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3D imaging of humanpancreas suggests islet
size and endocrine composition influence
their loss in type 1 diabetes

Alexandra Rippa 1, Amanda L. Posgai 1, Seth Currlin1, Maigan Brusko 1,
MacKenzie D. Williams 1, John S. Kaddis 2, Irina Kusmartseva 1,
Clive H. Wasserfall1, Martha Campbell-Thompson1 & Mark A. Atkinson 1,3

A high-definition description of pancreatic islets would prove beneficial for
understanding the pathophysiology of type 1 diabetes (T1D), yet significant
knowledge gaps exist in terms of their size, endocrine cell composition, and
number in both health and disease. Here, 3-dimensional (3D) analyses of
pancreata from control persons without diabetes (ND) demonstrate approxi-
mately 50% of islets are insulin-positive (INS + ) glucagon-negative (GCG-).
Non-diabetic individuals positive for a single Glutamic acid decarboxylase
autoantibody (GADA + ) yet at increased risk for disease consistently demon-
strate endocrine features, including islet volume and cell composition, closely
resembling the age-matched ND controls. In contrast, pancreata from indivi-
duals with short-duration T1D demonstrate significantly reduced islet density
and a dramatic loss of INS +GCG- islets with preservation of large INS +GCG+
islets. The size and cellular composition of pancreatic islets may, therefore,
represent influential factors that impact β-cell loss during T1D disease
progression.

Thepancreatic islets of Langerhans, which play a crucial role in glucose
regulation through endocrine hormone secretion, have long been a
focus ofmetabolic research due to their impact on health and disease,
particularly in diabetes1. These endocrine micro-organs are sur-
rounded by a complex network of blood and lymphatic vessels, ducts,
neurons, and extracellular matrix; however, estimates of pancreatic
islet quantity, volume, and cellular composition vary widely in the
literature2–4. While some of this variation can be attributed to indivi-
dual anthropometric factors, such as age and body mass index5, dif-
ferences in analytical methods—ranging from two-dimensional (2D)
microscopy2–4 to positron emission tomography (PET) imaging in
vivo6,7, studies of isolated islets8, live pancreas slices9, and more—have
also contributed to quantitative data inconsistencies.

Commonly cited estimates of islet quantity as a percentage of
total pancreatic mass routinely range from 1 to 2%, with absolute

numbers varying dramatically between 3.2 and 14.8 million islets per
pancreas10. Similarly, estimates of islet size show considerable varia-
bility, ranging from approximately 30 to >400 µm in diameter (with
reported mean diameters varying from 65 to 110μm across 2D and
3-dimensional (3D) imaging modalities)11–13 and from 2.5 × 104 to
5.1 × 107 µm3 in volume13,14. However, until recently, endocrine cell
clusters <30 µm in diameter were often excluded from qualitative or
quantitative analyses. For decades, islet endocrine cell composition,
determined with 2D based methods, was reported as approximating
60% insulin (INS)-secreting β-cells and 30% glucagon (GCG)-producing
α-cells,with the remaining 10% comprised of somatostatin-secretingδ-
cells, pancreatic polypeptide (PP) cells, and ghrelin-producing ε-
cells10,15. While it has been noted that islet distribution varies sub-
stantially across the pancreas12,16 and small islets tend to have a lower
proportion of non–β-cells17, we recently reported that islet location
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within the organ (i.e., head, body, tail) does not appear to influence
their endocrine function9.

Apart from normal physiology, an improved quantitative and
qualitative characterization of human islets is important for under-
standing the pathogenesis and natural history ofmany pancreas-based
endocrine disorders, including type 1 diabetes (T1D), which results
from chronic autoimmunity and the selective loss of INS-producing
pancreatic β-cells18. In T1D, β-cell loss is preceded by the development
of autoantibodies that target β-cell antigens (i.e., glutamic acid dec-
arboxylase (GADA), insulin (IAA), zinc transporter 8 (ZnT8A), and
insulinoma associated protein-2 (IA-2A), which typically emerge
months to years before clinical symptomsoffering valuable prognostic
insights19. To improve the definition of T1D risk, a disease staging
system has been developed that encompasses the number of auto-
antibodies together with functional assessments of dysglycemia20; two
or more autoantibodies (stage 1), multiple autoantibodies together
withdysglycemia (stage 2), and traditional diagnosis of disease (stage 3
T1D). Though subject to debate, a new category has recently been
proposed for persons with a single islet autoantibody and no dysgly-
cemia (stage 0)21. While the 10-year risk for T1D development is sig-
nificantly lower in stage 0 versus stage 1 or 2 T1D, a growing body of
evidence suggests that the natural history of T1D is characterized by a
series of pancreatic islet abnormalities, including bothβ- andα-cells, in
single GADA+ persons18. Understanding the biological processes driv-
ing T1D progression, particularly during the earliest stages of disease,
will be essential to guide optimal development of therapeutic strate-
gies that preserve endogenous β-cells.

For decades, it was widely suggested that symptomatic disease
presents upon 85–95% β-cell loss22, yet more recent efforts utilizing
tissues obtained from organ donors with recent-onset T1D suggest
variability in the residual β-cell mass according to age of disease
onset3,23,24. Such efforts examining human tissues, while informative,
do nonetheless have analytical limitations in terms of their depen-
dence on dimensionality, with most studies utilizing 2D imaging
techniques (e.g., hematoxylin and eosin (H&E), immunohistochemistry
(IHC), immunofluorescence (IF), imaging mass cytometry (IMC)) to
analyze spatial features, rendering complete islet characterization a
challenge. Recent advances in 3D imaging techniques have dramati-
cally improved our ability to define essential islet features, including
cellular composition/phenotype, size/volume, and spatial distribution
within the pancreas13,14,25,26. A detailed and comprehensive 3D under-
standingof normalpancreatic anatomy, alongwith novel identification
of the structural changes that occur in the natural history of T1D,
would offer valuable insights into the disease’s development27–30.

In this present study, we utilize light sheetfluorescentmicroscopy
(LSFM)31,32to map the 3D distribution of islets in normal human pan-
creas, obtained from organ donors across adolescence and early
adulthood and compared against age-matched individuals with short-
duration T1D as well as individuals without diabetes at increased risk
for T1D (GADA + , stage 0). These data unveil novel features of β-cell
loss during the disorder’s natural history, demonstrating that beta cell
preservation varies according to islet size and cell composition.

Results and Discussion
Decreased islet density and INS+GCG- islet fraction in T1D
We applied LSFM to a collection of transplant grade (i.e., not autopsy)
pancreatic tissues (tail region) obtained from organ donors and
stained for the endocrine hormones INS and GCG. This age and sex
balanced cohort included eight donors with no diabetes (ND), five
personswith a single islet autoantibody (GADA+ , considered stage 0),
and six individuals with short-duration T1D (0-3 years since diagnosis)
with residual insulin, representative of T1D’s natural history (Supple-
mentary Table 1). In the present study, rather than repeatedly utilizing
the terms “islets” and “cell clusters”, we have elected to use the term

endocrine objects (EO)33 to collectively refer to all cell clusters and
islet-sized structures, regardless of their hormone expression profile.

As shown, first in representative images of both immuno-
fluorescence (IF) staining (Fig. 1A-I, Supplementary Fig. 1A-C, Supple-
mentary Movie 1-9) and corresponding digital surface renderings for
INS and GCG (Fig. 1J-AA, Supplementary Fig. 1D-F), hormone expres-
sion varied dramatically as a function of study group. For this analysis,
we assessed volumesofdigital surfaces for all INS-containing EO (ICEO,
including islets as well as cell clusters; Fig. 1J, M, P), all GCG-containing
EO (Fig. 1K, N,Q), aswell as INS +GCG-, INS-GCG+ , and INS +GCG+ EO
displayed all together (Fig. 1L, O, R; Supplementary Fig. 1D-F) and
separately (Fig. 1S-AA; Supplementary Movie 10-12).

As expected3, INS volume was reduced in those with short-
duration T1D compared to the ND and GADA+ study groups (Fig. 1BB),
resulting in an increase in INS-GCG+ islets in T1D, with β-cells com-
prising 0.5±0.3%, 2.6±0.7%, and 2.1±0.3% of the pancreatic volume,
respectively. Of note, GADA+ donors were similar to ND in terms of
their INS+ tissue volume (Fig. 1BB). α-cell volume was comparable
across all three study groups (Fig. 1CC), in line with previous 2D ana-
lyses of pancreas sections3. Total EO density (EO number/mm³ pan-
creas tissue) was lower in the T1D pancreas (27.8 ± 14.3) compared to
ND (102.2 ± 38) and GADA+ (95.4 ± 28.1) cases (Fig. 1DD), with
approximately 15% of T1D EO containing INS while 85% were INS-
deficient (Supplementary Fig. 1G). Our findings in ND are consistent
with a recent study suggesting that INS+ islets constitute approxi-
mately 2.8% of the pancreatic volume using LSFM on pancreas tissue
from five adult ND donors, along with near-infrared optical projection
tomography of an entire human ND pancreas13. This said, our data are
derived from a somewhat younger cohort of subjects (n = 8, 10–29
years vs n = 5, 20-45 years13) where age is known to influence islet
composition34,35. Based on our results (Fig. 1BB-CC), we provide an
estimated 2:1 ratio for total INS:GCG content as a percentage of ND
pancreatic volume, which further aligns with prior calculations using
volumetric estimations from an average islet diameter12. Our obser-
vations, therefore, dramatically expandon knowledgederived from2D
histological studies of β-cell area and mass before and following T1D
onset4,36,37.

We noted that in ND and GADA+ pancreata, INS +GCG- EO
account for approximately 50% of the total EO count, but only 8–10%
of the total EO volume (Fig. 1EE-FF). While perhaps not fitting with
historical characterizations of islet endocrine cell content (i.e., 60–70%
β cells and 20–30% α-cells (reviewed in38), this observation again
confirms and expands upon a recent analysis from Lehrstrand et al.13,
suggesting that approximately 50% of the INS + EO are virtually devoid
of GCG+ α-cells, contributing to nearly 16% of the total islet volume.
Indeed, we note INS +GCG+ EO were resident to 38% of the total EO
count in ND and 31% in GADA+ (Fig. 1EE), yet represented 91% and 88%
of the respective EO volume (Fig. 1FF).

In pancreata obtained from extremely rare, short-duration T1D
donors having residual INS content, we noted a dramatic loss of
INS + GCG- EO, with additional reductions observed in both INS +
GCG + EO count and volume (Fig. 1EE-FF). In stark contrast with ND
and GADA+ persons, INS-GCG + EO comprised 84% of the T1D EO
count (Fig. 1EE) and 50% of the EO volume (Fig. 1FF). We observed
that residual INS staining in T1D donors was localized within islets
with both hormones present (i.e., INS + GCG + ; Fig. 1AA). Recent
submissions2,33 and publication39 assessing 2D immunohistochem-
istry (IHC) stained pancreas sections (Supplementary Fig. 1H-J),
would appear to corroborate these 3D findings. This said, any dis-
crepancies between our current efforts with historical studies may
be explained, in part, by the influence of their methods for analysis
(e.g., 2D versus 3D, tissue processing methods, analysis tools)30. In
sum, our 3D analyses suggest that β-cell preservation varies
according to EO cell composition.

Article https://doi.org/10.1038/s41467-025-66198-6

Nature Communications |        (2025) 16:11379 2

www.nature.com/naturecommunications


INS+ cell clusters and small islets are reduced in the T1D
pancreas
Human islet architecture contains diverse patterns of endocrine cell
arrangement40,41. Figure 2 demonstrates representative distributions
of ICEO across entire samples with (Fig. 2A–C) or without shading
(Fig. 2D–F) to portray 3D pancreas anatomy within the ND, GADA+ ,
and T1D study groups. ICEO (Fig. 2G–I) and total EO (Fig. 2J–L; Sup-
plementary Movie 13-15) were further visualized using a rainbow scale
corresponding to EO size. To characterize the differences in hormone
content according to EO size, total EO, ICEO, and INS-deficient EO
(IDEO) were binned by volume: cell clusters (3,000-104 µm3), small
islets (104-105 µm3), medium islets (105-106 µm3), or large islets ( ≥ 106

µm3). For comparisons with 2D islet imaging data in the literature11,
these size bins were defined to correspond to the following spherical
diameters: 17.9-26.7 µm, 26.8-57.6 µm, 57.7-124.1 µm, and ≥124.1 µm.

Overall, EO size densities were similar and normally distributed
within the ND and GADA+ groups (Fig. 2M). In comparison, total cell
cluster, small- and medium-islet densities were significantly reduced,

while large islets were preserved within T1D donors (Fig. 2M). Speci-
fically, the proportions of ICEO were significantly lower within the cell
cluster and small-islet sizebins,while large islets accounted for the vast
majority of ICEO in the T1D group (Fig. 2N). Still, in the T1D group, the
density of all INS + EO in each size category was reduced (Supple-
mentary Fig. 2A, B). Additionally, IDEOweremore frequently observed
in T1D (Supplementary Fig. 1G), but in ND and GADA+ groups, were
restricted to cell clusters and small islets (Fig. 2O, Supplementary
Fig. 2C). Taken together, our findings support the 2D analyses by
Seiron et al., demonstrating preservation of islet size despite marked
reductions in the total number of islets within the T1D pancreas42.
However, we suggest a potential alternative interpretation: rather than
failure to establish a sufficient number of islets42, it remains possible
that these data reflect loss of small islets and INS+ cell clusters during
T1D development. These observations utilizing human pancreas sam-
ples corroborate a prior study of the NOD mouse pancreas43, which
also described increased susceptibility of small islets to autoimmune
destruction during diabetes development. Published studies of

Fig. 1 | 3D quantification of INS+ and GCG+ volume, EO density and cellular
composition in human ND, GADA, and T1D pancreas. A–I LSFM images show
immunofluorescence staining for A, D, G INS in magenta, B, E, H GCG in blue, and
C, F, I overlay in pancreas tail from representative ND [nPOD 6612], GADA+ [nPOD
6582], and T1D [nPOD 6579] donors. (J-AA) Digital surface renderings corre-
sponding to J, M, P all INS containing endocrine objects (ICEO), K, N, Q all GCG
containing EO, and L, O, R color-coded EO types shown as an overlay and indivi-
dually for S, V, Ymagenta INS+GCG-, T,W, Z cyan INS-GCG+ , and U, X, AAwhite
INS +GCG+ . BB INS+ and CC GCG+ volume normalized as a percentage of the
tissue volume.DD Total number of EO normalized to the tissue volume. EE-FF Islet

type expressed as (EE) percentage of total EO count and FF percentage of total EO
volume. Each donor is represented as a dot; ND (n = 8), GADA (n = 5), T1D (n = 6).
Data are presented as mean± SD. BB, CC, DD Statistical significance was assessed
usingone-wayANOVAwith Bonferroni’s post hoc test.EE, FF Statistical significance
in each EO type category was assessed using one-way ANOVA with Bonferroni’s
post hoc test when model assumptions were met, or Kruskal–Wallis test with
Dunn’s post hoc test when assumptions were notmet (as perMethods). All p-values
are two-sided; values < 0.05 were considered statistically significant. EO – endo-
crine objects. Scale bars are 300µm. Source data are provided as a Source Data file.
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pancreatic tissues have varied in terms of noting differences between
single GADA+ versus control donors (e.g., GAD accumulation in the
Golgi, MHC Class I expression, senescence)18, but in these studies, islet
size was not necessarily included in their analyses. Herein, we did not
observe evidence associating islet size with islet loss in GADA+ indi-
viduals. Hence, we interpret this to mean that size-related changes in
islet loss likely occur closer to the onset of T1D.

Residual INS in T1D is predominantly preserved in large INS+
GCG+ islets
To further explore the endocrine cell composition of islets as a func-
tionofT1Dnatural history,wenext analyzed three EO types, definedby
the expression of INS and/or GCG, as a function of EO size across the
three study groups (Fig. 3). In ND and GADA+ pancreata, INS +GCG-
EO, accounting for about half of the total EO count (Fig. 1EE), were
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Fig. 2 | 3D islet distribution across human ND, GADA, and T1D pancreas sam-
ples. A–F Digital surface renderings corresponding to ICEO A–C with and
D–Fwithout pancreas anatomy (PA) shading from representative ND [nPOD 6612],
GADA+ [nPOD 6582], and T1D [nPOD 6579] donors. (G-L) Volume color-coded
digital surface renderings corresponding to G–I ICEO and J–L total EO. The heat
map line represents the distribution of volumes from 3,000 to 1,000,000 µm3.
M Total number of EO in each size category normalized to the tissue volume.
N–O Percentage of N ICEO and O IDEO in each size category. Each donor is
represented as a dot; ND (n = 8), GADA (n = 5), T1D (n = 6). Data are presented as

mean ± SD. Statistical significance in each EO size categorywas assessed using one-
way ANOVAwith Bonferroni’s post hoc test whenmodel assumptions weremet, or
Kruskal–Wallis test with Dunn’s post hoc test when assumptions were not met (as
perMethods). All p-values are two-sided; values < 0.05were considered statistically
significant. EO – endocrine objects. ICEO – INS containing endocrine objects. IDEO
– INS-deficient endocrine objects. EO size bins: CC – cell clusters, S – small, M –

medium, L – large. Scale bars are 300µm. Source data are provided as a Source
Data file.

Fig. 3 | Spatial arrangement and islet size category contribution in human ND,
GADA, and T1D pancreas. A Digital surface renderings corresponding to color-
codedEOtypes for INS +GCG- (magenta), INS +GCG+ (white), and INS-GCG+ (cyan)
with yellow representing each size category in representative ND [nPOD 6612],
GADA+ [nPOD 6582], and T1D [nPOD 6579] donors. The numbers in the yellow
boxes indicate the percentage of EO in each size category. B INS +GCG-,
C INS +GCG+ , and D INS-GCG + EO normalized as a percentage of total EO count.

Each donor is represented as a dot; ND (n = 8), GADA (n = 5), T1D (n = 6). Data are
presented as mean± SD. Statistical significance in each EO size category was
assessed using Kruskal–Wallis test with Dunn’s post hoc test. All p-values are two-
sided; values <0.05 were considered statistically significant. EO – endocrine
objects. EO size bins: CC – cell clusters, S – small, M –medium, L – large. Scale bars
are 300µm. Source data are provided as a Source Data file.
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preferentially in small size bins, distributed as follows: 16.2±7.4% and
12.7±2.6% in cell clusters, 28.2±5.7% and 29.0±9.8% in small islets, and
6.3±4.2% and 8.7±9.8% inmedium islets (Fig. 3A-B). In contrast, the T1D
pancreas exhibited a severe reduction in the INS +GCG- EO fraction
across these size bins (Fig. 3A-B, Fig. 4A-B). Notably, large INS +GCG-
islets were nearly absent across any of the three donor groups (Fig. 3A-
B; Fig. 4A-B). In ND and GADA+ donors, INS +GCG+ EO were respec-
tively comprised of 1.1±0.6% and 0.8±0.7% cell clusters, 10.8±5.4% and
6.3±3.8% small islets, 20.4±5.6% and 17.0±8.9% medium islets, and
6.7±3.3% and 7.2±2.3% large islets (Fig. 3A, C). In the ND group, INS +
GCG+ EO peaked in the 2×105–4×105 µm3 size range, but in the T1D
group, the highest density and proportion of total EO count shifted to
the 8×105–16×105 µm3 range (Fig. 4C-D). Hence, in ND and GADA+
pancreas, INS +GCG+ EO were most commonly identified in the
medium-islet sizebin, whereas the size of residual INS-containing EO in
T1D was primarily shifted to larger INS +GCG+ islets (Fig. 3A, C).
However, the INS ratio was significantly reduced in large islets in T1D

compared to the ND and GADA+ study groups, with INS in INS +GCG+
islets comprising 37.9 ± 4.4%,62.7 ± 7.3%, and60.6 ± 6.8%with theGCG
ratio 62.1 ± 4.4, 37.3 ± 7.3, and 39.4 ± 6.8, respectively (Supplementary
Fig. 3). INS-GCG+ EO in the ND and GADA+ groups were pre-
dominantly represented in the cell cluster and small islet size bins
(Fig. 3A, D), with themajority falling below25×103 µm3 (Fig. 4E-F). In the
T1D pancreas, INS-GCG+ EO were significantly more prevalent than in
NDwithin all size bins (Fig. 3A, D) and across the continuum of EO size
(Fig. 4E-F), likely reflecting the presence of pseudoatrophic islets with
irregular or ragged morphology, previously only visualized using 2D
microscopy44–46. Our ability to rebuild islet boundaries within 3D LSFM
images allows for improved visualization of islet morphology beyond
these 2D efforts.

The significant loss of INS+ cell clusters and small islets in T1D
suggests that size represents an important feature in terms of sus-
ceptibility to autoimmune destruction. The outstanding question
remains as to why this occurs. As medium and large islets contain a

Fig. 4 | Statistical analysis across the continuous islet size distribution in
human ND, GADA, and T1D pancreas. A, B INS +GCG-, C, D INS +GCG+ , and
E, F INS-GCG + EO expressed as A, C, E counts normalized to tissue volume and
B, D, F percentage of total EO count. Data are presented as mean ± SD; ND (n = 8),
GADA (n = 5), T1D (n = 6). Statistical significance in each EO size category was
assessed using one-way ANOVA with Bonferroni’s post hoc test when model
assumptions were met, or Kruskal–Wallis test with Dunn’s post hoc test when

assumptions were not met (as per Methods). All p-values are two-sided; values <
0.05 were considered statistically significant. For all graphs in this figure gray
asterisks show difference between ND and T1D groups, purple asterisks show dif-
ference between GADA and T1D groups, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***),
p < 0.0001 (****), ND vs GADAp = ns. Exact p-values are provided in the Source Data
file. EO– endocrine objects. EO sizebins: CC– cell clusters, S– small,M–medium, L
– large. Source data are provided as a Source Data file.
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more diverse mix of endocrine cells, including higher number of α-
cells13, this may be an important contributor to their survival. In con-
trast, small INS + EO, which are predominantly composed of β-cells,
have higher insulin content and are capable of greater insulin secretion
as compared to large islets17,47. As insulin represents a key autoantigen
in T1D48, these featuresmay also contribute to greater susceptibility to
autoimmune attack and destruction.

The large number of small EO observed in the INS +GCG- fraction
within ND pancreas, coupled with their dramatic loss in short-duration
T1D, raises critical questions regarding their potential specialization,
distinct functionality, and/or susceptibility to destruction as compared
with larger INS +GCG+ islets. Taken together with a recent report
involving 2D imaging33,39, we expect that the role of INS+ small islets
and cell clusters is likely underappreciated in T1D pathogenesis, par-
ticularly considering that in younger individuals, who have smaller
islets overall49,50, T1D progresses more rapidly51. In sum, the loss of
small INS +GCG- islets and cell clusters represents a characteristic
feature of the T1D pancreas, while larger INS +GCG+ islets seem to
preferentially persist, suggesting cell composition and size-dependent
resilience.

Limitations of the study
This study was conducted only on the proximal portion of the tail
region and covers a small portion of the total pancreatic volume. One
of the challenges associated with examining pancreatic tissues is the
potential for regional variability52 due to anatomic location and/or
disease state. Future studies will benefit from the addition of multiple
samples across pancreatic regions to account for such variance. And,
with continually improving 3D imaging technology along with
increasing computational capacity, more refined studies should result.
Studies of human pancreas samples suffer from numerous pragmatic
challenges. First among these is the extensive effort required to collect
high-quality pancreata in large numbers relative to, for example,
assessing peripheral blood from living persons, as the human pancreas
is not subject to biopsy due to ethical considerations53. Yet, through
extensive attempts by many over the last two decades, we and others
have been successful in obtaining cases to support the numbers in this
study. Second, unlike animalmodels or again, studies of livinghumans,
longitudinal analyses are not feasible fromorgan donor tissues; hence,
interpretations seeking to infer disease pathogenesis and natural his-
torymust bemade through collation of cross-sectional data. This said,
as all tissues were processed consistently in accordance with SOP-
drivenprotocols; hence,wedonot seewhere a biasmayhave occurred
with respect to a given study group. In addition, based on technical
practices of U.S. Organ Procurement Organizations, our efforts were
not afforded the ability to screen for IAA54. Hence, there is no prag-
matic means in place to identify this otherwise highly interesting
population at increased risk for T1D. Future 3D studies using LSFM are
underway to observe changes occurring closer to T1D onset in
donors with multiple islet autoantibodies and with the addition of
immune markers to examine insulitis during the natural history of
the disease.

Methods
Human Pancreas Donors
The tissues utilized in this studywereprocessed inaccordancewith the
nPOD Organ Processing and Pathology Core (OPPC) standard oper-
ating procedures approved by the University of Florida Institutional
Review Board (IRB201600029). Pancreas tissues from deceased
human organ donors, with or without T1D, were procured with
informed consent provided by each individual organ donor’s legal
representative as approved by the United Network for Organ Sharing
(UNOS) and according to federal guidelines. No compensation was
provided to a given donor’s legal representative. Donor pancreata
were recovered, placed in transport media on ice, and shipped via

organ courier to the nPOD program at the University of Florida (RRID:
SCR_014641, https://www.jdrfnpod.org). For each donor, a medical
chart review was performed and C-peptide measured to confirm T1D
diagnosis according to guidelines established by the American Dia-
betes Association (ADA). Demographic data, hospitalization duration,
and organ transport time were obtained from hospital records. Donor
information is listed in Supplementary Table 1, with every subject
utilized in each analysis. Sex and/or gender determinations were
gathered from the patient’s medical records in accordance with local
hospital policies. Due to limited group size, the impact of sex and/or
gender on the variables assessed in our studies were not performed.

Pancreas Sample Preparation
Samples were freshly harvested from the proximal portion of the
pancreas tail region (0.7–1 cm3 in size) as defined by the nPOD Stan-
dard Operating Procedures (SOP) for case processing (https://npod.
org/for-investigators/standard-operating-procedures/), and fixed in
4% PFA [Thermo Scientific] for 4 days at 4 °C while shaking at 80
rotations per minute (rpm) [VWR Rocking Platform Shakers, 230V].
Fixed samples were washed with 1X PBS [Invitrogen] for 1 day at 37 °C
while shaking at 80 rpm [Thermo Scientific MaxQ™ 4450 Orbital Sha-
ker], then stored in 1X PBS with azide [Santa Cruz] at 4 °C.

3D Immunostaining
Using modified iDISCO protocol55 fixed human pancreas samples
(approximately X = 5mm, Y = 10mm, Z = 3mm) were stepwise dehy-
drated for 1 h at 37 °C with shaking at 80 rpm in increasing con-
centrations of methanol (MeOH) [Fisher Chemical] in deionized water
(diH2O; 20%, 40%, 60%, 80%, 100%). Samples were photobleached in
5% H2O2 in MeOH for 4 days at 4 °C under LED light (5 LED linear
modules, Waveform lighting; ABSOLUTE SERIESTM; CRI 99; 5000K;
8.4W permodule) with 70% intensity of PWMdimmer, then washed in
100% MeOH for 1 hour at room temperature (RT) while shaking at
80 rpm and then, stored at 4 °C. For delipidating, samples were incu-
bated overnight at RT in a 2:1 solution of dichloromethane (DCM)
[Sigma-Aldrich] and MeOH, then at RT shaking 80 rpm in 100% DCM
for 1 h and washed in 100%MeOH two times for 30min. Next, samples
were re-hydrated for 1 h at 37 °C while shaking 80 rpm in decreasing
concentrations of MeOH in diH2O (80%, 60%, 40%, 20%), then washed
in 1× PBS two times. Permeabilization was performed overnight at
37 °C80 rpm in permeabilization buffer (25%urea [Sigma-Aldrich], 15%
glycerol [Thermo Scientific], 7% Triton X-100 [Sigma-Aldrich] in 1X
PBS). Then, the samples were washed five times for 1 h at 37 °C while
shaking 80 rpm in 1X PBS. Blocking was performed overnight at 37 °C
with shaking 80 rpm in blocking buffer (10% animal-free blocker
[Vector Laboratories], 10%DMSO [Fisher Chemical], 0.5% Triton X-100
[Sigma-Aldrich], 0.2% Tween 20 [Sigma-Aldrich] in 1X PBS).

The anti-human INS primary antibody (Cat. No. ab181547;
[Abcam]; clone [EPR17359]; lot 1044967-24)was conjugatedwith Alexa
Fluor 790 dye using the Alexa Fluor™ Antibody Labeling Kit (Cat. No.
A20189; [Molecular Probes™]) according to the manufacturer’s pro-
tocol. Forwhole-mount immunostaining, sampleswere incubatedwith
conjugated primary antibodies specific for GCG (Alexa Fluor® 488 anti-
human GCG; Cat. No. ab307340; [Abcam]; clone [EP3070]; lot
1040072-2; diluted 1:5000) and INS (anti-human INS Alexa Fluor 790;
diluted 1:400) diluted in a staining buffer (1X PBSwith azide containing
2% animal-free blocker, 10%DMSO, 0.5%TritonX-100). Themastermix
of antibodies was centrifuged at 15,000g for 15min to prevent the
formation of fluorophore precipitates in samples, then applied to
samples and incubated at 37 °C for 6 days while shaking at 80 rpm.
After antibody labeling, all samples were washed for 1 hour at 37 °C
while shaking 80 rpm, four times in wash buffer (2% animal-free
blocker [Vector Laboratories], 0.5% Triton X-100 [Sigma-Aldrich] in 1X
PBS) and one time in 1X PBS. Next, samples were stepwise dehydrated
for 1 h at 37 °Cwhile shaking at 80 rpm in increasing concentrations of
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MeOH (20%, 40%, 60%, 80%, 100%, 100%). Samples were stored in
100% MeOH in the dark at RT until clearing.

3D Tissue Clearing
Samples were incubated in a 2:1 solution of DCM and MeOH for 1-
3 hours at RTwith shaking 80 rpmuntil the sample sank to the bottom
of the tube, followed by two 15-min incubations in 100% DCM. Then,
the samples were transferred to dibenzyl ether (DBE) [Sigma-Aldrich]
to clear for 3–24 h in the dark at RT. Samples were imaged within 24 h.
Previous studies have shown that variations in dehydration solutions
and clearing techniques can lead to either shrinkage or expansion of
some tissue samples56–58. Becker et al. demonstrated that tissue
shrinkage is driven primarily by dehydration (tetrahydrofuran or
ethanol), with the choice of clearing medium (BABB (one part benzyl
alcohol and two parts benzyl benzoate) or DBE) contributing
negligibly56. In our study, we used a modified iDISCO method ( ~ 10%
shrinkage)58 with MeOH-based dehydration and DBE clearing (Sup-
plementary Fig. 4).

3D Light Sheet Fluorescence Microscopy (LSFM) Imaging
Image acquisition was performed with an Ultra Microscope Blaze
([Miltenyi Biotec], Germany, Cat# 150-001-760) and ImSpector Pro
(version 7.6.3.0, [LaVision BioTec], Germany) acquisition software.
Laser light sheets were generated at excitation wavelengths of 488,
640, and 785nm. An objective lens with 4× magnification (MI Plan 4×
NA0.35)wasused for image acquisition. All sampleswere scanned at 1×
zoom. The z-step size was 2μm. Filter sets used were as follows: GCG,
excitation (Ex): 488, emission (Em): 525/50; autofluorescence (pan-
creas anatomy), Ex: 640, Em: 680/30; and INS, Ex: 785, Em: 845/55. The
resultant image datasets were saved in *ome.tif format.

3D Reconstruction and Surfacing
Image *ome.tif files were converted into *ims files using Imaris File
Converter software (version 10.2.0; [Bitplane], UK). Imaris software
(version 10.2.0; [Bitplane], UK) was used to create 3D images and then,
surfaces for pancreas anatomy, GCG+ , and INS+ signals. Surfaces for
both high-intensity and low-intensity objects were generated. The INS
surfaces for low-intensity objects were added to those for high-
intensity objects with a filter applied to exclude overlapping objects
with aminimumoverlap of 10μm3, and the two resultant surfaceswere
merged to account for objects including an intensity gradient of INS
signal. To accurately cover islets with both GCG+ and INS+ signals, the
machine learning option was applied in Imaris to generate entire islet
surfaces. INS-GCG+ surfaces on image borders were excluded from
quantification to account for only true INS-GCG+ EO. The manual
section-by-section quality control in the Imaris slice scanner was
applied to confirm the detection of INS and/or GCG signal presence in
islets. Artifacts outside the tissue volume surface (determined from
autofluorescence) were also manually excluded. INS and GCG ratios
were determined based on the volume of each signal within individual
large islets. The volumes of INS+ and GCG+ cells were expressed as a
percentage of themerged volumeof both INS andGCG surfaces. From
each sample the representative Region of Interest (ROI) was selected
to increase throughput for quantitative analysis, resulting in a total of
12,811 endocrine objects (EO) analyzed from8ND donors (mean tissue
volume: 14.9 ± 4.7mm³), 6,460 EO from 5 GADA+ donors (mean tissue
volume: 12.9 ± 6.1mm³), and 2,986 EO from6 T1D donors (mean tissue
volume: 19.5 ± 9.5mm³).

Statistics
EO with volume ≥3000 µm3 were binned by volume (endocrine cell
clusters: 3 × 103-104, small: 104-105, medium: 105-106, and large islets:
≥106 µm3). A one-way Analysis of Variance (ANOVA) was used to
examine the differences in tissue or EO volume, density, and/or count
by donor type. The assumptions of ANOVA were examined using the

Shapiro-Wilk test for normality, and aBartlett’s test for homogeneity of
variance (i.e. heteroscedasticity); all data are independent. If the
assumptions held, a one-way ANOVA was used together with a post-
hoc Bonferroni’s test for multiple comparisons. If the assumptions
were not met, data were analyzed by Kruskal-Wallis test followed by a
post-hoc Dunn’s test for multiple comparisons. All results are pre-
sented as mean ± standard deviation (SD). All p-values are two-sided
and statistically significant if less than the nominal alpha level of 0.05.
All analyses were performed using GraphPad Prism software
version 10.

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

Data availability
Requests for assistance in obtaining data utilized in this study should
be directed to the corresponding author, Dr. Mark Atkinson (atkinso-
n@ufl.edu). The data generated in this study have been deposited in
the nPOD Data Portal. Access to this data, including whole slide ima-
ges, from donors evaluated as a part of this study, can be requested
from nPOD as outlined on the organization’s website (https://npod.
org/for-investigators/data-portal/). Source Data are provided with this
paper. No original code was utilized for the analyses reported
herein. Source data are provided with this paper.
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