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Alpha cells dedifferentiate and then transdifferentiate into
delta cells during the progression of autoimmunity in
non-diabetic NOD mice.
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Abstract

The incidence of Type 1 diabetes (T1D) has increased in recent years. Although
extensive research has focused on immune damage to insulin-producing beta cells, the
pathophysiological effects on other endocrine cells within pancreatic islets remain less
well-documented. This study investigates the changes in the number and proportion of
alpha-, beta- and delta- cells, as well as hormone secretion, during the progression of
autoimmunity in non-diabetic non-obese diabetic (NOD) mice at different ages. Our
findings reveal significant heterogeneity in islet size, endocrine cell composition and
degree of immune infiltration. We propose a novel classification system for islet
subtypes based on this observed heterogeneity. Notably, we noticed an age-related
increase in delta cells in older non-diabetic NOD mice. Additionally, we observed an
increase in glucagon and somatostatin double-positive cells following immune cell
infiltration in non-diabetic mice. Our further analysis demonstrated that these
double-positive cells represent a transdifferentiation process from alpha cells to delta
cells, mediated by an alpha-cell dedifferentiation intermediate. Moreover, our results
indicated that the increased presence of delta cells and somatostatin in pancreatic
islets significantly inhibits alpha cell function during the progression of autoimmunity.
Thus, our findings provide valuable insights into the dynamic changes in alpha and

delta cells throughout the natural history of T1D.

Keywords: Alpha cell transdifferentiation; Delta cells; Islet heterogeneity; NOD mice;

Type 1 diabetes.
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New & Noteworthy:
The NOD mouse, is widely used as an T1D animal model. Although the mice have
the same genetic background, approximately 20% of female NOD mice do not
develop diabetes. In this study, we reveal that alpha cells dedifferentiate and then
transdifferentiate into delta cells during the progression of autoimmunity in
non-diabetic NOD mice. The increased delta cells secrete more somatostatin which
inhibits alpha cell secretion of glucagon, thereby potentially attenuating the increase

in blood glucose levels in these mice.
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1. Introduction

Type 1 diabetes (T1D) is an autoimmune disorder characterized by the
immune-mediated destruction of pancreatic beta cells, resulting in reduced insulin
secretion (1). To date, T1D treatment has predominantly centered on insulin therapy,
with numerous studies focusing on beta cell dysfunction. In addition to insufficient
insulin production, elevated circulating glucagon levels have been observed both
postprandially and at rest in individuals with T1D (2-4). However, a subset of
individuals with TI1D experience severe hypoglycemia following insulin
administration due to impaired glucagon responses (5). These observations suggest
that both insulin deficiency and dysregulation of glucagon release and function
contribute to the pathophysiology of T1D. While several studies have reported
changes in alpha cells in NOD mice, the findings regarding changes in alpha cell mass
remain controversial. Pechhold et al. observed a decrease in alpha cell mass in
diabetic NOD mice (6), whereas others have noted an increase (7, 8). These
discrepancies may arise from differences in the time points chosen for observation.

Regarding delta cells in NOD mice, both the proportion and mass of delta cells
increase during T1D progression (7, 9). This increase has also been observed in
individuals with T1D (10). Moreover, one previous study has documented an
approximately 30% increase in fasting circulating somatostatin levels in individuals
with T1D (11). In addition, delta cells secrete more somatostatin in inflammatory
environments and, in the absence of beta cells, inhibit alpha cell glucagon secretion
(12). Thus, although less frequently addressed in previous studies, delta cells may
play a significant functional role in T1D. However, the underlying mechanisms
driving this delta cell expansion remain unclear.

The non-obese diabetic (NOD) mouse, known for spontaneously developing
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TID, is widely used as an animal model of TID (13, 14). Female NOD mice begin
exhibiting symptoms of diabetes as early as 12 weeks of age, with increasing
incidence of hyperglycemia and T1D as they age, reaching a lifetime incidence of
approximately 80% (15). However, approximately 20% of female NOD mice do not
develop hyperglycemia before 35 weeks of age and are unlikely to progress to
diabetes, exhibiting distinct islet characteristics compared to other mice (16).

To gain a more comprehensive understanding of the dynamic changes in alpha
and delta cells during autoimmunity progression and the potential mechanisms driving
these changes in non-diabetic NOD mice, we conducted a quantitative analysis of
alpha, beta, and delta cells in the islets of non-diabetic NOD mice across six age
groups (5 to 32 weeks). Our results indicate that alpha cell mass remains relatively
stable, while delta cell mass increases during autoimmunity progression. Furthermore,
alpha-to-delta cell transdifferentiation appears to be the primary driver of delta cell
expansion in non-diabetic NOD. These newly increased delta cells, in turn, inhibit the

response of alpha cells to hypoglycemic stimuli.

2. Materials and Methods
2.1 Mice

NOD mice were bred and maintained at the Xiamen University Experimental
Animal Center. The animals were housed in individually-ventilated cages (< 5 mice
per cage) within a specific pathogen-free facility with a 12- hour light-dark cycle at a
temperature of 20-23 °C. They were provided with standard chow and water ad
libitum. By 32 weeks of age, the cumulative incidence of autoimmune diabetes in our
female NOD mice reaches 81% (Fig. S1). All experimental procedures were approved
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by the Animal Care and Use Committee of Xiamen University (Protocol No.

XMULAC20220141).

2.2 Blood glucose monitoring

Female NOD mice were monitored weekly for glycosuria from 8 weeks of age.
Upon detection of positive glycosuria using a blood glucose meter (Yuwell, China),
diabetes was diagnosed when blood glucose levels exceeded 13.9 mmol/L (1),
confirmed by a second measurement. Diabetic mice were euthanized via cervical
dislocation on the same day of diagnosis, and pancreatic tissue samples were collected.

The incidence of diabetes in our NOD mouse colony is illustrated in figure S1.

2.3 Pancreatic histological preparation and immunofluorescence staining

Whole pancreata were fixed in 4% paraformaldehyde. After infusion with 10%
and 20% sucrose at 4°C, the tissues were embedded in OCT compound, snap-frozen
and stored at -80°C as previously described (17). Frozen sections were processed
according to a standard protocol (18). Briefly, 6 um-thick sections were incubated
with primary antibodies overnight at 4°C, followed by incubation with secondary
antibody for 2 hours at room temperature (RT). Images were captured using a Leica
SP8 confocal microscope (Leica, Germany), and quantification was performed using
Imagel software (National Institutes of Health). Confocal images were first converted
to 8-bit format and split into individual color channels. For each channel, thresholds
were set using the “Auto Threshold” function to minimize background and normalize

signal intensity across samples. Co-localization was assessed using the “Image
Calculator” function with the “AND” operation to generate a mask of overlapping

signals. Cells exhibiting overlapping signals for both glucagon and somatostatin were
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defined as alpha-delta double-positive cells.

Primary antibodies used included: guinea pig anti-insulin (DAKO, A0564),
rabbit anti-glucagon (Abcam, ab92517), mouse anti-glucagon (Sigma-Aldrich,
G2654), rat anti-somatostatin (Abcam, ab30788), rat anti-somatostatin (Thermo
Fisher Scientific, MA5-16987), mouse anti-CD45 (Abcam, ab33923), mouse
anti-neurogenin3 (BD Biosciences, 610790), mouse anti-neurogenin3 (Santa Cruz
Biotechnology, Sc-374442), mouse anti-Sox9 (Proteintech Group, 67439-1-1g), rabbit
anti-Aldhla3 (Novus Biologicals, NBP2-15339), rabbit anti-Nkx6.1 (Abcam,

ab221549), and rabbit anti-Ki67 (Abcam, Ab15580).

2.4 Pancreatic islet isolation

The isolation of islet was performed as previously described (19). Following
euthanasia of mice, a buffer containing Img/mL type IV collagenase (Gibco,
17104019) was injected into the common bile duct. The pancreata were dissected and
incubated in a 37°C water bath for 10 minutes, then gently shaken for approximately 5
minutes until complete digestion. The tissue was resuspended, and islets were purified
by density gradient centrifugation (Sigma, 10771). Individual islets were hand-picked
under a dissecting microscope and cultured in 4mL RPMI 1640 medium (Gibco,
C11875500) containing 10% FBS and 1% penicillin/streptomycin in a 37°C incubator.
The purity of islet was assessed by dithizone solution, and the isolated islets with

purity up than 90% were used for experiments (Fig. S2).

2.5 Measurement of islet hormone content
Islets from three mice of each age group were pooled. Five islets from each
group were randomly selected and placed in 1.5mL centrifuge tubes. Pre-prepared
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159  acidified ethanol (50 mL of 75% ethanol with 750 pL of concentrated hydrochloric
160 acid) was added to each tube. Islets were homogenized and slowly shaken overnight
161  at 4°C. Samples were then centrifuged at 4000 rpm for 30 minutes at 4°C, and the
162  supernatant was collected and diluted 100-500 times for measurement of insulin,
163  glucagon and somatostatin by ELISA (Meimian, China) according to the
164  manufacturer’s instructions.

165

166 2.6 Measurement of islet hormone secretion

167 Islets from three non-diabetic NOD mice in each age group were pooled and 20
168  islets from each group were randomly selected and cultured in 96-well plates either
169  with or without the somatostatin receptor 2 inhibitor, 10nM DOTA-JR11, in RPMI
170 1640 medium. Hormone content in the supernatant was measured after culture for 2
171 hours and 24 hours, respectively.

172

173 2.7 Calcium imaging and quantification of cytosolic Ca’" content

174 Islets from each group were incubated with 5pM Fluo-4 AM (Invitrogen, F14201)
175  for 1 hour in KRBH solution, supplemented with 6 mM glucose and 0.1% BSA, at 37°C
176  in the dark. The islets were then transferred to a buffer solution containing 20mM
177  glucose and incubated at 37°C in the dark for 30 minutes before being plated in an
178  imaging chamber for confocal microscopy on a Leica SP8 system. Time series images
179  were acquired every 10 s (XYZT imaging, stack of 10 confocal images). Alpha cells
180  were identified by their response to stimulation with 10 uM adrenaline. To visualize
181  intracellular Ca*" fluctuations, the average Fluo-4 AM fluorescence intensity per
182  frame was measured using Leica Application Suite X (V2.0.1). Fluorescence intensity
183  was displayed as the ratio of the original fluorescence intensity (F) to the initial

8
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fluorescence intensity value (F0) (F/F0). The baseline (F0) of each group was defined

as the average fluorescence intensity before stimulation with 1mM glucose.

2.8 DOTA-JR11 injection and tail-tip blood sampling

DOTA-JR11 was freshly prepared in sterile saline under light-protected conditions
and administered via intraperitoneal injection (100 pL, 10 mg/kg) to five 18-week-old
non-diabetic female NOD mice. Another five age- and cage-matched non-diabetic
female NOD mice received an equal volume of sterile saline. Three hours
post-injection, all mice were fasted. Starting from the time of intraperitoneal injection,
tail-tip blood samples were collected every 6 hours thereafter. Blood volume collected
at each time point did not exceed 30 pL. Part of the blood was immediately used for
glucose measurement, while the remaining serum was collected and stored at —80°C

for subsequent glucagon analysis.

2.9 Single cell sequencing data analysis

We utilized published single-cell sequencing data from GSE117770 (20), which
reported single-cell sequencing of 8-, 14-, and 16-week-old non-diabetic NOD mice.
The detail information about the single-cell sequencing, including sequencing
platform, read depth, cell numbers per sample, mouse strain (pure NOD), and original
data processing pipelines are described in the original publication (20). We
re-analyzed these single-cell sequencing data, the quality filtering was performed
using multiple filtering criteria including excluding cells with 25% of mitochondrial
gene expression, cells fewer than 200 genes expressed, or cells with more than 8000
genes expressed. Remaining cells were normalized using the NormalizeData function
with the LogNormalize method, and highly variable genes were identified using

9
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FindVariableFeatures. Unsupervised analysis was carried out using principal
component analysis (PCA) via the RunPCA function to identify principal
components.The top principal components (PCs) were used for cell clustering. Cells
with similar transcriptome profiles were clustered into 26 cell clusters corresponding
to 10 cell types, including beta cells, alpha cells, delta cells, PP cells, acinar cells,
endothelial cells, immune cells, fibroblasts, smooth-muscle cells, and erythroid-like
cells. These cells were used for subsequent analysis. Pseudo-time analysis was

performed using the Monocle2 package (21).

2.10 Algorithm for pancreatic islet clustering based on size, infiltration and
endocrine cell proportion

All pancreatic islets were sequentially numbered and labeled with information on
their origin (mouse ID), age, health status at the time of death, islet size, number of
infiltrating immune cells, and proportion of three types of endocrine cells.
Normalization was performed using the NormalizeData function, and feature
variables were identified through FindVariableFeatures. Principal components were
determined using RunPCA, and clustering was based on these results. The top
principal components were used as input for Uniform Manifold Approximation and

Projection (UMAP) analysis to determine the overall relationship between islets.

2.11 Statistical analysis

Raw data were analyzed with GraphPad Prism 9 software (GraphPad Software,
La Jolla, CA, USA; RRID: SCR _002798). Data are presented as means = SEM. No
outlying values were excluded from the datasets used for statistical analysis. Two-way
ANOVA followed by Bonferroni post hoc tests was used for two-factor assays. For
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single-factor assays, unpaired t-tests or one-way ANOVA were employed. All data
were first subjected to the Shapiro-Wilk normality test. If the data followed a
Gaussian distribution, parametric tests were performed, followed by Bonferroni post
hoc tests for three or more groups. If the data did not follow a Gaussian distribution,
non-parametric tests (Mann-Whitney test for two groups or Kruskal-Wallis test with
Dunn's post hoc test for three or more groups) were performed. Differences were

considered to be statistically significant when p < 0.05.

3. Results
3.1 Dynamic analysis of endocrine cells reveals an increase of delta cells in
non-diabetic NOD mice

We examined the pancreas of non-diabetic female NOD mice across six age
groups: 5-9 weeks, 10-14 weeks, 15-19 weeks, 20-24 weeks, 25-30 weeks and >30
(31-32) weeks. Immunofluorescence analysis was carried out on islets from 66
individual female non-diabetic NOD mice at different ages to quantify the number
and proportion of alpha, beta and delta cells, as well as immune cells (Fig. 1A). As
shown in Fig. 1B-1C, following immune cell infiltration, islets became smaller (Fig.
1B), and immune cells exhibited a trend toward increase and then decrease (although
not statistically significant, Fig. 1C). The beta cell area and ratio relative to all
endocrine cells were significantly higher in 5-9-week-old mice compared to other age
groups (Fig. 1D-1E). Therefore, we considered this age group (5-9 weeks) to be the
baseline control with relatively little insulitis and used mice aged 10-14 weeks as
having the main period of insulitis to which the other age groups were compared,
when testing for statistical significance. The alpha cell area decreased upon insulitis
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onset and remained relatively constant at later stages, while the alpha cell ratio related
to all endocrine cells initially increased and then decreased (Fig. 1F-1G). Notably,
from 10-14 weeks to 20-24 weeks, the delta cell area and ratio to all endocrine cells

continued to increase after insulitis onset (Fig. 1H-11).

3.2 A new classification of islet heterogeneity indicates an increase in
somatostatin-positive islets

To further investigate changes in pancreatic islets at different ages of
non-diabetic NOD mice, we analyzed islet heterogeneity in each age group, including
islet size, endocrine cell proportions and degree of infiltration. As shown in Fig. 1J,
islets from mice of different age groups exhibited significant heterogeneity in size,
number of immune cells, and endocrine cell composition. Heterogeneity was also
observed within groups of mice of the same age.

To further describe this heterogeneity systematically, we used an algorithm to
analyze 486 islets from 66 non-diabetic NOD mice in order to determine their origin.
We assessed four indicators for each islet: the number of infiltrating immune cells, the
proportion of three endocrine cell types, dimensionality reduction, and clustering.
This resulted in five distinct subtypes (Fig. 1K, Fig. S3A). As shown in Fig. 1L-10
and Fig. S3B, cluster 1 contained only beta cells and was defined as
CDA45+/-Ins+Gceg+Sst+/- type (including both CD45+ and CD45- subtypes); clusters
2 and 3 were heavily infiltrated by immune cells but differed in delta cell ratios,
defined as CD45+Ins-Gceg+Sst+and CD45+Ins-Geg+Sst- types, respectively; clusters
4 and 5, without immune infiltration, were defined as CD45-Ins-Gcg+Sst+ and
CD45-Ins-Gegt+Sst-  types, respectively. Statistical analysis revealed that the
proportion of clusters with more delta cell-positive islets (clusters 2 and cluster 4, in
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green) increased with age, while the proportion of clusters with fewer delta cells in
the islets (clusters 3 and cluster 5, in blue) decreased (Fig. 1P). Combined with the
earlier findings of increased delta-cell area and ratio (Fig. 1H and 1I), these data
suggested that somatostatin-positive islets increased during autoimmunity progression

in non-diabetic NOD mice.

3.3 Alpha cells transdifferentiate into delta cells in non-diabetic NOD mice

Given the observed increase in somatostatin-positive islets and delta cells in
older non-diabetic mice (Fig. 1H and Fig. 1P), we hypothesized that there might be
transdifferentiation from other endocrine cells to delta cells at different ages of
non-diabetic NOD mice. Intriguingly, glucagon and somatostatin double-positive cells
(alpha’delta” cells) significantly increased in non-diabetic mice after immune
infiltration (> 10-14 weeks), peaking in 15-19-week-old mice. (Fig. 2A-2C). These
data indicated ongoing either alpha-to-delta cell or delta-to-alpha cell conversion in
some islets.

To investigate the potential direction of transdifferentiation, we re-analyzed a
previously published single-cell RNA sequencing dataset (GEO accession:
GSE117770) which included islets from 8-, 14-, and 16-week-old non-diabetic NOD
mice (20). We reconstructed the dimensionality reduction based on tSNE
(t-distributed stochastic neighbor embedding) and divided the cells into clusters (Fig.
S4). We next isolated all alpha and delta cells from different ages for further analysis
(Fig. 2D). Based on glucagon and somatostatin expression levels, we found more
double-positive cells in 14- and 16-week-old mice (Fig. 2E), consistent with our
immunostaining data. In addition, alpha cells from different ages were also analyzed
for their identity (Fig. 2F). Notably, alpha cells from 14-week-old mice expressed
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high levels of delta-cell marker genes, suggesting a subset of alpha cells may be
undergoing transdifferentiation.

To verify our hypothesis and determine the direction of differentiation, we
performed pseudo-time series analysis of alpha and delta cell clusters from
GSE117770 (Fig. 2G) and constructed a trajectory (Fig. 2H and 2I). Our results
showed that the trajectory comprised four branches and three decision points, dividing
cells into seven states (Fig. 2J). Alpha cells were located near the left pole, while delta
cells were near the right pole (Fig. 2H). Cells near the poles indicated mature states,
whereas cells in the middle zone represented transitional states, which are relatively
less well defined (Fig. 2H). As shown in Fig. 2J, states 3, 4, 5 and 6 corresponded to
mature alpha cells, and states 1 and 7 to mature delta cells, while state 2 represented
transitional cells. Interestingly, double positive cells were predominantly located in
states 2 and 1, mainly from 14- and 16- week-old mice (Fig. 2K). These data indicated
that transitional cells, which were double-positive, developed into delta cells,
retaining glucagon. Collectively, our results suggested that a subset of alpha cells

transdifferentiated into delta cells during diabetes development in NOD mice.

3.4 Alpha cell dedifferentiation followed by transdifferentiation into delta cells in
non-diabetic NOD mice

Our foregoing data demonstrated that during insulitis development in
non-diabetic NOD mice, some alpha cells became double hormone-positive cells
before transforming into delta cells. To investigate whether this transdifferentiation
occurred directly or involved dedifferentiation followed by transdifferentiation, we
focused on neurog3 (Ngn3), a master transcription factor regulating endocrine cell
differentiation and maturation, primarily expressed in endocrine precursor cells (22).
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We performed immunofluorescent staining on islets from non-diabetic NOD mice to
detect glucagon, somatostatin and Ngn3. As shown in Fig. 3A and 3B, many
Ngn3-positive alpha cells were detected at 5-9 weeks, 10-14 weeks and 15-19 weeks,
peaking at 10-14 weeks. Most Ngn3 positive cells were glucagon positive (Fig. 3A).
Interestingly, the peak of Ngn3 positive cells (Fig. 3B solid line) slightly preceded the
peak of glucagon and somatostatin double-positive cells (Fig. 3B dashed line).

To confirm that the alpha cells in non-diabetic mice dedifferentiated and then
transdifferentiated into delta cells, we performed immunostaining with another
precursor and dedifferentiation marker, Sox9. As shown in Fig. 3C, many glucagon
positive cells at 13-30 weeks were Sox9 positive, peaking at 13 weeks. Additionally,
dedifferentiation marker Aldhla3 and precursor cell marker Nkx6.1 were also found
in some alpha cells at 14 weeks (Fig. S5). We also analyzed these precursor and
dedifferentiation genes using the published single-cell sequencing data GSE117770
(20). As shown in Fig. 3D, Ngn3 levels in alpha cells gradually increased from 8 to 16
weeks during autoimmune diabetes progression. In addition, Sox9 and Aldhla3 levels
increased at 14 weeks, and Nkx6.1 increased by 16 weeks, consistent with our
immunostaining results.

Taken together, these data suggested that alpha cells firstly dedifferentiated and
then transdifferentiated into delta cells during immune infiltration between 14-19

weeks.

3.5 Alpha cell proliferation occurs simultaneously with alpha cell
dedifferentiation

Given that the alpha cell population did not decrease and remained relatively
constant after 10-14 weeks of age (Fig. 1F), we then investigated whether alpha cells
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proliferated during progression of autoimmunity in non-diabetic NOD mice. By
immunostaining for the proliferation marker Ki67, we found that delta cell
proliferation rates were maintained at a low level across most age groups of
non-diabetic NOD mice, both in terms of area and ratio (Fig. 3E-3G). However, delta
cell proliferation increased in late stage mice, particularly in non-diabetic mice older
than 30 weeks (Fig. 3F-3G). In contrast, alpha cells exhibited high levels of
proliferation during later insulitis (> 10-14 weeks), especially between 10 to 19 weeks
(Fig. 3E-3G). The peak periods of alpha cell proliferation coincided with the presence
of glucagon and somatostatin double-positive cells (Fig. 2A-2C), indicating that alpha
cell proliferation occurred simultaneously with alpha cell dedifferentiation,

maintaining the alpha cell mass relatively constant in non-diabetic NOD mice.

3.6 Increased delta cells suppress glucagon secretion in older non-diabetic mice
To investigate whether the increase in delta cells affected hormone secretion
from endocrine cells, we isolated islets from non-diabetic NOD mice of different ages
and measured glucagon, insulin and somatostatin content (Fig. 4A-4C). As expected,
glucagon levels increased with age (Fig. 4A), while insulin content in islets gradually
decreased (Fig. 4B), and somatostatin content gradually increased (Fig. 4C),
consistent with changes in the beta and delta cells, respectively (Fig. 1D and 1H).
Since somatostatin receptor 2 (Sstr2) is the primary somatostatin receptor expressed
in human and mouse alpha cells (23), we then cultured islets from non-diabetic NOD
mice of different ages in vitro, with or without the Sstr2 inhibitor DOTA-JR11, and
measured hormone secretion levels after 2 hours (Fig. S6) and 24 hours (Fig. 4D-F) of
culture. Interestingly, DOTA-JRI1 treatment significantly increased the glucagon
secretion (Fig. 4D and Fig. S6A), while there was no significant change in insulin
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(Fig. 4E and Fig. S6B) or somatostatin (Fig. 4F and Fig. S6C) secretion upon Sstr2
inhibition, indicating the inhibitory effect of somatostatin on glucagon responses.
Moreover, somatostatin secretion in islets from older mice also increased with age
(Fig. 4F).

Since glucagon secretion depends on cytoplasmic Ca®" concentration (24), we
evaluated the Ca®" response of alpha cells (identified by response to adrenaline
stimulation) from non-diabetic NOD mice at different ages using the Ca’" indicator
Fluo-4 AM (25) and recorded these with confocal microscopy time-lapse imaging (Fig.
S7). As shown in Fig. 4G, with age, the alpha cell response to low glucose gradually
decreased (Fig. 4G, times between 200 to 400 s), including the response amplitude
(Fig. 4H, 1 mM glucose) and response speed (Fig. 41, 1 mM glucose). Additionally,
alpha cells in older (20-30-week-old) mice exhibited dysfunctional responses to
adrenaline (Fig. 4G, times between 400 to 600 s). Interestingly, after Sstr2 inhibitor
treatment, the oscillation amplitude of cytoplasmic Ca®" concentration in alpha cells
significantly increased in older mice, while the response was weaker in younger mice
(5-14 weeks old) (Fig. 4G, times between 600 to 800 s).

To investigate whether DOTA-JR11 treatment has a similar effect on glucagon
secretion in vivo, we administrated 18-week-old non-diabetic female NOD mice with
DOTA-JR11. We then fasted these mice stared from 3 hours after injection, then
measured the glucose and glucagon levels at 6 h and 12 h after injection (Fig. 4J-4K).
All mice showed a gradual decrease of glucose level and an increase of glucagon level
at 6 h after injection, while the DOTA-JR11-injected group showed significantly
higher glucagon level than control group. At the 12 h, the DOTA-JR11 injected mice
show higher glucose and glucagon levels compared with control group. These data
may indicate that blockade of somatostatin signaling reverses a-cell suppression in
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non-diabetic NOD mice in vivo.
Taken together, these results indicate that the increase in delta cells, associated
with age, suppresses glucagon secretion in non-diabetic NOD mice through

somatostatin production.

3.7 Alpha-to-delta cell transdifferentiation was not observed in diabetic NOD
mice

To explore whether alpha-to-delta cell transdifferentiation also occurred in
diabetic NOD mice, we harvested pancreata from 61 NOD mice with varying ages of
diabetes onset and performed immunostaining (Fig. S8A). There were no statistically
significant differences in islet size or the number of infiltrating immune cells within
different groups in diabetic mice, while the islet size and infiltrating immune cells
were lower than non-diabetic groups (Fig. 5A-5B). Beta cell area and ratio were very
low in all diabetic mice (Fig. 5C-5D), while alpha cell area and ratio remained
unchanged (Fig. SE-5F). Although delta cell numbers showed a trend to increase with
age in diabetic NOD mice, this was not statistically significant due to variability (Fig.
5G-5H). Moreover, the delta cell numbers were also no difference compared with
same age of non-diabetic NOD mice (Fig. 5G). Although the ratio of delta cell in
earlier stages diabetic NOD mice is higher than non-diabetic group, it is most likely
due to the extremely loss of beta cells (Fig. SH).

The islets in diabetic mice were also highly heterogeneous (Fig. S8B). We
classified the islets of diabetic mice according to the same clustering method used for
non-diabetic mice (clusters 1 to 5 as shown in Fig. 1L-10). Compared with the
changes in the proportion of islet clusters in non-diabetic mice of different age groups
(Fig. 1P), the proportions of the five clusters in diabetic mice at different ages of
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diabetes development were similar (Fig. 51).

We then stained and counted alpha+deltat double-positive cells (Fig. S9A) and
Ngn3-positive cells (Fig. S9B) in diabetic NOD mice of all ages. The numbers of
alpha+delta+ double-positive cells were very low in diabetic mice (Fig. 5J-5K and Fig.
S9A). Furthermore, Ngn3-positive and Sox9-positive alpha cells were barely
detectable (Fig. 5L, Fig. S9B and Fig. S9C). Aldhla3- or Nkx6.1-positive alpha cells
were also scarcely detected in 14-week-old diabetic NOD mice (Fig. SI0A-S10B). In
addition, the proliferation of alpha and delta cells in diabetic mice was much lower
compared to non-diabetic mice (Fig. SM-5N and Fig. S11). Taken together, these data
suggest that alpha-to-delta cell transdifferentiation was not observed in diabetic NOD

mice.

4. Discussion

The non-obese diabetic (NOD) mouse, is widely used as an T1D animal model.
Although they share the same genetic background, approximately 20% of female
NOD mice do not develop diabetes. Understanding why these mice do not process to
diabetes during the autoimmunity progression remains a subject of significant
scientific interest. Studies have revealed that sex hormones, genetic heterogeneity, gut
microbiome, regulatory T cells, environmental factors are associated with the
prevention of diabetes in NOD mice (26-28). Moreover, the non-diabetic NOD mice
exhibit distinct islet characteristics compared to diabetic mice (16). However, the
specific mechanisms underlying changes in pancreatic islet endocrine cells remain
unclear.

In this study, we examined the composition of alpha, beta and delta cells in islets
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at multiple time points throughout the progression of autoimmunity in the
non-diabetic NOD mice. We observed that the alpha-cell area remained relatively
constant after immune cell infiltration (Fig. 1F), while the delta cell area significantly
increased in older mice (Fig. 1H). There was notable heterogeneity in islet size,
endocrine cell composition and degree of infiltration (Fig. 1J). Although it is known
that there is heterogeneity in beta-cell destruction and immune cell infiltration (16,
29), our study provides a more comprehensive evaluation of islet heterogeneity,
including size, composition of different endocrine cells, and immune infiltration at
different ages during autoimmunity progression. Based on these observations, we
proposed a new classification system, dividing islets into five subtypes (Fig. 1K-10),
based on the beta cell composition, immune cell infiltration, and further subdivisions
according to alpha and delta cell composition, providing a more detailed description
than previously published (30, 31). Using this new classification, we found an
increase in somatostatin-positive islets following immune cell infiltration (Fig. 1P).

In 10-14- and 15-19-week-old (established insulitis and pre-diabetes)
non-diabetic NOD mice, we observed a significant increase in glucagon and
somatostatin double-positive cells (Fig. 2A-2C). Furthermore, we demonstrated that
these double-positive cells were undergoing transdifferentiation from alpha to delta
cells (Fig. 2D-2K). These alpha-to-delta transdifferentiated cells first dedifferentiated
into precursor cells before differentiating further into delta cells, as evidenced by
increased expression of Ngn3, Sox9, Aldhla3 and Nkx6.1 (Fig. 3A-D), accompanied
by simultaneous alpha cell proliferation (Fig. 3E-G). The alpha cell to delta cell
transdifferentiation in non-diabetic NOD mice was not due to beta-cell loss, since the
beta-cell keep constant after 15-19 weeks old in non-diabetic mice (Fig. 1D and Fig.
5D) and the replication of delta cells is pretty low at these stages (except >30 weeks
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old NOD mice) (Fig. 3G). The dedifferentiation of alpha cell may associate with the
inflammatory cytokines (IL-1p, IFN-y, TNF-a). Indeed, we compared the gene
profiles of glucagon and somatostatin double positive cell to the glucagon or
somatostatin alone positive cell using published single-cell RNA-seq (GSE117770),
and identified IFN-y pathway specifically increased in the glucagon and somatostatin
double positive clusters (Fig. S12A-12E). Moreover, GESA (gene set enrichment
analysis) also indicated that downstream signaling cascade of IFN-y, the JAK-STAT
pathway was significantly enriched in double positive cells (Fig. SI12F).
Experimentally, we then treated aTC1-6 cells with IFN-y. Interestingly, IFN-y
incubation significantly increased the dedifferentiation-associated genes Aldhla3, and
reduced the level of glucagon protein (Fig. S12G-12I). These data suggested that
IFN-y may serve as potential triggers for induction of a cell dedifferentiation.
However, although we observed a trend toward increased delta cells in diabetic
NOD mice, we did not detect alpha-to-delta cell transdifferentiation in these mice (Fig.
5). We speculated that alpha-to-delta transdifferentiation in diabetic mice may occur
before the diabetes onset based on several evidences. Firstly, the occurrence of alpha
cells to delta cells transdifferentiation was in the stages between 10-14 and
15-19-week old non-diabetic mice (Fig. 2A-2C, Fig. 3A-3B), while the delta cell mass
of these stages was slightly lower than diabetic groups, albeit there was no significant
difference in delta cell mass between diabetic and non-diabetic mice (Fig. 5G).
Secondly, the delta cell mass also kept increasing along with age at the point of they
developed diabetes (Fig. 5G). Thirdly, we did not detect the delta-cell proliferation in
the diabetic mice, suggesting that the increased o cell mass was not due to delta-cell
proliferation (Fig. SM-5N). The last but not the least, the non-diabetic mice we
harvested earlier stages may develop to diabetes in the later stage. Taken together,
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based on these evidences, we propose that the increased delta cell mass in diabetic
mice is a result of transdifferentiation occurred before the diabetes onset, before the
stage of we harvested them. Nevertheless, the possibility that alpha-to-delta cell
transdifferentiation occurs before diabetes onset cannot be excluded based on our
current data. Somatostatin secreted by delta cells significantly inhibits glucagon
secretion by alpha cells (32). Studies also suggested that delta cells are increased in
individuals with T1D and diabetic NOD mice, exhibiting greater activation in people
with TI1D, a which may play a protective role against hyperglycemia (33-35).
Conversely, Sstr2 antagonism ameliorates insulin-induced hypoglycemia by
enhancing glucagon responses (36). Our data indicate that increased delta cells and
somatostatin in pancreatic islets significantly inhibit alpha cell function during
autoimmunity progression in non-diabetic mice (Fig. 4). Delta cells increase as beta
cells are lost, and somatostatin from these cells inhibits glucagon secretion,
potentially protecting against hyperglycemia and delaying diabetes onset in NOD
mice. However, increased inhibition of glucagon secretion may also lead to alpha cell
dysfunction in response to low glucose.

We propose a new working model for changes within pancreatic islets during
progression of autoimmunity in non-diabetic NOD mice (Fig. 6). During
autoimmunity progression, immune cells infiltrate the islets, leading to a gradual of
beta cell loss. Islets then undergo two distinct transition paths. In some islets, the few
initial delta cells are lost along with beta cells, resulting in islets predominantly
composed of alpha cells. These islets increase rapidly in younger non-diabetic mice
but decrease in older mice, suggesting that this subtype gradually shrinks and
eventually disappears in vivo. In contrast, another type of islet becomes more
abundant in older non-diabetic mice, characterized by a significant increase in delta
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cell numbers as beta cells decline, and this type of islet can survive longer. This
change is not age-dependent, as no significant differences in islet type proportions
were observed across various age groups in diabetic mice. While the triggers for this
process remain unclear, our data suggest that the increase in delta cells is
predominantly due to transdifferentiation from alpha cells, which firstly undergo
dedifferentiation and then eventually transdifferentiate into delta cells. The increased
delta cell areas in the islets contribute to higher somatostatin secretion, which inhibits
glucagon release from adjacent alpha cells and mitigates hepatic glucose production,
which may associate with lower glucose level in the non-diabetic NOD mice with
higher delta cell mass, and may have a protective role in the prevention of onset of
diabetes in NOD mice.

Overall, we investigated islet heterogeneity and hormone secretion during the
progression of autoimmunity in non-diabetic NOD mice. We found that not only do
endocrine cell numbers and functions change, but the cell composition within islets
also undergoes transformation. These results enhance our understanding of the active
roles played by alpha and delta cells in T1D pathophysiology and mechanisms that
counteract hyperglycemia with the loss of insulin-producing beta cells. If this
mechanism also occurs in humans, changes in the balance of alpha cells and delta
cells may explain reduced hypoglycemic responses due to impaired glucagon
counter-regulation in patients receiving exogenous insulin. However, the detailed
mechanism of alpha cell to delta cell transdifferentiation requires further investigation,
particularly its occurrence in humans. So far, none studies reported the detection of
glucagon and somatostatin double-positive cells in the human T1D patients. However,
studies have reported that the delta cell mass increased in human T1D patients (10).
Our observation in NOD mice is consistent with human data, we only detect alpha to
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delta cell transdifferentiation in non-diabetic NOD mice, but not in diabetic NOD
mice. Nevertheless, the alpha-to-delta cell transdifferentiation may occurs before
diabetes onset in human T1D patients.

Therapeutic approaches for T1D mostly rely on insulin treatment, which may
cause severe hypoglycemia due to alpha-cell defects and lack of glucagon response in
a subset of patients, a phenomenon recognized for many years (37). Effective
management of T1D should include a focus on glucagon secretion to prevent severe
hypoglycemia. Understanding the mechanisms underlying decreased glucagon
secretion during T1D pathogenesis is crucial. Glucagon secretion is regulated both
intrinsically (within the alpha cell itself) and in a paracrine manner (mediated by
factors released by beta and/or delta cells) (38). Hence, comprehending dynamic
compositional alteration of alpha, beta and delta cells in islets during human T1D,

could potentially provide new therapeutic avenues.
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Figures and legends.

Figure 1. Dynamic changes and high heterogeneity in endocrine cell proportions
across different ages of non-diabetic NOD mice.

(A) Representative images of endocrine cells in non-diabetic NOD mice from various
age groups. The upper labels indicate the respective age groups. DAPI-stained nuclei
(blue), glucagon-stained alpha cells (green), insulin-stained beta cells (red),
somatostatin-stained delta cells (magenta), and CD45-stained immune cells (white)
are shown. (B-C) Comparison of islet size (B) and immune cell area (C) across
different ages. Sample sizes (mice/islets per group) were as follows: 5-9 weeks
(10/105), 10-14 weeks (11/90), 15-19 weeks (11/78), 20-24 weeks (11/85), 25-30
weeks (11/63), and >30 weeks (12/65). (D-I) Mean areas and proportions of beta,
alpha, and delta cells relative to total endocrine cells in non-diabetic mice in the same
age groups as in B-C, using the same sample sizes per group. (J) Analysis of islet
heterogeneity in terms of composition and quantity of alpha, beta, and delta cells at
different ages, based on 66 non-diabetic NOD mice and 486 islets. The x-axis shows
the age of the mice, while the y-axis represents the square of the immune cell area
surrounding the islets. The bubbles indicate islet area, with colors representing green
for alpha cells, orange for beta cells, and blue for delta cells. (K) Uniform Manifold
Approximation and Projection (UMAP) clustering of the same 486 islets, grouped
into five islet types (cluster 1-5). Number of mice/islets per cluster: cluster 1 (87/272),
cluster 2 (93/224), cluster 3 (67/123), cluster 4 (54/121), and cluster 5 (34/58). (L-O)
Violin plots showing the ratio of areas occupied by immune cells (L), beta cells (M),
alpha cells (N), and delta cells (O) relative to the total islet area in different clusters.
The colors of the clusters in the violin plots are indicated on the right. (P) Proportion
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of the five types of islets at different ages of non-diabetic mice.. Data are presented as
mean = SEM, with significance determined by one-way ANOVA compared to the
10-14-week age group, which represents the main period of insulitis in pre-diabetes:

*P <0.05, **P <0.01, and ****P < 0.0001.

Figure 2. Alpha cells transdifferentiate into delta cells in non-diabetic NOD mice.
(A) Representative images of glucagon and somatostatin double-positive endocrine
cells in non-diabetic NOD mice at different ages, as indicated by the upper labels. The
cells within the dashed boxes are magnified in the right panel of each image. Yellow
arrows indicate glucagon and somatostatin double-positive cells. DAPI-stained nuclei
(blue), glucagon-stained alpha cells (green), insulin-stained beta cells (red), and
somatostatin-stained delta cells (magenta) are shown. (B-C) Quantification of the area
(B) and proportion (C) of alphatdelta double-positive cells relative to all endocrine
cells at different ages. Sample sizes (mice/islets per group) were as follows: 5-9
weeks (10/105), 10-14 weeks (11/90), 15-19 weeks (11/78), 20-24 weeks (11/85),
25-30 weeks (11/63), and >30 weeks (12/65). (D) t-SNE projection based on marker
genes of alpha and delta cells, and NOD mouse sources from different age groups for
subsequent analysis (Based on GSE117770). (E) t-SNE projection of alpha and delta
cells based on glucagon (gcg) and somatostatin (Sst) expression levels. Scale ranges
correspond to double gene (gcg and Sst) expression as indicated. The red dashed line
highlights cells with high expression of both gcg and sst. (F) Expression levels of
endocrine cell markers in isolated alpha cells from different ages. Selected endocrine
cell genes are indicated on the left. Scale ranges correspond to gene expression levels
as indicated. (G-I) Pseudotime trajectory analysis of alpha and delta cells from
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different ages based on pseudotime values (G), cell types (H), and ages (I). Numbers
1, 2, and 3 indicate decision points 1, 2, and 3, respectively. In panel E, color
gradation depends on the pseudotime value ranging from 0 to 30. (J) Total alpha and
delta cells from different ages were divided into seven clusters based on pseudotime
trajectory analysis. The proportion of cells from each age group in each cluster is
shown in the pie charts. (K) Expression of glucagon-somatostatin (gcg-sst)
double-positive cells along the pseudotime trajectory. Color indicates the expression

level in each cell. Data are presented as mean = SEM, with significance determined

by one-way ANOVA: **P < 0.01, ****P < (.0001.

Figure 3. Analysis of alpha cell dedifferentiation and proliferation in
non-diabetic NOD mice at different ages.

(A) Representative images of endocrine cells in non-diabetic NOD mice at different
ages, as indicated by the upper labels. The dashed box is magnified in the right panels
of each image. Yellow arrows indicate Ngn3-positive cells. DAPI-stained nuclei
(blue), glucagon-stained alpha cells (green), somatostatin-stained delta cells
(magenta), and Ngn3-positive cells are stained in red. (B) Quantification of
Ngn3-positive area at different ages in NOD mice. The blue solid line indicates the
area of alpha+ Ngn3+ double-positive cells. Sample sizes (mice/islets per group) were
as follows: 5-9 weeks (3/21), 10-14 weeks (3/17), 15-19 weeks (3/16), 20-24 weeks
(3/15), 25-30 weeks (3/14), and >30 weeks (3/15). The magenta dashed line
indicates the area of alpha+ delta+ double-positive cells. Sample sizes (mice/islets per
group) were as follows: 5-9 weeks (10/105), 10-14 weeks (11/90), 15-19 weeks

(11/78), 20-24 weeks (11/85), 25-30 weeks (11/63), and >30 weeks (12/65). (C)
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Representative images of endocrine cells in non-diabetic NOD mice at different ages,
as indicated by the upper labels. The dashed box is magnified in the right panels of
each image. Yellow arrows indicate Sox9-positive cells. DAPI-stained nuclei (blue),
glucagon-stained alpha cells (green), somatostatin-stained delta cells (magenta), and
Sox9-positive cells are stained in red. (D) Expression levels of several marker genes
in alpha cells from mice of different ages based on single-cell sequencing data
(GSE117770). Scale ranges correspond to gene expression levels as indicated. (E)
Representative images of Ki67-positive alpha and delta cells in non-diabetic NOD
mice at different ages, as indicated by the upper labels. The dashed box is magnified
in the side panels of each image. DAPI-stained nuclei (blue), glucagon-stained alpha
cells (green), somatostatin-stained delta cells (white), and Ki67-positive cells are
stained in red. (F-G) Quantification of Ki67-positive alpha and delta cell area (F) and
proportion (G) at different ages. Sample sizes (mice/islets per group) were as follows:
5-9 weeks (4/44), 10-14 weeks (4/42), 15-19 weeks (4/46), 20-24 weeks (4/41), 25-30

weeks (5/40), and >30 weeks (5/43). Data are presented as mean * SEM, with

significance determined by one-way ANOVA compared to the 5-9-week age group:

**P <0.01, #**P <0.001, ****P < 0.0001.

Figure 4. The increased delta cells suppress alpha cell glucagon secretion by
paracrine inhibition.

(A-C) The content of glucagon (A), insulin (B), and somatostatin (C) in islets from
non-diabetic NOD mice at different ages. Data are presented for n = 10 islets from n =
3 mice per age group. (D-F) Secretion of glucagon (D), insulin (E), and somatostatin

(F) with and without DOTA-JR11 after culturing islets from non-diabetic NOD mice
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at different ages for 24 hours in vitro. Data are presented for n = 5 islets from n = 3
mice. The numbers above the bars in panel D indicate the fold changes in glucagon
secretion upon DOTA-JR11 treatment of islets from mice of the same age. (G) Time
course of average Ca** oscillations in alpha cells in response to a series of
stimulations. The calcium influx response for each alpha cell was normalized to the
initial fluorescence intensity (5.5 mM glucose). Sample sizes (mice/alpha cells per
group) were as follows: 5-9 weeks (3/52), 10-14 weeks (3/47), 15-19 weeks (3/36),
20-24 weeks (3/41), and 25-30 weeks (3/33). (H) Area under the curve (AUC) of
alpha cell responses to different stimuli from mice of different ages. (I) Time to reach
peak intensity of alpha cell responses to different stimuli from mice of different ages.
(J-K) Serial tail-tip blood sampling to monitor blood glucose (J) and plasma glucagon
levels (K) in mice after SSTR2 inhibitor (DOTA-JRI1) injection. 18 weeks old
non-diabetic NOD female mice were used, and mice started to fast from 3 hours after

injection. Data represent mean = SEM. Statistical significance was determined by

one-way ANOVA (A-C), Student's t-test and two-way ANOVA (D-F), and one-way

ANOVA (H-I): *P <0.05, **P <0.01, ***P <0.001, ****P<(0.0001.

Figure 5. Alpha to delta cell transdifferentiation was not observed in diabetic
NOD mice.

(A-B) Comparison of islet size (A) and immune cell area (B) in diabetic NOD mice
with non-diabetic mice at different ages. Sample sizes (mice/islets per group) were as
follows: 10-14 weeks (10/60), 15-19 weeks (13/65), 20-24 weeks (14/62), 25-30
weeks (12/62), and >30 weeks (12/63). (C-H) Quantification of beta, alpha, and delta

cell areas and their proportions in diabetic NOD mice, and compared with
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non-diabetic mice Sample sizes per group was same as A-B. (I) Proportion of the
five types of islets at different ages in diabetic NOD mice, classified based on Fig. 2D.
(J-K) Quantification of alpha+ deltat+ double-positive cell areas (J) and ratios (K) in
NOD mice that developed diabetes at different ages, and compared with non-diabetic
mice. Sample sizes (mice/islets per group) were as follows: 10-14 weeks (10/60),
15-19 weeks (13/65), 20-24 weeks (14/62), 25-30 weeks (12/62), and >30 weeks
(12/63). (L) Quantification of Ngn3-positive area in NOD mice that developed
diabetes at different ages, and compared with non-diabetic mice. Sample sizes
(mice/islets per group) were as follows: 10-14 weeks (3/12), 15-19 weeks (3/13),
20-24 weeks (3/13), 25-30 weeks (3/11), and >30 weeks (3/10). (M-N) Quantification
of Ki67-positive alpha and delta cell areas (M) and ratios (N) in NOD mice that
became diabetic at different ages. Sample sizes (mice/islets per group) were as
follows: 10-14 weeks (4/35), 15-19 weeks (4/30), 20-24 weeks (5/35), 25-30 weeks
(4/33), and >30 weeks (5/32). Data are presented as mean + SEM, with significance
determined by one-way ANOVA compared to the 10-14 week-old group: *P < 0.05,
**P < (0.01, ***P < 0.001, ****P < 0.0001. The data of blue dash line in Fig. 5A-5H
and 5L, and blue bar in 5J-5K were presented in previous figure, here just used for

comparison between non-diabetic group and diabetes group.

Figure 6. A working model for dynamic interactions between alpha and delta
cells during autoimmune progression in non-diabetic NOD mice.

Dynamic changes in alpha and delta cell areas in non-diabetic NOD mice across
different age groups. The green line indicates the area of alpha cells, the purple line
indicates the area of delta cells, the red line represents the area of glucagon and
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somatostatin double-positive cells, and the orange line represents the proliferation of
delta cells. Before immune cell infiltration, there are sufficient beta cells
(CD45+/-Inst+Gceg+Sst+/—) in the pancreas to maintain blood glucose homeostasis. As
immune cells infiltrate the pancreas, beta cells are rapidly lost. Based on statistical
results, two main types of islets emerge at this stage: one gradually transforms into
islets primarily composed of alpha cells (CD45+Ins—Gcg+Sst—), while the other type
exhibits a rapid increase in delta cell ratio (CD45+Ins—Gcg+Sstt). As beta cells
continue to decrease, the number of immune cells near the islets also diminishes, and
the proportion of two types of islets (CD45—Ins—Gcg+Sst— and CD45—Ins—Gceg+Sst+)
increases, indicating that these are the final two predominant forms of endocrine cell
composition in the islets. Our data suggest that the increased delta cells are not
primarily derived from self-proliferation but rather from the transdifferentiation of
alpha cells. Some alpha cells first dedifferentiate into endocrine precursor cells
(Ngn3+), and then eventually transdifferentiate into delta cells. Moreover, the
increased delta cells in the pancreas secrete more somatostatin, which inhibits
glucagon secretion by alpha cells and leads to a reduced response to low glucose

stimuli.
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	幻灯片 1: Alpha cells dedifferentiate and then transdifferentiate into delta cells during the progression of autoimmunity in  non-diabetic NOD mice. 
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