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Fig. 6. 3D imaging of islet inflammation in NOD mice. (A) 3D light-sheet microscopy image of an area in 14-week-old NOD mouse pancreas, stained for insulin
(glow scale) and CD45 (blue). Section from the 3D image stack, demonstrating insulin (glow scale) and CD45 (blue) staining in the 14-week-old NOD mouse.
(B) High-magnification image of an individual islet from the NOD mouse, demonstrating insulin signal (glow scale) and leukocyte (CD45; blue) infiltration
within the islet and accumulation at the islet periphery. (C) Overview image of a pancreas head, with islet inflammation segmentation data in glow scale overlaid
with islet insulin segmentation data. Higher prevalence of CD45" cells within an islet results in brighter islet color. (D) Quantification of the number

of inflamed small (yellow), medium (cyan), large (magenta) and very large (red) insulin-positive islets. Islets with at least 5% volume of CD45" cells were
quantified. Individual data points from different mice are indicated in different colors. Error bars represent s.e.m. Scale bars: 200 yum (A); 100 ym (B).

reporters or in vitro cell labeling and is particularly amenable to
pharmacological research in type I diabetes. Additional antibodies
for immune cell subsets can be included, enabling the definition of
changes in the immune cell repertoire.

In conclusion, we demonstrate here a 3D imaging platform for the
analysis of changes in entire pancreata in mouse models of type I and
I diabetes. We show that the insulin receptor antagonist S961 leads
to increased islet number and volume, likely due to proliferative
response within beta cells. In the NOD mouse model of type I
diabetes, we found that, prior to the onset of hyperglycemia, the vast
majority of islets already show significant leukocyte infiltration. The
established methodology can be adjusted to incorporate additional
markers of interest (i.e. activated cell signaling pathways, leukocyte
subsets, drug target receptors) for gaining better understanding of the

basic biological mechanisms of type I and II diabetes and for
pharmacological analysis of the efficacy of therapeutics.

MATERIALS AND METHODS

Animals

Male C57BI/6J mice were obtained from Janvier Labs (Le Genest-Saint-Isle,
France) and maintained in standard housing conditions (12 h light/dark cycle
and controlled temperature of 21-23°C). Mice had ad libitum access to tap
water and 60% high-fat diet (high-fat Ssniff diet D12492; Brogaarden,
Horsholm, Denmark; 60% kcal% fat (91% lard, 9% soybean oil), 20% kcal%
protein (98.5% casein, 1.5% L-cystine), 20% kcal% carbohydrate (63%
Lodex-10, 37% sucrose). Groups were age matched (30 weeks). When the
mice reached a body weight of ~50 g, they were randomized into two groups
according to body weight (n=7). Alzet osmotic minipumps (1002; Alzet,
Cupertino, CA, USA) were implanted, containing either vehicle (PBS) or
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S961 peptide (Schafer-N, Copenhagen, Denmark) dissolved in PBS at a
0.4 nmol/ul concentration for 14 days. According to the manufacturer, this
corresponds to a daily release of 2.4 nmol/kg. NOD/ShiLt] female mice were
purchased from Charles River Laboratories and maintained on regular chow
(Altromin 1324; Brogaarden) and were terminated at 14 weeks. All animal
procedures were conducted in compliance with internationally accepted
principles for the care and use of laboratory animals and were approved by the
Danish Animal Experiments Inspectorate (license 2013-15-2934-00784).

In vivo measurements

For blood glucose measurement, blood samples were collected into
heparinized glass capillary tubes and immediately suspended in glucose/
lactate system solution buffer (EKF-Diagnostics, Barleben, Germany).
Blood glucose was measured using a BIOSEN c-Line glucose meter (EKF-
Diagnostics), according to the manufacturer’s instructions. For insulin
measurement, blood samples were similarly collected in heparinized tubes
and plasma was separated and stored at —80°C until analysis. Mouse insulin
was measured using the Meso Scale Diagnostics platform.

Sample preparation for immunohistochemistry

Animals were transcardially perfused with heparinized PBS and 40 ml of
10% neutral buffered formalin (CellPath, Newtown, UK) under Hypnorm-
Dormicum (fentanyl 788 ug/kg, fluanisone 25 mg/kg and midazolam
12.5 mg/kg, subcutaneous injection) anesthesia. Pancreata were carefully
dissected and immersion fixed in 10% neutral buffered formalin overnight at
room temperature on a horizontal shaker. The samples were washed
3x30 min in PBS with shaking and dehydrated at room temperature in
methanol/H,O gradient to 100% methanol (20%, 40%, 60%, 80%, 100%
methanol; each step 1 h). The pancreata were stored in 100% methanol
(VWR International A/S, Seborg, Denmark) at 4°C until further processing.

Whole-pancreas immunohistochemistry for labeling of insulin
and Ki67

For whole-pancreas immunohistochemistry, a modified version of the
original iDISCO (immunolabeling-enabled three-dimensional imaging of
solvent-cleared organs) protocol was used (Renier et al., 2014, 2016).
Samples were washed with 100% methanol for 1 h and incubated overnight in
66% dichloromethane/33% methanol (VWR International A/S) at room
temperature. Then, samples were washed twice in 100% methanol for 30 min
and bleached in chilled fresh 5% H,O, (Acros Organics, Fisher Scientific
Biotech Line A/S, Slangerup, Denmark) in methanol overnight at 4°C.
Subsequently, the samples were rehydrated in methanol/PBS series [80%,
60%, 40%, 20% methanol with 0.2% Triton X-100 (Merck, Darmstadst,
Germany); each step 1 h] at room temperature, washed in PBS with 0.2%
Triton X-100 twice for 1 h at room temperature and in permeabilization
solution [PBS with 0.2% Triton X-100, supplemented with 20% volume
dimethyl sulfoxide (DMSO; Merck, Darmstadt, Germany) and 2.3% weight/
volume glycine (Merck)] for 3 days at 37°C. Unspecific antibody binding was
blocked by a 2-day incubation in blocking solution [PBS, 2% Triton X-100,
10% DMSO/6% donkey serum (Jackson ImmunoResearch, Cambridgeshire,
UK)]. Immunohistochemistry was carried out sequentially, by first incubating
the samples for 7 days at 37°C with anti-Ki67 antibody (1:200 dilution;
NB110-89717; Novus Biologicals, Centennial, CO, USA) or with anti-CD45
(1:200 dilution; 550539; BD Pharmingen, CA, USA), diluted in PTwH [PBS,
0.2% Tween 20 (Merck), 0.1% of 10 mg/ml heparin solution], 5% DMSO,
3% donkey serum, 0.2% of 10% NaN3 (Merck). Following incubation with
primary antibody, the samples were washed in PTwH for 1x10 min,
120 min, 1x30min, 1x1h, 1x2h and 1x2 days. Subsequently, the
pancreata were incubated in secondary antibody solution (PTwH, 3%
donkey serum, 0.2% of 10% NaN?3) for 7 days at 37°C with Alexa Fluor 790
AffiniPure Donkey Anti-Rabbit IgG (1:1000 dilution; 711-655-152; Jackson
ImmunoResearch) or Anti-Rat-Cy3 IgG (1:1000 dilution; 712-165-153;
Jackson ImmunoResearch) and washed in PTwH for 1x10 min, 1x20 min,
130 min, 1x1 h, 1x2h and 1x3 days. Samples were post-fixed in 10%
neutral buffered formalin overnight and incubated in Alexa Fluor 647-
conjugated anti-insulin antibody (1:500 dilution; 9008; Cell Signaling
Technology, Danvers, MA, USA) in the above-described antibody dilution
buffer. The samples were subsequently washed again in PTwH for 1x10 min,

1%20 min, 1x30 min, 1x1 h, 1%2 h and 1x3 days and embedded in 1% low-
melting-point agarose (16520050; Thermo Fisher Scientific; dissolved in
PBS). The agarose-embedded pancreata were dehydrated in increasing
concentrations of methanol (20%, 40%, 60%, 80%, 100%; 1 h each at room
temperature), followed by overnight incubation in 100% methanol. Samples
were next incubated in 66% dichloromethane/33% methanol for 3 h at room
temperature with shaking and in 100% dichloromethane twice for 15 min
with shaking to remove traces of methanol. Finally, the samples were
transferred to dibenzyl ether (Merck) and stored in closed glass vials until
imaging with light-sheet fluorescence microscopy.

Light-sheet fluorescence microscopy of cleared immunolabeled
pancreata

All agarose-embedded pancreata were imaged on a LaVision ultramicroscope
II setup (Miltenyi Biotec, Bergisch Gladbach, Germany) equipped with a
Zyla 4.2P-CL10 sCMOS camera (Andor Technology, Belfast, UK), SuperK
EXTREME supercontinuum white-light laser EXR-15 (NKT Photonics,
Birkered, Denmark) and MV PLAPO 2XC (Olympus, Tokyo, Japan)
objective lens. The samples were attached to the sample holder with neutral
silicone and imaged in a chamber filled with dibenzyl ether. Version 7 of the
Imspector microscope controller software was used. Images were acquired at
0.63% magnification (1.2x total magnification) with an exposure time of
266 ms for insulin and 1 s for Ki67 in a z-stack at 10-pum intervals. Acquired
volumes (16-bit tiff) had an in-plane resolution of 4.8 um and z-resolution of
3.78 um (NA=0.156). High numerical aperture is needed to capture
individual Ki67" cell nuclei; however, this results in uneven light-sheet
thickness. To alleviate the effect of this, horizontal focusing was captured in
nine planes with contrast-based blending of the images.

Image processing for insulin and CD45 segmentation

U-Net network architecture (Ronneberger et al., 2015) was used to create a
2D U-Net with four repeated layers for encoding and four repeated layers for
decoding, implemented in Python utilizing the Keras machine learning
library (https:/github.com/keras-team/keras). The U-Net input was a single
intensity channel and the output was a single label image. Raw images were
downsampled by a factor of 2 to a size of 1024x1024 pixels. Annotations
were performed manually on a total of 154 image tiles with a size of
512x512 pixels. Intensities of the training images were rescaled between 0
and 1; 75% of the data were used for training, 20% for validation and 5% for
testing. Data augmentation, in the form of skews, rotations, flips, zoom and
random distortions, was applied during training with probability of 30% for
each operation. Training was performed for 350 epochs and the model
achieved a dice coefficient of 0.79 on the validation set. The trained model
was afterwards used to segment full-size 2048x2048 pixel images. For an
example of the segmentation see Fig. S2.

Quantification of Ki67-positive cells

Background subtraction through morphological opening using a disk
element was performed slice-by-slice on raw Ki67 intensity images. To
identify Ki67-positive cell candidates, local intensity peaks were located by
moving a filter cube [5%5x3 (x,y,z) voxels] over the image volume. The
coordinates of detected local intensity peak candidates were used as seeds in
a watershed segmentation with a background intensity cut-off at 50, and the
resulting segmentations were filtered by removing cell segmentation regions
smaller than 4 voxels and bigger than 100 voxels.

Statistics

Pairwise treatment effects were investigated using unpaired Student’s #-tests
or Hotelling’s T-squared test. Additionally, in multiple cases, the treatment
effect was investigated specifically for different islet size categories. This
required binning the data into four different size categories. As the binnings
were splits of the full data set, this introduced a correlated factor to the
analysis. Thereby, data were analyzed as a two-way 2x4 (two treatments,
four size categories) mixed ANOVA, with the treatment as a between-
subjects factor and the size category as a within-subjects factor. For all
mixed ANOVAs, the Greenhouse—Geisser correction was used for P-values
related to the within-subjects factor, if Mauchly’s test of sphericity indicated
that the assumption of sphericity was violated. All statistics were carried out
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using R (https:/www.r-project.org/), and statistical results are commonly
presented alongside mean+s.e.m.
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Vehicle

Figure S1. Overview of all pancreata in the two groups: For size distribution the insulin

positive islets were allocated into four bins, small (yellow; 25-170 x1000 pm3), medium (cyan;
170-1100 x1000um3), Large; (magenta; 1100-7500 x1000um3) and very large (red; 7500-50000

x1000um").
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CD45 segmentation Insulin segmentation Insulin/CD45 positive islets
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Figure S2. Computational identification of inflamed islets: Computational identification of
CD45 signal (in greyscale, note that large black areas represent lymph nodes), insulin signal in
the middle panel and on the right, identification of insulin positive islets in 3D imaged pancreas
with CD45 signal.
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a pancreas islet segmentation 1

Movie 1: Segmentation of the insulin signal: the segmentation of individual islets based on

insulin signal (cyan).

Movie 2: Mouse pancreas immunolabelled with insulin and Ki67: A whole mouse pancreas

from a S961 dosed mouse labelled with antibodies against insulin (cyan) and Ki67 (glow scale).

(XX ) B cp45 insulin
nisuin -

Movie 3: Double labelling of NOD pancreas: Movie showing the infiltration of pancreatic

islets in a NOD mouse. The pancreas was stained for insulin (cyan) and CD45 (glow scale)
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