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Background: The functional quality of insulin-secreting islet beta cells is a major factor determining the outcome
of clinical transplantations for diabetes. It is therefore of importance to develop methodological strategies aiming
at optimizing islet cell function prior to transplantation. In this study we propose a synthetic biology approach to
genetically engineer cellular signalling pathways in islet cells.
Methods: We established a novel procedure to modify islet beta cell function by combining adenovirus-mediated
transduction with reaggregation of islet cells into pseudoislets. As a proof-of-concept for the genetic engineering
of islets prior to transplantation, this methodology was applied to increase the expression of the V1b receptor
specifically in insulin-secreting beta cells. The functional outcomes were assessed in vitro and in vivo following
transplantation into the anterior chamber of the eye.
Findings: Pseudoislets produced from mouse dissociated islet cells displayed basic functions similar to intact na-
tive islets in terms of glucose induced intracellular signalling and insulin release, and after transplantation were
properly vascularized and contributed to blood glucose homeostasis. The synthetic amplification of the V1b re-
ceptor signalling in beta cells successfully modulated pseudoislet function in vitro. Finally, in vivo responses of
these pseudoislet grafts to vasopressin allowed evaluation of the potential benefits of this approach in regener-
ative medicine.
Interpretation: These results are promising first steps towards the generation of high-quality islets and suggest
synthetic biology as an important tool in future clinical islet transplantations. Moreover, the presented method-
ology might serve as a useful research strategy to dissect cellular signalling mechanisms of relevance for optimal
islet function.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

pursued in parallel, based on the specific targeting of various cellular
pathways in beta cells to increase their hormone release. One such ther-

Pancreatic beta cell dysfunction plays an important role in the path-
ophysiology of both type 1 and type 2 diabetes mellitus. Impairments in
glucose sensing or glucose stimulated insulin secretion, as well as
glucotoxicity, lipotoxicity, increased oxidative stress and inflammation
can all contribute to a suboptimal beta cell function [1,2]. For many de-
cades, exogenous insulin injections have been one of the standard ther-
apies for diabetes. More recently another treatment strategy is being
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apeutic approach for subjects with type 2 diabetes is based on the phar-
macological targeting of G protein-coupled receptors (GPCRs)
expressed in the plasma membrane of beta cells, such as the GLP-1 re-
ceptor [3]. The activation of these GPCRs mediates transduction path-
ways that can alter intracellular levels of Ca®>*, cAMP, and IPs, thus
modulating insulin release [4]. However, the expression level of several
GPCRs has been shown to be affected by glucose levels [5-7], thereby
potentially hindering the efficiency of treatments targeting these
receptors.

Lacking sufficient beta cell mass, most subjects with type 1 diabetes
do not benefit from GPCR-targeted treatment. Instead, transplantation
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Research in context

Evidence before this study

Transplantation of pancreatic islets has the potential to cure type
1 diabetes and may also benefit patients with insulin-dependent
type 2 diabetes. Besides the shortage of donor material, the suc-
cess of this treatment has thus far been hampered by a suboptimal
quality of islet preparations pre-transplantation contributing to
poor islet graft survival and function. Genetic modification of
islet cells in vitro has been shown to enhance islet function and
may improve the outcome of clinical transplantations. The effi-
ciency of available methodologies to genetically refine islet func-
tion is however suboptimal, and there is a need for a
straightforward in vivo approach that could provide longitudinal
information on the functional value of specific modifications of
islet cells.

Added value of this study

In the current study we describe an improved protocol to geneti-
cally modify islet cell function and, as a proof-of-concept, boosted
V1b receptor signalling specifically in the insulin-secreting beta
cells. We demonstrate that we could thereby improve insulin se-
cretion of individual islets upon activation of this pathway with
the natural ligand vasopressin. We furthermore present an
in vivo imaging platform to evaluate the function and survival of
our genetically engineered islets after transplantation into mice,
of importance to assess the long-term functional benefits of spe-
cific genetic alterations in beta cells.

Implications of all the available evidence

Our protocols may serve as a research strategy for other pancre-
atic islet researchers to dissect the function of individual signalling
components within islet cells. While we amplified an existing sig-
nalling pathway in healthy islets, the described protocol may
also be employed to restore impaired islet cell function and/or effi-
ciently integrate current and future synthetic signalling pathways
into islet cells, thus generating high quality islet tissue that could
improve the outcome of clinical islet transplantations.

of pancreatic islets from cadaveric donors can help stabilize glucose
levels, albeit for a specific subpopulation [8]. Several factors including
variability in islet quality and limited survival of the transplanted tissue
contribute to the moderate success of this treatment [9-13]. Genetic
modification of islets is a promising approach to improve pre-
transplant islet function, inhibit rejection and limit the rate of apoptosis
[14-16]. In the current study, we engineered pancreatic islets with the
aim of modulating their function. Instead of direct viral transduction
of intact ‘native’ islets, gene transfer was achieved by adenovirus-
mediated transduction of dissociated islet cells with a simultaneous
controlled reconstitution into pseudoislets. The viability and function
of these pseudoislets were then assessed in vitro and in vivo following
transplantation into the anterior chamber of the eye [17,18].

As a proof-of-concept, we modified mouse beta cells within the islet
to enhance their signalling via the V1b receptor, a GPCR member of the
vasopressin-oxytocin family [19]. This receptor is naturally expressed at
low levels in islet cells and stimulation with [Arg®]-vasopressin (AVP)
potentiates glucose-stimulated insulin release by activation of the phos-
pholipase C pathway and mobilization of intracellular Ca>* [20,21]. AVP
also plays an important role in glucose homeostasis by acting on various
receptors of the vasopressin-oxytocin family in other tissues such as
vascular smooth muscle, liver, and adipose cells [22,23]. One of the

consequences of in vivo administration of AVP is the stimulation of he-
patic glycogen breakdown resulting in a gradual release of glucose
from the liver into the blood stream. This aspect was used to demon-
strate that our engineered islets not only display an enhanced acute re-
sponse to AVP but also still maintain a normal response to changes in
circulating glucose concentration.

2. Materials and methods
2.1. Animals, blood glucose measurements, and STZ treatments

C57BL/6] mice were from Charles River (Germany). Ins-GCaMP3
mice were generated by crossing B6;129S-Gt(Rosa)26Sort™38(CAG-
GCaMP3)Hze i mjce [24] and heterozygous B6(Cg)-Ins™ -1 (cre)Thor/j mice
[25]. These specific Ins1(Cre) knock-in mice allow for a near complete
recombination efficiency and beta cell-selectivity [25]. Mice were kept
on C57BL/6 ] background and have been backcrossed for >10 genera-
tions, inbred at the animal core facilities at Karolinska Institutet. Blood
glucose concentrations in mice were measured using Accu-Chek Aviva
monitoring system (Roche). Pancreatic beta cells were chemically ab-
lated by intraperitoneal injection of 150 mg streptozotocin per kg
body weight dissolved in citric acid buffer (pH 4-5) after 4-6 h of
fasting. All experiments were performed following Karolinska
Institutet's guidelines for care and use of animals in research, were ap-
proved by the animal ethics committee at Karolinska Institutet, and re-
ported following the ARRIVE guidelines for animal studies.

2.2. Pancreatic islet isolation and generation of pseudoislets

Mouse pancreatic islets were prepared and purified from donor an-
imals following standard procedures [26], and maintained in RPMI 1640
culture medium supplemented with L-glutamine (2 mM), penicillin
(100 U/ml), streptomycin (100 pg/ml) and 10% fetal bovine serum
(Life Technologies). Human islets were obtained from the Nordic Net-
work for Islet Transplantation and maintained in CMRL 1066 culture
medium (ICN Biomedicals) supplemented with HEPES (10 mM), L-
glutamine (2 mM), Gentamycin (50 mg/ml), Fungizone (0-25 mg/ml),
Ciprofloxacin (20 mg/ml), nicotinamide (10 mM) and 10% fetal bovine
serum. Islets were kept at 37 °C in a humidified atmosphere with 5%
CO, for a minimum of 2 h after isolation. For the generation of
pseudoislets, islets were dissociated into single cells by enzymatic di-
gestion for 10 min at 37 °C using Accutase (Sigma-Aldrich). Cells were
counted using a TC20 automated cell counter (Bio-Rad) and resus-
pended in serum-supplemented culture medium at a density of
62,500 cells/ml unless otherwise mentioned. 40 pl of endocrine cells
in suspension were placed per well of a GravityPLUS hanging drop sys-
tem (Perkin Elmer), pseudoislets were formed and collected after 7 days
following the manufacturer's instructions.

2.3. Production of adenoviruses and transduction

Adenoviruses were prepared using the Gateway cloning system
(Thermo Fisher Scientific). The coding sequence of the human V1b re-
ceptor together with a Strep-tag Il tag was sub-cloned into the Gateway
vector pENTR1A. The insulin promoter sequence RIP1 was inserted be-
fore the hV1BR coding sequence to ensure the expression in a beta
cell-specific manner. Similarly, the gene encoding for the red calciumin-
dicator R-GECO1 [27] (Addgene) was preceded by the RIP1 promoter
and sub-cloned into pENTR1A. The resulting vectors pENTR1A-RIP1-
hV1BR and pENTR1A-RIP1-R-GECO1 were sequenced and subjected to
recombination with the promoter-less destination vector pAd/PL-
DEST, for the production of adenoviruses using HEK293A cells. Adenovi-
ruses were purified and concentrated using Fast-Trap (Millipore), fol-
lowing the manufacturer's instructions. Quantification was performed
by real-time PCR on a QuantStudio 5 system (Thermo Fisher Scientific),
using SYBR Green (Thermo Fisher Scientific) and primers specific for the
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adenovirus coding sequence. Transduction was performed by infecting
cells with serum-supplemented culture medium containing 1000 viral
particles per pl.

2.4. Functional assessment of islet cells in vitro

Prior to all functional assays islets were kept for 1 h in a buffered
solution (pH 7-4, containing 125 mM NacCl, 5-9 mM KCl, 2-6 mM
CaCl,, 1-2 mM MgCl,, 25 mM Hepes, and 0-1% BSA) supplemented
with 3 mM glucose. In the subsequent experiments stimuli were pre-
sented in the same buffered solution. For [Ca®*]; measurements, islets
loaded with Fura-2 AM (Thermo Fisher Scientific), or islets genetically
expressing the GCaMP3 [Ca®"]; biosensor in their beta cells, were at-
tached to a cover slip using PuraMatrix Hydrogel (BD Biosciences)
and fluorescence was recorded using an inverted epifluorescence
Axiovert 135 microscope (Zeiss, Jena, Germany) connected to a SPEX
Industries Fluorolog spectrofluorometer for single- or dual-
wavelength excitation fluorimetry. Islets were perfused at 37 °C with
the buffered solution supplemented with either 3 mM glucose, 3 mM
glucose +100 nM AVP, or 11 mM glucose, and simultaneously excited
at 340 and 380 nm (for Fura-2) or at 476 nm (for GCaMP3). Fluores-
cence emission was recorded and values were normalized either by
calculating the ratio of intensities obtained by 340 and 380 nm excita-
tion wavelengths (for Fura-2), or to basal fluorescence intensity before
stimulation (for GCaMP3). Baseline [Ca?*]; was determined as the
minimum value prior to applying the stimulating buffer. For assess-
ment of glucose-, KCl- and AVP-stimulated insulin release islets were
incubated under static conditions in a buffered solution containing
11 mM glucose (for 30 min), 25 mM KCl (for 15 min), 3 mM and
7 mM glucose alone (60 min) or in combination with 100 nM AVP
(for 15 min). At the end of the experiment islets were lysed in M-
PER protein extraction reagent (Thermo Fisher Scientific) for assess-
ment of DNA content using Quant-iT PicoGreen dsDNA reagent
(Invitrogen). Supernatant was collected for insulin measurements
using AlphaLISA immunoassay (Perkin Elmer). Amount of released in-
sulin (in ng) was recalculated to secreted per min and normalized to
islet DNA content (in ng). To measure dynamic insulin release, we
used an automated perifusion system (BioRep Perifusion System,
BioRep, Miami), as described elsewhere [28]. Briefly, ~100 native islets
or pseudoislets were immobilised in a gel (Bio-Gel P-4, Bio-Rad) in a
column-shaped chamber and stimulatory solutions were pumped
through the column at a rate of 50 pl/min, perifusates with secreted in-
sulin were collected every minute in an automatic fraction collector
designed for 96-well plates. For comparison purposes, both native is-
lets and pseudoislets were assessed for their function 8-10 days after
isolation of pancreatic islets.

2.5. Transplantation of islets into the anterior chamber of the mouse eye

Animals were transplanted into the anterior chamber of the eye at
8-10 weeks of age as described previously [18]. During transplantation
isoflurane was used for anaesthesia, and mice received subcutaneous
injections of 2 ug Temgesic (Schering-Plough) for post-operative
analgesia.

2.6. Laser scanning confocal microscopy

Laser scanning confocal micrographs were recorded at 8 bit using a
Leica SP5 system equipped with 10x or 25x water-immersion objective
(Leica Microsystems, Wetzlar, Germany). Fluorescence emission from
GCaMP3 and MIP-GFP was obtained by excitation at 488 nm and detec-
tion between 500 and 550 nm. R-GECO1 emission was obtained by ex-
citation at 594 nm and detection between 600 and 700 nm. Backscatter
signal imaging was obtained using a 488, 561 or 633 nm laser beam as
described previously [29]. In vivo imaging of islet grafts in mice
anaesthetised with isoflurane was performed as previously described,

1 month after transplantation [18]. For blood vessel imaging mice re-
ceived 100 pl Texas Red labelled dextran intravenously. Scanning
speed and laser intensities were adjusted to avoid any cellular damage
to islets in vitro, and to the mouse eye or islet grafts in vivo. All confocal
images are representatives and presented as maximum intensity pro-
jections in the XY plane as indicated.

2.7. In vivo beta cell intracellular [Ca® ] measurements

Female mice were anaesthetised using Fentanyl:H,0:Midazolam
mixtures at a ratio of 1:2:1, administrated intraperitoneally at a dose
of 8 l per g of mouse. The stock concentrations of midazolam (Hameln)
was 5 mg/ml. Fentanyl (VetaPlasma) was bought as premixed fentanyl
citrate (0-315 mg/ml) and fluanisone (10 mg/ml). Before the imaging of
GCaMP3 islets, the tail vein of anaesthetised mice was cannulated with a
tubing containing 100 U/ml heparin in saline. Blood glucose was mea-
sured directly before and after the [Ca®™]; recordings. A single islet in
the mouse eye was continuously excited with a fluorescent lamp
using a 510/40 nm bandpass filter, and GCaMP3 fluorescence emission
was collected with a Hamamatsu camera installed on top of a Leica
SP5 microscope chamber heated at 35 °C. A piezo element under the
control of Labview software moved the 25x objective up and down
every 2 s during which 60 images were collected, covering a Xxyz volume
0f 476 um x 476 um x 120 pm. [Arg®]-vasopressin (AVP) at a concentra-
tion of 2 pM, or glucose at 5% w/v, were prepared in saline solutions for
in vivo stimulation. After recording a baseline fluorescence emission for
5 min, the stimulating solution was slowly injected intravenously at a
dose of 4 ul per g of mouse body weight (during 10 s), and the islet
was recorded for another 10 min.

2.8. Immunohistochemistry (IHC) and transmission electron microscopy
(TEM)

For staining of tissue sections, dissected samples were fixed with for-
malin for 48 h at room temperature, dehydrated, and embedded in par-
affin. 5-um-thick sections were mounted on precoated microscope
slides, dewaxed by xylene and progressively rehydrated before process-
ing. Insulin and glucagon were stained using guinea-pig anti-insulin
(DAKO, 1:1000) and prediluted rabbit anti-glucagon (BioGenex),
followed by goat anti-guinea pig Alexa Fluor 488 (Thermo Fisher,
1:1000) and goat anti-rabbit Alexa Fluor 546 (Thermo Fisher, 1:1000)
antibodies. Slides were mounted using ProLong Gold Antifade Reagent
with DAPI (Thermo Fisher) and imaged with a BD Pathway 855 system
(BD Biosciences). For whole mount staining, eyes were fixed in 4% para-
formaldehyde (PFA) for 1-5 h on ice and washed in phosphate buffered
saline (PBS), followed by dissection of single islet or pseudoislet grafts
from the iris. Alternatively, non-transplanted islets or pseudoislets
were directly fixed in 4% PFA for 1 h on ice and washed in PBS. Tissue
samples were blocked overnight in PBS supplemented with 10%
goat serum and 0-3% Triton-X, and stained overnight with primary
antibodies (guinea pig anti-insulin (A0564, DAKO, 1:1000), mouse
anti-Strep-tag 11 (34,850, Qiagen, 1:1000), rat anti-somatostatin
(8330-0009, Bio-Rad, 1:500), mouse anti-glucagon (G2654, Sigma-
Aldrich, 1:1000), dissolved in blocking buffer), and overnight with
secondary antibodies (goat anti-guinea pig Alexa 488 (Thermo Fisher
Scientific, 1:1000), goat anti-mouse Alexa 633 (Thermo Fisher Scientific,
1:1000), goat anti-mouse Alexa 546 (Thermo Fisher Scientific, 1:1000),
goat anti-rat Alexa 633 (Thermo Fisher Scientific, 1:1000), dissolved in
blocking buffer). Cell death was assessed using an apoptosis kit
(V13240, Thermo Fisher Scientific) according to the manufacturer's in-
structions. Whole mounts were imaged by confocal microscopy. For
in vitro comparison purposes, both native islets and pseudoislets were
used for immunostaining 8-10 days after isolation of pancreatic islets.
Collection, processing and imaging of individual islet grafts for TEM
was performed as described previously [29].
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2.9. Image processing and analysis

Laser scanning confocal microscopy images were analysed using
Volocity (PerkinElmer). Determination of islet volumes was based on
backscatter imaging, as previously described [29]. Transduction effi-
ciency and apoptosis rate were determined by measuring R-GECO1 or
Annexin V positive voxels, respectively, and data was presented as per-
centage of analysed islet volumes. Quantification of whole mount
stainings were performed on two optical sections per islet or pseudoislet,
at 30 pm and 50 pm below their imaged surface unless otherwise speci-
fied. For in vivo beta cell [Ca®T]; imaging, image sequences were
imported in Image] (NIH) and average projection time series were pre-
pared based on hyperstacks of 60 images each. After image registration,
islet fluorescence intensities were measured and plotted over time after
normalization to basal fluorescence intensity before stimulation.

2.10. Statistical analysis

Data processing and statistical analysis were performed using Excel
(Microsoft), Prism (version 6, GraphPad) and Statistica 13-0 (Dell).
Data are presented as mean =+ S.E. unless indicated otherwise. The n-
numbers are indicated in the figure legends. Student's unpaired or
paired t-tests, Mann-Whitney tests, one-way ANOVA or mixed-design
ANOVA followed by Tukey post-hoc tests were used, as appropriate. P-
values < .05 were considered statistically significant.

3. Results

3.1. Endocrine cells dissociated from native islets can be reaggregated into
functional pseudoislets of controllable size

Mouse pancreatic islets were isolated using an established technique
[26]. After the disaggregation of native islets, single cells were
reaggregated into pseudoislets using a multi-well hanging drop system
(Fig. 1a), without selecting for specific endocrine cell types or manipulat-
ing their ratio. Using this technique, the diameter of pseudoislets could
be precisely controlled by altering the number of cells per droplet
(Fig. 1b). Pseudoislets with a diameter of approximately 175 pm, the av-
erage diameter of native islets after isolation (Supplementary Fig. 1),
were selected for further experiments. When comparing the number
of different endocrine cell types as well as their localization within native
islets or pseudoislets, we could confirm that the average content in alpha
and delta cells was retained after pseudoislet formation (Fig. 1c-h).
However, due to an apparent random relocation of various endocrine
cells within pseudoislets during reaggregation, the typical mantle local-
ization of alpha cells seen in native islets was no longer observed, alpha
cells being instead intermingled with other cell types (Fig. 1d-e, g-h).

Pseudoislets were next assessed for their function in terms
of glucose-induced increase in cytoplasmic free Ca®>™ concentration
([Ca®™];) and insulin release (Fig. 2). Pseudoislets displayed a slightly
lower basal [Ca%*];, a faster response to a rise from 3 mM to 11 mM glu-
cose with a larger amplitude of [Ca?*]; increase (Fig. 2c), but otherwise
exhibited a similar pattern of [Ca%™]; responses as compared to native
islets (Fig. 2a, b). Dynamic insulin release experiments showed proper
kinetics in response to 11 mM glucose and KCI from pseudoislets, com-
parable to that of native islets (Fig. 2d, e). Static incubations allowed
more precise measurements of the amount of insulin secreted per
(pseudo)islet, revealing higher basal insulin release at 3 mM glucose
and stronger response to 11 mM glucose in pseudoislets as compared
to native islets (Fig. 2f).

3.2. Pseudoislets are properly vascularized and functional after transplanta-
tion into the anterior chamber of the eye

To determine whether pseudoislets maintain their function in vivo,
these were transplanted into the anterior chamber of the mouse eye.

We could show that pseudoislet grafts get vascularized and that
their endothelial cells form fenestrations reminiscent of those found
in pancreatic islets (Fig. 3a-d). These properties are prerequisites for
proper communication between bloodstream and the endocrine cells
composing the engrafted pseudoislets. Similarly as prior to transplan-
tation, pseudoislet grafts displayed the same content in major endo-
crine cells as compared to native islet grafts (Supplementary Fig. 2),
however one month after transplantation an intermingling of alpha
cells could be observed both in native islet grafts and in pseudoislets
grafts.

Beta cell function in vivo was next assessed by transplanting
pseudoislets prepared from islets originating from Ins-GCaMP3 mice.
One month after transplantation, we imaged in vivo the fluorescence
intensity of the GCaMP3 biosensor, reflecting [Ca®™]; in pseudoislet
beta cells. The intravenous administration of glucose during imaging
resulted in a rapid and transient increase in GCaMP3 intensity, demon-
strating the proper communication between engrafted pseudoislets
and bloodstream, and the adequate functional response of their beta
cells (Fig. 3e, Supplementary Movie 1). Although a difference in timing
of response to glucose could be observed in vitro prior to transplanta-
tion between these Ins-GCaMP3 pseudoislets and Ins-GCaMP3 native
islets (Supplementary Fig. 3), no difference could be detected
1 month after transplantation under in vivo conditions (Supplementary
Fig. 4).

To further ensure that the beta cells within pseudoislets function
in vivo and contribute to the maintenance of blood glucose homeostasis
by timely release of adequate insulin amounts, mice were first treated
with streptozotocin (STZ) to ablate their in situ pancreatic beta cells. A
few days after intraperitoneal administration of STZ, mice became
hyperglycaemic. The transplantation of approximately 100 pseudoislets
into the anterior chamber of the eye normalized blood glucose levels in
these mice, demonstrating that pseudoislets are functional and are able
to maintain their physiological role in vivo (Fig. 3f and Supplementary
Fig. 5).

3.3. Optimization of virus-mediated gene transfer by engineering
pseudoislets from disaggregated islets

Genetic regulation of beta cell function requires an optimal gene
transfer methodology. When using native islets, adenovirus transduc-
tion methodology is relatively inefficient in reaching cells beyond the
peripheral cell layers. To improve gene transfer into beta cells, we disag-
gregated islets into single cells, and reaggregated them into engineered
pseudoislets in the presence of an adenovirus (Fig. 4a). To evaluate the
transduction efficiency, we prepared an adenovirus encoding a fluores-
cent biosensor for beta cell function, thereby allowing for an optical ap-
preciation of gene transfer effectiveness. For selective expression in
pancreatic beta cells the red [Ca®™]; biosensor R-GECO1 [27] was placed
under the rat insulin promoter 1 (RIP1). The analysis of images acquired
by confocal microscopy demonstrated that this methodology resulted in
a significant increase in efficiency for cells transduced during reaggrega-
tion into pseudoislets as compared to transduced native islets (Fig. 4b-c).
The transduction efficiency was then further optimized by the use of four
different virus concentrations (ranging from 0- 2 to 25 million virus par-
ticles per ml). An increase in virus concentration positively correlated
with increased transduction efficiency and the number of cells that
could be detected (Fig. 4d). However, concentrations >5 million particles
per ml led to morphological impairments and increased cell death
resulting in smaller pseudoislets (Table 1, Fig. 4e—f). A virus concentra-
tion of 1 million particles per ml was therefore chosen for all further ex-
periments. In addition, we successfully applied this synthetic
expression protocol to engineer pseudoislets derived from human islet
cells, with an equivalent transduction efficiency as for mouse islets
while retaining a high cell viability (Supplementary Fig. 6). This indicates
that our strategy can be applied to endocrine cells independently of their
species of origin.
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Fig. 1. Pseudoislets can be precisely designed in terms of size and preserve the native ratio of islet endocrine cells. (a) Pseudoislets can be formed by reaggregation of dispersed islet cells in
hanging droplets. Representative photograph shows a native islet placed in a hanging drop and a pseudoislet, indicating morphological resemblance of these spherical structures
(approximate diameter of 175 pm). (b) The diameter of pseudoislets can be precisely adjusted depending on the number of endocrine cells used for their formation. Whole mount
immunostaining of native islets (c-e) and pseudoislets (f-h) for insulin (INS), glucagon (GCG) and somatostatin (SST) served to investigate the content of different endocrine cell
types as well as their architectural location. While the analysis shows more intermingling of alpha and delta cells in pseudoislets (h) as compared to native islets (e), no significant
difference was seen in their total content in glucagon or somatostatin cells (n = 11 native islets, 12 pseudoislets). Confocal images are representative and shown as maximum
intensity projections (c, f) or as optical sections (d, g). Yellow dashed line in XZ optical sections indicate the position of XY optical sections, 50 um below the imaged surface of the islet

or pseudoislet. Scale bars represent 50 pm. Data presented as mean + S.E.
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preparing R-GECO1-expressing pseudoislets from Ins-GCaMP3 islets
we obtained two spectrally distinct biosensors for beta cell function
that could be cross-validated, allowing to ensure a proper beta cell

To assess beta cell function in transduced pseudoislets, we next
turned to islets from the Ins-GCaMP3 transgenic mouse, expressing
a fluorescent reporter for [Ca®™]; in its islet beta cells. By similarly
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Fig. 3. Pseudoislets are functional in vivo after their transplantation into the anterior chamber of the eye. (a) Photograph of an eye transplanted with a few reporter pseudoislets. (b) In vivo
imaging by confocal microscopy 1 month after transplantation shows that pseudoislets are engrafted and vascularized (vessels are shown in red, observed after intravenous injection of
fluorescently-labelled dextran). (c) Immunohistochemistry on paraffin sections of pseudoislet grafts indicates the presence of distinct endocrine cell types (green, insulin; red, glucagon;
blue, DAPI). (d) Electron microscopy imaging shows that endothelial cells forming intra-pseudoislet blood vessels are fenestrated (examples shown with red arrowheads), permitting
proper communication between endocrine cells and blood plasma. (e) To visualize beta cell function in vivo, pseudoislets were prepared using islets originating from transgenic mice
expressing the [Ca®*]; sensitive fluorescent biosensor GCaMP3 in beta cells. One month after transplantation, pseudoislets were imaged in vivo to assess their response to an increase
in blood glucose concentration. After a 5 min baseline intensity imaging, mice were injected intravenously with a 5% glucose solution in saline and islets were imaged for an additional
10 min. The increase in GCaMP3 fluorescence intensity upon glucose administration is reflective of a proper [Ca%"]; response in beta cells, similar to that of native islets (see
Supplementary Fig. 4). Our setup permits the imaging of one single pseudoislet graft over time per mouse. (f) In order to assess the ability of transplanted pseudoislets to regulate
blood glucose levels, mice received streptozotocin (STZ) treatment to ablate endogenous pancreatic beta cells and induce diabetes. Transplantation (Tx) of approximately 100
pseudoislets into the anterior chamber of the eye of mice reversed the hyperglycaemic condition after a few weeks, while non-transplanted mice remained hyperglycaemic (n = 3-7).
Images are representative (n > 3). Confocal images are shown as maximum intensity projection (b) and average intensity projections (e) of single pseudoislet grafts. Scale bars
represent 50 um (b, ¢) and 1 pm (d). *p < 0-05, **p <0-01.

signalling upon stimulation (Fig. 4g-i). Activation of Ins-GCaMP3
pseudoislets transduced with R-GECO1 could be efficiently mea-
sured, with a 2- or 3-fold increase in fluorescent intensity upon
stimulation with high glucose in GCaMP3 positive cells or R-
GECO1 positive cells, respectively (Fig. 4h, i). Together, these results
demonstrate that transduced pseudoislets maintain their function in
terms of glucose-induced beta cell signalling and thus that our
methodology for synthetic expression is not detrimental to the func-
tion of beta cells.

3.4. Synthetic expression of the V1b GPCR in beta cells as a proof-of-concept
for the modulation of islet signalling

To investigate the effects of changes in gene expression levels on
islet function, pseudoislets were engineered for an increased expression
of a specific GPCR in beta cells. As an example, we aimed at amplifying
the signalling pathway of the vasopressin V1b receptor by increasing
its expression level in vitro (Fig. 5). The optimized gene transfer meth-
odology led to a beta cell-specific expression of the receptor, which

Fig. 2. In vitro functional comparison between pseudoislets and native islets. (a-c) Native islets and pseudoislets were loaded with the fluorescent [Ca®*]; indicator Fura-2 and incubated
for 1 h at 3 mM glucose concentration. Changes in [Ca®"]; in response to an increase in glucose concentration and to KCl induced plasma membrane depolarization were then monitored
overtime, showing a similar response pattern for pseudoislets (b) as compared to native islets (a). Traces are representative (n > 7 per group). (¢) Quantitative analyses indicate a rapid
[Ca%*); increase with high amplitude in pseudoislets in response to an increase in glucose concentration. (d-e) Native islets (d) and pseudoislets (e) demonstrate identical response
patterns of insulin release when stimulated with 11 mM glucose and 25 mM KCl in a dynamic perifusion system. Approximately 100 native islets or pseudoislets were perfused with
3 mM glucose, 11 mM glucose and 25 mM KCl (data represents 3 independent experiments per group). (f) Groups of native islets and pseudoislets were incubated under static
conditions with 3 mM glucose, 11 mM glucose, or 3 mM glucose together with 25 mM KCl (n 2 3 per condition, groups of 8-10 native islets or pseudoislets). Data presented as mean
+ SE *p<0-05, *p<0-01, **p<0-001.
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Fig. 4. Transduction during reaggregation of cells into pseudoislets improves gene transfer. (a) Schematic representation of the procedure aiming at improving gene transfer by dispersion
of islet cells prior to virus transduction and simultaneous reaggregation into pseudoislets. (b) Dispersed endocrine islet cells or intact islets were incubated for 7 days in a hanging droplet
in the presence of 1 or 5 million R-GECO1 virus particles per ml, followed by confocal microscopy imaging. A dose-dependent relationship could be observed between the concentration of
virus particles and the amount of fluorescence. (c¢) Quantification of the R-GECO1 positive volume showed that transduction during pseudoislet formation improved the efficiency as
compared to transduction of intact islets with both virus concentrations (n > 10 islets per condition). (d) Analysis of the fluorescence intensity of single cells within the islet (n = 3
per condition) demonstrates that higher concentrations of virus allow detection of more cells with a larger range of intensities. Dotted line shows lower limit of the detection
threshold. (e) Backscatter imaging of pseudoislets prepared with different virus concentrations revealed that high virus concentrations affect pseudoislet morphology. (f) After 7 days
of culture in the presence of different concentrations of the virus, pseudoislets contain a small number of dead or apoptotic cells. Fluorescence staining for apoptosis revealed that
pseudoislet formation in the presence of virus concentrations exceeding 1 million particles per ml induces increased cell death and apoptosis in endocrine cells (n = 6-8 islets per
condition). (g-i) Pseudoislets were made from dispersed islets originating from transgenic Ins-GCaMP3 mice (carrying a beta cell specific [Ca®*]; sensitive fluorescent biosensor
GCaMP3) and reaggregated in the presence of 1 million particles per ml of R-GECOT1 virus. (g) Confocal imaging demonstrates the presence of both biosensors in beta cells within the
pseudoislet. (h-i) Optical sections by confocal imaging displaying (h) GCaMP3 and (i) R-GECOT1 signal intensities at 3 mM glucose (“before”) and 4-5 min post-stimulation
with 15 mM glucose (“after”). Dot plots show increased fluorescence of individual cells upon stimulation, demonstrating the proper glucose responsiveness of transduced pseudoislets
(n = 6 and 3 islets for h and i, respectively). Data presented as mean + S.E. (¢), median + interquartile range (d) or mean + S.D. (f, h, i). Confocal images are shown as maximum
intensity projections of z-stacks (b, g) or as single planes (h, i). Scale bar represents 50 um (b, g-i) or 250 pym (e). **p < 0-01; ****p < 0-0001.

appeared to be properly located at the cell membrane (Fig. 5a). The
proper functioning of this synthetically expressed receptor was con-
firmed by functional experiments, demonstrating an increase in beta
cell [Ca®T]; as well as in islet insulin release upon AVP stimulation, as
compared to non-modified pseudoislets (Fig. 5b—e). Similarly as for na-
tive islets endogenously expressing the V1b receptor [23,30,31], insulin

release from engineered pseudoislets upon AVP stimulation was glu-
cose dependent, the V1b receptor signalling contributing to a greater
extent to insulin release at 7 mM glucose as compared to 3 mM glucose
(Supplementary Fig. 7).

With the aim of investigating the possibility to modify islet function
in vivo we increased the expression level of the V1b receptor in Ins-
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Table 1 responses exhibited a wide range of amplitudes among the individual
Comparative transduction efficiency and viability per virus concentration in mouse mice, hindering a precise comparison between overexpressing versus

pseudoislets. Transduction efficiency and apoptosis was quantified as R-GECO1 or s . L s
X " i i non-modified pseudoislets under in vivo conditions (Supplementary
Annexin V positive voxels, respectively, and presented as percentage of islet volume (n

=5-9). Fig. 10).
Vi - Pp—— et cell - etval In combination with our in vitro results we could nevertheless show
irus concentration - posmve slet ce apopt051s slet volume _ . . _ . _
[x10° particles/ml]  voxels [% of islet (% of islet volume] 10 ] . by the use of our s'ynthetlc expression methodology that' islet func
volume] tion can be in principle modulated by targeted overexpression of spe-
cific GPCRs in beta cells, concomitantly maintaining normal responses

0-2 2:2+40-2 2:6+0-7 1-41 +0-03 .

1 127420 3.210.7 1-36 £ 0-07 to variations in blood glucose levels.
5 24:3 + 4.0 7-2+0-6 1-24 + 0-06

25 35-2 4+ 8-1 15-9+1-7 0-60 + 0-06 4. Discussion

Transplantation of pancreatic islets has the potential to provide a
GCaMP3 pseudoislets prior to transplantation into the anterior cham- fine and continuous control of glucose levels in diabetic patients, how-
ber of the mouse eye, leading to their increased response to AVP ever the success of this treatment strategy is challenged by the limited
in vitro (Supplementary Fig. 8). Intravital microscopy was performed survival rate of the grafts and suboptimal functional quality of donor is-
one month after transplantation, a time point at which the pseudoislets lets. In this study, we have developed a beta cell specific synthetic ex-
were properly vascularized (Fig. 6a-e). V1b receptor expression was pression methodology that can be used to address these challenges. Ex
still present in several beta cells within the pseudoislet graft, although vivo genetic modification of islets pre-transplantation has previously

there was an approximate two-fold reduction in the number of overex- been shown to potentially improve islet function [33], or attenuate
pressing beta cells one month after transplantation (Supplementary immune-mediated destruction [34] and hypoxia-related apoptosis
Fig. 9). Online monitoring of beta cell function enabled us to show [35] following transplantation. In an attempt to target an increased per-
that the V1b receptor could be activated in vivo, giving a robust re- centage of cells within the islet and enhance gene delivery, we made use
sponse to intravenous administration of vasopressin (Fig. 6f-h, Supple- of a hanging droplet system that facilitates reaggregation of dispersed
mentary Fig. 10, Supplementary Movie 2). Interestingly, the first islet cells [36,37]. During the reaggregation phase islet cells were incu-
response due to the acute activation of the beta cell expressed V1b re- bated in the presence of an adenovirus to genetically modify the pro-
ceptors was followed by a secondary increase in [Ca%*]; oscillations. duced pseudoislets. We found that transduction efficiency can be
The latter was due to the progressive increase in blood glucose levels improved while a relatively small amount of virus is needed.

(Fig. 6i), caused by the stimulation of hepatic glycogen breakdown While native rodent islets consist of a beta cell core surrounded by a
upon vasopressin administration [32]. Although both primary and sec- mantle of alpha and delta cells [38,39], their dissociation into single cells

ondary responses could be seen in all [Ca®T]; traces in vivo, the first followed by reaggregation into pseudoislets should in principle lead to a
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Fig. 5. Equipping beta cells with the human V1b receptor allows for specific [Ca®*]; signalling in pseudoislets in vitro. (a) Mouse islet cells were transduced for 7 days with an adenovirus
encoding for the human V1b receptor (hV1bR) during reaggregation into pseudoislets. After fixation, pseudoislets were co-stained by immunohistochemistry to visualize beta cells and
localization of the synthetically expressed receptor. Representative confocal images show an overview of two pseudoislets as maximum intensity projection, and as single optical plane at
higher magnification (corresponding region marked with yellow square). The receptor was expressed in beta cells, with a main localization at the plasma membrane. (b-e) Functional
responses of non-fixed pseudoislets to AVP stimulation. (b) Non-transduced pseudoislets have a low background level of vasopressin-induced [Ca**]; increase. (c) The overexpression
of hV1bR in pseudoislet beta cells leads to AVP-induced activation of the receptor and rapid [Ca®*]; increase. (d) Quantitative comparison of responses to AVP in terms of [Ca®"[;
mobilization demonstrates an increased activation of the hV1bR signalling pathway in transduced as compared to non-transduced pseudoislets (n = 5-7). (e) Groups of pseudoislets
were incubated under static conditions in a buffered solution containing 3 mM glucose with or without AVP. Pseudoislets overexpressing the hV1bR responded to AVP with an
increase in insulin release, while control pseudoislets showed no response (n = 3, groups of 20 islets). Scale bars = 50 um and 10 pm for maximum intensity projection and single
plane images, respectively. Data presented as mean + S.E. **p < 0-01; **p < 0-001.
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Fig. 6. Pseudoislets expressing the human V1b receptor elicit [Ca®*|; responses upon stimulation with vasopressin in vivo. (a-e) Pseudoislets expressing the [Ca?*]; sensitive fluorescent
biosensor GCaMP3 and engineered to overexpress the human V1b receptor were transplanted into the anterior chamber of the mouse eye, and imaged in vivo by confocal microscopy one
month after transplantation. Intravenous injection of dextran-TR confirmed that the pseudoislet was vascularized. (f-h) In vivo imaging of [Ca>*]; in pseudoislet beta cells upon V1b
receptor activation was performed ~4 weeks after transplantation. After imaging baseline intensity for 5 min, mice were injected intravenously with a solution containing 2 uM AVP in
saline, and islets were imaged for an additional 10 min. Snapshot images from the recording (f-g) display fluorescence intensity before and after stimulation with AVP. The
corresponding [Ca?"]; trace (h) shows an immediate response upon AVP administration, followed by a secondary indirect response due to increase in blood glucose levels. (i) Blood
glucose levels before injection and at the end of the imaging session demonstrate the effect of AVP on glucose release from the liver in vivo. Trace and images are representative, n = 8
mice (in vivo Ca®>* imaging), and 14 mice (blood glucose measurements). Images show maximum intensity projections (b-e) and average intensity projections (f-g) of single

pseudoislet grafts. Scale bar = 50 pm. ****p < 0-0001.

random spatial rearrangement of individual islet cells. Previous work on
rat pseudoislets reported however that their cellular architecture was
similar to that of native islets [36,40-43], i.e. alpha cells were predomi-
nantly located in the periphery. These studies thus suggest that
randomly positioned endocrine cells are subject to a spatial reorganiza-
tion during or following the reaggregation procedure. In contrast,
mouse pseudoislets in our present study displayed more alpha cells in
the core as compared to native isolated islets, although we did not in-
vestigate whether further rearrangement could occur over a longer pe-
riod of time in culture. Considering the total content in different
endocrine cell types, we found that the density of alpha and delta cells
within mouse pseudoislets was not different to that of native islets. Pre-
vious studies have shown either a reduction in the number of alpha and
delta cell in rat pseudoislets [44], or a maintenance of that ratio [43], a
discrepancy probably originating from different experimental protocols.

When transplanted into the anterior chamber of the mouse eye,
pseudoislets displayed the same content in alpha and delta cells as
transplanted native islets, previously shown to be reflective of in situ
pancreatic islets in terms of ratio in different endocrine cell types [17].
Interestingly, one month after transplantation native islet grafts had
an architecture resembling that of pseudoislet grafts marked by the
presence of alpha cells in their core region, inferring a rearrangement
of endocrine cells in vivo after transplantation. This has previously
been documented in the case of native mouse islets engrafted into the
anterior chamber of the eye [17], and in the present case results in a re-
duction of the architectural difference observed between native islets
and pseudoislets in vitro prior to transplantation. Other studies have
similarly shown that a rearrangement of alpha and beta cells occurs
in vivo in human pseudoislets [45] and rat islet cell sheets [46] after
transplantation into mice.

In accordance with previous studies [40,41,47,48], our data demon-
strate that stimulation of mouse pseudoislets with glucose in vitro re-
sults in a cellular increase in [Ca%"]; and subsequent insulin release
comparable to native islets. More detailed analyses revealed that
pseudoislets display a faster response time in terms of glucose induced
[Ca®*]; increase in vitro as well as augmented insulin release during
static incubations at low and high glucose. The three-dimensional

cytoarchitecture of the pancreatic islet has been shown to be important
for its function [38,41,47], which might explain the slight differences
observed in vitro between native islets and pseudoislets. Since glucagon
has a potentiating effect on insulin release [49-52], the increased inter-
action between alpha and beta cells within pseudoislets obtained by the
intermingling of their different endocrine cell types could thus be ac-
countable for a stronger insulin release. A similar improvement in insu-
lin release has previously been observed by dynamic perifusion of rat
pseudoislets [44], corroborating our present findings on mouse
pseudoislets, and confirming their functional capacity in vitro.

Further investigating pseudoislet function under in vivo conditions,
we found that pseudoislets transplanted into the anterior chamber of
the eye engrafted properly and intra-pseudoislet blood vessels formed
fenestrations similar to in situ pancreatic or transplanted native islets,
a prerequisite allowing for proper exchange between endocrine cells
and factors in the blood circulation. In contrast to in vitro experiments,
we could not observe differences in glucose-induced beta cell [Ca®*; re-
sponse between native islet grafts and pseudoislet grafts, both showing
similar [Ca?™]; pattern and timing of response. We next investigated the
ability of engrafted islets to secrete insulin and contribute to blood glu-
cose homeostasis in mice. Hyperglycaemia was induced by chemical ab-
lation of in situ pancreatic beta cells. Although STZ-induced diabetes
could be reverted within a month by transplantation of ~100
pseudoislets, we and others have previously observed that the trans-
plantation of a comparable number of native mouse islets is able to nor-
malize glycemia already within two weeks [53]. This is in line with the
findings of Beger and colleagues, who compared pseudoislets (diameter
100-150 um) and native islets following transplantation into the dorsal
skinfold of Syrian hamsters, and showed a delayed revascularization in
the case of pseudoislets [54]. The lack of intra-islet endothelial cells after
prolonged (pseudo)islet culture [55] infers that all blood vessels need to
originate from the host, which could explain the longer time necessary
for complete revascularization.

The efficiency by which targeted islet cells express proteins of inter-
estis an important factor determining the success of gene therapy. Most
experiments involving the modification of islet cells are performed in a
timeframe of several hours in presence of a high concentration of virus
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particles [34,56-58]. Viruses can negatively influence islet cell viability
and function and therefore a thorough optimization of transduction
protocols is essential. Previous studies have indeed shown a reduced
beta cell function in virus-infected rat pseudoislets [59,60]. Our protocol
exposed the islet cells to the virus preparation for a duration of 6-7 days,
which is a relatively long period. This allowed us to use substantially
lower virus concentrations compared to commonly used protocols. De-
spite the fact that stronger transduction efficiencies can be reached with
higher virus titres, it proved to come at the cost of increased islet cell
death. We took into account both positive and negative aspects to opti-
mize our protocol and succeeded in expressing heterologous proteins
while maintaining normal beta cell function and viability.

As a proof-of-concept for the regulation of pseudoislet function
in vitro and in vivo, we increased the expression level of the vasopressin
V1b receptor, a GPCR that is endogenously expressed at low levels in
mouse beta cells [20,21]. The activation of this receptor by the natural
ligand AVP revealed a potentiating effect on insulin secretion in a glu-
cose dependent manner, exhibiting a greater effect at higher glucose
concentrations in mouse islets as shown in other studies [23,30,31].
Our in vitro data demonstrate that AVP stimulation of beta cells overex-
pressing the V1b receptor leads to an increase in islet [Ca®T]; at 3 mM
glucose, supporting evidence for a Goyq driven signalling pathway [30].

To guarantee long term application in vivo, stable expression of the
transgene is essential. Our results show that the synthetically expressed
V1b receptors are still present in our engineered pseudoislets one
month after transplantation, allowing in principle to enhance [Ca®™];
mobilization upon AVP administration. The fact that this ligand is acti-
vating V1b receptors in the liver as well, promoting glycogenolysis
and gluconeogenesis and leading to a subsequent increase in blood glu-
cose concentration [32], permitted us to confirm that our pseudoislet
grafts also responded properly to varying levels of glucose and thus
maintained their primary role in the regulation of blood glucose
homeostasis.

Contrary to our in vitro experiments, we could not demonstrate that
the [Ca®"]; response of V1b receptor overexpressing pseudoislets was
improved as compared to non-modified pseudoislets under in vivo con-
ditions. Ex vivo immunostainings on pseudoislet grafts demonstrated
that the synthetic expression of V1b receptor was maintained at least
until the time of imaging, with approximately 30% of beta cells still ex-
pressing the receptor. The activation of these cells should lead to an en-
hanced response to AVP, and at the pseudoislet level this response
should be further supported by beta cell connectivity [61]. Due to the
complexity of in vivo conditions however, several additional factors
could have influenced the beneficial outcome of V1b receptor overex-
pression. For instance the internalization of the V1b receptor [62] or
the dependence of V1b receptor activation-driven [Ca®*]; increase on
blood glucose levels [30] could be responsible for the large variability
we observed among pseudoislet responses under in vivo conditions.
Since the synthetic expression of the V1b receptor was still present at
the time of imaging, our in vivo assessment approach allowed to com-
prehensibly determine the potential benefit of this specific genetic
modification for islet graft function. The combination of our optimized
methodology for genetic modification of islet cells with our in vivo
transplantation and imaging approach might therefore serve as a useful
strategy to evaluate the translational relevance of various islet modifica-
tions to improve the outcome of future clinical transplantations.

Since AVP is not only a ligand for the V1b receptor in islet cells but
also has a number of physiological functions in other organs [23], the
combined use of this ligand together with engineered pseudoislets
does not represent a valid strategy for the treatment of insulin-
dependent diabetes. The V1b receptor has been selected here solely as
a proof-of-concept for evaluating the potential to regulate islet function
in vivo by synthetic engineering, boosting a signalling pathway that is
naturally present in beta cells. Ideally, a custom-designed ligand is
needed to ensure specific activation of the receptor. One could also
use an approach involving custom-designed ligands in combination

with a designer GPCR such as presented by Guettier et al. [63]. In addi-
tion to enhancing existing signalling pathways or establishing novel
synthetic pathways for the purpose of increased insulin secretion,
pseudoislets should simultaneously be engineered for a protection
against immune challenge and apoptosis [34,35]. In parallel, the long-
term expression of constructs of interest could be further improved by
the use of other viral vectors for gene delivery, such as lentiviruses
[64], or by the implementation of CRISPR/Cas9 technology for precise
gene insertion into the cellular genome [65,66]. The fine-tuning of spe-
cific gene expression levels should also be optimized, as strong overex-
pression can overload biological pathways and exhaust cellular
resources for protein production and transport [67,68], thus proving
detrimental to pseudoislet function. Finally, the combination of novel
self-renewable sources of islet cells derived from stem cells [69] with
such improved genetic engineering approaches to regulate cellular
function could potentially offer high quality material for regenerative
medicine in diabetes.

In summary, we present a methodology that enables the synthetic
regulation of gene expression in specific islet cells, as well as different
means - in vitro and in vivo - to assess the ensuing functional outcome.
This methodology can be directly applied to functional studies on genet-
ically engineered human pseudoislets designed to improve the effi-
ciency of clinical islet transplantations, which will provide a possible
paradigm shift with regard to future strategies for the treatment of
diabetes.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.06.045.
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