription Kit. qPCR reactions were
performed using the appropriate primer mixes for each gene as well
as the Express SyBr GreenER kit (Invitrogen, 100001652). We used
the CorbettRobotics4 robot, and the PCR reaction was completed in
the CorbettResearch6000 series cycler using a 40 cycles program.
Normalization and analysis of the data were done with the RT-PCR
analysis_macro v.1.1 (the Genomic Platform, University of Geneva)
using two normalization genes (Gapdh and B-actin). Samples were
runintriplicate. For human pseudoislets, biological duplicates of each
sample were run in triplicate. Expression levels were normalized to
RNI18S. Primer sequences are shown in Supplementary Table 2.

Bulk RNA sequencing

B-cells were FACS-sorted from 1-month post-ablation and control
mice, either under fasting or fasting plus 2 h refed condition. Islets
were isolated and dissociated as described above. RNA was extracted
asdescribed above and assessed for quality by an Agilent bioanalyser
before library generation and sequencing. Library preparation, RNA
sequencingand quality controls were performedin the Genomics Core
Facility of the University of Geneva. Reverse transcription and cDNA
amplification were performed using the SMARTer Ultra Low RNA Kit
(Clontech).cDNAlibraries were prepared using Nextera XT DNA Sample
Preparation Kit (Illumina) and sequenced on an lllumina HiSeq4000
platform with single-end 100-bp reads.

Analyses were performed following previously established pipe-
lines™. Allsequencing datawere uploaded to and aligned on the Galaxy
project® against Ensembl reference genome GRCm38.p6 (release 100)
using STAR version 2.7.2b% in two-pass mapping mode. Aligned data
were counted using HTSeq v.0.9.1 (ref. 82) in union mode. Analyses
were performed in a pairwise manner between the four conditions
analysed using DESeq2v.1.28.1 (ref. 83). For each pairwise comparison,
geneswere discarded if they had fewer than five counts per sample on
average. After calculating differential expression between groups,
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log,(fold changes) were shrunken using the normal estimator®’. Genes
were considered to be differentially expressed if the absolute shrunken
log,(fold changes) were >1and adjusted P values were <0.05.

A previously generated B-ID gene list” was used to identify pos-
sible changesinidentity and gene expressionin 3-cells after non-f3-cell
ablation.

Glucose tolerance test

Mice were fasted for 16 h before starting the experiments. Intraperi-
toneal or oral glucose tolerance tests were performed as previously
described’. A 20% glucose solution was injected intraperitoneally or
through gavage to fasted micerelative to their body weight. Glycaemia
was measured before theinjectionand 15,30, 60,90 and 120 min after
glucose administration.

Insulin tolerance test

Mice wereintraperitoneally injected with insulin (0.5 U kg or 0.4 U kg™
for the HFD experiment; Actrapid, Novo Nordisk) after 5 h of fasting.
Glycaemiawas measured before and 20,40 and 60 min after injection.

Tissue protein extracts
Pancreatic or intestinal tissues were homogenized in acid-ethanol
solution (74% ethanol, 1.4% HCIl), then sonicated and centrifuged. The
supernatant was collected and used for theimmunoassay experiments,
which were performed following the manufacturer’s instructions
(Mercodia Ultrasensitive Mouse Insulin ELISA 10-1249-01; Mercodia
Glucagon ELISA10-1281-01).

Brain tissue was homogenized in a lysis buffer containing
10x Cell Lysis Buffer (Cell Signaling, 9803), PMSF (Cell Signaling, 8553)
and distilled water (dH,0; BioConcept, 3-07F04-I), then sonicated
and centrifuged. The supernatant was collected and used for immu-
noassay experiments, which were performed following the manufac-
turer’s instructions (Phoenix Peptide Somatostatin Fluorescent EIA
Kit, EK-060-03).

Plasma hormone measurements

Insulin (Mercodia Ultrasensitive Mouse Insulin ELISA, 10-1249-01),
GCG (Mercodia Glucagon ELISA, 10-1281-01), GLP-1 (Millipore Multi
Species GLP-1 Total ELISA, EZGLP1T-36K), cortisol (R&D Systems
Cortisol Parameter Assay Kit, KGEOO8B), growth hormone (Alpco
Mouse/Rat Growth Hormone ELISA, 22-GHOMS-EO1) and epinephrine
(LSBio Mouse Adrenaline/Epinephrine ELISA Kit, LS-F28134) were
measured in plasma samples obtained from blood extracts from the
tail vein or cardiac puncture. A dipeptidyl peptidase 4 inhibitor (Merck,
DPP4)was added to the blood samples to avoid GLP-1degradation. All
analyses were performed following the manufacturer’s instructions.

Hepatic glycogen assay

Approximately 30 mg of liver tissue was homogenized and boiled for
5 min. After centrifugation at13,000gfor 5 minat4 °C, atleast 50 pl of
supernatant was collected for analysis. Glycogen was assessed using
the Glycogen Assay Kit (Merck, MAK016-1KT).

Hepatic pyruvate and lactate assay

Approximately 30 mg of liver tissue was lysed in a solution of 10x Cell
Lysis Buffer (Cell Signaling, 9803), PMSF (Cell Signaling, 8553) and dH,0
(BioConcept, 3-07F04-I), deproteinized in PCA (BioVision, K808-200)
and neutralized (BioVision, K808-200) following the manufacturer’s
instructions. Pyruvate (BioVision, K609-100) and lactate (BioVision,
K607-100) were analysed following the manufacturer’s instructions.

Immunofluorescence

Paraffin and cryosections were 5 and 10 pm thick, respectively. The
primary antibodies used were guinea pig anti-insulin (1:400; DAKO,
A0564), rabbit anti-insulin (1:3,000; Molecular Probes, 701265),

chicken anti-insulin (1:200; Abcam, ab14042); mouse anti-glucagon
(1:1,000; Sigma-Aldrich, G2654), rabbit anti-glucagon (1:200; DAKO,
A0565), mouse anti-somatostatin (1:200; BCBC, Ab1985), rabbit
anti-somatostatin (1:200; DAKO, A0566), rat anti-somatostatin (1:200;
Merck, Mab354) mouse anti-Ppy (1:400; Santa Cruz, MAB62971) and
goat anti-Glp1(1:100; Santa Cruz, sc-7782). Sections were also stained
with DAPI. Secondary antibodies were coupled to Alexa 488, 405, 568,
647 (1:500; Molecular Probes) or TRITC (1:500; Southern Biotech).
All antibodies are listed in Supplementary Table 3. All sections were
examined with a confocal microscope (Leica TCS SPE).

Body composition

Body composition was determined in awake mice by magnetic reso-
nance using EChoMRI-700 (EchoMRI). Body compositionis expressed
as apercentage of body weight (thatis, percent of lean and fat mass).

Hyperinsulinemic-euglycaemic clamp
Hyperinsulinemic-euglycaemic clamps were performedin conscious,
unrestrained, catheterized mice as previously described®*. In brief,
catheters were surgically implanted 7 days before the experiment
in the right jugular vein and exteriorized above the neck using a vas-
cular access button (Instech Laboratories). Mice were fasted for 3 h,
followed by a 2 hinfusion of [3-*H] glucose (0.05 pCi min™) (Perkin
Elmer). The basal rate of glucose disappearance (mg glucose kg™ of
body weight x min™) was determined by blood sampling in duplicate.
Continuousinsulininfusion (2.5 mIU kg body weight x min™; Actrapid,
Novo Nordisk) was used after that for the induction of hyperinsulinae-
mia. At steady state, hepatic glucose production (mg glucose kg™ of
bodyweight x min™) and the insulin-stimulated rate of glucose disap-
pearance (mg of glucose kg™ of body weight x min™) were determined
by two blood samplings. The in vivo insulin-stimulated glucose uptake
intissues was then determined by a10 pCibolusintravenousinjection
of 2-[* C]deoxyglucose. After 30 min, mice were rapidly killed by cervi-
caldislocation, and tissues were removed and stored at —80 °Cuntil use.
Measurements of 2-["* C] deoxyglucose-6-phosphate concentrationin
individual tissues allowed calculation of the glucose utilization index
intissues. Glycaemia was measured using an Xpress glucometer, and
basal and steady-state insulinaemia were determined using a com-
mercial ELISA kit (CrystalChem).

Glucose uptake

Invivoinsulin-stimulated glucose uptake in tissues was determined by
a20 pCibolusintravenousinjection of 2-deoxy-[1,2-3H]-glucose (ARC)
in the presence of insulin (NovoRapid) at 0.5 IU kg *intraperitoneally.
Blood was sampled from the tail vein 2,20, 40 and 60 min after injec-
tions. After 1 h, mice were killed and tissues were collected and stored
at —80 °C until use. Glucose concentration in deproteinized blood
samples was measured using the glucose oxidase method (Roche
Diagnostics). Measurements of [1,2-3H] deoxyglucose-6-phosphate
levels in deproteinized blood samples and individual tissues allowed
calculation of the glucose utilization index in tissues.

Isletisolation for perifusion assays

Islets were isolated from the pancreas of 7 h-fasted donor mice by col-
lagenase digestion (0.45 mg ml™) and purified by a discontinuous Ficoll
density gradient. Afterisolation, islets were hand-picked in RPMI-1640
medium supplemented with 5% (v/v) FCS (Gibco), 1% (v/v) L-glutamine
(Gibco), 1% (v/v) penicillin-streptomycin (Sigma-Aldrich) and 5.5 mM
glucose (Merck). Islets were allowed to rest free-floating for 18-24 h
beforeislet perifusion assays at 37 °C and 5% CO.,.

Pancreas tissue slices

Pancreas tissue slices were performed on 7 h-fasted mice as
described previously?>®. In brief, pancreata were injected with 1.25%
low-melting-point agarose (Roth) after killing the mouse. After

Nature Metabolism | Volume 6 | September 2024 | 1791-1806

1802


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01114-8

solidification, the pancreas was excised and embedded in agarose
(1.25%). Tissue blocks were subjected to a semiautomated vibratome
(Leica) and pancreas tissue slices were cut in ECS solution (125 mM
NaCl, 2.5 mMKCI, 26 mMNaHCO,,1.25 mM NaH,PO,,1 mMMgCl,,2 mM
CaCl,, 10 mM HEPES, 3 mM glucose pH 7.4) at a thickness of 150 pm.
Slices were collected into a 6 cm Petri dish containing 3 mM glucose
KRBH buffer (137 mMNaCl, 5.36 mMKCl, 0.34 mM Na,HPO,, 0.81 mM
MgSO,, 4.17 mM NaHCO,, 1.26 mM CacCl,, 0.44 mM KH,PO,, 10 mM
HEPES, 0.1% BSA, 3 mM glucose pH 7.3) with aprotinin (25 KIU ml7,
Sigma-Aldrich, A6106) and allowed to rest for 120 min at room
temperature (20-22°C) while shaking before performingslice perifu-
sion experiments.

Perifusion assays and insulin secretion quantification
Dynamicinsulin secretion of isolated islets and pancreas tissue slices
was performed using a perifusion system with automated tray han-
dling (Biorep Technologies, PERI4-02-230-FA). Atotal of 40 islets were
placedinto perifusion columns (Biorep Technologies, PERI-CHAMBER)
according tothe provided manual, whereby islets are placed between
two layers of sedimented agarose beads. For pancreas tissue slice
perifusion, three slices originating from different embedded blocks
were placed into a closed perifusion chamber (Warner Instruments,
64-0223 and 64-0281 (P-5)) connected to the perifusion system. To
equilibrate the islets or slices to 37 °C and to wash out accumulated
hormones and enzymes, a 90-min flushing step with 3 mM glucose
KRBH with aprotinin (25 KIU mI™, Sigma-Aldrich, A6106) ata flow rate
of100 pl min™was performed. Subsequently, the perifusion protocols
were applied using a flow rate of 100 pl min™and sample collectionin
96-well plates at 2-min intervals. Aprotinin (25 KIU mI™) was added to
allKRBH buffers used for the different protocols. After perifusion, islets
andslices were recovered from the columns and perifusion chambers
andlysed fortotalinsulin content measurement using 250 pland 500 pl
acid-ethanol (2% HCI (37 %,12 M) in absolute ethanol), respectively. All
samples were kept at —20 °C until measured with an Insulin Ultrasensi-
tive HTRF Assay Kit (Perkin ElImer-Cisbio, 62IN2PEH).

Invitro static glucose-stimulated insulin secretion

Murine isolated islets or human pseudoislets were hand-picked for
eachassay replicate and washed by incubation for1hat37 °Cinsecre-
tion medium containing 2.5 mM CacCl,, 140 mM NacCl, 4.5 mM KClI,
1mMMgCl,, 20 mMHepes and 3 mM glucose (Sigma-Aldrich) in dH,0.
Sampleswere thentransferredinto fresh secretion medium containing
3 mM (low) glucose for 1h, followed by incubation for another 1 hin
secretion medium containing 16.7 mM (high) glucose at 37 °C. Then,
1nM Ex-4 (Sigma-Aldrich, E7144) supplementation in the secretion
medium containing 16.7 mM (high) glucose was added to assess the
response of 3-cells to the incretin agonist. The medium was collected
after a1 hincubation at each glucose concentration and stored at
-80 °Cfor subsequent analysis. Islets and pseudoislets were recovered
and lysed for total insulin content using acid-ethanol (74% ethanol,
1.4%HCI). Mouse insulin concentration was quantified using the Ultra-
sensitive Mouse Insulin ELISA (10-1249-01, Mercodia). Human insulin
concentration was measured using the Insulin Chemiluminiscence
ELISA (ALPCO, 80-INSHU-CHO1).

XFe96 Seahorse islet respirometry

Mouse islets or human pseudoislets (8-10 per well) were seeded into
wells of a poly-p-lysine-coated (100 mg ml™) XFe96 plate containing
Seahorse XF base media RPMI (supplemented with 3 mM glucose,
10 mM HEPES, 2 mM glutamax, 30 mM NaCl and 0.1% FBS) as described
previously®®. Before the assay, islets were incubated for 1 h at 37°C
in anon-CO, incubator. The Seahorse XFe96 extracellular flux ana-
lyser and the Mito Stress kit containing mitochondrial toxins (Agilent
Technologies) were used to assess mitochondrial respiration and islet
bioenergetics. Basal respiration was first measured at 3 mM glucose.

Then, isletsand pseudoislets were sequentially stimulated with glucose
(final well concentration of 16.7 mM), oligomycin (2.5 M), FCCP (2 uM)
and a mixture of rotenone and antimycin A (Rot/AA, 3 uM). Islets and
pseudoislets wererecovered at the end of the assay and lysed for total
insulin content using acid-ethanol (74% ethanol, 1.4% HCI).

OCRvalues were normalized by insulin content per well to reduce
the confounding effect of non-f-cells in the measurements of the
control samples. Then, a fold change to the basal respiration was
calculated. Bioenergetics parameters were calculated as previously
described®. In brief, average values after injection of Rot/AA were
subtracted from all OCR measurements. Glucose-stimulated OCR was
calculated by dividing the maximum OCR measurement after 16.7 mM
glucoseinjection by the last basal OCR measurement at 3 mM glucose.
Proton leak was determined by dividing the minimum OCR value after
oligomycin A stimulation by the last basal OCR value. Lastly, maximal
respiration was calculated by dividing the maximal OCR value after
FCCPinjectionby the last basal OCR value. All parameters were multi-
plied by 100 and are shown as % of basal.

HFD

Rodent diet with 60 kcal% fat (Research Diets, D12492) or diet with
10 kcal% fat (Research Diets, D12450)) were administered to control
and 3-only mice 1 month post ablation, for 24 weeks. The diet was
changed every 2 days.

Metabolic cage (Labmaster)

Body mass composition was analysed before and after indirect calo-
rimetric experiment using an EchoMRI-700 (EchoMRI). Mice were
analysed for whole energy expenditure, oxygen consumption and
carbondioxide production, respiratory exchange rate (VCO,/V0O,), food
intake and spontaneous locomotor activity using calorimetric cages
(Labmaster, TSE Systems). Activity was recorded using aninfrared light
beam-based locomotion monitoring system (beam breaks per 15 min).
Spontaneous exercise activity was also recorded using running wheels
(Columbus) inside the metabolic cage. Mice were individually housed
and acclimated for 4 days before experimental measurements. Data
analysis was carried out with Excel using extracted raw values of the
last 5 days of VO, consumption, VCO, production (ml h™) and energy
expenditure (kcal h™). Subsequently, each value was normalized per
lean tissue mass extracted from the EchoMRI analysis.

Statistics and reproducibility

Statistical analyses were performed using Prism v.9.0 software,
applying Mann-Whitney two-sided tests or one-way ANOVA for com-
parison (nonsignificant, P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001;
P < (0.0001). Pvalues are described in the figure legends and Source
data tables. Significant statistical differences are indicated in the fig-
ures.More than three mice per condition and experiment were analysed
asindicatedinthe figure legends and Source datatables. Immunofluo-
rescence was performed more than once for each mouse with more
than four paraffin or cryosections per mouse. The RNA sequencing
experiment was performed once. pPCRs were performed using four to
tenindividual biological samples as indicated in figure legends; each
biological sample was runin triplicate.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mouse B-cell bulk RNA sequences generated in this study have been
depositedinthe NCBI GEO database (accession number GSE226479).
All sequencing data were uploaded to and aligned on the Galaxy pro-
ject80 against Ensembl reference genome GRCm38.p6 (release 100)
(https://www.ensembl.org/Mus_musculus/Info/Index). The 3-ID gene
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list generated in a previous publication’ (NCBI GEO database, acces-
sion number GSE150724) was used for analysis. The unfiltered list of
differentially expressed genes is provided as Supplementary Data.
Source datafor Figs.1-6 and Extended Data figures are provided with
this paperinthe Source datafiles; the availability of associated source
dataisindicated in each figure legend. Donor details for human sam-
plesareavailable inSupplementary Table 4. All data and materials used
areavailable from commercial sources as presented inthe Methods and
fromthe corresponding author onreasonable request. Source dataare
provided with this paper.

References

1. Roder, P. V., Wu, B., Liu, Y. & Han, W. Pancreatic regulation of
glucose homeostasis. Exp. Mol. Med. 48, €219 (2016).

2. Svendsen, B. et al. Insulin secretion depends on intra-islet
glucagon signaling. Cell Rep. 25, 1127-1134.e2 (2018).

3. Capozzi, M. E., D'Alessio, D. A. & Campbell, J. E. The past, present,
and future physiology and pharmacology of glucagon. Cell
Metab. 34,1654-1674 (2022).

4. Huising, M. O. et al. CRFR1is expressed on pancreatic 3 cells,
promotes B cell proliferation, and potentiates insulin secretion
in a glucose-dependent manner. Proc. Natl Acad. Sci. USA 107,
912-917 (2010).

5. Rodriguez-Diaz, R. et al. Alpha cells secrete acetylcholine as
a non-neuronal paracrine signal priming beta cell function in
humans. Nat. Med. 17, 888-892 (2011).

6. Strowski, M. Z., Parmar, R. M., Blake, A. D. & Schaeffer, J. M.
Somatostatin inhibits insulin and glucagon secretion via two
receptors subtypes: an in vitro study of pancreatic islets from
somatostatin receptor 2 knockout mice. Endocrinology 141,
111-117 (2000).

7. Aragdn, F. et al. Pancreatic polypeptide regulates glucagon
release through PPYR1 receptors expressed in mouse and human
alpha-cells. Biochim. Biophys. Acta 1850, 343-351(2015).

8. Khan, D., Vasu, S., Moffett, R. C., Irwin, N. & Flatt, P. R. Influence
of neuropeptide Y and pancreatic polypeptide on islet function
and beta-cell survival. Biochim. Biophys. Acta 1861, 749-758
(2017).

9. Thorel, F. et al. Conversion of adult pancreatic a-cells to (3-cells
after extreme (-cell loss. Nature 464, 1149-1154 (2010).

10. Chera, S. et al. Diabetes recovery by age-dependent conversion of
pancreatic &-cells into insulin producers. Nature 514, 503-507 (2014).

1. Damond, N. et al. Blockade of glucagon signaling prevents or
reverses diabetes onset only if residual 3-cells persist. eLife 5,
e13828 (2016).

12. Cigliola, V. et al. Pancreatic islet-autonomous insulin and
smoothened-mediated signalling modulate identity changes of
glucagon® a-cells. Nat. Cell Biol. 20, 1267-1277 (2018).

13. Furuyama, K. et al. Diabetes relief in mice by glucose-sensing
insulin-secreting human o-cells. Nature 567, 43-48 (2019).

14. Perez-Frances, M. et al. Pancreatic Ppy-expressing y-cells display
mixed phenotypic traits and the adaptive plasticity to engage
insulin production. Nat. Commun. 12, 4458 (2021).

15. Thorel, F. et al. Normal glucagon signaling and (3-cell function
after near-total a-cell ablation in adult mice. Diabetes 60,
2872-2882 (2011).

16. Kumar, U. & Singh, S. Role of somatostatin in the regulation of
central and peripheral factors of satiety and obesity. Int. J. Mol.
Sci. 21, 2568 (2020).

17.  Lukomska, A., Dobrzanski, G., Liguz-Lecznar, M. & Kossut, M.
Somatostatin receptors (SSTR1-5) on inhibitory interneurons in
the barrel cortex. Brain Struct. Funct. 225, 387-401(2020).

18. Scheggia, D. et al. Somatostatin interneurons in the prefrontal
cortex control affective state discrimination in mice. Nat.
Neurosci. 23, 47-60 (2020).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

Urban-Ciecko, J. & Barth, A. L. Somatostatin-expressing neurons
in cortical networks. Nat. Rev. Neurosci. 17, 401-409 (2016).
Traub, S. et al. Pancreatic o cell-derived glucagon-related
peptides are required for B cell adaptation and glucose
homeostasis. Cell Rep. 18, 3192-3203 (2017).

Tellez, K. et al. In vivo studies of glucagon secretion by human
islets transplanted in mice. Nat. Metab. 2, 547-557 (2020).
Marciniak, A. et al. Using pancreas tissue slices for in situ studies
of islet of Langerhans and acinar cell biology. Nat. Protoc. 9,
2809-2822 (2014).

Wortley, K. E. et al. Peptide YY regulates bone turnover in rodents.
Gastroenterology 133, 1534-1543 (2007).

Huang, J. L. et al. Paracrine signalling by pancreatic & cells determines
the glycaemic set point in mice. Nat. Metab. 6, 61-77 (2024).
Hauge-Evans, A. C. et al. Somatostatin secreted by islet 6-cells
fulfills multiple roles as a paracrine regulator of islet function.
Diabetes 58, 403-411 (2009).

Zhang, J., McKenna, L. B., Bogue, C. W. & Kaestner, K. H. The
diabetes gene Hhex maintains &-cell differentiation and islet
function. Genes Dev. 28, 829-834 (2014).

Yabe, D. & Seino, Y. Two incretin hormones GLP-1and GIP:
comparison of their actions in insulin secretion and 3 cell
preservation. Prog. Biophys. Mol. Biol. 107, 248-256 (2011).
Kjems, L. L., Holst, J. J., Valund, A. & Madsbad, S. The influence
of GLP-10on glucose-stimulated insulin secretion: effects on
3-cell sensitivity in type 2 and nondiabetic subjects. Diabetes 52,
380-386 (2003).

MacDonald, P. E. et al. The multiple actions of GLP-1 on the
process of glucose-stimulated insulin secretion. Diabetes 51,
S434-S442 (2002).

Holst, J. J. The physiology of glucagon-like peptide 1. Physiol. Rev.
87,1409-1439 (2007).

Holter, M. M., Saikia, M. & Cummings, B. P. Alpha-cell paracrine
signaling in the regulation of beta-cell insulin secretion. Front.
Endocrinol 13, 934775 (2022).

Zhang, F. et al. Recombinant human GLP-1 beinaglutide regulates
lipid metabolism of adipose tissues in diet-induced obese mice.
iScience 24,103382 (2021).

Liu, F. et al. The effects of glucagon-like peptide-1 receptor
agonists on adipose tissues in patients with type 2 diabetes:

a meta-analysis of randomised controlled trials. PLoS ONE 17,
0270899 (2022).

Jiang, Y. et al. GLP-1improves adipocyte insulin sensitivity
following induction of endoplasmic reticulum stress. Front.
Pharmacol. 9, 1168 (2018).

Wu, H. et al. The GLP-1 analogue exenatide improves hepatic and
muscle insulin sensitivity in diabetic rats: tracer studies in the
basal state and during hyperinsulinemic-euglycemic clamp.

J. Diabetes Res. 2014, 524517 (2014).

Qin, Y. et al. Liraglutide improves hepatic insulin resistance via the
canonical Wnt signaling pathway. Mol. Med. Rep. 17, 7372-7380
(2018).

de Souza, A. H. et al. Intra-islet GLP-1, but not CCK, is necessary
for B-cell function in mouse and human islets. Sci. Rep. 10, 2823
(2020).

Hodson, D. J. et al. Lipotoxicity disrupts incretin-regulated human
B cell connectivity. J. Clin. Invest. 123, 4182-4194 (2013).

Miranda, C., Begum, M., Vergari, E. & Briant, L. J. B. Gap junction
coupling and islet delta-cell function in health and disease.
Peptides 147, 170704 (2022).

Briant, L. J. B. et al. 8-cells and [3-cells are electrically coupled and
regulate a-cell activity via somatostatin. J. Physiol. 596, 197-215
(2018).

Meda, P. Gap junction proteins are key drivers of endocrine
function. Biochim. Biophys. Acta 1860, 124-140 (2018).

Nature Metabolism | Volume 6 | September 2024 | 1791-1806

1804


http://www.nature.com/natmetab
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150724

Article

https://doi.org/10.1038/s42255-024-01114-8

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

Lei, C. L. et al. Beta-cell hubs maintain Ca*" oscillations in human
and mouse islet simulations. Islets 10, 151-167 (2018).

Satin, L. S., Zhang, Q. & Rorsman, P. ‘Take me to your leader’:

an electrophysiological appraisal of the role of hub cells in
pancreatic islets. Diabetes 69, 830-836 (2020).

Ravier, M. A. et al. Loss of connexin36 channels alters 3-cell
coupling, islet synchronization of glucose-induced Ca* and
insulin oscillations, and basal insulin release. Diabetes 54,
1798-1807 (2005).

Seemann, N., Welling, A. & Rustenbeck, I. The inhibitor of
connexin Cx36 channels, mefloquine, inhibits voltage-dependent
Ca? channels and insulin secretion. Mol. Cell. Endocrinol. 472,
97-106 (2018).

Pipeleers, D. G. et al. Interplay of nutrients and hormones

in the regulation of insulin release. Endocrinology 117, 824-833
(1985).

Steiner, D. J., Kim, A., Miller, K. & Hara, M. Pancreatic islet
plasticity: interspecies comparison of islet architecture and
composition. Islets 2, 135-145 (2010).

Cabrera, O. et al. The unique cytoarchitecture of human
pancreatic islets has implications for islet cell function. Proc. Natl
Acad. Sci. USA 1083, 2334-2339 (2006).

Bosco, D. et al. Unigue arrangement of o- and 3-cells in human
islets of Langerhans. Diabetes 59, 1202-1210 (2010).

Dolensek, J., Rupnik, M. S. & Stozer, A. Structural similarities and
differences between the human and the mouse pancreas. Islets 7,
1024405 (2015).

Blum, B. et al. Functional beta-cell maturation is marked by an
increased glucose threshold and by expression of urocortin 3.
Nat. Biotechnol. 30, 261-264 (2012).

van der Meulen, T. et al. Urocortin3 mediates
somatostatin-dependent negative feedback control of insulin
secretion. Nat. Med. 21, 769-776 (2015).

Li, N. et al. Ablation of somatostatin cells leads to impaired
pancreatic islet function and neonatal death in rodents. Cell
Death Dis. 9, 682 (2018).

Huang, J. L. et al. Genetic deletion of Urocortin 3 does not prevent
functional maturation of beta cells. J. Endocrinol. 246, 69-78
(2020).

Herrera, P. L. et al. Ablation of islet endocrine cells by targeted
expression of hormone-promoter-driven toxigenes. Proc. Natl
Acad. Sci. USA 91, 12999-13003 (1994).

Perez-Frances, M. et al. Adult pancreatic islet endocrine cells
emerge as fetal hormone-expressing cells. Cell Rep. 38, 110377
(2022).

Vuguin, P. M. et al. Ablation of the glucagon receptor gene
increases fetal lethality and produces alterations in islet
development and maturation. Endocrinology 147, 3995-4006
(2006).

Cho, Y. M., Merchant, C. E. & Kieffer, T. J. Targeting the glucagon
receptor family for diabetes and obesity therapy. Pharmacol. Ther.
135, 247-278 (2012).

Wang, M. Y. et al. Glucagon receptor antibody completely
suppresses type 1diabetes phenotype without insulin by
disrupting a novel diabetogenic pathway. Proc. Natl Acad. Sci.
USA 112, 2503-2508 (2015).

Klempel, N., Thomas, K., Conlon, J. M., Flatt, P. R. & Irwin, N.
Alpha-cells and therapy of diabetes: Inhibition, antagonism or
death? Peptides 157, 170877 (2022).

Brissova, M. et al. a Cell function and gene expression are
compromised in type 1 diabetes. Cell Rep. 22, 2667-2676
(2018).

Doliba, N. M. et al. a Cell dysfunction in islets from nondiabetic,
glutamic acid decarboxylase autoantibody-positive individuals.
J. Clin. Invest. 132, €156243 (2022).

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Bosi, E., Marchetti, P., Rutter, G. A. & Eizirik, D. L. Human alpha
cell transcriptomic signatures of types 1 and 2 diabetes highlight
disease-specific dysfunction pathways. iScience 25, 105056
(2022).

Brown, R. J., Sinaii, N. & Rother, K. I. Too much glucagon, too little
insulin: time course of pancreatic islet dysfunction in new-onset
type 1diabetes. Diabetes Care 31, 1403-1404 (2008).

Kramer, C. K., Borgofio, C. A., Van Nostrand, P., Retnakaran, R.

& Zinman, B. Glucagon response to oral glucose challenge in
type 1diabetes: lack of impact of euglycemia. Diabetes Care 37,
1076-1082 (2014).

Shabh, P. et al. Lack of suppression of glucagon contributes to
postprandial hyperglycemia in subjects with type 2 diabetes
mellitus. J. Clin. Endocrinol. Metab. 85, 4053-4059

(2000).

Petersen, K. F. & Sullivan, J. T. Effects of a novel glucagon
receptor antagonist (Bay 27-9955) on glucagon-stimulated
glucose production in humans. Diabetologia 44, 2018-2024
(2001).

Bengtsen, M. B. et al. A human randomized controlled trial
comparing metabolic responses to single and repeated
hypoglycemia in type 1 diabetes. J. Clin. Endocrinol. Metab. 105,
e4699-e4711(2020).

Siafarikas, A. et al. Early loss of the glucagon response to
hypoglycemia in adolescents with type 1 diabetes. Diabetes Care
35, 1757-1762 (2012).

Yue, J. T. et al. Somatostatin receptor type 2 antagonism improves
glucagon and corticosterone counterregulatory responses to
hypoglycemia in streptozotocin-induced diabetic rats. Diabetes
61, 197-207 (2012).

Karimian, N. et al. Somatostatin receptor type 2 antagonism
improves glucagon counterregulation in biobreeding diabetic
rats. Diabetes 62, 2968-2977 (2013).

Arrojo, E. D. R. et al. Structural basis for delta cell paracrine
regulation in pancreatic islets. Nat. Commun. 10, 3700 (2019).
Rorsman, P. & Huising, M. O. The somatostatin-secreting
pancreatic d-cell in health and disease. Nat. Rev. Endocrinol. 14,
404-414 (2018).

Oropeza, D. & Herrera, P. L. Glucagon-producing o-cell
transcriptional identity and reprogramming towards insulin
production. Trends Cell Biol. 34, 180-197 (2024).

Wang, X., Gao, M., Wang, Y. & Zhang, Y. The progress of
pluripotent stem cell-derived pancreatic -cells regeneration for
diabetic therapy. Front. Endocrinol. 13, 927324 (2022).

Pagliuca, F. W. & Melton, D. A. How to make a functional B-cell.
Development 140, 2472-2483 (2013).

Cigliola, V., Ghila, L., Chera, S. & Herrera, P. L. Tissue repair brakes:
a common paradigm in the biology of regeneration. Stem Cells
38, 330-339 (2020).

Chera, S. & Herrera, P. L. Regeneration of pancreatic
insulin-producing cells by in situ adaptive cell conversion. Curr.
Opin. Genet. Dev. 40, 1-10 (2016).

van Gurp, L. et al. Generation of human islet cell type-specific
identity genesets. Nat. Commun. 13, 2020 (2022).

Afgan, E. et al. The Galaxy platform for accessible, reproducible
and collaborative biomedical analyses: 2016 update. Nucleic
Acids Res. 44, W3-W10 (2016).

Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics 29, 15-21(2013).

Anders, S., Pyl, P. T. & Huber, W. HTSeg—a Python framework to
work with high-throughput sequencing data. Bioinformatics 31,
166-169 (2015).

Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

Nature Metabolism | Volume 6 | September 2024 | 1791-1806

1805


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01114-8

84. Anderson, J. G. et al. Enhanced insulin sensitivity in skeletal
muscle and liver by physiological overexpression of SIRT6. Mol.
Metab. 4, 846-856 (2015).

85. Cobhrs, C. M. et al. Vessel network architecture of adult
human islets promotes distinct cell-cell interactions in situ
and is altered after transplantation. Endocrinology 158, 1373-1385
(2017).

86. Taddeo, E. P. et al. Individual islet respirometry reveals functional
diversity within the islet population of mice and human donors.
Mol. Metab. 16, 150-159 (2018).

Acknowledgements

We thank G. Gallardo, C. Gysler and B. Polat for technical help,

S. Chera for the scientific discussions, J.-P. Aubry-Lachainaye and

G. Schneiter for FACS assistance, M. Docquier for RNA sequencing
advice and C. Veyrat-Durebex and F. Bontems for physiological and
metabolic advice and support. Human pancreatic islets isolated

from deceased (brain-dead) multiorgan donors were obtained

from three different centres: (1) the NIDDK-funded integrated Islet
Distribution Program (IIDP) at City of Hope (RRID: SCR_014387),
National Institutes of Health grant no. 2UC4DK098085; (2) the Alberta
Diabetes Institute IsletCore at the University of Alberta in Edmonton
(http://www.bcell.org/adi-isletcore.html) with the assistance of the
Human Organ Procurement and Exchange (HOPE) program, Trillium
Gift of Life Network (TGLN) and other Canadian organ procurement
organizations (islet isolation was approved by the Human Research
Ethics Board at the University of Alberta (Pro00013094)); and (3) the
Geneva University Hospital (CCER protocol 2016-01979; Laboratoire
d’Isolement et de Transplantation Cellulaires, Dépt. de Chirugie), with
approved islet use according to CCER protocol 2019-00518. This work
was funded with grants from the Swiss National Science Foundation
(nos. 310030_192496, 310030E_205640 and 320030 _227816), the
European Research Council (no. 884449; ‘Merlin’ Advanced Grant)
and the Fondation Aclon to P.L.H., and the JST FOREST Program
(#JPMJFR210Y) to K.F. The funders had no role in study design, data
collection and analysis, decision to publish or preparation of the
manuscript.

Author contributions

M.P.F. conceived and performed the experiments and analyses
and wrote the paper. E.BT. conceived and performed the human
islet experiments and analysis and wrote the paper. C.C. and S.S.
performed the dynamic insulin secretion experiments. MV.A.
developed and bred the non-B-DTR mouse line. L.v.G. analysed the
transcriptomic data. K.F. conceived the human islet experiments.

FT.and P.L.H. generated the non-B3-DTR mouse line, conceived the
experiments, interpreted the observations and wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s42255-024-01114-8.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s42255-024-01114-8.

Correspondence and requests for materials should be addressed to
Pedro L. Herrera.

Peer review information Nature Metabolism thanks Gordon Weir

and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. Primary Handling Editors: Revati Dewal and
Isabella Samuelson, in collaboration with the Nature Metabolism team.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share
adapted material derived from this article or parts of it. The images

or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit

line to the material. If materialis not included in the article’s Creative
Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Nature Metabolism | Volume 6 | September 2024 | 1791-1806

1806


http://www.nature.com/natmetab
http://www.bcell.org/adi-isletcore.html
https://doi.org/10.1038/s42255-024-01114-8
https://doi.org/10.1038/s42255-024-01114-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/

Article

https://doi.org/10.1038/s42255-024-01114-8

a.

e
5

Ctrl

DT

b. C.
ns
40~ e Citrl
s * % £ 400q
-  — L4 DT 3 L4
[8] 30— [
[ L4 []
N~ * (& 300 e
- D 0 L]
L S = ®
2 S 204 % > g o[®
35 ﬁ £ 5 2007
S 3 o<
. o® =
g 10 S 100-
1 1
o [T}
= g
04 T o 0-
GCG+ SST+ PPY+ ctrl DT
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Extended Data Fig. 2| Somatostatin-producing intestinal D-cell ablation
and regeneration in -only mice. a, Body weight over 40weeks on Ctrl (black,
n=6)andDT (red, n = 6) mice in random fed (RF, continuous line) and fasting
(F, dashed line). Right panel: Area under the curve (AUC). P-values (DTvsCtrl):
RF P=0.3312, FP=0.3939.b, Body compositionin Ctrl (black, n =8) and DT
(red, n=8) mice. P-values CtrlvsDT: Leanmass P = 0.7209, Fat mass P = 0.083.c,
Immunofluorescence on SST (red) in stomach (upper micrographs) and GLP-1
(red) in colon (lower micrographs) from Ctrl or 3-only mice. Scale bar: 20 pm
or 10 um (insets). d, Duodenum qPCR of Sst of Ctrl (black, n = 4) and -only
miceat7 dpa(pink,n=7),15dpa (lightred,n=7),and 30 dpa (red, n = 6). Data
are normalized ct values relative to $-actin and Gapdh and shown as relative
hormone expression to Ctrl. P-values: 7 dpa vs Ctrl P = 0.0061, 15 dpa vs Ctrl
P=0.0606,30 dpavs Ctrl P =>0.999. e, Plasma somatostatin in Ctrl (n = 16)
and B-only after 15 dpa (pink, n = 8) and 30 dpa (red, n = 8). P-values: 15 dpavs

CtrlP=0.0016,30 dpavs Ctrl P=0.1090, 30 dpavs 15 dpa P = 0.0468.f, Brain
qPCRon Sst of Ctrl (black, n =4) and -only (red, n = 6). Data are normalized ct
values relative to 3-actin and Gapdh and shown as relative hormone expression
to Ctrl. P-values Ctrl vs DT: P = 0.0095. g, Brain somatostatin of Ctrl (n = 8) and
B-only (n=7).P-values: DT vs Ctrl P = 0.0128. h-j, Food intake (h; gr/gr), total
movement (i; counts, infrared breaks in 15 minutes) and running wheel activity (j)
inCtrl (black, n=9) and DT (red, n = 7). Right panel: AUC. Food intake (h) P-value
(CtrlvsDT): light period P = 0.2523; dark period P = 0.6065; 24 h P = 0.4079. Total
movement (i) P-value (CtrlvsDT): light period P = 0.2105; dark period P = 0.8371;
24 hperiod P = 0.7577. Running wheel (j) P-value (CtrlvsDT): light period
P=>0.99; dark period P = 0.9182; 24 h period P = > 0.99. Only male mice were
used. All data are shown as mean + sem. All statistical tests are two-tailed Mann-
Whitney test. Source datais available.
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Extended Data Fig. 3| Improved blood glucose homeostasis in female B-only
mice. a. Glycemia over 40 weeks post-ablation of Ctrl (black; n =9) and DT (red;

n =10) female mice in random-fed (RF, continuous line) or fasting (F, dashed line).

Right panel: area under the curve (AUC) of glycemia. P-values (DT vs Ctrl): RF
P=0.0038; FP=0.067.b.Body weight over 40 weeks post-ablation of Ctrl (black;
n=9)and DT (red; n =10) female mice in RF (continuous line) or F (dashed line).
Right panel: AUC of body weight. P-values DT vs Ctrl: RF P = 0.468; F P = 0.2013.
c.Intraperitoneal glucose tolerance test (ipGTT) at 4wpa. Left panel:ipGTT on
Ctrl (black; n=17) and DT (red; n =18). Right panel: AUC of ipGTT; P-value (Ctrl

vs DT) P=0.3142.d. Plasmainsulin along ipGTT. Left panel: plasmainsulin at 0
and 15 minutes after glucose injection in Ctrl (black; n =12) and DT (red; n=7)

mice. Right panel: stimulation index (S.I.) of insulin secretion. P-value (Ctrl vs
DT) P =0.0646.e. Oral glucose tolerance test (0GTT) at 30 dpa. Left panel: oGTT
on Ctrl (black; n=10) and DT (red; n = 7). Right panel: AUC of oGTT. P-value
(Ctrlvs DT) = 0.0431. f. Plasma insulin along oGTT. Left panel: plasma insulin at
0 and 10 minutes after glucose gavage in Ctrl (black; n=10) and DT (red; n=6)
mice. Right panel: stimulationindex (S.1.) of insulin secretion. P-value Ctrl vs DT
P =0.2424.g.Insulin tolerance test (ITT) at 30 dpa. Left panel: ITT on Ctrl (black;
n=28)andDT (red; n=7) mice. Data are shown as % relative to glycemia at time O.
Right panel: AUC of ITT. P-value Ctrl vs DT P = 0.0093. Error bars denote s.e.m.
Two-tailed Mann-Whitney test. Source datais available.
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Extended Data Fig. 4 | Blood glucose homeostasis in mice without
somatostatin-expressing &-cells. a, Pancreas immunofluorescence from
control (Ctrl) or 6-cell ablated mice. INS: red; SST: green. Scale bars: 20 pm. b.
Quantification of SST+ cells per islet section in Ctrl (black, n=3) or DT (red, n=3)
mice (dorsal pancreas). P-values CtrlvsDT P = 0.0007. ¢, Plasma somatostatin
(ng/ml)in Ctrl (black, n=11) and DT (red, n = 8). P-values CtrlvsDT: P = 0.0157.

d, Glycemia of Ctrl (black, n = 6) and DT (red, n = 6) in RF (continuous line) or F
(dashed line). Right panel: area under the curve (AUC). P-values: RF DTvsCtrl

P =0.0043; F DTvsCtrl P = 0.8182. e, Body weight change (% from day 0) of Ctrl
(black, n=6) and DT (red, n = 6) in random-fed. Right panel: AUC. P-values: RF
DTvsCtrl P = 0.0043.f, Intraperitoneal glucose tolerance test (ipGTT) on Ctrl
(black, n=9) and DT (red, n =10). Right panel: AUC; P-value CtrlvsDT P = 0.0279.

g, Plasmainsulin at 0 and 15 minutes after glucose in Ctrl (black, n =8) and DT
(red, n=10). P-value Ctrl (0’ vs 15’) = 0.0140; DT (0’ vs 15’) = 0.0015. h, Insulin
tolerance test (ITT) on Ctrl (black, n=9) and DT (red, n=10). Data are shown

as % relative to glycemia at time 0. Right panel: AUC; P-value CtrlvsDT=0.0789.
i, Oral glucose tolerance test (0GTT) on Ctrl (black, n=8) and DT (red, n =10).
Right panel: AUC; P-value (CtrlvsDT) = 0.0055.j, Plasmainsulin at O and

10 minutes after glucose in Ctrl (black, n =7) and DT (red, n =10). P-value Ctrl (0’
vs10’) =0.0041; DT (0’ vs 10’) = 0.0011. Right panel: stimulation index (S.1.) of
insulin; P-value (CtrlvsDT)=0.9623.k, Plasma GLP-1along oGTT in Ctrl (black,
n=9)andDT (red, n=9). P-value (CtrlvsDT)=0.0056. Only male mice were used.
Data are shown as mean + sem. Statistical tests are two-tailed Mann-Whitney.
Source datais available.
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tissuein Ctrl (black, n=7) and DT (red, n = 6) mice. P-values (Ctrl vs DT): Brown
Adipose Tissue (BAT) P = 0.073; subcutaneous White Adipose Tissue (SWAT)

P =0.008; inguinal White Adipose Tissue (iWAT) P = 0.005. Insulin clamp and 2DG
uptake were obtained from the same mice. Only male mice were used. All data
areshownas mean + sem. All statistical tests are two-tailed Mann-Whitney test.
Source datais available.
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Extended Data Fig. 6 | High-fat diet administration to -only mice. a, Food
intake (gr) of Ctrl+Chow (grey, n = 6), Ctrl+HFD (black, n = 5), DT+Chow (pink,
n=4),DT +HFD (red, n = 6) over the last 4-weeks of high-fat diet (HFD). Right
panel: area under the curve (AUC). P-values: Ctrl+chow vs Ctrl+HFD P = 0.7922,
Ctrl+chow vs DT+chow P =0.4762, Ctrl+chow vs DT + HFD P = 0.0649, Ctrl+HFD
vs DT+chow P=0.9048, Ctrl+HFD vs DT + HFD P = 0.6623; DT+chow vs DT + HFD
P =0.4762.b,Random fed glycemia of Ctrl+Chow (grey, n =10), Ctrl+HFD (black,
n=10), DT+Chow (pink,n=8), DT + HFD (red, n = 11) over 24 weeks of HFD. Right
panel: AUC. P-values: Ctrl+chow vs Ctrl+HFD P < 0.62, Ctrl+chow vs DT+chow

P =0.12, Ctrl+chow vs DT + HFD P = 0.13, Ctrl+HFD vs DT+chow P = 0.03, Ctrl+HFD
vs DT + HFD P = 0.04; DT+chow vs DT + HFD P = 0.97. ¢, Intraperitoneal glucose
tolerance test (ipGTT) 24-weeks after HFD of Ctrl+chow (grey, n =10), Ctrl+HFD

(black, n=10), DT+chow (pink, n=8), DT + HFD (red, n =11). Right panel: AUC.
P-values: Ctrl+chow vs Ctrl+HFD P = 0.0073, Ctrl+chow vs DT+chow P = 0.0.0038,
Ctrl+chow vs DT + HFD P = 0.9404, Ctrl+HFD vs DT+chow P < 0.0001, Ctrl+HFD vs
DT +HFD P =0.0012; DT+chow vs DT + HFD P = 0.0129.d, Plasma insulin release
at 0 and 15 minutes after glucose injection in Ctrl+chow (grey, n = 9), Ctrl+HFD
(black, n=10), DT+chow (pink, n=8), DT + HFD (red, n = 11). P-values: Ctrl+Chow
(0’vs15’) P=0.0039; Ctrl+HFD (0’vs15’) P = 0.0355; DT+Chow (0’vs15’) P = 0.0281;
DT +HFD (0’vs15’) P =0.0192. Ctrl+HFD vs DT + HFD at 0’ P = 0.0357; Ctrl+HFD

vs DT+Chow at 15’ P =0.0044; Ctrl+HFD vs DT + HFD at 15’ P = 0.0101. Only male
mice were used. All data are shown as mean + sem. All statistical tests are two-
tailed Mann-Whitney test. Source data s available.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Improved glucose homeostasis after the specific
ablation of the pancreatic «-, §-, and y-cells. a. Immunofluorescence from
control (Ctrl, left panel), mice injected with 120 ng of DT (middle panel) or 5 ng
of DT (right panel). Top row: Brain somatostatin (green). Mid row: islet insulin
(red), glucagon, somatostatin or Ppy (green). Bottom row: stomach somatostatin
(green). Scale bars: 20 pm or 10 pm (insets). b. Brain qPCR on SST in Ctrl (black;
n=6)and120ngDT (grey; n = 3) or 5ngDT (red; n = 5). Data are normalized
ctvalues relative to B-actin and Gapdh. P-values: Ctrlvs5ngDT P = 0.6623,
Ctrlvs120ngDT P = 0.0238, SngDTvs120ngDT P = 0.0357. ¢. Quantification of
pancreatic GCG+, SST+, and PPY+ cellsin Ctrl (black; n = 5),120ngDT (grey; n = 4)
or 5ngDT (red; n = 4). P-values: GCG+ CtrlvsSngDT P < 0.0001, Ctrlvs120ngDT

P <0.0001, 5ngDTvs120ngDT P = 0.5783.SST+ Ctrlvs5ngDT P = 0.0001,
Ctrlvs120ngDT P < 0.0001, 5ngDTvs120ngDT P = 0.9852. PPY+ Ctrlvs5ngDT

P <0.0001, Ctrlvs120ngDT P < 0.0001, 5ngDTvs120ngDT P = 0.9964. d.
Stomach qPCRon SSTin Ctrl (black; n =14) and 120ngDT (grey; n = 4) or

5ngDT (red; n=4). Dataare normalized ct values relative to 3-actin and Gapdh.
P-values: Ctrlvs5ngDT at 15 dpa P = 0.0013; Ctrlvs5ngDT at 30 dpa P = 0.7209;

Ctrlvs120ngDT at 15 dpa P = 0.0006; Ctrlvs120ngDT at 30 dpa P = 0.0676;

5ngDT 15dpavs30dpa P = 0.0286;120ngDT 15dpavs30dpa P = 0.0043. e-f.
Glycemia (e) and body weight (f, % of change) of Ctrl (black; n =12),120ngDT
(grey; n=7) or 5ngDT (red; n = 8). Small panel: area under the curve (AUC).
P-values: Glycemia Ctrlvs5ngDT P = 0.0017; Ctrlvs120ngDT P < 0.0001;
5ngDTvs120ngDT P = 0.003. Body weight Ctrlvs5ngDT P = 0.1196; Ctrlvs120ngDT
P <0.0001; 5ngDTvs120ngDT P = 0.003. g. Oral glucose tolerance test (0GTT)

in Ctrl (black; n =14),120ngDT (grey; n=10) or 5ngDT (red; n = 8). P-values:
CtrlvsSngDT P = 0.0003; Ctrlvs120ngDT P < 0.0001; 5ngDTvs120ngDT P = 0.4215.
h. Stimulation index (S.1.) of insulinin Ctrl (black; n =12),120ngDT (grey;

n=10) or 5ngDT (red; n = 8). P-values Ctrlvs5ngDT P = 0.0011; Ctrlvs120ngDT

P =0.0206; 5ngDTvs120ngDT P = 0.2844.1i. Insulin tolerance test (ITT) in Ctrl
(black; n=14),120ngDT (grey; n = 9) or 5ngDT (red; n = 8). Data are shown as %
relative to glycemia at time 0. Right panel: AUC. P-values Ctrlvs5ngDT P = 0.0072;
Ctrlvs120ngDT P = 0.0005; 5ngDTvs120ngDT P = 0.7979.j. Graphical summary.
Only male mice were used. Error bars denote s.e.m. Two-way ANOVA and two-
tailed Mann-Whitney test are used. Source datais available.
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Extended Data Fig. 8 | Ex vivo dynamic insulin secretion in pancreatic slices
andisolated islets. a, Pancreatic insulin content (ng) of slices from control (Ctrl,
black, n=5) and DT (red, n = 3). P-value CtrlvsDT=0.250.b, Area under the curve
(AUC) of the first phase (grey area, 14- and 24-minutes) and second phase (dashed
grey area, 30- and 58-minutes). P-values (CtrlvsDT): first phase P = 0.393; second
phase P =>0.999. c-d, Islet equivalent count (IEQ, c) and ratio insulin content
(ng) and IEQ count (d) of Ctrl (black, n=9) and DT (red, n = 8). P-value: IEQ count
(CtrlvsDT) P =0.2359; ratio insulin content and IEQ (CtrlvsDT) P = 0.743. e, AUC
of first phase (P-value CtrlvsDT P = 0.393) and second phase (P-value CtrlvsDT
P=>0.999) of insulin secretion inisolated islets of Ctrl (black; n=9) and DT (red;
n=8) mice. f, Total insulin content (ng) of isolated islets from Ctrl (black, n=7)
and DT (red, n =10) mice with or without Exendin-4 (Ex-4). P-value without Ex-4

CtrlvsDT P = 0.601; P-value with Ex-4 CtrlvsDT P = 0.3031. g-h. Islet respirometry
parameters. g. Glucose-stimulated OCR (dashed lined column), proton leak and
maximal respiration (grey column) inislets from Ctrl (black, n = 8) and DT (red,
n=7) mice. P-values (CtrlvsDT): Glucose-stimulated OCR P = 0.3285; Proton leak
P =0.2046; Maximal respiration P = 0.999. h. Basal respiration measured at 3 mM
glucose from Ctrl (black, n=8) and DT (red, n = 7). 2-4 wells/mice, 8-10 islets/
well. P-values Ctrl vs DT P = 0.281.1i. Total insulin content of islets from Ctrl (black,
n=_8)andDT (red, n =7) after OCR measurements. P-values CtrlvsDT P = 0.3357.
Each data point (g-i) represents the average values per mouse. Only male mice
were used. All data are shown as mean + sem. All statistical tests are two-tailed
Mann-Whitney test. Source datais available.
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Extended Data Fig. 9 | Transcriptomic analysis of B-cells isolated from
control and B-only mice. a, Experimental design. b, Representative gating
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condition analyzed based on B-ID genes expression. g, Expression levels of key
identity (top panel) and functional (bottom panel) B-cell genes during fasting in
controls and DT-treated mice after 8-hour fasting or 2-refeeding. P-values for all
genes and conditions are non significant (P > 0.05). Only male mice were used.
Data are shown as mean + sd. All statistical tests are two-tailed Mann-Whitney
test. Source datais available.
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Extended Data Fig. 10 | Stimulatory index and glucose-stimulated oxygen
consumption are maintained in human monotypic B-pseudoislets. a. FACS
strategy used to purify human B-cells. Representative plots of cells labelled with
the pan-endocrine marker HIC1-2B4, the non-f-cell endocrine marker H1C3-2D12
and the &-cell enriched marker CD9. b. Stimulation index of absolute insulin
secretion at 16.7 mM glucose in presence/absence of the GLP-1agonist Exendin-4
(Ex-4,50 nM) in pseudoislets composed by all cell types (Ctrl, black) and only
B-cells (red). Values are expressed as fold change to baseline values measured at
3 mMglucose (low glucose, LG). N =4 donors. c. Total insulin content of control
(black) and B-only pseudoislets (red) measured after stimulation at 16.7 mM
glucose (high glucose, HG). N =4 donors. P-values (Ctrl vs ): HG P = 0.9708,
HG+Ex4 P = 0.4343. P-values CtrIHG vs HG+Ex4 P = 0.8848. P-values B HG vs

B

HG+Ex4 P =0.9843. d-f. Pseudoislet respirometry parameters from Fig. 6e.N=3
independent donors. 2-5wells/condition/donor, 10 pseudoislets/well. Each data
point represents the well average per donor. d. Glucose-stimulated OCR (dashed
lined column), proton leak and maximal respiration (grey column) in control
(black) and monotypic B-pseudoislets. P-values (Ctrl vs ): Glucose-stimulated
OCRP=0.872; Proton leak P = 0.539; Maximal respiration P = 0.982. (red). e. Basal
respiration measured at 3 mM glucose before injections. P-values Ctrlvs 3 P = 0.4.
f. Total insulin content of control (Ctrl) and B-pseudoislets (red) after OCR
measurements. P-values Ctrlvs 3 P = 0.7. Both male and female human donors
were used. All data are shown as mean + sem. All statistical tests are two-tailed
Mann-Whitney test. Source datais available.
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Software and code

Policy information about availability of computer code

Data collection  Moflo Astrios (Beckman Coutler) system on Summit v6.2 (Beckman Coutler) software.
Seahorse XFe96 system on Seahorse Wave Controller Software 2.6 (Agilent)
Data collection was mainly performed using Microsoft Excel.

Data analysis Analysis of the FAC-sorting data was done on Kaluza Analysis v 2.0 (Beckman Coulter) software.
Analysis of islet respirometry was done on Wave Software 2.6.1 (Agilent).

For bluk RNA-seq, reverse transcription and cDNA amplification were performed using the SMARTer Ultra Low RNA kit (Clontech). cDNA
libraries were prepared using Nextera XT DNA Sample Preparation kit (Illumina) and sequenced on an lllumina HiSeq4000 platform with
single-end 100-bp. All sequencing data were uploaded to and aligned on the Galaxy project (PMID: 27137889) against Ensembl reference
genome GRCmM38.p6 (release 100) using STAR version 2.7.2b (PMID: 23104886) n 2-pass mapping mode. Aligned data were counted using
HTSeq version 0.9.1 (PMID: 25260700) in union mode. Analyses were performed in a pair-wise manner between the four conditions analyzed
using DESeq2 version 1.28.1 (PMID: 25516281). For each pairwise comparison, genes were discarded if they had fewer than 5 counts per
sample on average. After calculating differential expression between groups, log2 fold changes were shrunken using the normal estimator
(PMID: 25516281). Genes were considered to be differentially expressed if the absolute shrunken log2 fold changes were equal to or above 1,
and adjusted p-values were equal to or below 0.05.

Normalization and analysis of the gPCR data were done with the RT-PCR analysis_macro v1.1 (from the Genomic Platform, University of
Geneva) using two normalization genes (Gapdh and B-actin).




In all experiments cells were manually counted and considered positive for a marker when one nucleus was clearly surrounded by the
hormone.

Data analysis was performed using Microsoft Excel.

All statistical analyses were performed with GraphPad Prism v9.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The mouse B-cell bulk RNA-seq generated in this study have been deposited in the NCBI GEO database with the accession number GSE226479 (https://
www.ncbhi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226479). All sequencing data were uploaded to and aligned on the Galaxy project80 against Ensembl reference
genome GRCmM38.p6 (release 100) (https://www.ensembl.org/Mus_musculus/Info/Index). The unfiltered list of differentially expressed genes is provided as
Supplementary Information. The B-ID gene list generated by van Gurp et al. 2022 (NCBI GEO database with the accession number: GSE150724) was used for
analysis.

Source data for Figs. 1-6 and Extended Data Figures are provided with this paper in Source Data files, availability of associated source data is indicated in each figure
legend.

Donor details for human samples are available in Extended Data Supplementary Table 4.

All data and materials used are available from the authors or from commercially available sources. This data is available in the Methods section.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We did not discriminate in sex/gender for human islet experiments. All information about human donors are described in
Extended Data Table 4.

Reporting on race, ethnicity, or All information about human donors are described in Extended Data Table 4.
other socially relevant

groupings

Population characteristics All information about human donors are described in Extended Data Table 4.

Recruitment We did not recruit human participants. All human islet samples are isolated from cadaveric donors at isolation centers.
Ethics oversight All studies involving human samples were approved by ethical committee in University of Geneva.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size Sample size was chosen to ensure adequate power and to detect a pre-specified effect based on the available literature and protocols in the
field. Therefore, sample sizes are comparable with the ones used in the published literature in the field.
For multiple transgenics and human samples the numbers were also limited by the availability of the phenotype.
No statistical methods were used to predetermine sample size.

Data exclusions At the beginning of each experiment, mice must be (1) healthy, (2) normoglycemic, (4) bearing all the desired transgenes, (5) for age-matched
controls we prefered, when possible, litter mates. These exclusion criteria were pre-established.
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Replication All experiments were performed independently and replicated at least once; except for the human experiments, which could only be
performed once due to restricted number of material. All attempts at replication were successful.

Randomization  Inall mouse experiments, we randomly selected in each litter the experimental and control animals. Co-variates such as the health status of
the mice over the experimental design were considered for the data analysis. Mice were weekly controlled for body weight and glycemia.

In the experiments using human donor samples, sample selections were not randomized. Only non-diabetic human donors were selected.
Blinding Most of the experiments were performed blind. For some experiments (such as S961 treatment), blinding was not possible due to regular

control of the hyperglycemia in the treated animals.
In vitro experiments, investigators were blinded to group allocation during data collection and analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used The primary antibodies used were: guinea pig anti-insulin (1/400; DAKO, A0564), rabbit anti-insulin (1/3000; Molecular Probes,
701265), chicken anti-insulin (1:200; Abcam ab14042); rabbit anti-insulin (1:300, Cell signaling, 3014), mouse anti-glucagon (1/1000;
Sigma, G2654), rabbit anti-glucagon (1/200; DAKO, A0565), mouse anti-somatostatin (1/200; BCBC Ab1985), rabbit anti-somatostatin
(1/200; DAKO, A0566), rat anti-somatostatin (1:200; Merck Mab354), mouse anti-Ppy (1/400; Santa Cruz, MAB62971), goat anti-Ppy
(1/300; Novus Biologicals, NB 100-1793), goat anti-Glp1 (1:100; Santa Cruz sc-7782), rabbit andti-Ki67 (1:700, Epredia, RM-9106).
Sections were also stained with DAPI.
Secondary antibodies were coupled to Alexa fluorophores. Goat anti-rabbit Alexa 488 (1/500; Molecular Probes; 1070-03), donkey
anti-goat Alexa 568 1/500; Molecular Probes; A-11057), goat anti-guinea pig Alexa 647 (1/500; Molecular Probes; A-21450). Goat
anti-mouse TRITC (1/500; Southern Biotech, 1070-03) was also used.

Validation All antibodies used were validated by the respective commercial source for the application used in this manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Sst-DTR mice were generated under a C57BL/6 background. Then, these Sst-DTR mice were crossed with Gecg-DTR and Ppy-DTR mice,
with a mix background. All transgenic mice (non-beta-DTR mice) used in this study had a mixed background. 2-3 months old male and
female mice were used for all experiments. Except for long-term following of alpha, delta and gamma-cell ablated animals, which
were kept until one-year-old.

Wild animals No wild animals were used in this study.

Reporting on sex Most of the experiments were performed on male mice for simplicity in interpreting the results. However, females were also used to
confirm the main phenotype observed in the study.

Field-collected samples  No field-collected samples were used in this study.

Ethics oversight The study follows all ethical regulations regarding animal experimentation, all experiments were performed under the guidelines of
the Direction General de la Santé du Canton de Genéve (license numbers: GE/111/17, GE/121/17 and GE15820).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied:
Authentication Describe-any-authentication procedures foreach-seed stock-used-or-novelgenotype-generated-—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Mouse RNA-Seq analyses. Islet cells were obtained from one month after DT treatment of Glucagon-DTR; Somatostatin-DTR;
Ppy-DTR mice. Islet isolation and cell isolation by flow cytometry (FACS) were performed using previously described protocols
(Chera et al 2014).

Human islet cell sorting. Samples were obtained from isolated islets from cadaveric donors at isolation centers. Samples were
prepared using previously described protocols (Furuyama et al 2019)

Cell sorting using FACS were performed using a Moflo Astrios (Beckman Coutler) system.

Cell sorting was performed on Summit v 6.2 (Beckman Coulter) software. Kaluza Analysis v 2.0 (Beckman Coulter) software
was used for subsequent analysis.

For mouse experiments. For validation of the purity, small fractions of sorted cells were FACS-sorted again to confirm the
gating strategy.

For human experiments. For evaluation of cell purity, sorted islet cell fractions were immunostained for insulin, glucagon,
somatostatin and pancreatic polypeptide. Stained cells were examined with a confocal microscope (Leica TCS SPE).
Confirmation of the purity of beta-pseudoislets was performed for each donor by immunostaining and gPCR for each
hormone. Only batches with high purity (> 98%) were used in following experiments.

Single viable islet cells were gated by forward scatter, side scatter and pulse-width parameters and by negative staining for
DAPI (Life Technologies) or DRAQ7 (B25595, BD Biosciences) to remove doublets and dead cells.

In mice experiments, boundaries between positive and negative were very clear because of very high expression of reporter
proteins.

In human experiments, beta-cell population was gated on HIC1-2B4 and HIC3-2D12. The fraction was further purified based
on CD9 and FSC/SSC.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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