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β-cells produce, store and secrete insulin upon elevated blood
glucose levels. Insulin secretion is a highly regulated process.
The probability for insulin secretory granules to undergo fu-
sion with the plasma membrane or being degraded is correlated
with their age. However, the molecular features and stimuli
connected to this behavior have not yet been fully understood.
Furthermore, our understanding of β-cell function is mostly de-
rived from studies of ex vivo isolated islets and/or rodent models.
To overcome this translational gap and study insulin secretory
granule turnover in vivo, we have generated a transgenic pig
model with the SNAP-tag fused to insulin. We demonstrate the
correct targeting and processing of the tagged insulin and nor-
mal glycemic control of the pig model. Furthermore, we show
specific single- and dual-color granular labeling of in vivo la-
beled pig pancreas. This model may provide unprecedented in-
sights into the in vivo insulin secretory granule behavior in an
animal close to humans.
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Introduction
β-cell dysfunction is a key contributor to type 2 diabetes mel-
litus (T2DM) (Solimena et al., 2018; Saeedi et al., 2019)
starting in the early onset of the disease (Cohrs et al., 2020).
Each β-cell contains several thousand insulin secretory gran-
ules (SGs) (Fava et al., 2012; Müller et al., 2020). How-
ever, only a small percentage of insulin SGs undergoes ex-
ocytosis upon glucose stimulation (Rorsman and Renström,
2003). Insulin is secreted in two phases: a rapid first and a
sustained second phase (Cerasi and Luft, 1967; Curry et al.,
1968; Jaffredo et al., 2021). On the level of insulin SGs
our understanding of insulin secretion has been shaped by
two basic concepts: The recruitment of SG pools defined by
their spatial confinement in the cell and the higher proba-
bility of young SGs for exocytosis. In the first model the
so-called readily-releasable pool consists of SGs that are al-
ready docked with the plasma membrane and are released

immediately upon glucose stimulation, thereby creating the
first rapid phase of insulin secretion (Barg et al., 2002). The
second prolonged phase is then caused by the recruitment of
SGs from the reserve pool which is located deeper inside the
β-cell (Rorsman and Renström, 2003). The detailed prop-
erties of SGs of the different pools have been debated and
refined recently (Ohara-Imaizumi et al., 2007). Addition-
ally, data obtained by radio-labelling experiments suggest
that young insulin SGs are preferentially secreted (Schatz
et al., 1975; Halban, 1982). A method that allows for the
visualization of age-defined pools of the desired protein is
to fuse it with the SNAP-tag, a 20 kDa protein tag that
reacts covalently in a bioorthogonal manner with fluores-
cent benzylguanine-fused substrates in living cells and organ-
isms (Keppler et al., 2003). By using a pulse-chase labelling
approach to track SGs containing an insulin-SNAP chimera,
we could confirm the preferential exocytosis of young SGs
and could also show the preferential intracellular degradation
of old SGs (Ivanova et al., 2013; Müller et al., 2017b,a). Fur-
thermore, we found in insulinoma INS-1 cells that a pool of
young SGs travels fast on microtubules, while this property
is lost for old SGs (Hoboth et al., 2015). Young insulin SGs
additionally have a more acidic lumenal pH compared to old
ones (Neukam et al., 2017). Addressing the heterogeneity of
insulin SGs and their differential reaction to stimuli and phar-
maceutical intervention poses novel possibilities for treat-
ment of T2DM. Genetically modified mouse models have
been the method of choice to investigate intracellular sig-
naling as well as metabolism in diabetes research. Recently,
transgenic pigs have been made available that allow for con-
ducting β-cell research in a context closer to humans (Wolf
et al., 2014). Here, we describe the generation and charac-
terization of a transgenic pig model with the SNAP-tag fused
to insulin called SOFIA (Study OF Insulin granule Aging)
pig. We demonstrate the correct targeting and processing of
insulin-SNAP to insulin SGs. Finally, we show successful
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Fig. 1. Generation and characterisation of SOFIA founder pigs and offspring. (A) β-cell-specific INS-SNAP expression vector with 1.3 kb upstream regions, exon
1-3 and intron 1 of the porcine INS gene, in frame SNAP-tag sequence and a poly-adenylation (pA) cassette of the bovine growth hormone (GH) gene, linked to a floxed
neomycin resistance cassette. Site of primers used for genotyping are indicated. (B) Southern blot analysis for evaluation of integration pattern. Integration patterns of eleven
F0 founder pigs and nine F1-offspring of founder 1817 are shown. gDNA was digested with the ‘null cutter’ restriction endonuclease enzyme NdeI. *, the band representing the
endogenous INS promoter; **, neo/δneo transgene integration site with two integrants where neo cassette was deleted only in one INS-SNAP integrant; ***, δneo transgene
integration site. (C) Immunofluorescence labeling against SNAP-tag and insulin in transgenic offspring in the SOFIA F2 generation. Scale bar: 20 µm.

in vivo labeling with one and two SNAP-substrates staining
pancreatic islets and distinct insulin SG pools. In summary,
our pig model is a valuable system enabling imaging-based
investigation of insulin SG turnover in a large living mam-
mal.

Results
Generation of a transgenic pig model (SOFIA pig) ex-
pressing Insulin-SNAP
To monitor the intracellular trafficking and turnover of the
insulin SGs, we designed an expression vector of porcine
insulin gene containing the porcine INS core promoter and
genomic fragments from the porcine INS gene for proper
splicing and polyadenylation of the transgene (Fig. 1A). The
SNAP-tag was cloned in frame at the 3’-end of the INS cod-
ing sequence. After transfection of the vector into porcine
kidney cells, their positive selection and depletion of the
floxed neoR cassette, we used a mixed population of ge-
netically modified cell clones in somatic cell nuclear trans-
fer (SCNT) experiments and transferred cloned embryos to
estrus-synchronized gilts. In total, eleven INS-SNAP trans-
genic (SOFIA) founder piglets with ten different integra-
tion patterns were obtained (Fig. 1B). The highest transgene
expression was detected specifically in β-cells of founder
1817 (Supp. Fig. 1A). This founder pig had two segregating
transgene integration sites: one with full Cre-mediated dele-
tion of the floxed neo cassette exhibiting medium transgene
expression levels, and another with two INS-SNAP copies,
one with and the other without neo deletion. The latter
integration site resulted in the highest INS-SNAP expres-
sion (Fig. 1B, Supp. Fig. 1A) and was used to set up a pig
line for further experiments. Immunostaining and confocal
microscopy for the SNAP-tag and insulin showed colocal-

ization of SNAP with insulin in the islets of Langerhans of
transgenic offspring, whereas wild type (WT) pig pancreas
was negative for SNAP (Fig. 1C, Supp. Fig. 2). To deter-
mine the transgene integration site(s), we performed targeted
locus amplification (TLA) with subsequent next generation
sequencing (NGS). The results demonstrate that the trans-
gene is integrated at a single locus on chromosome 11 in a
non-coding genomic region with a nearest distance of >0.4
Mb to the next coding gene (Supp. Fig. 1B). In detail, in-
tegration of the transgene resulted in the duplication of the
genomic locus chr11:56,928,515-56,937,394. These dupli-
cated regions flank the transgene, which is present at either
of two possible orientations (Supp. Fig. 1C). As observed by
Southern Blot (Supp. Fig. 1A), the sequencing confirmed the
presence of one INS-SNAP cassette with, and another with-
out, the floxed neo-cassette (Supp. Fig. 1C). Taken together,
these data show the successful integration of the INS-SNAP
transgene in the porcine genome in a single locus on chromo-
some 11.

Characterization of Insulin-SNAP expression and tar-
geting
Next, we characterized the expression levels and localiza-
tion of INS-SNAP on the cellular level by real-time quan-
titative PCR (RT-qPCR), immunoblotting and microscopy.
To this aim, we isolated mRNA from total pancreas for RT-
qPCR. As expected, the transgene was not present in WT an-
imals (Fig. 2A), but comparable to γ-tubulin expression level
in SOFIA pig pancreata. Endogenous insulin, however, in
both SOFIA, as well as WT pigs, was ~600-fold higher than
the transgene or γ-tubulin. Further, we crossed SOFIA pigs
with INS-eGFP animals (Kemter et al., 2017) to allow for flu-
orescence activated cell sorting (FACS) of β-cells from pan-
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Fig. 2. Expression and targeting insulin-SNAP to in-
sulin SGs in SOFIA pig islets. (A) qPCR of SOFIA pig
and WT pig pancreas. (B) Western blots against insulin
and SNAP on FACS sorted GFP-SOFIA or GFP-WT β-
cells. 059-GFP: β-cells from INS-eGFP animal; 057-dt:
beta cells from SOFIA/INS-eGFP animal. (C) CLEM of
SOFIA pig pancreas. Fluorescence image shows anti-
SNAP labeling (green) with SNAP+ β-cells and DAPI
(blue). Corresponding TEM image shows the pancreatic
islet surrounded by exocrine tissue. CLEM overlay shows
SNAP+ signal within β-cells (scale bars: 20 µm). TEM
detail shows SNAP+ β-cell with inset showing immuno-
gold labeling against insulin SNAP (10 nm gold), scale
bar:200 nm.

creas. The sorted cells were then used for immunoblotting.
Both SOFIA/INS-eGFP and INS-eGFP animals showed com-
parable levels of 9-12 kDa proinsulin and 6 kDa insulin in
FACS sorted β-cells (Fig. 2B). When probing for the SNAP
tag, however, only β-cells of the SOFIA pig showed a ro-
bust signal, shifted about ~20 kDa, resulting from the ad-
ditional 19.4 kDa SNAP tag. Finally, we applied correla-
tive light and electron microscopy (CLEM) to fixed pancreas
tissue obtained from adult SOFIA pigs. Immuno-labeling
with a primary antibody against SNAP-tag followed by a sec-
ondary Alexa 488-coupled antibody and protein-A-gold 10
nm showed granular subcellular staining (Fig. 2C upper panel
left and middle). Overlay with the electron microscopy (EM)
image allowed for the identification of the fluorescent sig-
nal within insulin SGs in islets of Langerhans (Fig. 2C upper
panel right). This fluorescent signal further correlated with
protein-A-gold labeling. The ultrastructure of SNAP-positive
insulin SGs appeared to be normal with insulin SGs contain-
ing one or more insulin crystals surrounded by a translucent
halo (Fig. 2C lower panel). Overall, the ultrastructure of the

β-cells of SOFIA pigs was comparable to that of pigs not ex-
pressing insulin-SNAP and to published electron microscopy
data of WT pigs (Vantyghem et al., 1996; Lukinius and Ko-
rsgren, 2001) with normal appearance of insulin SGs, mi-
tochondria and endoplasmic reticulum without any signs of
stress or structural alterations (Supp. Fig. 3). Furthermore,
all insulin SGs in SNAP-positive β-cells contained SNAP-
tagged insulin (Fig. 2C lower panel right).

SOFIA pigs have normal glucose tolerance
To assess metabolic control of insulin secretion on the or-
ganism level, we performed in vivo glucose tolerance tests
(IVGTT) in SOFIA and WT pigs (Fig. 3). After administra-
tion, glucose was rapidly cleared from the blood of either pig
strains without any obvious difference (Fig. 3A, B). Simulta-
neously, plasma insulin levels were comparable between the
two groups without any significant difference (Fig. 3C, D).
Accordingly, further parameters, such as the quotient of in-
sulin and glucose, the insulin sensitivity index and the acute
insulin response were not significantly altered in SOFIA pigs
in comparison to WT pigs (Fig. 3E, G). In conclusion, these
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Fig. 3. IVGTT and related indices of 15-16-week-old SOFIA pigs and WT con-
trols. (A) Plasma glucose levels; Insert: glucose elimination rate; (B) Area under
the curve for glucose (AUC glucose); (C) Plasma insulin levels and (D) AUC insulin;
(E) Quotient of AUC insulin and AUC glucose; (F) Insulin sensitivity index according
to Matsuda (ISI Matsuda); (G) Acute insulin response (AIR). Data are represented
as means ± SEM.

data indicate that the insertion of the INS-SNAP transgene in
this SOFIA pig strain does not interfere with glucose home-
ostasis in vivo.

SNAP-labeling of insulin SGs in vivo
Next, we investigated the functionality and suitability of the
SNAP tag for age-dependent labeling of insulin SGs in liv-
ing pigs. To this aim, we injected 0.6 - 2 µmol/100 kg body
weight (BW) of fluorescent benzylguanine (BG) SNAP sub-
strates intravenously in SOFIA and WT pigs. Injection of BG
coupled with tetramethylrhodamine (BG-TMR) followed by
sacrifice of the animal and fixation of the pancreas resulted in
a clearly detectable TMR signal in cryosections of the pan-
creas (Fig. 4A). The signal was restricted to the pancreatic
islets and was co-localized with the insulin antibody stain-
ing (Supp. Fig. 4). Although a fluorescent TMR fluorescent
signal could be selectively imaged after in vivo application
of 0.6 µmol TMR per 100 kg BW, we decided to apply 1.8
- 2 µmol SNAP substrate per 100 kg BW for in vivo SNAP
labeling to obtain a more robust imaging signal. For com-
parison, SOFIA mice received 15 nmol SNAP substrate per
mouse (15 nmol/25 g) (Ivanova et al., 2013), i.e. 60 µmol/100
kg body weight. Hence, for the in vivo labeling of SOFIA
pigs we applied 30-fold less SNAP substrate per kg of body
weight. In order to demonstrate the suitability of the ap-
proach for labeling distinct insulin SG pools we performed a

dual-color labeling experiment with a first application of BG-
TMR followed by BG-silicon rhodamine (SiR) after 15 hours
and autopsy and fixation of the pancreas 2 hours later. Again,
we could detect the red and far-red fluorescence signals of
both SNAP substrates in the islets and detect granular label-
ing at high magnification (Fig. 4B). Furthermore, there was
co-localization of TMR+ and SiR+ insulin SGs as well as the
occurrence of SGs labeled with only a single substrate indi-
cating the segregation of SG pools over time. Taken together,
these data show that INS-SNAP can be efficiently labeled in
vivo by injection of fluorescently modified SNAP substrates
and further shows suitability for age-dependent labeling of
distinct SG pools.

Discussion and Outlook
In the present study we have successfully generated and char-
acterized a transgenic pig expressing INS-SNAP and demon-
strate its suitability for in vivo labeling. We provide a strat-
egy to overcome two major limitations of β-cell research: the
translational gap between rodents and humans and ex vivo
experiments for insulin turnover. We generated a transgenic
pig as a model system since it closes this translational gap.
Pigs are akin to humans in the anatomy of their gastroin-
testinal tract and the morphology and function of the pan-
creas (Wolf et al., 2014). Furthermore, it has been demon-
strated that the structure and composition of pig pancreatic
islets is much closer to human than to rodent islets (Hoang
et al., 2014). In addition, molecular and developmental sig-
nature of islets and β-cells of pigs are more similar to that
of humans, whereas more differences exist between that of
rodents versus humans (Kim et al., 2020). This makes the
pig a compelling model organism not only for the study of
metabolism but also for islet and β-cell function. The age of
insulin SGs has in the past been associated with the likelihood
of exocytosis and recently a connection of the dysregulation
of SG age with metabolic stress has been made (Yau et al.,
2020). We chose the SNAP-tag fused with insulin in our
pig model since it allows for conditional and flexible label-
ing of age-defined insulin SG pools with fluorophores of dif-
ferent colors over longer time spans compared to fluorescent
timer proteins (Duncan et al., 2003). We used this technology
successfully in isolated mouse islets to map age-distinct SG
pools (Müller et al., 2017b). However, this knock-in mouse
showed signs of impaired glucose tolerance (Ivanova et al.,
2013), a problem that did not occur in the transgenic SOFIA
pig. The major part of our knowledge on insulin SG traffick-
ing is derived from ex vivo experiments using isolated islets
or in vitro work with insulin-producing cell lines. Proteins
tagged with self-labeling enzymes have so far been success-
fully used for in vivo studies in the mouse brain and in small
animals (Masch et al., 2018; Poc et al., 2020; Campos et al.,
2011; Yang et al., 2015) where application of the substrates
is achieved by injection in the tissue. Administration of a
single-color SNAP- or Halo-tag substrate via tail-vein injec-
tion has resulted in specific labeling in mice (Ivanova et al.,
2013; Chen et al., 2021). This approach is less invasive and
overcomes the substantial hurdles and potential severe com-
plications, e.g. pancreatitis, associated with injections into a
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Fig. 4. in vivo labeling of SOFIA pigs. (A) Scheme for single color BG-TMR labeling. Below is a confocal microscopy image of a cryo section showing TMR fluorescence
in the islets of Langerhans (scale bar: 20 µm). The magnified view shows granular TMR fluorescence (magenta) and nuclei (blue) (scale bar: 10 µm). (B) Scheme for dual
color labeling with BG-TMR and BG-SiR. Below is a confocal image of a cryo section of a SOFIA pig showing TMR+ and SiR+ granular staining with nuclei (blue). Detailed
views show the magnified boxed area with split TMR and SiR channels. Arrowheads point to exclusively TMR+ SGs and circles show SiR positive SGs. (scale bar: 10 µm).

retroperitoneal and sensitive organ as the pancreas. Never-
theless, the high specificity of the SNAP substrates to their
tag and the covalent binding upon contact allowed for spe-
cific labeling of insulin SGs even in adult pigs. We could
demonstrate that a dual-color sequential labeling with only
a relatively short time interval between the labeling steps re-
sults in partially distinct insulin SG pools. Future studies will
aim to optimize substrate distribution to the β-cells as well
as better control of the age-defined labeling. Ultimately, the
SOFIA pig may be crossed to diabetic pig models (Renner
et al., 2013, 2010) to gain insights into the changes in insulin
SG turnover in T2D.
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Materials and Methods

Generation of SOFIA pig

All animal procedures in this study were approved by the
responsible animal welfare authority (Regierung von Ober-
bayern) and were performed according to the German Ani-
mal Welfare Act and Directive 2010/63/EU on the protection
of animals used for scientific purposes. The SNAP-tag se-
quence (NEB) was cloned into a β-cell-specific expression
vector with a porcine INS gene promoter, exon and intron
sequence (Klymiuk et al., 2012) leading to a SNAP-tagged
insulin protein product. The INS-SNAP vector was combined
with a floxed neomycin resistance cassette. Porcine kidney
cells were transfected with the linearized and excised ex-
pression vector, and pools of stable transfected male porcine
kidney cell clones were generated. For Cre-mediated re-
moval of floxed neo cassette, kidney cells were lipofected
with a CAG-Cre expression vector directly before used for
somatic cell nuclear transfer (SCNT) (Kurome et al., 2015).
Cloned embryos were laparoscopically transferred to recip-
ient gilts. Genotyping of offspring was performed by PCR
using following primers: SNAP_1_for (5’- ACC AGA GCC
ACT GAT GCA G -3’), SNAP_3_rev (5’- GGA GTG GCA
CCT TCC AG -3’), δneo_2_for (5’- CCT ACT TTC ACC
AGC CTG AG -3’), δneo_1_rev (5’- AGC TTG ATA TCG
AAT TCC TGC AG -3’), neo_1_for (5’- ACA ACA GAC
AAT CGG CTG CTC TG -3’) and neo_2_rev (5’- TGC TCT
TCG TCC AGA TCA TCC TG -3’). Transgene integra-
tion patterns were analyzed by Southern blot analysis as de-
scribed previously (Klose et al., 2005). Genomic DNA was
extracted from skin using Wizard® Genomic DNA Purifica-
tion Kit (Promega). 10µg DNA each were digested with NdeI
or PshAI, fractionated on 0.7% TBE agarose gel, and blot-
ted under neutral conditions to Hybond™-XL nylon mem-
brane (GE Healthcare). Probes were synthesized by PCR
reaction from DNA of a transgenic animal using primers
INS-for (5’- TCG TTA AGA CTC TAA TGA CCT C -3’)
and INS-SNAP_5_rev (5’- ATC CCA GTT GCA GTA GTT
CTC CAG C -3’) comprising the 3’-region of the porcine
INS promoter and the 5’-region of the INS-SNAP sequence,
microdialysed and 32P-labeled using Prime-a-Gene® Label-
ing System (Promega). Filters were prehybridized for 2 hr
at 65°C in Rapid-hyb solution (GE Healthcare): Hybridiza-
tion was performed overnight in the same buffer containing
a 32P-labeled probe. After washing the membranes (once for
20 min at room temperature in 2x standard saline citrate con-
taining 0.1% sodium dodecyl sulfate (SDS) and twice for 15
min at 65°C in 1x standard saline citrate containing 0.1%
SDS), exposition of membranes were done in a Phosphor-
Imager cassette overnight. Imaging plates were scanned with
a Phosphor-Imager (Typhoon FLA9000; GE Healthcare).

TLA sequencing

Commercially available targeted locus amplification (TLA)
with subsequent next generation sequencing was performed
by Cergentis, Utrecht, Netherlands.
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FACS sorting of β-cells and Western Blot
For FACS sorting of GFP-positive β-cells, the SOFIA pig was
crossed with the INS-eGFP pig line expressing eGFP specif-
ically in their β-cells (Kemter et al., 2017). Dual transgenic
(SOFIA/INS-eGFP) and single INS-eGFP transgenic pigs
were sacrificed at an age of 8-10 weeks, their pancreata were
scissored, collagenase digested, sieved through 500 micron
mesh and washed as described in (Kemter et al., 2017). After-
wards, single cell suspension by TrypLE™ Express enzyme
digestion was prepared for FACS sorting as described else-
where (Böttcher et al., 2021). Between 22,109 and 26,665
FACS-sorted β-cells were then lysed in Laemmli buffer and
loaded on tricine gels for detection of insulin (Sigma, I2018),
SNAP tag (NEB, P9310S) or GFP (MPI-CBG, Dresden, Ger-
many, selfmade).

Immunohistochemistry and confocal microscopy
Fixed pancreatic tissue was embedded in TissueTek, snap-
frozen, and stored at -80°C for cryosectioning. Immunolabel-
ing on cryosections was performed with anti-insulin (Sigma)
and anti-SNAP (NEB) antibodies. Labeled cryo sections
were imaged with a a Zeiss LSM 780 (DFG FZT 111) of
the Light Microscopy Facility, a Core Facility of the CMCB
Technology Platform at TU Dresden and a Nikon C2+ confo-
cal microscope with 20x air and 40x and 63x oil immersion
objectives.

Transmission electron microscopy
Pancreatic tissue was fixed with 2.5% glutaraldehyde and 4%
paraformaldehyde in 0.1 M Sörensen’s phosphate buffer (pH
7.4) at room temperature. After dehydration in a graded se-
ries of ethanol the specimens were embedded in epoxy resin
as described before (Fava et al., 2012). Ultrathin sections
were cut with a Leica EM UC6 ultramicrotome. After post-
contrasting with uranyl-acetate and lead-citrate the sections
were observed with an FEI Morgagni electron microscope
running at 80 kV.

Correlative light and electron microscopy (CLEM)
For CLEM pancreatic tissue was fixed with 2.5% glutaralde-
hyde and 4% paraformaldehyde in 0.1 M Sörensen’s phos-
phate buffer (pH 7.4). The specimens were processed for
CLEM as described in (Völkner et al., 2021). In brief, they
were embedded in 12% gelatine and immersed in 2.3 M su-
crose at 4°C overnight. The samples were mounted on metal
pins and immersed in liquid nitrogen. Ultrathin Tokuyasu
sections were cut with a Leica EM UC6 ultramicrotome
equipped with an FC6 cryo-unit. Sections were stained
with the anti-SNAP antibody, followed by a AlexaFluor-
conjugated secondary antibody. For immunogold-labelling
protein-A-Gold 10 nm was applied followed by DAPI. Flu-
orescence imaging was done prior to electron microscopy
with a Keyence Biozero 8000 fluorescence microscope as de-
scribed in (Fabig et al., 2012).

Intravenous glucose tolerance test (IVGTT)
An intravenous glucose tolerance test (IVGTT) was per-
formed in 15-16-week-old SOFIA and WT control pigs. For
stress-free, frequent blood sampling, central venous catheters

(Careflow® 3 Fr, 200 mm, Merit Medical Systems) were sur-
gically inserted into the external jugular vein via the vena
auricularis under anesthesia as described previously (Renner
et al., 2018). After an 18-hour fasting period, a bolus in-
jection of concentrated 50% glucose solution (0.5 g per kg
body weight) was administered through the central venous
catheter. Blood samples were collected at the indicated time
points (Fig. 3). Plasma glucose levels were determined us-
ing an AU480 autoanalyzer (Beckman-Coulter) and adapted
reagent kits from Beckman-Coulter. Plasma insulin levels
were determined by radioimmunoassay (Millipore). The net
glucose elimination rate after glucose injection was calcu-
lated as the slope for the interval 1-30 minutes after glucose
injection of the logarithmic transformation of the individual
plasma glucose values. Insulin sensitivity indices were calcu-
lated according to Matsuda (ISI Matsuda) (Radikova, 2003).
Acute insulin responses (AIR) were calculated as the differ-
ence of mean insulin levels at 1, 3, and 5 minutes follow-
ing intravenous glucose load and basal insulin levels. Lon-
gitudinal data (glucose/insulin values during IVGTT) were
statistically evaluated by analysis of variance (Linear Mixed
Models; PROC MIXED; SAS 8.2), taking the fixed effects
of Genotype (GT; transgenic, control), Time (relative to glu-
cose application) and the interaction GT*Time as well as the
random effect of the individual animal into account. AUC
insulin/glucose was calculated using GraphPad Prism® soft-
ware (version 5.02). AUCs and indices were tested for sig-
nificance by Mann-Whitney-U-test using SPSS (version 21)
software.

in vivo labeling of Insulin-SNAP in pigs with SNAP
substrates for imaging studies
BG-TMR and BG-SiR were synthesized as described previ-
ously (Keppler et al., 2003; Lukinavičius et al., 2013). Cen-
tral venous catheters (Cavafix® Certo®, B. Braun) were sur-
gically inserted into the external jugular vein via the vena
auricularis at least one day before SNAP substrate or vehi-
cle application. SNAP substrates were resuspended at a con-
centration of 1 µmol per 50 µl DMSO, and diluted directly
prior to intravenous injection with a 50-fold volume of 0.9%
NaCl. For single SNAP substrate in vivo labeling, 0.6 µmol
BG-TMR per 100 kg BW or 1.8 - 2.0 µmol TMR-Star per 100
kg BW were intravenously injected in overnight fasted three
SOFIA pigs and one WT pig. 5 hours after BG-TMR injec-
tion, autopsy took place for sampling of pancreas for histo-
logical analyses. For dual SNAP substrate in vivo labeling in
two SOFIA pigs, 1.8 - 2.0 µmol per 100 kg BW BG-TMR as
first SNAP substrate were intravenously injected at 5:15 pm
during the last meal. The second SNAP substrate intravenous
injection using BG-SiR at an amount of 1.8 - 1.9 µmol per
100 kg BW were done in overnight fasted animals at 8:15 am
15 hours after first SNAP substrate application. 2 hours after
BG-SiR injection, autopsy took place. As a negative con-
trol to demonstrate specificity of SNAP substrate labeling of
insulin-SNAP within insulin SGs in β-cells, one SOFIA pig
received DMSO without substrate and one WT pig received
BG-TMR substrate as described above.
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Supplementary Note 1: Supplementary Figures

Supplementary Figure 1. Southern blot and sequencing results of SOFIA pig offspring.(A) Southern blot analysis for validation of
integration pattern of F1-offspring of founder 1817. DNA was digested with the ‘single cutter’ restriction endonuclease enzyme PshAI.
*, the band representing the endogenous INS promoter; **, neo/δneo transgene integration site with two integrants where neo cassette
was deleted only in one INS-SNAP integrant; ***, δneo transgene integrant. F1-offspring 3298, 3229, 3226 and 3225 possessed
only neo/δneo transgene integration site, animals 3767, 3236 and 3228 had only δneo transgene integration site, whereas 3771 and
3267 harboured both transgene integration sites. (B) TLA sequencing of an animal from the INS-SNAP neo/δneo transgene integrant
line revealed a single genomic transgene integration site in chromosome 11. (C) TLA sequencing derived interpretations of construct
integration patterns into the identified single genomic transgene integration site.
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Supplementary Figure 2. Immunolabeling against SNAP and insulin in SOFIA and WT pancreas. Scalebar: 20 µm
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Supplementary Figure 3. Comparison of SOFIA β-cell ultrastructure with that of pigs not expressing insulin-SNAP. A: Founder
1817 - SOFIA pig pancreas with SNAP B: Founder 1814 - pancreas of transgenic pig with neo cassette without SNAP expression
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Supplementary Figure 4. Immunolabeling against insulin on cryosections of SOFIA pig pancreas labeled with TMR. Scale bar:
20 µm
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