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Pancreatic β-cell regeneration in situ by the
ALK3 agonist THR-123
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Alejandro Tamayo 3, Óscar Alcázar1, Carlos García Santana1,
Mirza Muhammad Fahd Qadir 1, Charles García Alver 4, Francis Cruz1,
Olivia Biggs1, Jorge David Tovar Castro 1, Belén Navarro-Rubio5,6,
Camillo Ricordi1,4,7,8, Alejandro Caicedo 3, Peter Buchwald 1,9,
Ashutosh Agarwal4, Elisa Oltra2, Ricardo Luis Pastori1,3 &
Juan Domínguez-Bendala 1,7,10

The demonstration that BMP signaling activates progenitor-like populations
within pancreatic ducts supports the potential use of BMP receptor agonists to
induce islet neogenesis in situ. In this context, we tested the ability of THR-123,
a cyclic peptide with BMP-7-like activity, to regenerate β-cell mass in diabetic
mice. We show here that treatment with THR-123 reduces hyperglycemia
through the rapid formation of new BrdU-labeled islets, many in apposition to
ducts. These islets, unlike those from non-diabetic controls, feature an
extensive intrainsular network of ductal tissue. The earlier stages of THR-123-
induced β-cell formation were reproduced in live pancreatic slices, an orga-
notypicmodel that allowedus to visualize ductal cells transitioning to glucose-
responsive insulin-expressing cells in real time. scRNAseq analyses further
suggest that this transition occurs through a hybrid ducto-acinar stage similar
to that previously reported in humans. Taken together, our data support the
conclusion that these islets arise predominantly by neogenesis. These results
pave the way for the design of pharmacological strategies to treat insulin-
dependent diabetes.

Pancreatic progenitor-like cells have been described in the ductal tree
of adult humans1–3 andmice4. Specific subpopulations respond to BMP
signaling by proliferating, and the withdrawal of the stimulus is per-
missive for their differentiation along all adult pancreatic lineages
(including glucose-responsive β-cells)1,3. These cells have been detec-
ted in type 1/2 diabetic patients, regardless of disease duration3;
resolved at the single cell level by scRNAseq of the human ductal tree3;
and shown to elicit multilineage neogenesis in response to BMP

signaling in human/murine pancreatic slices (HPS/mPS)3,5,6. A recent
serial scRNAseq analysis of HPSs revealed that the activation of ductal
progenitors byBMPsignaling and their subsequent differentiation into
endocrine cells occur through an intermediate ducto-acinar stage6.
Collectively, these observations are the basis for the hypothesis that
pancreatic progenitors may be stimulated in situ through pharmaco-
logical means, which could have important therapeutic implications in
the context of insulin-dependent diabetes.
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Small cyclic peptide BMP receptor agonists offer an alternative to
recombinant BMP proteins7–9 and have been used systemically in
clinical trials with no adverse side effects10,11. We report here the for-
mationofnewβ-cells indiabeticmice as a result of their treatmentwith
one such peptide, THR-1237,12. Treated animals exhibited a marked
reduction in hyperglycemia vs. controls, and their pancreata showed
abundant BrdU+ β-cells, many within or in close proximity to ducts.
Additionally, we characterized thick, conspicuous ductal scaffolds
within these islets that suggest either active foci of endocrine neo-
genesis or the remnants thereof. Although our experimental approach
is not designed to studywhether replication of pre-existing β-cells also
plays a role in the formation of new islets13, the treatment ofmPSs with
THR-123 within microfluidic chips in vitro exposed the initial stages of
β-cell transdifferentiation from ducts in real time, as well as the
acquisition of glucose responsiveness by some of these cells as
determined by Ca2+ imaging. Finally, scRNAseq analysis of mPSs trea-
ted for only 5 days with THR-123 revealed the activation of a hybrid
ducto-acinar population of cells with progenitor characteristics, a
subset of which evolved towards endocrine fates. Comparable transi-
tions were previously reported in human pancreatic slices exposed to
BMP-76, confirming the conservation of BMP-mediated regenerative
mechanisms. Together, our results present a theoretical framework for
this modality of β-cell regeneration and open the door to the clinical
use of BMP receptor agonists in diabetic patients.

Results
Murine Alk3+ cells are BMP-7-responsive
We have previously established that BMP-7-responsive human
progenitor-like cells exist within a ductal subpopulation characterized
by the expression of activin-like kinase receptor-3 (ALK3/BMP receptor
1 A) and the purinergic receptor P2Y (P2RY1), a surface marker whose
expression correlates with that of nuclear PDX11,3. A more recent
independent scRNAseq study of the murine ductal tree4 suggests the
inter-species conservation of these cells. Immunofluorescence (IF) of
the pancreas confirmed the existence of ductal Pdx1+/Alk3+ cells in the
mouse (Fig. 1a). We hypothesized that cells within this fraction would
respond to canonical BMP signaling, as shown by the downstream
phosphorylation of SMAD1/5/8 following exposure to BMP-714. To test
this hypothesis, we harvested the non-endocrine pancreatic tissue of
10–12-week-old C57BL/6 mice, exposed it to BMP-7 as described in
ref. 14, and determined by FACS the relative percentages within the
P2RY1+/Alk3+ and P2RY1−/Alk3− fractions that were pSMAD1/5/8+. As
presented in Fig. 1b, c, only the positive fraction showed meaningful
BMP-7 responsiveness (maximum stimulation at 15minmeasured as %
of pSMAD1/5/8+ cells: 2.96 ±0.25% in the negative vs. 52.33 ± 0.75 % in
the positive fraction).

To further characterize the nature of the BMP-7-sensitive cells, we
conducted a second set of FACS experiments (n = 3) to examine in
more depth themakeup of the pSMAD1/5/8+ subpopulations following
stimulation of non-endocrine pancreatic tissue with BMP-7. We used
CD24 as an additional ductal marker15 along with Alk31,16 (Supplemen-
tary Fig. 1a) as well as HNF1β and Sox9, two markers previously
described to identify ductal progenitors with organoid-forming
capacity15. Even before stimulation (0’), the CD24+/pSMAD1/5/8+ frac-
tion was highly enriched in cells expressing Alk3 (75.65 ± 4.80%),
HNF1β (80.50± 8.64%) and Sox9+ (82.87 ± 6.32%) (Supplementary
Fig. 1b, top). In contrast, the CD24+/pSMAD1/5/8− fraction (Supple-
mentary Fig. 1b, bottom) exhibited a very low percentage of cells
expressing either of thesemarkers. Together, our data show that BMP-
7-responsive (pSMAD1/5/8+) ductal subpopulations within murine
ducts exhibit characteristics consistent with those previously reported
for progenitor-like cells15. Importantly, the theoretical possibility that
any residual β-cell made it to the analysis cannot be categorically dis-
carded. However, considering that the tissue was depleted of islets
beforehand, and that gating in the Alk3+ fraction is expected to

selectively exclude Alk3− β-cells1,3, this possibility is very remote and
would not change in any significant way the conclusions of our
analysis.

Treatment with THR-123 reduces hyperglycemia in
diabetic mice
We have previously shown that human ALK3bright+-sorted cells harbor
BMP-7-responsive multipotent progenitors with the capacity to self-
arrange into highly organized pancreatic tissue upon transplantation
into immunodeficientmice3. Theseoutcomeswereenhancedwhen the
hosts were treated with the 16-aminoacid cyclic peptide THR-123
(Fig. 1d), an ALK3 agonist with BMP-7-like activity that presents distinct
advantages over BMP-7 due to its stability, cost, and ease of
synthesis3,7,14. The confirmation of the existence of BMP-responsive,
progenitor-like cells within murine pancreatic ducts led us to hypo-
thesize that systemic administration of THR-123 would induce the
formation of new β-cells in situ through a process involving pro-
liferation and subsequent differentiation of such progenitor cells, as
previously described in human pancreatic tissue1. To test this
hypothesis, we first set out to determine if the agent would reach the
pancreas by intraperitoneal (i.p.) injection. As shown in Fig. 1e, FAM-
tagged THR-123 could be readily detected in the parenchyma/ducts of
the pancreas 2 h after administration, which established the feasibility
of the approach. Next, we proceeded to make animals diabetic and
examine the effect of THR-123 treatment on their glycemic levels over
time. A table listing all the strains and regimens tested is shown in
Supplementary Fig. 1c. First, 6–8-week-old CD-1 mice were rendered
diabetic with the β-cell toxin alloxan (150mg/kg) (see Methods). THR-
123 treatment (10mg/kg) was initiated simultaneously and adminis-
tered daily i.p. for 21 days. Controls received saline with the same
frequency (Supplementary Fig. 1d, e). A second set of experiments was
conducted with a 20mg/kg dose (Fig. 1f, g), and a third one using
another strain (C57BL/6J) at 10mg/kg (Supplementary Fig. 1f, g). Ani-
mals received BrdU in the water for the entire experiment. Glycemia
was monitored for at least 1 extra week, after which mice were
euthanized and pancreas, brown fat and peripheral blood harvested.
Age-matched non-diabetic mice were also euthanized as positive
controls. As shown in Fig. 1f, g and Supplementary Fig. 1d–g, the gly-
cemia of THR-123-treated animals, regardless of the dose, was sig-
nificantly lower than that of saline-treated mice throughout the
experiment (p <0.001 for CD-1—10mg/kg; p = 0.0253 for CD-1—20mg/
kg; and p =0.0011 for C57BL/6J—10mg/kg). Notably, THR-123 (20mg/
kg) had no effect on the glycemia of non-diabetic animals
(Fig. 1h, p > 0.05).

BMP signaling has been associated with a reduction of inflam-
mation and increase of insulin sensitivity17–19, which may also reduce
hyperglycemia and explain, at least partially, our observations. To test
whether THR-123’s effects could be indirectly due to a decrease in
inflammatory state, we examined cytokine expression in peripheral
blood at the end of the CD-1—10mg/kg experiment. As presented in
Fig. 1i, THR-123 did not reduce expression of the pro-inflammatory
cytokines IL-6 (p >0.05), MCP-1 (p >0.05) and TNF1α (p >0.05). Out of
the two anti-inflammatory cytokines that we analyzed (IL-10 and IL-17),
only the latter was elevated significantly (p = 0.0338) by THR-123.
Basedon thesedata, a conclusive correlation betweenTHR-123 and the
overall inflammatory state could not be established. BMPs have also
been linked to white fat browning20, which could also affect glucose
homeostasis in our design. However, neither the average brown fat
weight nor the relative expression of uncoupled protein 1 (UCP-1) in
overall (white and brown) fat differed significantly between the THR-
123 and control groups (Fig. 1i).

Since THR-123 was given to the animals immediately after alloxan
administration, another potential explanation of these results is that
the agent may be protecting pre-existing islets against chemical
destruction, rather than inducing new β-cell formation. This would
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explainwhyTHR-123-treatedmicedid not becomeashyperglycemic as
control ones (Fig. 1f). To determine whether this is the case, islets
isolated from C57BL/6J mice (n = 3 experiments) were either left
untreated, exposed to alloxan (2mM) for 30min, or treated with
alloxan following overnight incubation with THR-123 (10μM). Aliquots
from each group were either subjected to a perifusion assay (to assess
glucose responsiveness) or stained with insulin and activated Caspase-
3 (to assess viability). As shown in Supplementary Fig. 1h, perifusion

did not reveal any meaningful effect of THR-123 at preventing the
impairment of glucose-dependent insulin release induced by alloxan
(AUC p =0.128), suggesting that its effect is not protective. Pre-
treatment with THR-123 did not prevent alloxan-induced islet dis-
aggregation even after this short exposure to the toxin (Supplemen-
tary Fig. 1i). Due to the accelerated disintegration/death of islets,
activated Caspase-3 staining was faint and its quantification incon-
clusive (Supplementary Fig. 1j, k). We then performed another in vivo
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experiment in which mice (n = 10/group) were rendered diabetic (i.e.,
three consecutive readings above 250mg/dL) prior to THR-123
(20mg/kg) or saline administration. Additionally, to test the robust-
ness of the model under a different diabetes induction regimen, we
used streptozotocin (stz) insteadof alloxan. As shown in Fig. 1j, k, there
is significant (p = 0.0022) amelioration of hyperglycemia in the THR-
123 group compared to controls, even if the difference was not as
marked and the animals did not attain normoglycemia within the
studied timeframe. Therefore, whether THR-123 imparts some degree
of protection to islets (which we have not been able to confirm
experimentally), islet preservation alone cannot explain the latter set
of results. Regeneration, in contrast, would be consistent not onlywith
the reduction of hyperglycemia observed in diabetic mice, but also
with the glycemic pattern presented in Fig. 1f. Beyond the potential (if
unproven) protection of islets in that particular setting, mice that
receiveTHR-123 and alloxan simultaneouslywould not becomeovertly
diabetic if there was an overlapping destruction (by alloxan) and for-
mation (by THR-123) of pre-existing and neogenic islets, respectively.

In summary, hyperglycemia reduction in THR-123-treateddiabetic
mice coheres with the hypothesis –supported by our earlier body of
work1,3,5,14– that BMP receptor agonists induce the expansion of
progenitor-like cells that differentiate into functional insulin-
producing cells after their withdrawal. While we cannot entirely dis-
card that these experimental outcomes may also be partially due to
THR-123’s potential metabolic, anti-inflammatory, or islet-protective
effects, these alternatives are not fully supported by the available
evidence.

Immunofluorescence (IF) analysis of THR-123-treated mice
indicates new β-cell formation
To determine if the glycemic improvement of THR-123-treated dia-
betic mice was due to an enhanced β-cell mass, we performed IF
analysis of fixed pancreatic sections from each group (CD-1/THR-123—
20mg/kg and saline controls). We hypothesized that the pancreas of
THR-123-treated mice would have a higher number of β-cells than
diabetic controls; and that, if newly formed (as opposed to merely
preserved), these would also exhibit BrdU incorporation. To test these

hypotheses, we stained for insulin (Fig. 2a), insulin/BrdU/DAPI (Fig. 2c),
insulin/Alk3/DAPI (Fig. 2d, left) and insulin/BrdU/Alk3/DAPI (Fig. 2d,
right) after termination of the experiment. Histological analysis of
“tile” composites (whole pancreas) showed normal islets in non-
diabetic (Fig. 2a, top) and smaller ones in THR-123-treated diabetic
mice (Fig. 2a, middle). At this low magnification, any residual islets in
the saline diabetic controls could not be detected (Fig. 2a, bottom).
The percentage of β- vs. total (DAPI+) cells was 1.4 ± 0.7% in non-
diabetic controls, 0.36 ±0.06% in THR-123-treated diabetic mice and
0.13 ± 0.04% in saline diabetic controls (Fig. 2b, top). Differences
between alloxan/THR-123 and alloxan/saline, as well as those between
non-diabetic and THR-123-treated mice, were statistically significant
(p = 0.01 and 0.02, respectively).

Insulin+ structures in the alloxan/THR-123 sections were often
located within the very epithelium of ducts (Fig. 2c–f). It has been
suggested that islet-derived β-cells can intercalate into hyperplastic
ducts, which could explain the commonly reported observation of β-
cells seemingly budding from ducts. However, this hypothesis was
formulated in the context of a very specific transgenic model (acinar-
or β-cell-traced, 6-month Zn2+-inducible, metallothionein promoter-
driven TGFα overexpression), throughout a series of experiments that
did not include lineage-tracing of ductal cells, and where any co-
localization of insulin andductalmarkerswas specifically ruled out21. In
contrast, our analysis of THR-123-treated mice showed abundant
insulin+ clusters as if transitioning from Alk3+ cells in ducts, as evi-
denced by areas of partial co-localization (0.28 ±0.08%) that were
virtually undetected in control diabetic mice (0.024± 0.01%,
p = 0.0087 between the two groups; Fig. 2d–f).

BrdU staining indicates that THR-123 induced significant pro-
liferation of pancreatic tissue (26.8 ± 6.04%) compared to saline-
treated controls (5.22 ± 1.58%, p = 0.02) and non-diabetic mice, where
it was almost negligible (Fig. 2b, bottom). BrdU incorporation was
particularly noticeable in Alk3+ ductal and β-cells (Fig. 2c–f, h). The
percentage of insulin+ cells that were also BrdU+ in alloxan/THR-123
mice (67.56 ± 12.2%) was significantly higher than that of alloxan/saline
animals (15.13 ± 5.44%; p = 0.012) (Fig. 2b, middle). A similar trend was
also observedwith Alk3+/BrdU+ vs. total Alk3+ (43.78 ± 7.95% in alloxan/

Fig. 1 | The murine pancreas contains Pdx1+/Alk3+ cells that are responsive to
BMP signaling, and systemic treatment of diabetic mice with THR-123 leads to
amelioration of hyperglycemia. a Confocal microphotograph (maximal projec-
tion) of CD-1 mouse pancreas showing an islet and a duct in apposition (inset,
higher magnification of ductal area). The BMP receptor 1A (Alk3, green) only stains
the duct, whereas Pdx1 (red) can be seen in the nucleus of both islet β-cells (strong
signal) and ductal Alk3+ cells (weaker signal). Size bar: 100μm. b Flow cytometry
analysis of mouse non-endocrine cells exposed to BMP-7 in vitro using antibodies
against Alk3, P2RY1 (a surrogate surface marker for Pdx1) and pSMAD1/5/8 (the
phosphorylated version of SMAD1/5/8). For all the experiments described herein,
exocrine tissues were obtained from a total of 30 C57BL/6 mice (10–12-weeks).
Upper row: Time point 0 (before treatment). Lower row: 30min after addition of
BMP-7. From left to right: Gating of P2RY1+/Alk3+ and P2RY1−/Alk3− cells; gating of
pSMAD1/5/8+ cells out of the P2RY1+/Alk3+ fraction; and gating of pSMAD1/5/8+ cells
out of the P2RY1−/Alk3− fraction. This analysis reveals that only a very small per-
centage of cells are pSMAD1/5/8+ prior to the stimulation in either fraction (3.03%
and 0.13% in the P2RY1+/Alk3+ and P2RY1−/Alk3− fractions, respectively). However,
after 30min of BMP-7 exposure, the % of pSMAD1/5/8+ cells is much higher in the
positive fraction (51.19 vs 1.84%). c The above data are presented in time chart form
along with additional time points (15, 30, 45, 60, and 120min) for both positive
(left) and the negative (right) fractions, showing the time-dependent return to
unstimulated value ranges by 120min. n = 3 biological replicates/experiment.
d Structure of the cyclic peptide THR-123. e FAM-labeled THR-123 (green) admi-
nistered by intraperitoneal (i.p.) injection can be detected in the pancreatic par-
enchyma and the kidneys within 2–5 h of administration (top row: non-injected
control). Image pairs show two different regions of each analyzed organ. Size bar:
100μm. n = 3 mice for each collection time. f Time series chart showing evolution
of blood glucose (mg/dL, y axis) over time (days, x axis) of alloxan-treated CD-1

mice injected with 20mg/kg THR-123 (experimental group, red line) or saline
solution (control, blue line) for 3 weeks. g Average blood glucose readings (n = 5
control and n = 6 THR-123-treated biologically independentmice) during the entire
experiment for each group, showing a statistically significant decrease in mice
treated with THR-123 (p =0.0253). Unpaired two-tailed t-test was performed to
compare groups. h Time series chart showing evolution of blood glucose (mg/dL, y
axis) over time (days, x axis) of non-diabetic CD-1mice injectedwith 20mg/kgTHR-
123 (experimental group, red line) or saline solution (control, blue line) for 3 weeks
(n = 5 biologically independent mice/group). i Profile of circulating cytokine
expression (pg/ml) in peripheral blood of control (blue bars) and THR-123-treated
(red bars) mice (n = 7 biologically independent mice/group), as well as brown fat
weight (grams) (n = 6 biologically independent mice/group) and real-time RT-PCR-
determined relative expression [2(−ΔCt)] of uncoupled protein 1 (UCP-1) in total fat
for each group [n = 10 (control) andn = 9 (THR-123) biologically independentmice].
*p < 0.05; n.s., no statistically significant difference. Unpaired two-tailed t-test was
performed to compare groups. Each data point corresponds to the average of a
single mouse. Only data points within the Lower Limit of Quantification (LLOQ)-
Upper Limit of Quantification (ULOQ) range are considered valid for analysis.
Missing data points fell outside this range. j Time series chart showing evolution of
blood glucose (mg/dL, y axis) over time (weeks, x axis) of stz-induced diabetic
(three consecutive readings over 250mg/dL) CD-1 mice (n = 10 biologically inde-
pendent animals/group) injected subsequently with 20mg/kg THR-123 (experi-
mental group, red line) or saline solution (control, blue line) for 3 weeks and
followed up for up to 8 weeks. k Average blood glucose readings during the entire
experiment for each group, showing a statistically significant decrease in mice
treated with THR-123 (**p = 0.0022). Unpaired two-tailed t-test was performed to
compare groups. Error bars throughout this figure (c, f–k) represent the standard
error of the means (SEM).
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THR-123 compared to 6.00 ± 1.46% in alloxan/saline, p = 0.0043)
(Fig. 2g, top). Importantly, THR-123 did not induce proliferation above
baseline in the β-cells of non-diabetic mice (Fig. 2g, bottom; p =0.099)
or in organs other than the pancreas in diabetic ones (Fig. 2I, j). Col-
lectively, these observations suggest that only a diabetic/stressed tis-
suemicroenvironment (e.g., the pancreas after alloxan treatment)may
be permissive for THR-123-mediated regeneration to occur. Consistent

with this hypothesis, pancreatic Alk3 expression was found to be ele-
vated in diabetic mice vs. healthy controls (Supplementary Fig. 2a).

Long-term follow-up reveals post-treatment growth of neogenic
islets and extensive intrainsular ductal structures
While most animals were euthanized 1 week after termination of the
3-week treatment, a few were followed up for 3 months. IF revealed
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that their islets were generally larger than at 1 month (Fig. 3a, left),
suggesting that THR-123 initiated a process that continued after
the treatment stopped. Intriguingly, these islets often featured a more
widespread internal scaffold of Krt7+ ductal tissue (Fig. 3a, left) than
that in age-matched non-diabetic mice (Fig. 3a, right). Notably, these
networks could be detected with antibodies against Krt7 but were
negative for other ductal markers such as Alk3 or Krt19. Our findings
are consistent with earlier reports showing intrainsular duct staining
with Krt7, but not Krt19 or Krt2022,23.

The observation that networks of this extent were not present in
control mice prompted us to repeat the experiment accounting for a
longer follow-up to confirm the latter observation and to test the
hypothesis that the growth of islets would plateau after reaching a
normal size.We also extended the THR-123 treatment course from3 to
4 weeks. Thus, 40 CD-1 mice were rendered diabetic (3 consecutive
readings >250mg/dL of blood glucose) and then treated daily with
either 20mg/kg of THR-123 (n = 20) or saline (n = 20) for 4 weeks. Half
of the animals in each group were euthanized and their pancreata
analyzed at weeks 10 and 20 (6 and 16 weeks after treatment termi-
nation, respectively). A third group of 10 age-matched non-diabetic
mice was monitored in parallel. BrdU was given as before but, given
potential toxicity, only for a maximum of 6 weeks for each group
(weeks 4–10 in 10-week group, and for 7 days every third week in the
20-week group; see research design chart in Supplementary Fig. 2b).
Glycemia was assessed periodically throughout, and IPGTTs and basal
insulin/C-peptide determined in selected animals at 10 and 20 weeks
prior to euthanasia and whole-pancreas sagittal plane scanning IF
analysis. As shown in Supplementary Fig. 2c, THR-123 decreased
hyperglycemia vs. controls (maximum glycemic separation of
~200mg/dL at 16 weeks) and led to normoglycemia by week 20.
Interestingly, we also noticed that controlmice had a delayed decrease
of hyperglycemia (although still in the diabetic range) between weeks
16 and 20. Spontaneous return to normoglycemia has been
reported24,25 andmay reflect natural (if slower) regenerative processes.
While still impaired, treatedmice hadmore efficient glucose clearance
than untreated controls and exhibited higher fasting insulin/C-peptide
secretion at both 10 and 20 weeks. These values were higher for both
groups at the latter point (Supplementary Fig. 2d). Further confirming
that the amelioration of hyperglycemia induced byTHR-123wasdue to
β-cell regeneration rather than a potential improvement of insulin

sensitivity, there were no statistically significant differences between
each group’s Matsuda index at either time point (Supplemen-
tary Fig. 2d).

Islets of near normal size (Fig. 3b, c, Supplementary Fig. 2e) could
be readily detected in the experimental group atboth 10 and 20weeks,
usually near ducts (Fig. 3b, right; Supplementary Fig. 2e, right). How-
ever, islets from untreatedmice (Fig. 3c) appeared largely devoid of β-
cells (Supplementary Fig. 2e, left) or consisted atmost of small clusters
thereof (Fig. 3b, left). The relative percentage of insulin-expressing
cells was significantly higher in the THR-123 group at both time points
(Fig. 3d), as was the casewith the intrainsular Krt-7 area (Fig. 3e) and its
mean fluorescence intensity (Fig. 3f). Of note, there was little BrdU
incorporation to β-cells in either group at 10 weeks (Fig. 3g, left).
Unlike in the first set of experiments, where BrdU was given through-
out, mice of the 10-week group received it only from week 4 onwards
(Supplementary Fig. 2b). This suggests that most of the new β-cells
formed during THR-123 treatment, and that the subsequent growth of
islets may ensue by differentiation and coalescence. In contrast, since
animals in the 20-week group received BrdU periodically throughout
the treatment (Supplementary Fig. 2b), their islets had very high BrdU
labeling (Fig. 3g, right). This was true not only of those of the THR-123
group, but also of the much fewer β-cells detected in saline controls:
even though many islets in the pancreas of control mice were very
small and devoid of BrdU (Supplementary Fig. 2g), many also had
significant BrdU labeling (~14% of the total β-cell number, Fig. 3g,
right). This observation implies, as noted, that the injured pancreas is
also regenerating its β-cell compartment, albeit at a slower pace. Of
note, the pancreas of THR-123-treated mice exhibited simultaneously
large, BrdU-replete islets, and small, BrdU-negative ones (Supple-
mentary Fig. 2f). While we cannot discard that the latter may represent
the upper or lower sections of larger islets that may in fact be labeled
with BrdU in other planes, the similitude with the pattern observed in
age-matched, saline-treated diabetic mice (Supplementary Fig. 2g)
suggests that these are probably pre-existing islets that resisted the
alloxan treatment from the beginning. If so, the data of Supplementary
Fig. 2f would indicate that THR-123 induces the formation of new islets
without significantly affecting residual ones. Finally, the quantification
of the percentages of BrdU-labeled cells within each of the examined
cell types (Ins+, Krt7+, and Ins−/Krt7−), indicates that THR-123 treatment
results in the preferential incorporation of BrdU within the endocrine

Fig. 2 | THR-123-treated mice exhibit signs of new endocrine cell formation.
a Tiled composite images of representative cross-sections of the entire pancreas of
non-diabetic (top), diabetic/THR-123-treated (middle), and diabetic/saline-treated
(bottom) CD1 mice. The contour of the organ is marked by blue dotted lines.
Samples were stained for insulin (red). Residual β-cells in the alloxan/saline group
are not discernable at this low, panoramic magnification. Size bar: 1mm. b Bar
graphs showing the area % of insulin-expressing cells out of that of total DAPI+

signal (top); % of insulin+ cells that also express BrdU out of total insulin-expressing
cells (middle); and overall % of BrdU-expressing cells out of total DAPI+ (bottom).
Saline (C), THR-123, and nondiabetic (ND) columns in blue, red, and black,
respectively. n = 3 non-diabetic, n = 4 diabetic/THR-123-treated, and n = 4 diabetic/
saline-treated biologically independent CD1mice were used. Unpaired two-tailed t-
tests were performed to compare groups. Error bars: standard error of the means.
*p < 0.05; **p <0.01. Ins+ vs DAPI+: Ctrl vs THR-123, p=0.014; ND vs THR-123,
p =0.024. Ins+/BrdU+ vs. Ins+: Ctrl vs THR-123, p = 0.0092; NDvs THR-123,p =0.0121.
BrdU+ vs. DAPI+: Ctrl vs THR-123, p=0.0289; ND vs THR-123, p =0.012. Each data
point is the average obtained from the analysis of a singlemouse. c Example of islet
regions (insulin, red; BrdU, green; and DAPI, blue) from non-diabetic (top), dia-
betic/THR-123-treated (middle) anddiabetic/saline-treated (bottom)mice. Size bar:
50μm. d Confocal Alk3 (green) and insulin (red) co-staining reveals clusters of
insulin+ cells within ductal structures. Size bar: 100μm e Abundant BrdU signal
(blue) is typically detected in those ducts harboring insulin+ cells (panels, showing
individual channels andmerge). Size bar: 100μm. f Example of an islet (Ins+, red) in
apposition to a duct (Alk3+, green) where virtually all Ins+ cells (andmost Alk3+) are
BrdU+, reflecting new formation during the treatment. An area of Alk3+ and Ins+

colocalization is also detected at the bottom right corner of the structure. DAPI,
white. Merge, all channels. Size bar: 100μm. g Bar graphs showing the area % of
Alk3+ cells that also express BrdU relative to the total number of Alk3+ cells (top);
cells that co-express Alk3 and insulin relative to the overall number of Alk3+ cells
(middle); and cells that co-express BrdU and insulin relative to the total number of
insulin+ cells in non-diabetic (ND) mice (bottom). Saline (C), THR-123, and non-
diabetic (ND) columns in blue, red, and black, respectively. Unpaired two-tailed t-
tests were performed to compare groups. Alk3+/BrdU+ vs Alk3+: Ctrl vs THR-123,
p =0.0043; ND vs THR-123, p =0.0238. Alk3+/Ins+ vs Alk3+: Ctrl vs THR-123,
p=0.0087. Error bars: standard error of the means. *p < 0.05; **p < 0.01. Each data
point is the averageobtained from the analysisof a singlemouse.hExtensive ductal
cell proliferation (BrdU, green; KRT7, red) is detected in diabeticmice injectedwith
THR-123 (right column), but not in saline-treated ones (left column). DAPI: nuclear
counterstain (blue). Sizebar: 100μm. iRepresentativemicrophotographs of kidney
(top row), lung (middle), and liver (bottom) tissue showing BrdU incorporation
(green) against DAPI (blue) in saline-treateddiabetic (left column), THR-123-treated
diabetic (middle column), and non-diabetic (right column) mice. The latter were
given BrdU in the drinking water during the same length of time the other two
groups were treated. j Bar graphs showing the ratio BrdU+/DAPI+ (y axis) in kidney
(left), lung (middle) and liver (right). Saline (C), THR-123, and nondiabetic (ND)
columns in blue, red, and black, respectively. Unpaired two-tailed t-tests were
performed to compare groups. Error bars: standard error of the means. With the
exception of kidney, where control diabetic mice displayed a higher rate of BrdU
incorporation than non-diabetic ones (p =0.013), no statistically significant differ-
ences could be appreciated between groups.
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and ductal compartments, with a much lower proportional rate in
other tissues (Supplementary Fig. 3a).

Real-time monitoring of ductal-mediated neogenesis
While the previous data indicate that islets regenerate in response to
THR-123 treatment, we could onlymake inferences about the nature of
process after euthanizing the animals. We hypothesized that the

pancreatic slice platform5 would enable the real-time visualization of
the earlier stages of endocrine regeneration induced by the agent. To
test this hypothesis, we exposed mPSs from alloxan-treated Ins2CRE/
mTmG mice [where non-β-cells express membrane-bound tdTomato
(red), and insulin expression elicits a Cre-mediated recombination that
renders β-cells EGFP-positive5] to THR-123 for 5 days and then placed
them within a bespoke microfluidic chip26 for an additional 72 h. The
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chip was positioned inside a Keyence microscope/incubator with
continuously circulating medium, and Z-stack images of brightfield/
red/green channels were taken automatically every 12 h. As shown in
Fig. 3h, some residual islets could still be detected (white boxes) but
disappeared over time, probably due to a delayed effect of alloxan.
However, a new insulin-expressing region appeared around 36 h of
THR-123’s withdrawal, and its signal (green arrow) persisted until the
termination of the experiment. The emergence of new insulin-
producing cells as pre-existing ones disappear, observed here for the
first time in a live pancreatic tissue, aligns with our interpretation of
earlier results, where alloxan/THR-123-treatedmicewould not become
overtly hyperglycemic if new β-cells were formed at the same time as
original ones died.

We next sought to determine whether newly formed β-cells were
functional by Ca2+ imaging6. However, as most Ca2+ markers emit light
in green/redwavelengths, andboth are taken in Ins2CRE/mTmGmice,we
used slices from non-transgenic (CD-1) mice and adapted an adeno-
virus (AV) co-transduction approach that allows for both insulin
expression-dependent tagging and as Ca2+ imaging (Fig. 3i). The
strategy entails the use of a Rat Insulin Promoter (RIP)-driven Cre
lineage tracer (AV1) and a dsRed-to-BFP reporter (AV2). Additionally,
the latter features a green GcAMP6s Ca2+ marker whose intensity
increases proportionally to glucose-stimulated insulin release6. In this
round of experiments, we tracked the evolution of the dsRed and BFP
signals within select ductal areas, rather than the entire slice. The
brightfield images of Fig. 3j (left panel, bottom row) show an area of
active ductal remodeling within a mPS that was co-transduced and
treated with THR-123 for 5 days. There is evidence of the progressive
appearance of new BFP+ cells as if budding from the duct. These
undergo a dsRed-to-BFP transition as the red marker is excised out in
cells that express insulin de novo, but where the protein still lingers

while the blue marker starts to be expressed (Fig. 3j, lower insets; and
Supplementary Fig. 3c). No such transition can happen if a pre-existing
β-cell (already BFP+) divides. The maximal co-localization between the
twomarkers (magenta) occurs on day 9. We selected 7 cells within this
field, all of them in or next to the duct, for Ca2+ imaging. Probably due
to incompletematuration, noneof these cells showed a complete high-
low-high-KCl “canonical” glucose-stimulation response (Fig. 3j, right
panel). However, several exhibited a clear reaction to high glucose (1-3,
5-6) or KCl-induced depolarization (1, 4). While our approach is not
designed to test whether pre-existing β-cell replication may occur
concomitantly, these observations present longitudinal proof of active
insulin+ cell neogenesis from the ducts, as well as evidence that at least
some become partially responsive to glucose. The theoretical alter-
native that duct-associated β-cells may derive instead from pre-
existing islets, as suggested in the TGF-α overexpression model
described in ref. 21, is inconsistent with our results. Importantly, these
observations could be replicated in pancreatic slices of human origin
(Supplementary Fig. 3b), showing that the regenerative effects of THR-
123 are conserved across species.

Dynamic scRNAseq of THR-123-treated slices fromdiabeticmice
reveals hybrid ductoacinar cell populations and their transition
towards endocrine phenotypes
To further dissect the mechanism through which THR-123 mediates
endocrine regeneration, we conducted scRNAseq analysis of pan-
creatic slices generated from either non-diabetic or alloxan-induced
diabeticmice, and cultured for 5 days in the presenceor absence of the
agent. This length of time was determined based on the maximum
functional lifespan of murine pancreatic slices in vitro. Unlike their
human counterparts, mouse pancreatic slices are distended with low
melting point agarose during their procurement27. While this makes

Fig. 3 | High intrainsular Krt7 content suggests the involvement of ductal cells
in THR-123-mediated endocrine regeneration, and the earlier stages thereof
can be monitored in real time using pancreatic slices. a Confocal micro-
photographs of regions containing a single islet next to a large duct from a THR-
123-treated diabetic mouse at 3 months (left 4 panels) or from a non-diabetic one
(right four panels), showing comparatively more widespread intrainsular ductal
tissue (Krt7, cytokeratin 7, red; Ins, insulin, white; DAPI, nuclear staining, blue;
merge: all three channels). Size bar: 75μm. b Confocal microphotographs of the
pancreas of diabetic mice after long-term (20 weeks) follow up (saline-untreated,
left four panels; THR-123-treated, right 8panels: lowandhighmagnification in top 4
and bottom 4, respectively). Krt7, cytokeratin 7, red; Ins, insulin, white; BrdU,
green; merge, all three channels plus DAPI (blue). Size bars: 75 μm. c Bar graphs
showing average islet area (μm²) at 10 and 20 weeks. 10 weeks: ND vs Ctrl,
p =0.0234; 20 weeks: ND vs Ctrl, p =0.0434; Ctrl vs THR-123, p =0.0025. d Bar
graphs showing percentage of insulin⁺ area relative to total DAPI⁺ area at 10 and
20weeks. 10 weeks: ND vs Ctrl, p <0.0001; Ctrl vs THR-123, p =0.0041; ND vs THR-
123, p <0.0001. 20weeks: NDvs Ctrl, p <0.0001; Ctrl vs THR-123,p =0.0008;ND vs
THR-123, p =0.0063. e Bar graphs showing percentage of intra-islet Krt7⁺ area
relative to total islet area at 10 and 20weeks. 10 weeks: Ctrl vs THR-123, p <0.0001;
ND vs THR-123, p <0.0001. 20 weeks: Ctrl vs THR-123, p <0.0001; ND vs THR-123,
p <0.0001. f Bar graphs showing the mean fluorescence intensity (MFI, arbitrary
units) of intrainsular Krt7+ signal at 10 (left) and 20 (right) weeks. 10-weeks: ND vs
Ctrl, p =0.0139; ND vs THR-123, p =0.0453; Ctrl vs THR-123, p =0.0012. 20 weeks:
ND vs Ctrl, p =0.0255; ND vs THR-123 p = 0.0146; THR-123 vs Ctrl, p =0.0002. g Bar
graphs showing the percentage of insulin+ area that co-localize with BrdU+ relative
to the total insulin+ area at 10 (left) and 20 (right) weeks. 10 weeks: ND vs. THR-123:
p =0.0004; Ctrl vs. THR-123: p =0.0003. 20 weeks: ND vs. THR-123, p =0.013; Ctrl
vs. THR-123, p =0.008. For all analyses in panels (c–g), serial paraffin sections
(n = 3 sections permouse)were used. Sample sizes were as follows: THR-123 group,
10 weeks: n = 6 biologically independent mice; 20 weeks, n = 4 biologically inde-
pendentmice. Saline-treated controls, 10weeks: n = 4; 20weeks, n = 4. Nondiabetic
(ND) group: 10 weeks, n = 4; 20 weeks, n = 4). Error bars represent the standard
error of the means (SEM). Statistical comparisons were performed using unpaired
two-tailed t-tests. *p <0.05; **p < 0.01; ***p <0.001; ****p < 0.0001. Unmentioned

group comparisons were considered non-statistically significant (p > 0.05).
h Pancreas slices from alloxan-treated Ins2CRE/mTmG mice were treated with THR-
123 for 5 days and then placed on microfluidic chips for continuous monitoring
over 72 h, with automated acquisition of all three channels [green, membrane-
bound GFP (mG), labeling insulin-expressing cells; red, membrane-bound tomato
(mT), labeling non-insulin-expressing cells; and brightfield]. Top row, merge of all
three channels at each of the 6 time points. The area in the white tile is shown
amplified in the bottom row with only the green (insulin) channel. Dotted-line
squares show pre-existing insulin-positive areas that progressively disappear with
time. The green arrow observed from the 36h time point onwards points at a
neogenic insulin+ area. Size bars: 500μm. i Scheme of the adenovirus-mediated
lineage tracing design to study the induction of β-cell neogenesis by THR-123 in
slices from non-transgenic (CD-1) mice. mPSs transduced with both AV species
feature red non-β-cells and blue pre-existing β-cells. If a non-β-cell (e.g., a ductal
cell) generates a β-cell, there will be a transition from red to blue. The transient co-
localization of both markers (magenta) is interpreted as β-cell neogenesis.
j Microphotographs of pancreatic slices co-transduced as indicated in (i) at days
4–9post-transduction, focusing in a periductal area. Left panel, top row:Blue signal
marking cells where activation of the insulin promoter induces a Cre-mediated
recombination event leading to the expression of moxBFP. Left panel, middle row:
blue and red channels. While on day 4 these two colors largely mark distinct cells
(i.e., non-β cells in red, pre-existing β-cells in blue), there is a time-dependent
increase of co-localization, indicative of the conversion of non-β-cells into β-cells.
Bottom row: brightfield, red and blue channels. Numbered arrows onday 9 point at
individual neogenic (magenta) cells. The inset in day 8 shows a single ductal wall
cell (number 4) transitioning from red to blue (magenta) as it acquires insulin
expression. Size bar: 50μm. Right panel: Imaging of Ca2+ intensity (GMP6) in indi-
vidual cells (as numbered in the left panel) at day 9 in response to low (3mM, 3G),
high (16.7mM, 16.7G), second low glucose, and KCl (membrane depolarizing
agent). Charts to the right of each cell quantify GcAMP6 intensity throughout the
glucose/KCl challenge. Rendering of SliceChip (h) was created using Solidworks
under a University ofMiami license (https://sthd.it.miami.edu/coe/solidworks.pdf).
Elements of (i) were created inBioRender.DOMINGUEZ-BENDALA, J. (2025) https://
BioRender.com/3txycaf).
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them brittle and difficult to use experimentally after ~5 days in culture,
up to that point they provide a solid and anatomically accurate model
of a live murine pancreas.

Our experimental approach leverages the integration of scRNA-
seq datasets obtained from the same tissue samples (same-donor
pancreatic slices), with and without treatment, to conduct a dynamic
analysis of regeneration at the single cell level. We hypothesized that
treatment of pancreatic slices from diabetic mice with THR-123 may
reveal the formation of neogenic β-cells through an intermediate
ductoacinar stage, as previously described by our team in human
pancreatic slices6. While the alternative of conducting these experi-
ments on pancreata harvested from THR-123-treated mice would the-
oretically enable the analysis of time points significantly more
extended than those afforded by the limited functional lifespan of
slices in vitro, the dissociation of viable cells (especially acinar) from
whole pancreatic tissue remains a major technical hurdle in the field28.
This is not the case with murine slices, which consistently yield highly
viable cells upon dissociation. By providing a more faithful cellular
representation of the native organ, our system allows for the dissec-
tion of the earliest stages of endocrine cell regeneration with the
acceptable tradeoff of having a smaller overall number of
endocrine cells.

mPSs (n = 6) from non-diabetic mice were thus sequenced after
5 days of culture5 (positive control). Slices from diabetic mice were
either treatedwith THR-123 (10 nM) for 5 days (experimental group) or
left untreated for the same period (alloxan, negative control) prior to
sequencing (Fig. 4a). The experiment was repeated three times, and
cells pooled for each group. In total, ~32,000 cells were analyzed using
the 10X Genomics 5’ Single-Cell platform (Methods). Libraries were
filtered for quality control and subjected to unsupervised clustering,
integration and differential gene expression analysis using Seurat
v4.1.1 (Methods). Differential expression of genes of any given cluster
vs. all other clusters was used to identify representative markers.
UniformManifold Approximation and Projection (UMAP) plots for the
positive control (non-diabetic), negative control (alloxan) and experi-
mental group (THR-123) are shown in Fig. 4b–d.

The analysis of control (non-diabetic) slices (Fig. 4b, Supplemen-
tary Fig. 4a, b; Supplementary Data 1) revealed ductal (D), acinar (A),
endocrine (β- and other cells), endothelial (E), macrophage (M) and
mesenchymal-like (MS) clusters. Interestingly, one cluster (H1, Areg+)
exhibited mixed ductoacinar features. H1 is acinar by position and
expression of markers such as Cela3b and several cathepsins involved
in autophagy and acinar remodeling29. However, some cytokeratines
(−8, −18, −19) and the ductal progenitor marker Tff13 are also among
the most differentially expressed genes in this cluster, suggesting a
hybrid ducto-acinar nature. While mPSs from alloxan-treated mice
(negative control) also had ductal and acinar clusters (Fig. 4c, Sup-
plementary Fig. 4c, d; Supplementary Data 2) neither endocrine nor
ductoacinar cells were detected therein.

Similar to the positive control, the UMAP of slices from diabetic
mice treated in vitro with THR-123 (experimental group; Fig. 4d, Sup-
plementary Fig. 5a, b; Supplementary Data 3) featured endocrine (in
smaller proportion) and ductoacinar (in larger proportion) cells. The
latter were split between two hybrid clusters, H1 (Ctse+) and H2
(Gm26917+). In addition to the markers described for the H1 cluster of
non-diabetic samples, multiple transcription factors involved in pan-
creatic development/regeneration were differentially upregulated in
these two clusters, including Sox1130, Klf631, and the triad
Jun/Foxq1/Sox4, whose concerted action drives acinar de-
differentiation and recovery after injury/inflammation32. Other mar-
kers in hybrid cells were 2200002D01Rik (human C19orf33), an injury-
upregulated factor33 characteristic of pancreatic progenitors3,6;
s100a6, a calcium-binding protein linked to pancreatic cancer cell
motility34; Stmn1, a cell cycle regulator35 associated with exocrine
progenitors6; Tcim, a positive regulator of Wnt/β-catenin pathway and

Notch signaling inhibitor36–39; and the early/immature β-cell markers
Npy (neuropeptide Y),Mgst3 (microsomal glutathione S-transferase-3)
and Cldn4 (claudin-4).Npy is a co-transmitter detected only in partially
differentiated β-cells, only reappearing in mature ones as a result of
metabolic stress and/or diabetes40,41. Npy has been associated to de-
differentiated β-cells contributing to compensatory β-cell expansion
following partial pancreatectomy42. Mgst3 was originally identified in
early β-cells, where it is selectively disallowed as they mature43,44. The
opposite is true for Cldn4, a functional β-cell marker that is progres-
sively upregulated throughout islet development45. The single most
expressed H1 marker in absolute transcript counts is Clusterin (fourth
in H2), encoding a heterodimeric glycoprotein linked to pancreatic
regeneration46–48 (Supplementary Data 4). Most of these markers are
also in the equivalent cluster of the non-diabetic control but their
expression there is lower (Supplementary Fig. 6). The main difference
between H1 and H2 is that the latter is distinctly more pro-endocrine
(Fig. 4e). In fact, the most differentially expressed marker in H2 is
Gm26917, a longnon-codingmRNA/insulin transcription activator49. Of
note, while a recent single-cell atlas of the mouse ductal tree50 did
not report hybrid ductoacinar clusters, that study sequenced only
cells expressing Sox9 –a marker with a low level of expression in H1
and H2 (Supplementary Data 4). However, Fltr3, a ductal marker with
endocrine potential identified therein, does indeedmap preferentially
in the H1 (higher relative number of cells) and H2 (lower relative
number, but higher level of expression) clusters (Supplementary
Fig. 3d–e).

Close to H2 is the endocrine cluster (IAPP+), absent in the alloxan
control (Fig. 4c, e). β-cells are relatively less abundant in this cluster
(40.02%) than within its non-diabetic control counterpart (75.17%).
They are also less mature, as determined by differential gene expres-
sion analysis (Supplementary Data 5) and a Transition Score algorithm
(see Methods) designed to assess endocrine cell maturity (Fig. 4f).

Themakeup and arrangement of the above clusters, alongside the
previous data in this work, are consistent with the notion that THR-123
induces β-cell neogenesis in mPSs from diabetic mice, although these
cells are still immature (probably due to the relatively short length of
the treatment). To test this hypothesis, we combined the alloxan and
THR-123 datasets, as the reclustering of the integrated dataset permits
an apples-to-apples comparison of the contribution of each group to
any given cluster, as well as accurate cell trajectory analyses by
dynamic scRNAseq analysis7 (Fig. 4g, Supplementary Fig. 5c, d; Sup-
plementary Data 6). As before, the combined UMAP features the H1
and H2 hybrid ductoacinar clusters, with the endocrine cells being
closest to the latter. Further supporting their potential ontological
relationship, a feature plot for Ins2 shows that H2 (1022 cells) and the
endocrine cluster (94 cells) are the only ones with meaningful
expression of this marker in the entire dataset (Fig. 4h –inset showing
that H2 and endocrine cells are almost entirely derived from THR-123-
treated slices).

To further explore this connection and test the hypothesis that
endocrine cells arise from H2, we segregated the H2+Endoc clusters
from the integrated dataset, subclustered them (Supplementary
Data 7), and ranRNAVelocity. By distinguishing unspliced fromspliced
RNA forms, RNA velocity algorithms such as scVelo51 can assign
pseudotemporal tags (and therefore fate trajectories) to cells in any
given dataset52. The predictive accuracy of this analysis is greatly
enhanced in integrated datasets already containing treatment-
dependent information, as the algorithm can more readily ‘connect
the dots’ between cellular stages6,53. While H2 is split into three sub-
clusters in the reclustered H2+Endoc UMAP (H2.1-3), the endocrine
cluster (Ppy+) remains independent, with the exception of 6 (out of 94)
endocrine cells thatmapat the tip ofH2.1 (Fig. 4i).We further analyzed
this dataset using a suite of RNA velocity tools, namely, scVelo, Latent
Time (which offers a representation of any given cell’s position along
an inferred developmental trajectory), and Partition-based Graph
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Abstraction (PAGA, which provides visually intuitive directional con-
nections between clusters according to RNA velocity-predictions54).
These three analyses indicate a fate trajectory from the hybrid duc-
toacinar cluster H2 to the endocrine one (Fig. 4j–l). Consistent with
these results, when we subclustered again the endocrine cells alone
(Fig. 4m)we found that all 6 cells identified earlier come from the THR-
123 group (Fig. 4m, inset), are β-like (Supplementary Data 8, Fig. 4m),
and display lower endocrine maturity than the rest of the cells in that
cluster (Fig. 4n).

In summary, even after only 5 days of THR-123 treatment, our
study reveals a significant number of immature β-cells (Endoc cluster)
that arise from hybrid ductoacinar cells (H2 cluster) as determined by
dynamic RNA velocity. Further confirming this transition, the resolu-
tion of our analyses is deep enough to detect a handful of cells caught
at the verymoment of their conversion. The relatively small number of
β-cells in our dataset is not considered a limitation, since we ended up
detecting the full spectrum of endocrine differentiation from H2 to
Endoc. In this context, a higher number of β-cells (as expected if slices
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could be pushed to survive for longer, thus allowing for further dif-
ferentiation) would not have changed the conclusions of our analysis
or made them any stronger.

Of note, the dynamic scRNAseq analysis of the Endoc cluster does
not reveal any proliferative signature in these immature β-cells (Sup-
plementary Data 5 and Supplementary Fig. 3f, g), suggesting that the
division of pre-existing β-cells is not the predominant mechanism
through which THR-123 exerts its action. Our conclusion that new β-
cells arise from specific ductal cell subpopulations in this experimental
setting is strongly aligned with all the preceding results described in
this work.

Discussion
We demonstrate that THR-123, a BMPR agonist, drastically reduces
hyperglycemia in diabetic mice. While our data do not entirely discard
that THR-123 may also impart protection to islets and/or reduce
inflammation, the body of our research points at β-cell neogenesis as
the primary effector of this experimental outcome. BrdU incorpora-
tion assays already confirm de novo formation of functional islets, but
our studies go one step further by leveraging the pancreatic slice
platform3,6,53,55 to both visualize β-cell formation in real time and dis-
sect the transcriptomic dynamics of the process at the single cell level.

The latter studies suggest that THR-123 induces the transition of
pre-existing hybrid ductoacinar cells towards endocrine phenotypes.
The involvement of an intermediate ductoacinar-like stage is an
emerging concept in the field first posited by our team following the
dynamic scRNAseq analysis of HPSs exposed to BMP-76. Shortly
afterwards, another team independently described a hybrid popula-
tion of peri-islet acinar cells with the ability to becomeβ-cells inmice24.
This is the first report describing in detail the entire ductoacinar-
endocrine regeneration arch in a live diabetes model. We discovered a
highly plastic, differentiation-ready population of cells with hybrid
ductoacinar features in the normal pancreas (clusterH1). Following the
induction of diabetes and the treatment of slices with THR-123, our
analyses reveal the relative expansion of this cluster, the accentuation
of its stemness, the formation of a related cluster (H2) with pro-
endocrine characteristics, and, finally, the presence of a cluster of β-
cells of immature characteristics. The application of RNA velocity tools

indicates that the latter arises from H2 and not the other way around.
Our approachwaspowerful enough to capture a snapshot of the active
process, i.e., the transcriptomeof a handful of cells at the verymoment
of their transition (see “Results”). This study suggests that factors such
as Klf6, Sox4/9, Jun, Foxq1, Stmn1, Tcim, Npy,Mgst3, Cldn4, and Clu –all
previously linked to regenerative processes in the pancreas– may be
critically involved downstreamBMPR activation.Whether the selective
conditional inactivation of these molecular players impairs the THR-
123-dependent inductionofβ-regenerationwill be the subjectof future
studies.

It is important to emphasize that the conclusions of our work do
not solely rely on scRNAseq trajectory predictions but are bolstered by
a comprehensive array of experimental approaches. Chief amongst
them is the lineage tracing of neogenic insulin-expressing cells tran-
sitioning from the ducts, a pivotal piece of evidence supporting the
progenitor cell hypothesis of regeneration16. While a small degree of
co-localization between Alk3 and insulin staining in THR-123-treated
mice already suggested this transition (see “Results”), these static
snapshots (the last in a long list of historic observations of islets
ostensibly sprouting fromducts16,56,57) are insufficient to prove that this
phenomenon may occur dynamically58 under specific circumstances.
The real-time monitoring of ductal cells in their native anatomical
context as they adopt an endocrine phenotype is a technical break-
through that has eluded researchers for decades, and a prime example
of the power of the pancreatic slice model5,26,53,55.

Aligned with the principle of in vivo veritas, experiments with
diabeticmice additionally confirm that THR-123 induces the formation
of new islets with average BrdU labeling rates in excess of 60%
–percentages that may underrepresent the actual rate of β-cell neo-
genesis owing to the low bioavailability of BrdU59, dilution in rapidly
dividing cells over time60, lowdetection sensitivity61, and themaximum
length of treatment (6 weeks) recommended to minimize toxicity.
These percentages also account for the fact that BrdU quantification
includes islets that are nearly 100% labeled alongside smaller, possibly
residual ones that have no BrdU label. Importantly, while our obser-
vations cannot rule out the subsequent self-expansion of β-cells after
they form (as proposed in ref. 57), or that THR-123 may also have a
direct effect on the proliferation of pre-existing β-cells, multiple lines

Fig. 4 | Dynamic scRNAseq of mPSs reveals the existence of ductoacinar cells,
their activation by THR-123, and the progression of some towards endocrine
phenotypes. a Scheme of experimental plan, which entails the generation and
culture of mPSs from diabetic (alloxan-treated) and non-diabetic mice and their
subsequent culture and dissociation for scRNAseq at day 5. The datasets of alloxan
(negative control) and THR-123 (experimental group), as denoted by a bracket and
asterisk, were subsequently integrated for RNA velocity analysis. b UMAP of posi-
tive control (slices from non-diabetic mice). Clusters are classified with a letter
based on their main identity (A acinar, D ductal, β- endocrine b-cells, OE other
endocrine, M macrophages, E endothelial, MS mesenchymal, H hybrid ducto-aci-
nar) and sub-categorizedwith a number. Tomaintain consistency across datasets, a
slightly different notation is introduced when two clusters are closely related. For
instance, a D1 variation is termed D1.2. Representative markers for each cluster are
shown next to their notation. cUMAP of negative control (mPSs frommice treated
with alloxan).dUMAPof experimental group (mPSs frommice treatedwith alloxan
and subsequently cultured in the presence of THR-123). IM: mixed immune cells.
Inset: subcluster analysis of the small endocrine (Endoc) cluster, showing three
subclusters corresponding to β-, α-, and δ-cells. e Relative expression level of
endocrine markers in the hybrid ductoacinar clusters H1 and H2. f Subcluster
analysis of β-cells from the THR-123 group (left) and non-diabetic control (right), in
which individual cells have been colored according to their degree of endocrine
maturity as calculated by a Transition Score (see “Methods”). Scale: 0 (most duc-
toacinar, blue)—100 (most endocrine, red). Pie charts represent anaverageof all the
β-cells in each groupwith a cut-off of 75 (>75, red; <75, blue). gUMAPof integrated
alloxan (negative control) and THR-123 (experimental group) datasets. F: fibro-
blasts. The orange box encompasses the hybrid ductoacinar cluster H2 and the
endocrine cluster Endoc, which are further dissected by subcluster analysis in (i).

h A feature plot of Ins2 (insulin 2) in the entire integrated UMAP indicates that the
expression of this endocrine marker is largely circumscribed to H2 (light green
dotted box) and Endoc (red dotted box). The inset additionally shows that the
majority of cells in these two clusters originate from the THR-123 group (orange),
with only a minimal contribution from the alloxan group (blue). i UMAP of the
subcluster analysis of H2 + Endoc from the integrated alloxan + THR-123 dataset.
While H2 is split into 3 subclusters (H2.1, coral; H2.2, teal; and H2.3, purple), Endoc
(Ppy+, green) remains as an independent cluster. However, there are several cells
from Endoc at the rightmost tip of H2.1. RNA velocity analyses were performed on
this integrated dataset. j scVelo distinctly shows outgoing fate trajectory arrows
from the Endoc cells at the tip of H2.1 (left inset) and incoming arrows in the main
Endoc subcluster. k Latent time analysis indicates that cells in H2.1 are at the origin
andmain Endoc cluster cells at the destination [color scale fromblack (0) to yellow
(1) indicating starting and ending RNA velocity stages]. l PAGA (PArtition-based
Graph Abstraction) analysis further confirms an H2.1 to Endoc direction of transi-
tion. m Additional subclustering of the endocrine cells confirms that the 6 cells at
the tip of the hybrid ductoacinar subcluster H2.1 are β-like, although most β-cells
(subcluster 1) are located in the main endocrine cluster alongside α- (subcluster 2)
and δ- (subcluster 3) cells. We termed the 6 endocrine cells in the ductoacinar
location β-cells-A and the ones in the main Endoc subcluster β-cells-B. The inset
shows that all 6 β-cells-A are from the THR-123 group (orange). n Violin plots of
select endocrinemarkers confirm that β-cells-A (teal) are less mature than β-cells-B
(coral), further supporting the notion that they represent a transitional stage from
the ductoacinar cluster. Relative expression levels of the same markers in β-cells
fromnon-diabetic control samples are also shown as a reference. Elements of panel
4a were created in BioRender. DOMINGUEZ-BENDALA, J. (2025) https://BioRender.
com/3txycaf.
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of evidence argue against self-replication as the main mechanism
behind our observations: First, BrdU incorporation levels are similarly
high in ducts as they are in islets, indicating that this is not a β-cell-
specific effect. Second, β-cells do not proliferate in response to BMP
signaling1,14, and, in fact, other groups have shown that BMPs inhibit β-
cell growth62. Third, the differential presence of extensive ductal net-
works within islets of THR-123-treated mice suggests either active or
vestigial regeneration foci (e.g., ducts trapped within the islets they
gave rise to). Intrainsular ducts exist in normal islets22 but to a much
lower extent (see “Results”). This observation has not been reported
for islets regenerated through self-replication13. While absence of evi-
dence is not evidence of absence, it would be difficult to explain why
the self-replication of β-cells alone (which BMP signaling does not
induce in any case) would lead to the growth of these intrainsular
ductal networks. Fourth, we have already determined that ALK3 (not
expressed in β-cells) is the most likely BMP receptor mediating the
effect of BMP signaling in the human pancreas14, which we subse-
quently confirmed by lineage tracing in vitro1. Fifth, we present real-
time evidence of insulin+ cell expansion (BFP+) from ducts in live
pancreatic slices. These cells undergo an intermediate dsRed-to-BFP
stage, which would never be seen if pre-existing β-cells were merely
self-replicating. This observation is additionally supported by our
finding of Alk3 and insulin co-localization upon THR-123 treatment, an
occurrence that was specifically ruled out in other regeneration
models that propose an islet origin for the β-cells that line ducts21.
Finally, our dynamic scRNAseq analyses (including the conspicuous
absence of a proliferative signature in THR-123-induced β-cells), and,
above all, the collective learnings from our previous body of work on
this model1,3,5,6,14,16,53, paint together a picture consistent with a ductal-
only origin for the newly created β-cells that we report on THR-123-
treated animals.

Open questions about the basic processes governing ductal-
mediated regeneration include: (a) whether neogenesis and delami-
nation may be followed by a progressive coalescence and/or pro-
liferation of endocrine cells; (b) the nature of the local environmental
milieu thatdictateswhether stimulatedprogenitors differentiate along
one lineage or another; and (c) the study of factors affecting the pre-
ferential activity of BMPR agonists in the diabetic pancreas vs. other
organs. Planned long-term studies (e.g., by conducting spatial tran-
scriptomics of biological samples with evidence of regenerative
remodeling and transplanting pancreatic slices in the anterior cham-
ber of the eye for long-term longitudinal follow-up of these events)will
shed additional light on these important questions.

From a therapeutic perspective, the engagement of the BMP
pathway has been linked to regeneration in multiple disease
models7,8,63,64. BMP-7 itself, the primary BMPR agonist used in our
previous work on endocrine regeneration1,5,6,14, has been approved for
the treatment of bone repair for over two decades65. The activation of
resident pancreatic progenitor-like cells by pharmacological means
would be of utmost significance to develop combination therapies for
insulin-dependent diabetes. The agent employed in this study, THR-
123, has been shown to have cardioprotective myocardial remodeling
effects8 and reverse kidney fibrosis in mice7. Reservations about
potential off-target induction of proliferation are not particularly
concerning from a clinical perspective, provided that there is a ther-
apeutic effect and higher cell division rates are restricted to progenitor
niches during exposure to the drug. In fact, proliferation is not con-
sidered an impediment at early drug development66, and the FDA has
approved many drugs with non-specific proliferative effects, such as
estrogen or human growth hormone. At any rate, off-target increases
of basal proliferation rates could not be detected either in non-diabetic
mice or in the extrapancreatic tissues of diabeticmiceexposed toTHR-
123 (see “Results”). These findings suggest that an insult (e.g., alloxan)
may be needed for THR-123 to exert its action, and chiefly at the injury
site16,67. THR-1848,9, a sister molecule of THR-123, has completed a

multicenter Phase 2 clinical trial for acute kidney injury following
cardiac surgery. While the study was discontinued after Phase 2 due to
partial lackof efficacy for the intended application, the agentwasgiven
systemically to hundreds of subjects with no toxicity or meaningful
side effects10. No information about potential metabolic effects of the
drug in these patients is available.

Along with other promising approaches aimed at inducing
endogenous regeneration24,68–70, small-peptide BMPmimetics couldbe
used as a clinical alternative to cell products (isolated71,72 or stem cell-
derived73 islets) to restore β-cell mass in situ without the rigors and
limitations of transplantation. The action of BMP signaling on the
ductal tree of murine and human pancreata has been characterized in
depth and the responsive populations resolved at the single-cell
level1,3,5,6,14.

Limitations of our study include mouse-to-mouse variability (e.g.,
in responses to alloxan or recovery rate). While inherent to all animal
studies, this may have been exacerbated by the use of the outbred line
CD-1. However, owing to its greater genetic diversity compared to
inbred strains, basing the bulk of our experiments on this model also
increases the robustness of our results. Another potential drawback of
our research is that in vitro lineage tracing designs may be affected by
epigenetic modifications of the AV-carried transgenes and/or reg-
ulatory sequences74. This could lead to unpredictable inactivation or
reactivation (e.g., of the transgenic insulin promoter) depending on
the cellular environment or external stimuli affecting the cell’s epige-
netic landscape. Also, the expression of the Ins2 promoter has been
shown to change dynamically according to β-cell maturity stages75.
Additional lineage tracing analyses based on the use of ductal-specific
drivers may complement and reinforce our conclusions, but the
reliability of promoters such as Hes1, HNF-1β or Sox9 is also sub-
optimal due to variable temporal expression patterns (especially in
replicative cells) (rev. in ref. 76). While no lineage tracing approach is
faultless, it is important to emphasize that this is only one of the many
orthogonal approaches that collectively inform our conclusions.
Finally, whether our results in mice can be translated to humans is an
open question. However, our data suggest a high degree of inter-
specific conservationof this regenerative pathway. Taken together, the
efficacy of BMPR agonists in HPSs from non-diabetic and type 1 dia-
betic donors6, the sustained endurance of BMP-sensitive cells in the
pancreasof diabetic patients3, and the favorable safety profile of BMPR
agonists64 strongly support the pharmacological development and
clinical use of THR peptides to treat insulin-dependent diabetes.

Methods
Experimental animals
All animal experiments were conducted under the supervision and
oversight of the Institutional Animal Care andUseCommittee (IACUC)
and Division of Veterinary Resources (DVR) at the University of Miami.
For all experiments, mice were acclimated for 7–10 days prior to any
experimental intervention. They were maintained on a 12 h light/dark
cycle with ad libitum access to standard irradiated chow and filtered
drinking water. CD1 mice: CD1-IGS mice (5–6 weeks old; Charles River,
Wilmington, MA, Cat# 022) were utilized for most in vivo and in vitro
experiments. Due to the widely reported challenge of consistently
inducingdiabetes in femalemice throughchemicalmeans77–79, weused
male mice to test our hypothesis.

THR-123 biodistribution. THR-123 (LT-1090-11, LifeTein) was
labeled with Fluorescein amidites (FAM), which imparts green fluor-
escence. FAM-labeled THR-123 was given to CD1 mice by intraper-
itoneal (i.p.) injection (6.25mg/kg). After 2hrs and 5 hrs. of injection,
animals were euthanized and the tissues collected and immediately
embedded in Tissue Embedding Medium Tissue-Tek Cryo-OCT Opti-
mumCutting Temperature (OCT) Compound Clear Liquid. (McKesson
MPNMPSMK-649078). Frozen sections of 5 µmwere imagedApoTome
Axiovert 200M (Zeiss) fluorescent microscope.

Article https://doi.org/10.1038/s41467-025-61534-2

Nature Communications |         (2025) 16:6121 12

www.nature.com/naturecommunications


THR-123 treatment of diabetic mice. Male CD1mice or C57BL/6 of
6–8weeks of age were fasted for 12 h and rendered diabetic by either a
single injection of 150mg/kg of Alloxan monohydrate (Sigma Aldrich
A7413, CAS Number: 2244-11-3), up to three injections of alloxan
(70mg/kg), or five injections of streptozotocin (stz; 40mg/kg). Two
settings were explored: One where mice were randomized and THR-
123 initiated at the same time as the chemical induction of diabetes and
another where diabetes was induced first and then mice with three
consecutive blood glucose (BG)measurements above 250mg/dL were
randomized, assigned to the experimental groups, and treated with
THR-123 by i.p. injection. Controls received saline injections with the
same frequency. Glycemia was monitored at variable frequencies
(typically daily or twice a week for short-term experiments; longer
intervals after 10 weeks for long-term experiments). Upon euthanasia,
the pancreas, brown fat and peripheral blood were harvested from
select animals. Intraperitoneal glucose Tolerance Tests (IPGTTs) were
done at specific time points, and blood samples collected to measure
circulating C-Peptide, insulin, and glucose. Allmetabolic analyses were
performed on healthy, conscious and restrained mice on the days
indicated in the manuscript. Peripheral blood was obtained via
saphenous vein and tested for glucose using a handheld glucometer
(Bayer, Whippany, NJ). Blood samples were collected in heparinized
microhematocrit tubes. Plasmawas separated by centrifuging samples
at 2400 rpm for 10–15min. Collected plasma was frozen at –20 °C.
Concentrations of IL6, IL10, IL17A, TNFα and MCP-1 were assessed
using the Luminex Discovery assay from (Bio-Techne-R&D Systems).
Mouse C-peptide ELISA (APLCO Cat#: 80-COPMS-E01) and Mercodia
Mouse Insulin (cat #10-1247-01) were measured according to the
manufacturer’s recommendations. For IPGTTs, mice were fasted for
6 h prior to administration of a 2 g/kg BW glucose bolus. Blood was
collected prior to the administration of the bolus and after 60min. At
the termination of the experiment,mice were sacrificed, and pancreas,
kidneys, liver and lungs extracted and preserved in 10% paraf-
ormaldehyde for histological immunofluorescence imaging analysis.
Brown fat was collected, weighed, and preserved in RNA/later stabili-
zation solution (Thermo Scientific, cat#: AM7020).

BrdU. To study cumulative cell proliferation, 5-Bromo-2′-deox-
yuridine (BrdU) (Sigma Aldrich B5002, CAS number: 59-14-3) was
added into the drinking water (0.8mg/mL) for up to 6 weeks.

Ins2-Cre/mTmG mice. In order to create the Ins2-Cre/mTmG
transgenic line, we crossed B6.Cg-Tg(Ins2-Cre)25Mgn/J (INS2-Cre;
Jackson Labs, Bar Harbor, ME, Cat# 003573) with B6.Gt(ROSA)
26Sortm4(ACTB-tdTomato,-EGFP)Luo/J (mTmG; Jackson Labs, Bar
Harbor, ME, Cat# 007676). In the resulting mouse, all insulin-
producing cells express fluorescent membrane-bound EGFP, while all
non-insulin-producing cells express fluorescent membrane-bound
tdTomato. We used only F1 generation mice for β-cell regeneration
experiments. Stability of the mTmG mouse was gauged by culturing
mTmG slices from both male and female mice and examining fluor-
escence patterns.

Calculation of insulin sensitivity. To determine insulin sensitivity
in mice, we use the Matsuda Index, calculated with the following for-
mula:

Matsuda Index= 10000=p½ðGo*IoÞjðGm*ImÞ�

where:
G₀: Fasting glucose concentration
I₀: Fasting insulin concentration in µU/mL
Gₘ: Mean glucose concentration during IPGTT
Iₘ: Mean insulin concentration during IPGTT in µU/mL
This formula provides an assessment of insulin sensitivity based

on glucose and insulin levels measured during an oral or intraper-
itoneal glucose tolerance test. Mice with normal insulin sensitivity are
expected to have indices above 4.080.

Mouse pancreatic slices (MPSs)
Generation. MPSs were generated from either CD1 or Ins2-Cre/mTmG
mice based on methods described in ref. 81. To facilitate slicing of the
rodent pancreas, the tissue was hardened prior to extraction by
intraductal injection of 1.5% low-melting point agarose (Agarose, Low
Melting Point, Cat. No. V2111, Promega). The agarose was melted and
maintained at 37 °C before use. Animals were euthanized by cervical
dislocation, and the abdominal cavity was opened to expose the
hepatopancreatic region. The ampulla of Vater was clamped, and
1–2mLof 1.5% agarose injected retrogradely through the common bile
duct, allowing it to flow into the pancreatic ductal system. To enhance
tissue firmness, ice-cold HEPES buffer was applied to the surface of the
pancreas. Once adequately hardened, the pancreas was carefully
excised from the abdominal cavity and transferred to a fresh dish
containing ice-cold HEPES buffer for washing. The tissue was then
dissected along the ductal axis into smaller pieces. These tissue frag-
ments were placed in a 35-mm dish and embedded in freshly prepared
1.5% low-melting point agarose at 37 °C. The embedded samples were
immediately cooledon ice to solidify. A small agarose block containing
the pancreas was cut from the dish and affixed to the specimen stage
of a vibratome (e.g., VT1200S, Leica Biosystems). The vibratome
chamber was filled with ice-cold HEPES buffer, and slicing was per-
formed at a speed of 0.1mm/s, an amplitude of 1mm, and a section
thickness of 120 µm. Slices were collected gently using a fine brush and
transferred into chilled HEPES buffer for brief equilibration prior to
downstream culture steps, as described below.

Culture. Murine slices were cultured in uncoated AirHive® dishes
made to order by Biorep,Miami, FL in customizedWaymouth’s MB 752/
1 medium (with L-glutamine; without D-glucose; Biological Industries,
Cromwell, CT, Cat# 06-1110-01-1A) supplemented with 11mMD-glucose
(Sigma Aldrich, St. Louis, MO, Cat# G8644), 1% heat-inactivated FBS
(Invitrogen, Carlsbad, CA, Cat# 16140063), 100μgml−1 trypsin inhibitor
from Glycine max (Sigma Aldrich, St. Louis, MO, Cat# T6522), 10μgml
−1 aprotinin (Sigma Aldrich, St. Louis, MO, Cat# A6106), 10μgml−1
chymostatin (solubilized initially in DMSO; Sigma Aldrich, St. Louis, MO,
Cat# 11004638001), and 1× penicillin–streptomycin–amphotericin B
solution (Sigma Aldrich, St. Louis, MO, Cat# A5955). Dishes containing
slices (maximum 2) and medium (maximum 2ml) were placed in a
humidified incubator at 30 °C for up to 10 days. Medium was
changed daily.

Adenoviral vector transduction. Recombinant adenoviruses (AVs)
were constructed using the serotype 5 adenovirus with an E1/E3 dele-
tion. A codon-optimized Cre variant was used. The lineage tracer was
cloned upstream of a codon optimized Cre to create an Adv-RIP-Cre
adenovirus. The reporter construct was loaded onto an adenoviral
packaging plasmid to create the Adv-(CMV)-LoxP-dsRED-LoxP-
moxBFP-2A-GCaMP6s adenoviral reporter. All adenoviral construction
was performed at Vector Biolabs (Malvern, PA, USA). Slices were
transduced with aMultiplicity of infection (MOI) of 50 for the reporter
and aMOI of 10 for the lineage tracer. AVs were stored at –80 °C. Once
thawed, the virus was diluted in 0.1μl/ml of Waymouth medium and
then filtered using a 50ml 0.22μm filter. The medium was then
removed from the dishes covering the murine pancreatic slices. 2ml
from the virus preparation was added into each dish and incubated at
30 °C for 24 h. The next day, the virus was removed by pipetting or
vacuuming. 1ml of Waymouth medium was added to each dish for
5min to wash the slices. After removal, treatment was started as
indicated with medium+THR-123 (LifeTein LLC, Somerset, NJ, USA).

Live imaging analysis of MPSs in AirHive® dishes and microfluidic
chips. Prior to treatment, THR-123 (LifeTein LLC, Somerset, NJ, USA)
was dissolved in PBS (PBS pH 7.4 (1X), Cat# 10010-0232, Gibco) to a
final concentration of 10μM and stored in aliquots at −80 °C. To treat
MPSs, an aliquot was removed and thawed on ice. Once thawed, THR-
123 was further diluted by adding 1μL of the suspension to 1mL of
medium, bringing the final concentration of THR-123 to 10 nM. MPSs
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received this treatment for 5 days in AirHive® dishes starting at the
same time of transduction. Medium was changed daily (typically with
THR-123 for 5 days and without it for the following 5 days) and slices
imaged alsodaily at 4x (to capturemost of the slice) and 20× in specific
regions of interest (ROI) that were arbitrarily selected on the first day
of treatment using topographical landmarks present in the slice to
ensure accurate longitudinal imaging. Images were captured in
brightfield, red and blue channels. Blue (moxBFP) signal correspond-
ing to pre-existing β-cells in the MPSs can be typically observed soon
after transduction. These cells do not exhibit red fluorescence at any
point. Neogenic insulin-producing cells (observed mostly after the
removal of THR-123 in the experimental group) are dsRED-labeled cells
that at some point of the treatment also start expressing moxBFP,
reflecting a late recombination event resulting from the new onset of
insulin expression. An alternative setup is one where slices from Ins2-
Cre/mTmGmicewere treatedwith THR-123 in vitro (AirHive dishes) for
5 days and then placed within a customized SliceChip for A 72h-period
time-lapse fluorescence imaging (red, green and brightfield channels).
During this time, slices were perfused with media at 80μl min−1 and
imaged every 12 h within a Keyence BZ-X810 all-in-one fluorescent
microscope with a Z-stack height of 105–120 and step height of 5–15
across a 32–40-tile grid. Post-acquisition, a full focus stitch of the
Z-stack and tiles was generated using the built-in z-stack and stitching
functions of the microscope. Slices are examined with fluorescent
microscope daily.

SliceChip Setup. A complete, stepwise protocol is described in
ref. 26, a brief overview of which is included here. All components of
the system were sterilized prior to use. Fluidic tubing, bubble traps,
analytical selector valves, degassing chambers, flow units, and the
microfluidic chip were sequentially flushed with 70% ethanol, sterile
distilled water, and dried with clean air. Media bottles, GL-45 caps,
Micronit clamps and ferrules, pneumatic tubing, and all associated
connectors were autoclaved using a 60-min gravity cycle. In addition,
all parts were exposed to UV light for 30min for surface sterilization.
Following sterilization, media bottles were filled with pre-warmed
culture media, sealed with GL-45 pressure caps, and connected to the
analytical selector valve. The tubing was connected in the following
order: degassing chamber→bubble trap→Micronit clamp→flowunits.
Once the fluidic pathway was fully assembled, tissue slices were posi-
tioned at the base of the microfluidic chip and immobilized using a
custom 3D-printed stainless steel (316L) slice anchor. After centering
and securing the slice, the top layer of the chip was aligned and sealed
using the clamp system. The assembled SliceChip was then placed
onto a Tokai Hit incubation stage set to maintain a temperature of
37 °C and positioned within a Keyence inverted fluorescence micro-
scope. Media reservoirs were connected to a pressure pump and
submerged in a bead bath to ensure temperature stability.

Ca2+ imaging. In ex vivo-treated mPSs that were previously infec-
ted with an AV-RIP-Cre tracer and an AV-(CMV)-LoxP-dsRED-LoxP-BFP-
2A-GCaMP6s reporter, expression of GCaMP6s allows for the study of
the functionality of insulin-producing cells (moxBFP+ arising from cells
with previous dsRED expression) by measuring the accumulation of
cytosolic Ca2+ in response to glucose stimulation. To this end, we
connected the VCS Valve Control System (Warner Instruments, Hol-
liston,MA) to aKeyenceBZ-X810 all-in-one-microscope using the time-
lapse module (BZ-H4XT #5J120010). GcAMP6s imaging (green chan-
nel) was done with a 20X objective on areas where neogenic insulin-
producing cells were identified on any given ROI. Before imaging, sli-
ces were stabilized for 1 h in 3mM glucose solution. 8 ½ images were
taken per minute (every 7 s). The total imaging time was 63min. For
the first 3min, slices were bathed in medium with 3mM glucose, fol-
lowed by 16.7mMglucose stimulation (20min). MPSs were taken back
to baseline levels (3mM glucose) for another 20min, and finally sti-
mulated with 30mM KCl for 20min. The flow rate of the system was
maintained constant throughout the course of the experiment (100μl/

min). Acquired images were reconstructed in Z-stacks of 7–8 confocal
images (step size = 12μm) by the Keyence Analyzer software in an.avi
format and played at 5 frames per second. GcAMP6s fluorescence
intensity was measured using the ImageJ/FIJI imaging analysis pro-
gram. Changes in fluorescence intensity are expressed as percentage
changes over baseline (ΔF/F). We measured changes in GcAMP6s
intensity by graphing the area under the curve above baseline using
Prism (Prism 9, GraphPad software, La Jolla, CA). Our criteria for
accepting intracellular Ca2+ ([Ca2+]i) responses for graphing were that:
(1) responses could be elicited ≥2× by the same stimulus; and (2) the
peak signalwas≥2 times the baselinefluctuation.We selected cells that
responded to increases in [Ca2+]i during KCl and high glucose
(16.7mM) stimulation.

Immunostaining and imaging quantification
Mouse Pancreatic Slices. Tissue slices were washed 3× for 15min in 1×
phosphate buffered saline (PBS), pH 7.4 (Sigma Aldrich, St. Louis, MO,
USA Cat# P3813), and fixed in 4% paraformaldehyde solution (Paraf-
ormaldehyde 32% Solution, EM Grade, Cat# 15714, Electron Micro-
scopy Sciences) for 1 h. Slices were then washed 7× for 10min in 1×
phosphate buffered saline (PBS), pH 7.4 (Sigma Aldrich, St. Louis, MO,
USA Cat# P3813). Permeabilization was done for 60min using 0.3%
Triton (Sigma Aldrich, St. Louis, MO, USA Cat# T9284-500 ml) in 1×
PBS, pH 7.4 (Sigma Aldrich, St. Louis, MO, USA Cat# P3813). After this,
slices were placed in a blocking buffer containing dH2O, 5% normal
donkey serum (Jackson Labs, Bar Harbor, ME, Cat# H-400), 0.1% Tri-
ton, and 1× power block (Biogenex, San Ramon, CA, Cat# HK0855K).
Primary antibodies were dissolved in the blocking buffer and incu-
bated for 48 h at 4 °C. They were subsequently removed, and slices
washed 7× for 10min with 1× PBS, pH 7.4/0.1% Triton. Secondary
antibody solutions (1:400) weremadewith Alexa Fluor 488, 594 or 647
donkey anti-primary antibody species and 1:800 4′, 6-diamidino-2-
phenylindole (DAPI) (Thermo Fisher/Life Technologies, Waltham, MA,
Cat# D1306) in blocking buffer. Slices were incubated with secondary
antibodies overnight and then washed 12× for 10min with 1× PBS, pH
7.4. To get the least amount of background fluorescence, an additional
washwasperformedovernight at 4 °Cwith 1× PBS, pH7.4. For imaging,
slices were mounted on crystal slides (Staining Kit, Arcturus, Cat#
Kit0420) with ProLong mounting reagent (ProLong Gold antifade
reagent, Invitrogen, Cat# P36934) and sealed with a cover slip (Micor
cover glass, VWR, Cat# 48393). Imaging was acquired using a Keyence
BZ-X810 fluorescent microscope. Z-stack depth ranged between
120–130μm depending on the slice thickness and condition while the
number of images in the Z-stack ranged between 15–25 with a step size
ranging between 2.5–4μm.

Tissue sections. Paraffin-embedded slides were taken from the
4 °C storage refrigerator and adjusted to room temperature (RT).
Deparaffinization of the slides was performed using an Autostainer XL
(Leica Biosystems, Wetzlar, Germany, Cat# ST5010) programmed for
3 × 2min dips in xylene, 2 × 1-min dips in absolute ethanol, 1 × 30 s dip
in 95% ethanol, 1 × 45 s dip in 70% ethanol, and a final wash in dH20.
Antigen retrieval was performed by submerging the slides of murine
pancreatic tissue in antigen decloaker at pH 6.0 (BioCare Medical,
Pacheco, CA, Cat# CB910M). The slides with the decloaker solutions
were then placed inside a Decloaking Chamber Pro (BioCare Medical,
Pacheco, CA, Cat# DC2012) for 10min at 120 °C and then cooled down
to RT. Slides were then washed 2× for 5min in 1X phosphate buffered
saline (PBS), pH 7.4 (Sigma Aldrich, St. Louis, MO, USA Cat# P3813),
and 1x for 5min with dH2O. For permeabilization, we added 0.3%
Triton (Sigma Aldrich, St. Louis, MO, USA Cat# T9284-500-ml) to 1×
PBS, pH7.4. To apply this buffer, a hydrophobic edgewasdrawnon the
glass slides around the tissue section using the ImmEdge Pen (Vector
laboratories Burlingame, CA, Cat# H4000). Permeabilization buffer,
were placed on the tissue section within the edge. After 30min, the
permeabilization buffer was replaced by blocking buffer containing

Article https://doi.org/10.1038/s41467-025-61534-2

Nature Communications |         (2025) 16:6121 14

www.nature.com/naturecommunications


[dH2O, 5% normal donkey serum (Jackson Labs, Bar Harbor, ME, Cat#
H-400), 0.1% Triton and 1× power block (Biogenex, San Ramon, CA,
Cat# HK0855K)]. After 1 h, an additional blocking step was done for
10min with serum-free protein block (Dako, now Agilent, Santa Clara,
CA, Cat# X0909). Primary antibodies were dissolved in the blocking
buffer and incubated overnight at 4 °C. Primary antibodies were then
removed, and sections washed 7× for 5min with 1× PBS, pH 7.4/0.1%
Triton. Secondary antibody solutions (1:400) were made with Alexa
Fluor 488, 594 or 647 donkey anti-primary host antibody and 1:800 4′,
6-diamidino-2-phenylindole (DAPI) (Thermo Fisher/Life Technologies,
Waltham,MA,Cat#D1306) inblocking buffer. Sampleswere incubated
with secondary antibodies for 60min and then washed 7× for 5min
with 1× PBS, pH 7.4. To get the least amount of background fluores-
cence, an additionalwashwasperformedovernight at 4 °Cwith 1× PBS,
pH 7.4. After the last washing step, a drop of Prolong™ Gold Antifade
solution (Thermo Fisher, Waltham, MA, Cat# P36930) was added and
the sections protected with Micro cover glass (VWR, Radnor, PA Cat#
48393-081) and sealed with clear nail polish. (INM, Anaheim, CA, Cat#
S401025).

Imaging quantification. Sections from the different experimental
groups were imaged and analyzed. From each section, three images at
20x magnification (4 channels each: DAPI, FITC, TRIT CUBE & CY5),
were taken using a scanner in the Olympus VS120 with Hamamatsu
Orca Flash 4.0 sCMOSfluorescencecamera or Leica Stellaris 5 confocal
microscope. We used the cell counter plug-in from ImageJ/FIJI soft-
ware (NIH) to count cells of specific phenotypes. From every image,
DAPI-positive cells were counted to determine the total number of
cells, against which all the other markers were quantified. Statistical
analyses were done using GraphPad Prism v8. For image analysis, we
used FIJI-ImageJ software (Version 2.1.0, National Institutes of Health,
USA) to examinemulti-channel fluorescence images. To streamline the
handling of extensive image files, we incorporated bespoke macro
scripts into the software, including a macro that automates the inte-
gration of DAPI, BrdU, CK7, and insulin-stained photos into a single
composite file. We then appliedmachine learning-based segmentation
with the Weka segmentation plugin to quantitatively analyze cellular
markers. Using a pre-trained classifier, we categorized and measured
the presence of insulin and BrdU-positive cells and quantified CK7
expression and MFI. Image J analysis codes for the above operations
can be accessed as indicated in the Code Availability section. Islet
regions were identified by the presence of insulin, and the MFI of CK7
was quantified in these areas using ImageJ’s integrated density func-
tion. The data were preserved and summarized for subsequent sta-
tistical analysis. The results were analyzed using pairwise group
comparisons, we systematically used a non-parametric statistical test
(unpaired, two-tailed Mann-Whitney test) and Wilkinson (test for non-
parametric rank). The p value significance threshold was defined as
0.05. Finally, graphs were made with GraphPad Prism v8.

Mouse islets and non-endocrine pancreatic tissue
Perifusion of mouse islets. From mouse islet isolations conducted in-
house by the Translational Models Core, 10 K IEQ were spun after
washing in RPMI media at 100G for 5min and resuspended in 1mL.
100μl were used for perifusion for each group using a PERI4 machine
(Biorep Technologies, Miami, FL, USA), allowing to run all three con-
ditions in parallel. For each experiment, 100 mouse IEQ were loaded
into microcolumns and embedded within two layers of acrylamide-
based microbeads (Bio-Gel P-4, Bio-Rad Laboratories, Hercules, CA,
USA). The perifusion buffer contained 125mM NaCl, 5.9mM KCl,
1.28mM CaCl2, 1.2mM MgCl2, 25mM HEPES, and 0.1% bovine serum
albumin, adjusted at pH 7.4. Islets were perifused at 37 °C using dif-
ferent glucose concentrations or KCl (25mM) at a rate of 100μL/min.
Equilibration was performed for 60min using 3mM glucose and elu-
ates were collected every minute thereafter. Islets were stimulated
with the following sequence: 8min of 3mM glucose, 20min of

16.7mM glucose, 15min of 3mM glucose, 10min of 25mM KCl, and
10min of 3mMglucose. Insulin concentrationswere determined using
a commercially available mouse insulin ELISA kit (Mercodia Inc., Win-
ston Salem, NC, USA) following manufacturer instructions. Data were
normalized by DNA content (PicoGreen).

Apoptosis assay. Following the treatment, 100 IEQper groupwere
collected, washed in PBS, fixed in PFA 4% for 30min, and embedded in
Tissue-Tek® O.C.T. Compound (Sakura Products, cat# 4583). Sections
of 5 µmwere obtained and processed. Tissue sections were taken from
the −80 °C storage and adjusted to room temperature (RT). Permea-
bilization was performed as described in the immunostaining section.
Islets were stained with Cleaved Caspase-3 (Asp175, Cell Signaling cat#
9661), insulin (Dako A0564), and DAPI. Sections were imaged using an
Apotome Axiovert 200M (Zeiss) fluorescent microscope.

Flow cytometry of mouse non-endocrine pancreatic tissue. Cells
were harvested, filtered and stained in DPBS with the viability dye
eFluor 780 (eBiosciences/ThermoFisher) for 15min at 4 °C indarkness.
Cells were then washed 3 times using DPBS and then fixed with
DPBS+ 10% formalin. Subsequently, they were incubated in blocking
buffer for 1 h. After 3 more washes, the cells were stained in blocking
buffer with 1:50 anti HNF1β, Proteintech, (Cat. # 125331AP). Following 3
additional washes, they were counterstained with anti-Rabbit-A594
(Thermo Scientific), incubated for 30min away from light at room
temperature, washed 3 times, and resuspended in re-suspension buf-
fer. This was followed by the incubation of 2 µL of anti-SOX9 (Bioss,
cat# bs4177R-A488), anti-CD24-450 (Invitrogen cat# 48-0242-82), anti-
BMPR1A-A647 (Bioss cat# bs1509R-A647), anti-P2Y1R-FITC (Biorbyt),
and anti-pSmad PE (Cell Signaling 13820S) per tube, 45min away from
light at room temperature. After three consecutive washes, cells were
then resuspended in Flow Cytometry Staining Buffer (500 µl) and
analyzed by flow cytometer in the LSRII or Cytoflex. Further analysis
and generation of plots was completed using the Kaluza software
v1.5a (BD).

Slice dissociation and single-cell RNA library preparation
Single-cell dissociation of mPSs. For dissociation, slices were washed
3X with room temperature (RT) dPBS and then transferred into 15ml
(2 slices/5mL) of prewarmed (37 °C) TrypLE Express dissociation
buffer (Gibco-Thermo Fisher. Waltham, MA), vortexed briefly, and
incubated in a 37 °C water bath for 10min, shaking occasionally. The
vortex was set to medium speed and the preparation vortexed 10X
with 4–5 s blasts before returning to the water bath for an additional
2min. The vortex step was repeated, and the cells incubated for one
moreminute. Immediately afterwards, 20mL of wash buffer (PBS plus
100mg/ml of Trypsin Inhibitor from Glycine, 10mg/ml Aprotinin,
10mg/ml Chymostatin and 10% fetal bovine serum) were added, and
the preparation shaken well and centrifuged at 1500 RPM for 5min.
The supernatant was discarded, and the pellet resuspended in 20mL
ofwashbuffer. The suspensionwas thenpassed through 100mmfilter.
The centrifugation and resuspension steps were repeated and the
pellet passed through a 40mm filter to obtain a single cell suspension.
Most of the residual agarose should be removed at this stage. The
suspension was centrifuged again, and the pellet resuspended in
200 µl of cold PBS. A 10 µl aliquot was taken for counting and viability
assessment with Trypan blue. Viability should be no less than 80%. The
optimal recommended concentration was 1000 cells/µl (minimum:
300 cells/µl). The tube was kept on ice and submitted immediately for
sequencing to the Center for Genome Technology (CGT), John P.
Hussman Institute for Human Genomics at the University of Miami
Miller School of Medicine.

Single-cell RNA library preparation and sequencing. Single-cell
RNA libraries were generated using the Chromium Single Cell 3’ kit
(10X Genomics, CA, USA). Cells were counted with a hemocytometer
and diluted to target ~10,000 single-cell gel beads in emulsions (GEMs)
per sample, except for the THR sample, where 20,000 cells were
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targeted. Samples were processed according to the manufacturer’s
specifications using the Chromium Controller. Sequencing libraries
were evaluated for quality using the Agilent TapeStation and quanti-
fied with a Qubit 2.0 Fluorometer. Pooled libraries were further
quantified using qPCR before being loaded onto an Illumina NovaSeq
6000 S2 flow cell. Sequencing was performed in line with 10X Geno-
mics’ guidelines. Raw sequence data (.bclfiles) were converted to fastq
files and demultiplexed using CellRanger mkfastq. Subsequent UMI
and cell barcode deconvolution, as well as genome mapping, were
performed using the CellRanger software pipeline (version 3.0.0),
resulting in digital gene expression matrices and Cloupe files. This
methodology ensured the isolation of viable single cells from pan-
creatic slice cultures, suitable for high-quality scRNA-seq analysis. The
approach effectively balanced cell viability and yield across the three
experimental groups, facilitating subsequent genomic analyses.

Bioinformatics processing of single-cell RNA sequencing data
Quality control and Data Correction. Quality control and data correc-
tion were performed for each single-cell sample based on the number
of detected genes and the percentage of mitochondrial genes. Speci-
fically, samples with fewer than 200 genes, more than 8000 genes,
fewer than 200 molecules, or more than 20% mitochondrial genes
were excluded. The remaining data from three datasets were com-
bined, and the same process was followed for three additional com-
bined datasets. Single-cell libraries were sequenced, aligned to the
human reference genome, filtered for quality control, and subjected to
unsupervised clustering, integration, and differential gene expression
analysis using the Seurat package. Cell identities were validated by
examining cell type-specific marker genes and transcriptional
signatures.

Integration and dimensionality reduction. Following quality con-
trol, the Seurat R package (v4.1.1) was used to process the data. Reci-
procal PCA (RPCA) was employed for the integration of scRNA-seq
datasets. The RPCA integration method projects each dataset into the
other’s PCA space and confines the anchors by the same mutual
neighborhood constraint. Post-integration, the NormalizeData() func-
tion was used to “LogNormalize” the count data. A shared nearest
neighbor (SNN) modularity optimization-based clustering algorithm
and the Uniform Manifold Approximation and Projection (UMAP)
algorithm were utilized to project all cells into two-dimensional
coordinates for visualization.

Assignment of identity to clusters and pathway analysis. To
identify the cell types within clusters (UMAP), we utilized the FindAll-
Markers() function in the Seurat package with default settings
(min.pct = 0.25, logfc.threshold = 0.25). The most significantly
expressed genes in each cluster were used for cell type identification.
The PanglaoDB database and the Enrichr tool were used to assign cell
identities accurately. Gene Ontology (GO) analyses were performed
using Enrichr.

Sub-clustering of UMAP clusters. We subsetted the Endoc and H2
clusters from the UMAP of Alloxan+THR, excluding all other clusters,
and performed re-clustering using Seurat to obtain four new clusters:
H2.1, H2.2, H2.3, and Endoc. Further sub-setting and re-clustering of
the Endoc cluster resulted in three additional clusters: 1, 2, and 3. Two
sub-groups within cluster 1 were identified manually by creating a
ggplot2-based scatter plot (e.g., using DimPlot() or FeaturePlot()) and
selecting cells interactively with CellSelector(), assigning them as beta
cells A and B.

RNA Velocity Analysis. RNA velocity analysis was performed
using the scVelo package. Initially, the gene expression matrix was
preprocessed by filtering genes and cells based on minimum
expression thresholds and normalizing the data with the scv.pp.fil-
ter_and_normalize function. Moments necessary for RNA velocity
estimation were then computed using principal components and

nearest neighbors through scv.pp.moments. Subsequent steps for
RNA velocity computation included:
1. Velocity Computation: RNA velocities were estimated using the

dynamical model implemented in scVelo (scv.tl.velocity).
2. Velocity Graph Construction: A velocity graph, representing

potential future states of cells based on RNA velocity, was con-
structed (scv.tl.velocity_graph).

Latent time,which represents the cell’s position along the inferred
developmental trajectory, was computed using scv.tl.latent_time. This
step incorporates RNA velocities to provide a temporal ordering of
cells. For dimensionality reduction and visualization of the high-
dimensional single-cell RNA-seq data, UMAPwas employed. TheUMAP
coordinates were computed using the scanpy package (sc.tl.umap). To
infer connectivity between cell clusters and visualize the overall
structure of cell state transitions, the PAGA algorithm implemented in
scVelo was used. PAGA computation was based on pre-identified cell
clusters (Seurat clusters) using scv.tl.paga. The PAGA transition con-
fidencematrix was then adjusted to reflect transitions based on latent
time, ensuring that transitions followed the direction of increasing
latent time and thereby maintaining biological relevance to the infer-
red cell trajectories.

Transition score analysis. We calculated normalized scores for
each cell based on the frequency of gene expression associated with
endocrine, ductal, and acinar cell types. The overall normalized score
for each cell was computed using the formula:

Normalized Score= 10× Endocrine Gene Countð Þ�
5 ×Ductal Gene Countð Þ � ð5 ×Acinar Gene CountÞ

This approach ensured that cells predominantly expressing
endocrine-associated genes received higher scores, while the
presence of ductal and acinar gene expression reduced the overall
score. The normalized scores were then used to assign colors to each
cell for visualization in UMAP plots. Specifically, cells with scores
ranging from 85 to 100 were colored red, representing high endocrine
gene expression with minimal or no ductal and acinar gene contribu-
tions. Scores between 50 and 84 were assigned a gradient color in the
purple palette, while scores between 0 and 49 were assigned a blue
gradient color. Cells with undefined or missing scores were colored
grey. These color assignments were mapped onto the UMAP plots to
visualize the spatial distribution of cells according to their normalized
scores.

PieChart analysis. For thepie chart analysis, we beganby selecting
the 15 most prominent genes associated with ductal, acinar, and
endocrine cell types, respectively.We then sorted all geneswithin each
cell based on their RNA counts, from highest to lowest, focusing on
these45 genes. Next, we examined the top 10highest expressing genes
in each cell and counted how many of these belonged to the endo-
crine, ductal, or acinar categories. Cells where 9 or 10 of the top 10
genes were endocrine-associated were assigned a red color, indicating
a predominantly endocrine identity. Conversely, cells with fewer than
8endocrine genes, combinedwith an increase inductal or acinargenes
(more than 1), were considered ductoacinar cells and were assigned a
blue color.

Statistical analysis
Statistical differences between groups were determined using
unpaired two-tailed t-test, with 95% confidence intervals (∗p < 0.05;
∗∗p <0.01; ∗∗∗p < 0.001) after the Shapiro-Wilk normality test. Kruskal
Wallis or Ordinary One-way Anova was conducted for three groups,
when appropriate. The findings are shown as mean± standard error
(SE). GraphPad Prism v8 was used to analyze the data and create the
graphics.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All raw and processed single-cell RNA-seq data generated in this study
have been deposited in the NCBI Gene Expression Omnibus under
accession number GSE274591. Count matrices, metadata, and Cell-
Ranger outputs are included as part of that record. Data underlying
graphs and quantitative analysis are provided in the Source Data
File. Source data are provided with this paper.

Code availability
All analysis scripts—including Seurat v4.1.1 workflows for clustering,
UMAP/SpatialDimPlot visualizations, differential expression, scVelo
PAGA, and imaging analyses—are publicly available in the GitHub
repository JDBLab/Pancreatic-beta-cell-regeneration-by-THR-123:
V1.2.0. This exact snapshot has been archived on Zenodo with https://
doi.org/10.5281/zenodo.15684171.
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