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3D imaging of an entire pancreas shows inverse 
proportions of extra-islet versus islet-associated β cells 
in late-onset type 1 diabetes
Joakim Lehrstrand1†, Max Hahn1†, Björn Morén1, Wayne I. L. Davies1‡§, Olle Korsgren2,  
Tomas Alanentalo1, Ulf Ahlgren1*

Residual β cell function can positively affect diabetes regulation in type 1 diabetes (T1D), but details on residual β 
cell mass distribution in T1D is largely lacking in a whole organ context. Implementing an optical 3D imaging 
pipeline, we generated a complete account of the remaining β cells throughout an entire human late onset T1D 
pancreas at a microscopic resolution. Our data show that most of the residual β cells were present as scattered 
individual cells or as punctated clusters of individual β cells, spatially separated from each other and all other en-
docrine cell types. Compared to islet-associated β cells, extra-islet β cells appeared in a substantially higher rela-
tive abundance in the head region of the T1D pancreas. This 3D depiction of an entire T1D pancreas shows that 
individual β cells may be preserved and/or formed in a highly regionalized manner, potentially reflecting key as-
pects of disease dynamics, advocating for increased focus on extra-islet islet β cells in attempts to develop strate-
gies for pancreatic β cell preservation in T1D.

INTRODUCTION
Type 1 diabetes (T1D) is a chronic disease characterized by the pro-
gressive loss of pancreatic β cells, ultimately leading to overt hyper-
glycemia and a lifelong dependence on exogenous insulin therapy 
(1). Despite extensive research, the exact etiology remains unclear; 
however, evidence suggests that both genetic and environmental 
factors contribute to disease development, which results in a hetero-
geneous patient group and the need for a personalized treatment 
approach (2).

An accumulating number of studies point to a link between age 
at T1D diagnosis and disease progression and severity. For example, 
histologically distinct T1D endotypes have been suggested depend-
ing on age of disease onset (under the age of 30 years) (3). Further, 
people who are diagnosed later in life often retain a significant num-
ber of insulin-positive (INS+) cells, despite being dependent on exog-
enous insulin [(4) and references therein]. Although T1D commonly 
has been considered a “juvenile” disease, several studies suggest that 
adult-onset T1D is more prevalent, and a high degree of late-onset 
T1D (LO-T1D) cases are misclassified as type 2 diabetes (T2D) due 
to overlapping clinical features (5).

Residual β cell function may have positive effects on diabetes 
regulation and complications (6), even in patients with long-term 
disease duration (on an average of 35 years) (7). Therefore, under-
standing the spatial distribution, amount, and function of residual β 
cells could prove important for disease management. Whereas the 
presence of extra-islet β cells, in addition to islet-associated β cells, 
has been described in several publications [(8) and references there-
in], the sheer size of the human pancreas [average range, 71 to 83 cm3 

(9)] and its complex organization, with numerous islets and/or β 
cells scattered throughout the exocrine parenchyma (10), has effec-
tively hindered detailed residual β cell mass (BCM) assessments in 
T1D, especially in the whole organ context. Since access to larger 
tissue preparations of T1D pancreas, suitable for immunohisto-
chemical analyses, is scarce, most studies aimed at surveying mass 
effects have been performed on limited tissue volumes, often by ex-
trapolation of partial two-dimensional (2D) data and/or with limit-
ed information about the tissue’s spatial origin within the gland.

Recently, we demonstrated an approach to generating a complete 
account of antibody-labeled cells throughout the volume of the pan-
creas from deceased donors at microscopic resolution within a 
maintained spatial context. We could thereby describe the complete 
β cell distribution in the nondiabetic (ND) pancreas, with informa-
tion on the volume, shape, and 3D coordinates for essentially every 
islet throughout the volume of the gland (10). Here, we used the 
same imaging approach on an entire pancreas from a LO-T1D do-
nor. We demonstrate that the distribution of the remaining β cells 
could be highly heterogeneous within the organ and that islet-
associated β cells could potentially be more susceptible to destruc-
tion than extra-islet β cells. In sharp contrast to the ND pancreas, 
where extra-islet β cells only constituted a fraction of the total BCM, 
extra-islet β cells may, as demonstrated by our analysis of a pancreas 
from a donor carrying the disease for 17 years, make up most of the 
residual BCM. Jointly, our results emphasize the value of a whole 
organ perspective in T1D studies and prompt for detailed investiga-
tions into the functional potential of extra-islet β cells and their 
preservation.

RESULTS
3D reconstruction of the residual BCM distribution in an 
entire LO-T1D pancreas displays regional differences in β 
cell preservation
To assess the 3D-spatial distribution and volume of the residual β cell 
mass in a LO-T1D donor (diagnosis at 50 years of age and disease 
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duration of 17 years; see table S1, H2442), the pancreas was divided 
into tissue discs, using a 3D printed matrix (fig. S1). These discs were 
antibody labeled and scanned individually by near-infrared optical 
projection tomography (NIR-OPT) (11, 12). Selected regions of in-
terest (ROIs) were further examined by light sheet fluorescence mi-
croscopy (LSFM) (13, 14). By aligning the resultant tomographic 
datasets together in 3D space, the entire pancreas could be recon-
structed with regard to the 3D distribution of INS+ cells. Hereby, we 
generated a complete 3D dataset of the remaining β cell distribution 
throughout the volume of the gland (Fig. 1 and movie S1). Segmen-
tation of INS+ signals provided a complete picture of all INS+ ob-
jects (for OPT data, an INS+ object is defined as a distinct body of 
INS+ cells that cannot be separated from each other at the resolution 
applied during segmentation, i.e., ~21 μm; see Materials and Meth-
ods) including their individual volumes and spatial 3D coordinates 
throughout the gland [for details, see Materials and Methods and (10)].

Residual β cells appeared scattered throughout the pancreas but 
with regional variations in density, particularly between the distal 
portion of the head and the remainder of the pancreas (Fig. 1, A and 
H). On the basis of tomographic data segmentation, the LO-T1D 
pancreas (H2442) displayed approximately a 13-fold lower number 
of INS+ objects (ND 2.21 × 106 versus T1D 1.73 × 105) and a close 
to 60-fold lower total pancreatic β cell volume (ND 1.17 cm3 versus 
T1D 0.02 cm3) compared to a complete ND pancreas (H2457) 
(Fig. 1E) (10). Although the ND pancreas is not aged matched with 
the analyzed LO-T1D sample, representative discs from four other 
ND pancreata displayed similar BCM distribution profiles. This in-
cluded an ND donor (H2522) matched for age at diagnosis of the 
analyzed T1D donor (see table S1).

The human pancreas is commonly divided into head, neck, body, 
and tail, but the boundaries between these regions are loosely defined. 
To better facilitate systematic comparisons of regional features, the 
pancreas was divided into four regions consisting of the head (region 
1, using the indentation of the superior mesenteric vein as a bound-
ary) and regions 2 to 4 consisting of portions one-third in length of 
the remainder of the pancreas (see inset in Fig. 1A). Using this re-
gionalization scheme, region 1 of the analyzed LO-T1D pancreas 
displayed an approximately threefold higher β cell density compared 
to regions 2 to 4 and even higher in the distal portion (Fig. 1, A, G, 
and H). In contrast, analyses of an entire ND pancreas (H2457) 
showed a more homogeneous β cell density across the organ head to 
tail [Fig. 1, B, F, and H, see also figure S4 in (10)]. Assessments of the 
β cell density in the individual tissue discs confirmed this picture, 
and discs corresponding to the most distal part of the head harbored 
the highest percentage of β cells normalized to the overall tissue vol-
ume (Fig. 1H and fig. S1). Graphs in Fig. 1 (E to H) are displayed to 
scale in fig. S2. Notwithstanding the limited sample size, this obser-
vation suggests that β cell decay, at least in the analyzed LO-T1D 
pancreas, can affect the organ with a high degree of regional varia-
tion with, in this case, a significantly greater preservation in a region 
of the pancreatic head.

Shifted proportions between extra-islet β cells and 
islet-associated β cells in the investigated LO-T1D pancreas
The applied imaging approach, allowing the entire pancreatic volume to 
be studied from all angles and through its entire depth, greatly facilitates 
the identification of features that would be extremely challenging to 
recognize using stereological techniques or lower-resolution 3D tech-
niques. Whereas most of the INS+ cells were relatively homogeneously 

scattered in the exocrine parenchyma, local concentrations of INS+ 
cells with a punctated appearance could be observed in all regions 
(R1 to R4) of the organ on OPT images (Fig. 2, A to D). Using these 
3D datasets as a guide, regions with such clusters of individual β 
cells could be isolated, sectioned, and analyzed in a slide scanner. 
Immunofluorescence staining for the pan-endocrine marker synap-
tophysin revealed that despite the relative distance between the 
INS+ cells within the clusters, they were not intermingled by any 
other endocrine islet cell types (Fig. 2E), suggesting that they are not 
part of a conventional “mixed” islet unit. Note that synaptophysin is 
a neuroendocrine marker that stains nerves (green only in Fig. 2E), 
in addition to pancreatic endocrine cells. The transcription factor 
NKX6.1 plays a pivotal role in the specification and maturation of 
pancreatic β cells, as well as in maintaining their adult functionality 
(15). The INS+ cells of the clusters were all positive for NKX6.1 
(Fig. 2F). Further, as determined by CD45 staining, the clusters showed 
no apparent signs of increased infiltration of immune cells relative 
to neighboring tissue (Fig. 2G), nor of increased proliferation, as 
indicated by MCM7 and Ki67 staining (Fig. 2, H and I, respectively, 
and fig. S3).

To quantitatively assess the spatial localization of the residual 
BCM in the LO-T1D pancreas in more detail, tissue discs from LO-
T1D (H2422) and from ND (H2522, matched for age at diagnosis of 
T1D in H2442; see table S1) were labeled also for glucagon (GCG) 
and scanned by OPT (Fig. 3, A to D) and smaller ROIs by LSFM 
(Fig. 3, E to K). By performing a classification spot analysis (see Ma-
terials and Methods), clusters of INS+ objects (>10) residing within 
less than 75 μm of each other could be highlighted as prominent 
features in the 3D datasets (for LSFM data, an INS+ object is defined 
as INS+ cells that cannot be separated from each other at a scanning 
resolution of 1.6 μm) (fig. S4). Whereas the average distance between 
β cells outside the clusters was 176 μm (or 374 μm between the nine 
nearest neighboring β cells), the average distance between individu-
al β cells within the clusters was only 35 or 79 μm between the nine 
nearest neighbors (fig. S4, E and F). These data confirm the clus-
tered, but not directly adjacent, organization of the β cells observed 
in the 3D data. The GCG+ cells were grossly organized in islet struc-
tures [compare Fig. 3 (A, B, E, and F)]. By measuring the relative 
volumes of INS+ cells (i) residing in clusters, as defined above (Fig. 3I 
and fig. S4), (ii) within or in direct proximity of GCG+ islets (Fig. 3J), 
or (iii) as scattered INS+ cells (i.e., all INS+ cells not belonging to the 
first two categories; Fig. 3K, see also movie S2), LSFM data showed 
that only 14.7% of the residual INS+ cell volume was associated with 
islet structures, whereas 85.3% was present either as clusters (22%), 
according to the above definition, or as scattered INS+ cells (63.3%) 
(Fig. 3L). Whereas most studies of human INS+ cells are focused 
on islets, relatively little is known regarding the distribution and 
amount of extra-islet β cells. To assess how relative proportions of 
extra-islet and islet-associated β cells in the investigated LO-T1D 
pancreas compared to ND pancreata, we analyzed discs from ND 
pancreas at (i) the best available age match with the time of disease 
onset (H2522, 45 years), (ii) best available match with the age of 
death (H2688, 74 years), as well as (iii) donors outside the span of 
disease duration for the analyzed LO-T1D specimen including (H2470, 
37 years) and (H2700, 83 years) (see table S1). Applying the same 
spot analysis as for the LO-T1D pancreas (H2442), excluding islet-
associated β cells (here defined as grouped in the direct vicinity of 
GCG+ cells or β cell clusters larger than >30 μm, see Materials and 
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Fig. 1. Datasets of the complete distribution of INS+ cells in the pancreas from a human LO-T1D and ND donor. (A and B) Pancreata from a LO-T1D (A, H2442) and 
an ND (B, H2457) donor were sliced into discs. The discs were individually antibody labeled for insulin (red) and scanned by NIR-OPT (at 21-μm isotropic resolution), and 
the resultant tomographic datasets aligned in 3D space, creating a fully interactive dataset (in this case, a maximum intensity projection view) of the entire organ. The 
LO-T1D pancreas displayed an approximately 13-fold lower number of INS+ objects (ND 2.21 × 106 versus T1D 1.73 × 105) and an almost 60-fold lower total pancreatic β 
cell volume (ND 1.17 cm3 versus T1D 0.02 cm3) compared to the ND pancreas [see (10)]. (C and D) OPT maximum intensity projection (MIP) images of individual discs cor-
responding to white boxes in (A) and (B). (E) Total volume of INS+ cells in the depicted pancreata. Average volume of INS+ cells in regions 1 to 4 as defined in inset in (A), 
normalized against total tissue volume. The INS+ cell density is three times higher in the T1D head region (R1) as compared to the rest of the pancreas. (F to H) Relative 
volume of INS+ cells in the analyzed discs (normalized against tissue volume) per region (F) and per disc (G and H). Note that because of space constraints in (G), only every 
second disc is labeled on the x axis. *In (H) represents an outlier at the end of the organ encompassing only 79 INS+ objects. The data in (E) to (H), displayed to scale, are 
shown in fig. S2. For (F), a two-tailed Wilcoxon matched-pairs signed rank test ****(P < 0.0001) was performed. Error bars show mean ± SD. Figure elements (B) and (H) 
and parts of figure (E) and (F) are reproduced from Lehrstrand et al., Nature Communications (2024) (10), published under a Creative Commons Attribution (CC BY 4.0) li-
cense. The Author(s) 2024.
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Methods), the relative proportions of the β cells residing as extra-islet 
(single scattered or in punctated clusters) or islet-associated β cells 
were markedly different from that of the LO-T1D (Fig. 3L). On an 
average, 92.1% of the BCM in the ND pancreas associated to islets 
(between 83.15 and 96.80%), 6.1% was present as scattered β cells (be-
tween 3.16 and 11.51%) and 1.8% as punctated β cell clusters (be-
tween 0.03 and 5.34%). Although we observed clear variations in 
the proportions of punctated clusters in the ND pancreas, jointly 
these results point to a marked proportional shift in extra-islet β 
cells versus islet-associated β cells in the analyzed T1D pancreas.

We could not observe an apparent size difference between β cells 
associated to islets or extra-islet β cells in the ND pancreas com-
pared to the extra-islet β cells of the analyzed LO-T1D pancreas 
(fig. S5). When calculating the contribution of β cells in the above 
spatial categories to the overall pancreatic volume in discs from R1 
in ND (H2470, H2522, H2688, and H2700) and the LO-T1D (H2422) 
pancreas, the density of islet-associated β cells was, as anticipated, 
much higher than the density of extra-islet β cells (“punctuated” clus-
tered plus scattered individual) in the ND pancreas. The density of 
INS+ cells ranged between 0.640% (H2470) and 1.026% (H2688), 
whereas the density of extra-islet β cells varied between 0.034% (H2688) 
and 0.162% (H2522) (fig. S6). In the LO-T1D pancreas (H2442), the 
density of both categories was considerably lower, 0.001% for islet-
associated β cells and 0.006% for extra-islet β cells. By dividing the 
density of islet-associated and extra-islet β cells in ND pancreas with 
the density of islet-associated and extra-islet β cells in the LO-T1D, 
respectively, we calculated the difference in β cell density between 
the individual ND pancreas (H2470, H2522, H2680, and H2700) and 
the LO-T1D (H2442), for each category. The density of islet-associated 
β cells was between 640-fold (H2470) and 1026-fold (H2688) higher 

compared to the LO-T1D (H2442), and the difference in density for 
extra-islet β cells was roughly between 6-fold (H2688) to 28-fold 
(H2522). Hence, regardless of age of the ND donors, these data sug-
gest that the proportion of extra-islet versus islet-associated β cells 
have shifted markedly in favor of extra-islet β cells in the LO-T1D 
(H2442), although both categories are markedly reduced. The rela-
tive fold change compared to each ND pancreas is outlined in ta-
ble S2. Notably, LSFM-based quantification of GCG in the analyzed 
LO-T1D and ND pancreas did not point to any increase in GCG 
density in the LO-T1D sample (H2442) (Fig. 3M). T1D pancreas 
showed no apparent signs of reduced numbers of GCG-expressing 
cells compared to discs from the ND donor, and these GCG+ cells 
were grossly organized in islet structures [compare Fig. 3 (A, B, E, 
and F)]. Segmentation of LSFM data confirmed this picture (Fig. 3L).

Infiltration of CD45+ cells does not correlate to the topology 
of residual β cells
To assess whether the relative variation in β cell preservation in the 
investigated LO-T1D pancreas was reflected by the degree of immune 
infiltration, we assessed CD45-labeled discs from regions in R1 (head) 
with a clear difference in β cell density by LSFM. Immune cell infil-
tration was prominent and relatively uniform across the exocrine pa-
renchyma in both “high” (disc #67R) and “low” (disc #57R) β cell density 
discs (fig. S7). In contrast, clear accumulations of CD45+ cells could 
be detected in the pancreatic ducts, basally along the epithelial layer 
(fig. S8). Next, we compared the density of CD45+ cells in relation to 
the spatial distribution of residual β cells at the single-cell level. ROIs 
were selected to exclude vessels and ducts and were scanned at high 
resolution. Hereby, no significant difference could be observed in 
the density of CD45+ cells between regions with clustered β cells or 

Fig. 2. The investigated LO-T1D pancreas harbors extra-islet β cell clusters that are not intermingled by other endocrine cell types. (A to D) OPT maximum projec-
tion intensity images of representative tissue discs from regions 1 to 4 of the pancreas shown in Fig. 1A, labeled for INS (red) in which AF from the tissue is seen in gray. 
Clusters of punctated INS+ cells are present in all regions. (E to I) Images from slide scanner analyses of the cluster regions showing that they are not intermingled by any 
other endocrine cell types [E, synaptophysin (SYP), green], express markers of mature β cells (F, NKX6.1, green), are modestly infiltrated (G, CD45, blue), and that they do 
not show any signs of increased proliferation (H, MCM7, green) and (I, Ki67, blue). Note that green only in (E) represents innervation. Scale bar in inset in (D) corresponds 
to 100 μm in (A) to (D). Scale bar in inset in (D) corresponds to 100 μm in (A) to (D), and scale bar in inset in (I) corresponds to 50 μm in (E) to (I).
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scattered β cells only (Fig. 4). Hence, as judged by the density of CD45+ 
cells only, immune infiltration in the LO-T1D pancreas did not 
display any obvious regional differences in relation to residual β cell 
density and organization, but higher concentrations could be con-
firmed in the ductal epithelium.

Regional differences in loss of exocrine tissue determined by 
optical 3D imaging of an entire LO-T1D pancreas
Acinar cells decrease in number in T1D regardless of age at diabetes 
onset (16), and the T1D pancreas has been demonstrated to be 
smaller than in ND controls [(17) and references therein]. Whereas 

exocrine pathologies associated with T1D include acinar atrophy, 
fibrosis, arteriosclerosis, and fat infiltration, the reason for these 
exocrine abnormalities in T1D and its significance for disease de-
velopment is under debate (16, 18). To address pancreatic atrophy, 
we calculated the tissue volume of the LO-T1D (H2442) donor and 
from our previously published ND donor (H2457) using our opti-
cal tomographic datasets, which infers a close to cell level quan-
titative accuracy with isotropic voxel spacing. The volume of the 
pancreatic head (R1) constituted almost half of the total pancreatic 
volume in the LO-T1D donor but only one-third in the ND donor 
(fig. S9).

Fig. 3. Most of the residual BCM in the investigated LO-T1D pancreas is represented by extra-islet β cells. (A to D) OPT generated MIP views of representative pan-
creatic tissue discs (2.8-mm thickness) from the LO-T1D pancreas (H2442, diagnosed at 50 years of age, disease duration of 17 years) (A and C) and from an ND donor 
pancreas (H2522, B and D), matched for age at diagnosis of H2442, stained for GCG (A and B) and INS (C and D), respectively. The disc in (A) and (C) is #64B from R1, and 
the disc in (B) and (D) is #40 from R1 (R1 in H2442 encompasses discs 55 to 69 and in H2522 discs 38 to 46). (E to H) LSFM MIP views showing high-resolution images of the 
tissues seen in (A) to (D). (I to K) Illustration of the spatial location of residual INS+ cells in LO-T1D, which is present as clusters of individual cells (I), β cells within islets (J), 
or single scattered cells (J). (L) Bar graph showing the spatial location of the residual BCM in the pancreas in the LO-T1D pancreas (H2442, discs #57 and #67, encompass-
ing 10,000 INS+ objects) and from discs from R1 in four ND donors (H2470, H2522, H2688, and H2700) encompassing in total of ~100,000 nonislet-associated INS+ objects 
based on spot classification, see text for details. Only 14.7% of the residual INS+ objects are associated with islets in the LO-T1D pancreas as opposed to between 83.2 and 
96.8% in the ND pancreas. (M) LSFM analyses of random ROIs, showing the volume of GCG+ cells normalized against total tissue volume in LO-T1D (H2442) and ND (H2470, 
H2522, H2688, and H2700). Images in (E) and (G) are the same images as in fig. S4 (A and C) to illustrate spot analyses.

D
ow

nloaded from
 https://w

w
w

.science.org at U
ppsala U

niversity on June 09, 2026



Lehrstrand et al., Sci. Adv. 12, eaed0496 (2026)     22 May 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

6 of 13

We have previously demonstrated the possibility to use the auto-
fluorescent (AF) properties of pancreatic tissue to visualize vascular 
and ductal structures in optical tomographic datasets (19, 20). By 
applying this to the LO-T1D pancreas. (H2442), we visualized both 
tissue types throughout the gland (Fig. 5A). However, whereas AF 
intensity and the thickness of ducts and vascular walls appeared com-
parable to ND donor pancreas in R1 of the LO-T1D [compare Fig. 5 
(B and C) with (F and G)], tomographic sections from regions 2 to 
4 displayed an apparent increase in hyperintensity of both structures 
[compare Fig. 5 (D and E) with (H and I)]. Hence, in addition to a 
better regional preservation of BCM, the LO-T1D pancreatic head 
(R1) displayed a morphology and size better resembling the ND 
pancreas, whereas the remainder of the organ (R2 to R4) appeared 
more affected with regard to the above features.

DISCUSSION
Here, we used deep tissue optical imaging to provide a complete as-
sessment of the residual β cell distribution throughout the volume of 
a LO-T1D pancreas (H2442; see table S1). Hereby, we could corre-
late the visual 3D data with quantitative assessments of the labeled 
cells throughout the organ volume. Given the scarcity of this kind of 
material, this provides a unique picture of disease pathophysiology 

on the whole organ level. Whereas we observe a marked reduction 
of β cells, an unexpected high number of INS+ objects remain (1.76 × 
105 INS+ objects as detected by OPT). Previous studies of LO-T1D 
pancreata observed a severity of β cell loss in the order tail > body 
> head (21). Although we observe variations between analyzed tis-
sue discs, β cell density appears relatively homogeneous in regions 2 
to 4 (neck, body, and tail) in our material. However, in line with the 
previous report (21), we see a significantly higher β cell density in 
R1 (head). The tail region of the ND pancreas has been suggested to 
have a twofold higher β cell density compared to the remainder of 
the pancreas (22, 23). When using the same deep tissue imaging 
approach as used here, we could, in a recent study on ND donor 
pancreata, not detect a higher β cell density in the pancreatic tail. 
Instead, we found it to be relatively homogeneous across the organ 
head to tail (10). Notwithstanding the limited material (i.e., avail-
ability of LO-T1D tissue allowing for analysis of all regions of the 
pancreas) and individual variation in disease pathogenesis, our cur-
rent results strengthen previous observations that β cell destruction 
is spatially heterogeneous in LO-T1D and that β cell reduction ap-
pears less prominent in the pancreatic head (R1), albeit in a region-
alized manner. Noteworthy, this difference in residual β cell density 
was prominent despite the apparent exocrine atrophy of regions 2 to 
4 in the investigated LO-T1D pancreas.

Fig. 4. Density of immune cells appears similar in areas with clustered and nonclustered extra-islet β cells. (A) LSFM MIP (2.8 mm in Z) of a region of LO-T1D (H2442, 
disc #67R) labeled for INS. (B) Same image as in (A), showing example ROIs with segmented CD45 channel (teal) covering clustered β cells (broken yellow box) and non-
clustered β cells (broken white box). ROIs (720 μm by 865 μm by 480 μm) were selected to exclude blood vessels and ducts. (C) Bar graph showing density of CD45+ cells 
within the ROIs (CD45+ cell volume normalized against total tissue volume). No significant difference in CD45+ cell density could be observed between the two types of 
ROI selections. (D to G) High magnifications of the example ROIs shown in (B). Scale bar in (A) is 200 μm in (A) and (B), and scale bar in (D) is 80 μm in (D) to (G).
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Whereas individual INS+ cells, scattered in the exocrine paren-
chyma of LO-T1D and ND pancreas, have been reported previously 
[(8) and references therein], our observation of distinct INS+ clus-
ters, which are not intermingled by other endocrine cell types, is, to 
the best of our knowledge, not reported before. It is possible that, in 
previous studies, the lack of an accurate 3D imaging perspective, allow-
ing for simultaneous detection of various endocrine cells through-
out a large tissue depth, has hampered observation of these β cell 
clusters. Without obvious means of lineage tracing possibilities, it is 
difficult to discern what these extra-islet β cells represent. As sug-
gested by our analyses, they are unlikely to constitute any type of 
reminiscent islet structure, since no other endocrine cell types are 
present within them or in their direct vicinity. Although the clusters 
express mature β cell markers (NKX6.1), it is difficult to draw any 
conclusions on their functionality in situ, based on our material. 
Notably, we could observe similar clusters by analyses of paraffin blocks 
from an additional T1D donor (see fig. S10), although we lack infor-
mation about the spatial origin of this sample within the pancreas.

By our deep tissue imaging approach, we could determine the 
volume of extra-islet and islet-associated β cells by measuring tens 
of thousands of INS+ objects. Comparing the LO-T1D pancreas 
(H2442) with an ND pancreas (H2522) selected to match the age of 
T1D diagnosis, we could observe a marked relative fold change of 
the residual β cells in the LO-T1D coupled to their topographic 
anatomy in that the proportion of extra-islet β cells was markedly 
increased in relation to islet-associated β cells. This was the case also 

when compared to ND pancreas selected to match the age of death 
of the LO-T1D subject (H2688) as well as from younger (H2470) 
and older (H2700) donors, suggesting that this proportional shift 
between extra-islet β cells and islet-associated β cells does not occur 
naturally with age (Fig. 3M).

Assuming that there is no noteworthy new establishment of 
extra-islet β cells, our data indicate that extra-islet β cells (scattered 
and clustered) are less prone to succumb than islet-associated β cells. 
Several questions regarding the nature of the extra-islet β cells re-
main to be explored. Could they comprise a different, more resistant 
subset of the β cell population that can better withstand the disease 
by “escaping” the autoimmune attack or be protected from destruc-
tion by other means? Since the absolute majority of the extra-islet β 
cells, at least in the punctated clusters, express NKX6.1 (a marker of 
β cell maturity) and do not show increased proliferation, our data 
suggest that these cells do not represent newly formed or plastic cells, 
associated with neogenesis or transdifferentiation. However, without 
lineage tracing abilities, this possibility cannot be ruled out. Where-
as β cell neogenesis from pancreatic ductal epithelium has been ob-
served in rodent pancreatic tissue (24), there is no obvious spatial 
relationship between extra-islet β cells (individual or in punctated 
clusters) and the ductal epithelium in the analyzed material. Still, 
they (or a subset of them) may be formed from a progenitor stem 
cell population, yet to be identified. Transdifferentiation is yet a pos-
sibility, and human acinar cells can be reprogrammed to β cells in vi-
tro (25). Also, in rodents, α-to-β cell conversion has been described 

Fig. 5. Heterogeneous morphology and acinar atrophy of a LO-T1D pancreas. (A) MIP image of the LO-T1D pancreas depicted in Fig. 1A based on the tissues AF 
properties. Inset illustrates the applied regionalization scheme. Because of strong AF properties, the ductal and vascular system can be clearly visualized. (B to I) MIP im-
ages of individual tissue discs obtained from the LO-T1D (A to E) and an ND (F to I) pancreas (H2522), respectively. Whereas region 1 (head) displays a similar morphology 
and AF intensity between the LO-T1D and ND pancreas, regions 2 to 4 of the LO-T1D pancreas are clearly atrophic (see also fig. S4), and both vessels and ducts appear 
thickened and hyperintense, likely due to fibrosis of periductal and perivascular spaces. (J) Photomicrographs of the intact pancreas displayed in (B) to (I) before section-
ing into discs. Note the apparently slimmer appearance of regions 2 to 4 of the LO-T1D pancreas. Scale bar in (H) is 3 mm in (B), (D), (F), and (H), and scale bar in (I) is 1 mm 
in (C), (E), (G), and (I). Image of H2442 in (J) is the same image as in fig. S9B, where it is shown to compare gross anatomy in relation to volumetric quantification. It also 
shows the same sample as in fig. S7A, in which the pancreatic head (R1) is displayed to outline the disc division.
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in settings of modest streptozotocin-induced β cell ablation (26) and 
as a result of a near total diphtheria toxin–induced β cell loss (27). 
Whereas the first report describes this conversion to occur via bi-
hormonal intermediates, which we do not observe in our material, 
the latter report describes a conversion in only 1 to 2% of the α cell 
population. Notwithstanding the potential difference between hu-
man and rodent pancreas, the topology of the extra-islet β cells in 
the investigated LO-T1D pancreas does not argue in favor of this 
conversion scenario given their spatial separation from α cells at all 
levels of the investigated tissue.

INS+ extra-islet cells have recently been shown to be reduced in 
T1D. Rippa et al. (28) performed 3D analysis of smaller volumes of 
T1D tissue, <3 years duration, in the age interval 20 to 34 years of 
age. They reported a significant, but not complete, reduction of islet 
density and a marked loss of small INS+GCG− islets. Further, by stud-
ies of a large material of archived 2D immunolabeled pancreatic 
specimen, Murrall et al. (29) concluded that small β cell–rich endo-
crine objects are virtually absent in those with T1D, especially when 
diagnosed early in life. Other 2D morphometric studies reported that 
single INS+ cells, small INS+ cell clusters (not defined as the punc-
tated clusters described in our study), and small- and medium-sized 
islets were reduced at the onset of T1D but that the proportion of 
single cells and small clusters was increased in medium- and long-
duration T1D groups (30). Last, Granlund et al. (8) determined that 
scattered INS+ cells are located in the exocrine parenchyma in pa-
tients with T1D even after a long duration of the disease. They ob-
served a reduction of extra-islet insulin INS+ cells in T1D compared 
to ND donors but less pronounced than the loss of β cells within is-
lets, which is in support of our findings. Hence, it appears that the 
age of disease onset and disease duration may affect the dynamics of 
extra-islet versus islet-associated β cell destruction. Alternatively, extra-
islet β cells may be more severely affected in the initial phase of the 
disease, whereas islet-associated β cells become more susceptible to 
destruction over time.

Endogenous insulin secretion persists in long-standing T1D (31), 
and it has been suggested that a low-level insulin content within 
non–β cells, primarily GCG+ cells, could be responsible for this se-
cretion (32). Given the relative abundance of residual extra-islet β 
cells, demonstrated by our approach, we hypothesize that this popu-
lation could play an important role for this secretion or at least con-
tribute to it. Further, since residual β cell function can positively affect 
diabetes regulation, including, e.g., improved metabolic control, re-
duced requirement for exogenous insulin, reduced risk of late-life 
complications (6), understanding why the proportions of extra-islet 
β cells are higher in the LO-T1D pancreas, and how functional these 
cells are, may be of key importance for a range of potential therapeu-
tic developments.

Several questions remain over the nature and shifted proportions 
of residual extra-islet versus islet-associated β cells in T1D. The used 
3D approach (10, 19), enabling identification of otherwise elusive 
cellular arrangements within large tissue volumes, presents a unique 
opportunity to elucidate molecular and functional characteristics of 
both groups of residual β cells. The possibility to perform mass spec-
trometry on tissues processed for optical 3D imaging has been dem-
onstrated on brain tissue (33) and further allows for measurements 
even on single cells (34). In addition, multiplex antibody-based im-
aging on sections from tissues treated for optical 3D imaging was 
recently established (35). Hence, once the above techniques are trans-
lated to pancreatic tissue, information about thousands of proteins 

and hundreds of epitopes may be extracted from individual ROIs 
identified by 3D renderings of the entire T1D pancreas. Hereby, a 
range of markers for, e.g., β cell maturity and functionality [like pan-
creatic and duodenal homeobox 1 (PDX1), mast cell function-
associated antigen (MAFA), NK6 homeobox 1 (NKX6.1) (36), and 
glucose transporter type 1 (GLUT1) (37)], endocrine progenitors [e.g., 
neurogenin-3 (NGN3) (38)], immune-evasion [like programmed 
death-ligand 1 (PDL1) (39)], and inflammation could be screened 
simultaneously in the same region or cell. Jointly, these analyses may 
contribute to a better understanding of extra-islet β cells in T1D and 
their possible potential for therapeutic regimens.

Reduced pancreatic volume in the range of 30 to 50% has been 
reported in LO-T1D (16, 18, 40), and our results, encompassing an 
entire organ with around 21-μm isotropic spatial resolution, are well 
in line with previous observations using ultrasound, computed 
tomography, or magnetic resonance imaging [(40) and references there-
in]. Notably, volume reduction has been suggested to be less severe in 
the pancreatic head (41–43) which was also the case in our study. AF 
images of tissue discs from R2 to R4 in the investigated LO-T1D pan-
creas exhibited marked differences in exocrine tissue volume com-
pared to ND control, whereas region 1 was only marginally reduced, 
if at all. Further, whereas the LO-T1D R1 (head) was essentially indis-
tinguishable from the ND control, R2 to R4 displayed a more stronger 
AF signal from ductal and vascular walls, which generally appeared 
thicker than in R1 of the LO-T1D and in R1 to R4 of ND pancreas. 
Although fibrosis is a common feature of both T1D and T2D, fibrosis 
in T1D is primarily restricted to periductal and perivascular spaces 
(44). Hence, highly AF proteins, such as collagen and elastin, are like-
ly to contribute to the hyperintense signal from these structures.

It has been demonstrated that reduction in pancreatic weight/
volume in T1D is primarily related to a reduction in exocrine cell 
number and not in exocrine cell size (16). Disease duration does not 
seem to stand in proportion to size reduction, which is similar re-
gardless of time since diagnosis (16). The mechanisms for reduced 
pancreas size are debatable, but insulinotropic effects on the exo-
crine pancreas have been suggested as a potential cause (45), and it 
was recently shown that insulin deficiency, independent of T1D au-
toimmunity, is a key factor leading to a smaller pancreas in hu-
mans (46). In our material, β cell loss was less severe in a part of the 
pancreatic head (Fig. 1), which has also been reported by others [see 
(17) and references therein]. It has been suggested that a pancreatic 
polypeptide (PP)–rich region of the pancreatic head exerts local tro-
phic effects that protect this region from atrophy (47). However, 
the observed heterogeneity in residual β cell distribution in our ma-
terial did not appear to relate to any obvious differences in exocrine 
morphology within the head as judged by AF-based imaging (Figs. 1 
and 5). OPT imaging of the entire head in LO-T1D and ND pan-
creata, incorporating both INS and PP, could potentially cast light 
on the relation between PP expression, β cell protection, and pan-
creatic atrophy in T1D. Last, a high degree of immune infiltration, as 
marked by CD45 staining, could be detected in the exocrine tissue 
of the LO-T1D pancreas, and the distribution of these immune cells 
did not appear to prefer regions with higher or lower β cell density 
(fig. S7). Since CD8+, CD4+, and CD11+ cells have been reported at 
high levels in LO-T1D (48), it is, given the promiscuous affinity of 
CD45 for different immune cell types, possible that mesoscopic scale 
imaging incorporating these markers could refine this picture.

In summary, this report gives an organ-wide view of the com-
plete residual BCM in a LO-T1D donor with a microscopic detail. It 
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demonstrates that the pancreas can be affected in a highly regional-
ized manner with regard to both BCM and exocrine tissue volume. 
Most significantly, it suggests that BCM can be differently conserved 
across the length of the organ and that extra-islet β cells may be far 
less prone to destruction than islet-associated β cells. Depending 
on their functionality, this β cell population therefore deserves in-
creased attention in attempts to develop new protective and/or ther-
apeutic regimens.

Limitations of the study
This study aims at providing a high-resolution whole organ account 
of the residual BCM in an entire pancreas from a T1D donor. Ob-
taining access to entire pancreata for research is very challenging 
[see, e.g., (49)], especially such that has been procured under con-
trolled conditions. Although the amount of data collected about β 
cells (topology, volume, numbers, etc.) in the investigated organ 
could be compared to the collective data from numerous other stud-
ies, the scarcity of this kind of material (whole T1D donor pancreas) 
limits our analyses to a single organ. Therefore, observations about 
residual BCM cannot be assumed to directly translate to T1D cases 
with other ages for disease onset or disease durations. The scarcity of 
the investigated material further complicates gender comparisons, 
and Swedish legislation forbids documentation of ethnicity. There-
fore, potential traits or differences related to these parameters can-
not be ascertained in our study.

The implemented tissue processing protocols required for optical 
3D imaging on the current scale complicate and/or prevent a range 
of otherwise feasible assessments, like electron microscopy assess-
ments of insulin granules, Ca2+ imaging in organotypic slices, or other 
types of electrophysiological measurements of cellular function. In 
addition, whole-mount fluorescent imaging is in current setups lim-
ited to only a few fluorescent channels, making assessments of mul-
tiple markers in the same cell challenging. As mentioned in the 
discussion, however, some of these obstacles may, at least in part, be 
overcome by the implementation of recently developed protocols for 
deep visual proteomics, which is the subject for ongoing research.

MATERIALS AND METHODS
Ethics declaration
All work involving human tissue was conducted in accordance with 
the Declaration of Helsinki (50) and in the European Council’s Con-
vention on Human Rights and Biomedicine (51). Consent for organ 
donation for use in research was obtained from the donor before death 
via the Swedish National Donor Registry (https://socialstyrelsen.se/
en/apply-and-register/register/) donors conferred by the donor’s 
physician and documented in their medical records. The study was 
approved by the Regional Ethics Committee in Uppsala, Sweden 
(Dnr: 2017/1471-32, 2023-01845-01). Note that Swedish national 
legislation forbids documentation of ethnicity.

Pancreas isolation and preparation
The T1D and ND pancreas (see table S1 for clinical information and 
ischemia times) were obtained as donations postmortem from the 
Nordic Network for Clinical Islet Transplantation. Shortly after the 
donor’s death, the fresh pancreata were separated from the duode-
num in Ringer’s acetate (Braun Melsungen AG Hessen, Germany). 
Before immersion fixation in 4% formaldehyde (Solveco, Roserber-
ga, Sweden) for 24 hours, the organs were washed rigorously in 1× 

phosphate-buffered saline (PBS; Medicago AB, Uppsala, Sweden). 
The fixative was replaced with fresh 4% formaldehyde, and the glands 
were incubated for another 24 hours, followed by stepwise dehydra-
tion into ethanol [2 × 75% (v/v) and 2 × 96% (v/v), VWR Chemi-
cals] at 4°C. At this point, the dehydrated organs were transported at 
room temperature (RT) and extensively washed in 96% (v/v) etha-
nol at 4°C upon arrival. The organs were repeatedly washed in fresh 
96% (v/v) ethanol on an orbital shaker at 4°C until residual fat was 
removed and the ethanol stayed transparent. Thereupon, images of the 
intact organs (figs. S1 and S9) were taken with a Nikon D5200 camera.

Tissue processing for optical 3D imaging
A custom designed slicing matrix (slicing thickness, 2.8 mm) was 
generated in Tinkercad (Autodesk, USA) (10). The matrix was 3D 
printed with a 1.75-mm-thick polylactic acid (PLA) filament (Prusa 
i3 MK3S, Prusa Research, Czech Republic). Before mounting the 
entire organs in 37°C warm 1.5% low-melting point agarose (LMA) 
(Lonza SeaPlaque Agarose, Lonza, USA), the head (region 1; see in-
set in Fig. 1A) of the pancreas was separated to allow fitting into the 
slicing matrix. Region 1 and regions 2 to 4 were separately mounted 
and cured at 4°C for 4 to 6 hours. Once the agarose was solidified, 
the pancreas was sliced into discs, followed by removal of the sur-
rounding agarose. An image was captured of each disc as reference 
for downstream 3D stitching (fig. S1). The discs from region 1 of the 
LO-T1D pancreas were divided in two to fit within the field of view 
of the NIR-OPT scanner at predetermined magnification. Each pan-
creatic disc was subsequently washed at least three times for 2 hours 
in 100% methanol (MeOH; catalog no. 67-89-4, Thermo Fisher 
Scientific, Sweden) on slight rotation to further remove excessive 
lipids and remaining agarose. The samples were then subjected to 5 
freeze/thaw cycles (brought to −80°C for 1 hour and back to RT in 
each step) in 100% MeOH for permeabilization, followed by over-
night incubation in a bleaching solution (30% stock solution of H2O2; 
catalog no. H1009; Sigma-Aldrich, Merck, Germany) at a final con-
centration of 15% (v/v) and 16.7% (v/v) dimethyl sulfoxide (DMSO; 
catalog no. D5879; Sigma-Aldrich, Merck, Germany) in MeOH 
(3:1:2 ratio). After this incubation, the samples were again incubated 
in bleaching solution for another 6 to 8 hours, followed by two wash-
es in 100% MeOH for 2 hours each at RT.

For paraffin-embedded tissue (fig. S10), the samples were depar-
affinized as described in (52). Briefly, samples were subjected to a 
minimum of two 1-hour xylene treatments at 37° to 50°C or until all 
paraffin had been solubilized, followed by a 1-hour xylene incuba-
tion at RT, and removal of residual paraffin applying a decreasing 
concentration series of ethanol solutions in PBS (33% 1× PBS, 66% 
PBS, and lastly 100% 1× PBS), for 1 hour per step.

Whole-mount immunohistochemistry
Whole-mount immunolabeling was performed essentially as previ-
ously described (19). In short, pancreatic slabs were stepwise (33, 66, 
100, and again 100%, 1 hour each step) rehydrated from MeOH to 
Tris-buffered saline (TBST) [0.15 M NaCl, 0.05 M tris-HCl (pH 7.5), 
0.1% Triton X-100 (catalog no. 108603, Merck Millipore, Germany), 
NaCl, and tris-HCl produced in-house (TBK, Norrlands Univer-
sitetssjukhuset, Umeå)] on rotation. The rehydrated pancreatic discs 
were next incubated in blocking solution [TBST, 10% heat-inactivated 
goat serum (catalog no. CL1200-500, Cedarlane, Canada), 5% DMSO 
(catalog no. D5879, Sigma-Aldrich, Merck KGaA, Germany), and 
0.01% sodium azide] for 2 days at 37°C with slight orbital shaking. 
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Next, the samples were incubated with primary antibodies, includ-
ing guinea pig anti-insulin/pro-insulin (catalog no. 16049, PRO-
GEN Biotechnik GmBH, Germany, diluted 1:3000) and for select 
discs rabbit anti-GCG (catalog no. HPA036761, Atlas Antibodies, 
Stockholm, Sweden, diluted 1:1000) and mouse anti-GCG (catalog 
no. G2654, Sigma-Aldrich, USA) in blocking solution at 37°C for 
7 days on slight orbital shaking and thereafter washed in TBST, five 
times 1 hour on a rotator at RT. Secondary antibody incubation was 
performed similarly as the primary using donkey anti-guinea pig 
IRDye 680 (catalog no. 926-68071, LI-COR, USA, diluted 1:250), 
donkey anti-guinea pig Alexa Fluor 647 AffiniPure-F(ab′)2 (catalog 
no. 706-606-148, Jackson ImmunoResearch, USA, diluted 1:1500), 
Alexa Fluor plus 800 Donkey anti-mouse (catalog no. A32789, Invi-
trogen, USA, diluted 1:1500), and goat anti-rabbit Alexa Fluor 594 
Invitrogen (catalog no. A11012, Thermo Fisher Scientific, USA, di-
luted 1:500). To remove possible fluorophore precipitates, the sec-
ondary antibody solutions (blocking and secondary antibody) were 
first filtered through a 25-mm-wide Acrodisc with a pore size of 0.45 μm 
(catalog no. 4614, Pall Corporation, USA). The samples were then 
washed again rigorously 5 × 1 hour in TBST at RT on rotation. Next, 
any residues (e.g., fibers) were removed before washing in distilled 
water and mounting in 1.5% LMA at 37°C to generate a scaffold for 
the sample holder in NIR-OPT. The agarose was then allowed to so-
lidify for 3 to 4 hours at 4°C. Excessive agarose was later trimmed to 
fit the NIR-OPT sample holder, and samples were dehydrated by five 
washes of 100% MeOH for 1 to 3 hours each step on rotation. Sam-
ples were optically cleared using BABB, a 1:2 mixture of benzyl alco-
hol (catalog no. 100-51-6, Merck, Germany) and benzyl benzoate 
(catalog no. 105860010, Acros Organics, USA) by replacing BABB 
five times over 2.5 days before optical 3D imaging.

NIR-OPT and LSFM
3D image acquisition of the agarose-embedded pancreatic discs 
were effectively performed in an in-house build NIR-OPT scanner 
(11) as previously described (10, 19). Briefly, the optical tomograph 
was built from a Leica MZFLIII stereomicroscope (Leica, Wetzlar, 
Germany) with a tilted mirror and step motor for sample rotation 
with an Andor iKon-M camera (Andor technology, United Kingdom) 
and attached to a CoolLED pE-4000 fluorescence light source (Ludesco 
Microscoped, USA). The scans were performed at a magnification of 
×1.25, rendering a final isotropic voxel size of 21 μm. Filter sets include 
excitation (Ex): 425/60 nm, emission (Em): 480 nm LP for AF signal; 
Ex: 565/30 nm, Em: 620/60 nm for GCG; and Ex: HQ 665/45 nm, 
Em: HQ 725/50 nm for insulin. Exposure times were 800 ms for the 
AF, 6000 ms for GCG, and 8000 ms for the insulin channel.

Subsequent high-resolution ROI analysis of previously NIR-OPT– 
scanned samples was performed using a commercially available 
LSFM: the UltraMicroscope II (Miltenyi Biotec, Germany), which 
included a 1× Olympus objective (Olympus PLAPO 2XC) with a 
lens-corrected dipping cap MVPLAPO 2× Dip Cap and Di-Butyl 
Ether (DC DBE) attached to an Olympus MVX10 zoom body and 
3000 step chromatic correction motor. Consistent ROIs of T1D and 
ND samples with the entire z-axis depth were captured with a zoom 
factor of 0.63×, optical sectioning step size of 10 μm, numerical ap-
erture (NA) of 0.14, and a dynamic focus across the field of view of 
10 images per section plane. Light sheets were merged using the built-
in projection function. Exposure times for all channels was kept at 
300 ms with filter sets for channels Alexa Fluor 680 Ex: 650/45, Em: 

750/60 (INS), Alexa Fluor 594 (CD45; fig. S3) Ex: 580/25, Em: 625/30 
and for autofluorescence (Fig. 5 and fig. S3) Ex: 470/40, Em: 525/50, 
respectively. Optical section images were generated in industrial 
*.ome.tif format by the ImspectorPro software (version 7.0.124.9 
LaVision Biotec GmbH, Germany). Last, the resultant LSFM datasets 
were directly converted to *.ims files using the Imaris file converter 
(v10.2, Bitplane, UK). Imaging of insulin and GCG distribution 
(Fig. 3 and figs. S2, S4, and S6) was performed in the BLAZE (Miltenyi 
Biotec, Germany) using a 4× objective lens

NA 0.35 MI PLAN. Images were captured at ×1.0 magnifica-
tion using filter combination Ex: 710/75 Em: 810/90 for insulin, Ex: 
785/25 Em: 805LP or 560/40 Em: 620/60 for GCG, and Ex: 470/30 
Em: 525/60 for anatomy at a sheet NA of 0.061 with step size of 
6 μm. Tiled images were stitched using MACS iQ View 3D (ver. 1.2, 
Miltenyi Biotec, Germany).

3D image processing and reconstruction for NIR-OPT data
Post–NIR-OPT processing was performed essentially as described 
(10, 19). Briefly, the acquired OPT image data were processed using 
the “DSP-OPT” software package (https://github.com/ARDISData-
set/DSPOPT), which includes image processing–assisted algorithms 
specifically for OPT (19). Beforehand, the pixel range of OPT frontal 
image projections was cut for each pancreatic disc to display mini-
ma and maxima. Next, a contrast-limited adaptive histogram equal-
ization (CLAHE) algorithm with a tile size of 48 by 48 with sharpening 
for the insulin and GCG channel and A-value tuning (alignment of 
axis of rotation using a Discrete Fourier Transform Alignment algo-
rithm) for all channels was implemented from the DSP-OPT soft-
ware package, aiming to improve the signal-to-noise ratio and 3D 
image alignment. Consequently, the processed frontal projections were 
reconstructed into tomographic image sections using NRecon soft-
ware (v1.7.0.4, Skyscan Bruker microCT, Belgium), which included 
additional misalignment compensation at the axis of rotation and 
ring artifact reduction. Last, reconstructed image datasets were con-
verted to Imaris files for quantification and analysis.

In Imaris 3D analysis software, each pancreatic slab was 3D 
cropped and reoriented to fit to its original location postmatrix sec-
tioning (fig. S1). Quantification in Imaris of anatomy (AF) and INS+ 
voxels was performed using an automated batch processing pipeline 
with background subtraction and the provided surfacing method from 
Imaris. Hereby, INS+ objects were included with a voxel threshold 
value of >5, and objects below a volume of 3000 μm3 were excluded 
to remove noise. In addition, artifacts, such as fibers outside the anat-
omy channel, were also manually excluded.

3D stitching the entire pancreas volume
The 3D datasets of the nonoverlapping pancreas slabs were oriented 
in Imaris to fit the postmatrix slicing images. Manual 3D stitching 
was performed in Imaris by adding one pancreatic disc at a time. By 
alignment of individual ducts and vessels in the AF channel of each 
slab, the entire T1D pancreas (82 slabs with a total of 164 channels) 
was reconstructed in 3D space.

Classification and distance measurements of 
extra-islet β cells
High-resolution LSFM scans of ROIs (2.4 mm by 2.4 mm by 1 to 
2.4 mm, in x, y, and z, respectively) were analyzed in Imaris [see Fig. 3 
(E to K)]. Volumetric surfacing of INS+ and GCG+ cells (Fig. 3) for 
density quantification was performed in Imaris using the Imaris 
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integrated machine learning algorithm for segmentation. To de-
scribe the distribution of extra-islet β cells, scattered and punctated 
clusters (Fig. 3, I and K), the volume of INS+ objects <30 μm in di-
ameter was selected and arbitrarily classified using the spot segmen-
tation function in Imaris with a filter diameter of 16 μm. INS+ 
objects with ≤75-μm distance to the nearest INS+ object, with five 
and nine nearest neighbors set to 120- and 100-μm distance, respec-
tively, containing more than 10 objects, were classified as “clustered” 
cells. Further, any INS+ spots closer than ≤45 μm from a GCG+ 
object were classified as islet-associated cells. Last, INS+ objects out-
side these classification parameters were considered as scattered β 
cells [see Fig. 3 (I to K) and fig. S4]. From this spot classification, the 
segmented INS+ volumes could be sorted into the three categories 
by using the Imaris overlap function. This allowed quantification of 
distance parameters between INS+ objects, such as distance to nearest 
INS+ neighbor or average distance to the nine nearest INS+ neigh-
bors [see fig. S4 (E and F), respectively], volume fractions, and den-
sity (Fig. 3L and fig. S6) for each subcategory. Data were extracted as 
*.xml files for statistical analysis.

Quantification of CD45+ immune infiltration
To evaluate the density of CD45+ cells, we evaluated ROIs of 720 μm 
by 865 μm by 480 μm (xyz) by LSFM. Size was set to include the 
largest cluster. Spot analysis to define cluster and nonclustered β 
cells was conducted as described above. ROIs were placed with clus-
ters centered; nonclustered β cell ROIs was preferentially selected in 
proximity to cluster ROIs. All ROIs were chosen to exclude areas 
with major ducts or vessels. Volumetric rendering of signal was per-
formed in Imaris with a minimum voxel threshold set to >10 to remove 
noise. Volumetric data were extracted as *.xml for statistical analysis.

Post–3D imaging histology
Pancreatic discs with extra-islet β cell clusters identified in OPT were 
washed several times in 100% MeOH to remove all traces of BABB, 
followed by stepwise rehydration in a series of 70, 50, 30, and 10% 
(v/v) ethanol to 1× PBS for 1 hour at RT with gentle shaking per 
step. Agarose was removed by first washing the slabs in 0.29 M su-
crose (catalog no. 10319003; Thermo Fisher Scientific, Sweden) in 
1× PBS at 57°C and then two further washes with 0.29 M sucrose 
solution at RT with careful manual removal of agarose where required. 
After agarose removal, tissues were cryoprotected by incubating in 
30% (w/v) sucrose in 1× PBS overnight at 4°C, embedded, and snap 
frozen in NEG-50 (catalog no. 11912365; Thermo Fisher Scientific, 
Sweden) and stored at −80°C. Twenty-micrometer-thick serial sec-
tions were collected onto SuperFrost Plus glass slides (catalog no. 
10149870; Thermo Fisher Scientific, Sweden), air dried at RT, and 
washed in TBST for 10 min. Tissue sections were blocked in 10% fetal 
bovine serum (catalog no. 11550356; Sigma-Aldrich, Merck, Germany) 
for 1 hour at RT and restained with insulin (diluted 1:10000) com-
bined with either rabbit anti-synaptophysin (catalog no. ab32127, 
Abcam, UK, diluted 1:2000), anti-NKX6.1 (catalog no. NBP1-49672, 
Nous Biotechne, USA, diluted 1:500), anti-CD45 (catalog no. A700-
012, Fortis Life Sciences, USA, diluted 1:2000), anti-MCM7 (catalog 
no. HPa003898, Atlas Antibodies, SWE, diluted 1:500), or anti-Ki67 
(catalog no. 9129S, Cell Signaling Technology, USA, diluted 1:500) 
antibodies (Fig. 2), in blocking solution at RT overnight. Slides were 
washed 3  ×  5 min in TBST and incubated with 4′,6-diamidino- 
2-phenylindole (DAPI) and the following secondary antibodies in 
blocking solution for 2 hours at RT: Alexa Fluor 488 goat anti-guinea 

pig immunoglobulin G (IgG) H&L (catalog no. ab150185; Abcam, 
UK; diluted 1:500) and Alexa Fluor 594 donkey anti-rabbit IgG H&L 
(catalog no. 711-585-152; Jackson ImmunoResearch, UK; diluted 
1:500). After incubation, slides were washed in 3 × 5 min in TBST 
and mounted with VECTASHIELD mounting medium (catalog no. 
H-1000; Vector Laboratories, USA).

All 2D sections were scanned using the automated Axio Scan.Z1 
Slide Scanner (ZEISS, Germany), equipped with a Colibri 5/7 light 
source. DAPI, Alexa Flour 488, and Alexa Flour 594 were imaged 
using an Axiocam 506 microscope camera (ZEISS, Germany) with a 
Plan-Apochromat 20×/0.8 M27 objective and the following filters: 
DAPI: 90 high efficiency DAPI (Ex 353, Em 465); Alexa Flour 488: 
90 high efficiency GFP (Ex 493, Em 517); and Alexa Flour 594: 64 
high efficiency mPlum (Ex 590, Em 618). For each section, 15 Z-
slices were taken at a range of 10 μm, with scans being saved in *.czi 
format and analyzed using ZEN (blue edition) microscopy software 
(version 3.7.97; ZEISS, Germany). ROIs containing INS+ clustering 
cells (Fig. 2) were selected in ZEN, and Z-stack images were pre-
sented as orthogonal projections (maximum) with deblurring (strength, 
0.5; BlurRadius, 15; and sharpness, 0).

Statistical analyses
All numerical data from individual samples from OPT scans (INS+ 
volumes and anatomy volume) and LSFM scans (distance measure-
ments of INS+ objects) were extracted from Imaris as *.csv files. Us-
ing the query import function, multiple parameters (e.g., volume, 
area, or diameter) were imported and organized in Excel (Microsoft, 
Office 365, version 2505) with an individual ID, pancreatic region 
ID, and pancreas ID. For regional density comparisons [see Fig. 1 (G 
and H)], the average of each pancreatic slab was used; thus, each dot 
in the graphs represents multiple thousand objects.

In general, graphs, distribution curves, and significance tests were 
generated and performed in GraphPad Prism (v10.5.0, LCC). For 
Fig. 1F, a Shapiro-Wilk test for normality was applied for each col-
umn; as the test for normality (Gaussian distribution) was not passed, 
we applied a Wilcoxon matched-pairs signed rank test for compari-
son. In fig. S4, a two-tailed paired t test was applied. P values are 
reported as: P > 0.05 (ns), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 
(***), and P ≤ 0.0001 (****).

Supplementary Materials
The PDF file includes:
Figs. S1 to S10
Tables S1 and S2
Legends for movies S1 and S2
Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
Data S1
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