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In brief

This study addresses the limitations of
intrahepatic islet transplantation in type 1
diabetes by repurposing decellularized
lungs into a human iPSC-based
vascularized endocrine pancreas (iVEP).
Campo et al. generate a functional organ
that improves B cell function and survival
in vitro and fast engraftment in vivo,
advancing diabetes cell therapies.
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SUMMARY

Intrahepatic islet transplantation in patients with type 1 diabetes is limited by donor availability and lack of
engraftment. Alternative B cell sources and transplantation sites are needed. We demonstrate the feasibility
to repurpose a decellularized lung as an endocrine pancreas for 8 cell replacement. We bioengineer an induced
pluripotent stem cell (iPSC)-based version, fabricating a human iPSC-based vascularized endocrine pancreas
(iVEP) using iPSC-derived B cells (iPSC-derived islets [SC-islets]) and endothelial cells (iECs). SC-islets and iECs
are aggregated into vascularized i spheroids (ViBeSs), and over 7 days of culture, spheroids integrate into the
bioengineered vasculature, generating a functional, perfusable human endocrine organ. In vitro, the vascular-
ized extracellular matrix (ECM) sustained SC-islet engraftment and survival with a significantly preserved
cell mass and a physiologic insulin release. In vivo, iVEP restores normoglycemia in diabetic NSG mice. We

report a human iVEP providing a controlled in vitro insulin-secreting phenotype and in vivo function.

INTRODUCTION

Type 1 diabetes (T1D) is a global disease burden, affecting more
than 8.4 million patients worldwide." Although the primary treat-
ment for patients with T1D is the combination of glucose moni-
toring coupled with daily exogenous insulin injection, they still
suffer due to the challenge associated with daily compliance
and T1D secondary effects.” Daily insulin injection imperfectly
simulates the dynamic glucose/insulin homeostasis control
mediated by the pancreatic islets in response to changes in
blood glucose concentration.® An available option is the B cell
replacement therapy. As of now, donor organ shortage and the
immune reaction against the graft limit its application.* Recently,
new protocols for in vitro differentiation of human pluripotent
stem cells (hPSCs) into functional pancreatic f and endothelial
cells were reported,® ™ opening the field to a new chapter with
an unlimited supply of human insulin-producing vascularized tis-
sues. Additionally, growing evidence reported that the microen-
vironment plays a crucial role in cell behavior, differentiation, and
function.'® Extracellular matrix (ECM) components can induce
and promote intracellular biochemical signaling.””'® Thus,
ECM geometry and stiffness resulted as key players in modu-
lating stem cell differentiation, suggesting that the use of decel-

lularized native organ ECM could positively impact the matura-
tion of hPSC into B cells.”® Of note, recent clinical trials in
the field of stem cell as B cell replacement strategy
(NCT05791201, NCT03163511), although in the presence of syn-
thetic and not ECM-based device, showed an intriguing future
for this application with room for improvement in scaffold
design.'*"® Major efforts were made to optimize organ decellu-
larization protocols aimed to generate inert biological scaffolds
with preserved native organ ECM composition, three-dimen-
sional (3D) architecture, and perfusable vascular bed.'®?' We
previously reported the possibility to merge organ decellulariza-
tion technology with the B cell replacement purpose with the final
aim of engineering a functional xenogeneic vascularized endo-
crine pancreas (VEP) using immature neonatal porcine islets as
a source of insulin-producing cells and healthy-subject-derived
blood outgrowth endothelial cells.?? This platform was able not
only to foster neonatal pig islet (NPI) maturation in vitro but
also to perform upon transplantation in vivo, in immunocompro-
mised NSG mouse models, for over 18 weeks compared to
available preclinical models. Herein, we demonstrated the plas-
ticity of our technology by bioengineering a human induced
pluripotent stem cell (iPSC)-based VEP (iVEP). We found that
our platform offers valuable support to integrate terminal
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Figure 1. SC-islet characterization for iVEP
assembly

(A) Representative bright-field image of SC-islets
in standard culture condition.

(B) Representative SC-islet flow cytometry char-
acterization for Pdx1, Nkx6.1, and insulin at day 1
and day 7 post culture.

(C) Flow cytometry quantification of Pdx1, Nkx6.1,
and insulin expression in SC-islets at day 1 and
day 7 after standard culture (values are presented
as mean + SD, Pdx1: day 1 96.95% + 2.57% vs.
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differentiated human iPSC-derived islets (SC-islets) and iPSC-
derived endothelial cells (iECs). To foster organ vascular and
endocrine compartment integration, SC-islets and iECs were
aggregated into functional vascularized endocrine spheroids
and then seeded in a pre-vascularized lung scaffold cultured
over 7 days. The dedicated organ maturation culture protocol al-
lowed the preservation of the differentiated phenotype and the
improvement in vascular and endocrine function. Moreover, we
found that the in vitro engraftment of insulin-producing cells in
a pre-vascularized decellularized ECM environment shows an
immediate and sustained in vivo function compared to the de-
viceless (DL) site, a pre-vascularized implantation model.

RESULTS

iPSC-derived B cell and iEC validation in iVEP culture
condition

To develop a functional pre-vascularized endocrine organ, we
matured scaffolds by seeding iECs and SC-islets under dynamic
perfusion culture over 7 days. SC-islets were purchased from
Takara Bio (https://www.takarabio.com) while iECs from Fujifilm
Cellular Dynamics (https://www.fujifilmcdi.com), so two different
donor cells were used to engineer our platform. As a preliminary
step, we firstly evaluated the persistency of the iEC phenotype
and SC-islet identity after 7 days of standard culture conditions,
and we did not observe significant differences. SC-islets pre-
served the expression of markers of differentiated B cells in
flow cytometry (Pdx1: day 1 96.95% =+ 2.57% and day 7
96.48% =+ 0.44%; Nkx6.1: day 1 29.17% =+ 10.04% and day
7 25.62% =+ 16.056%; insulin: day 1 51.74% + 3.86% and day
7 59.85% + 6.27%) (Figures 1A-C and S1) (n = 3 biological rep-
licates). Moreover, SC-islets showed a consistent and significant
reduction in cell number during 7 days of standard culture (per-
centage of live cells from 100% at day 1 to0 37.16% + 10.38% at
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day 7 96.48% + 0.44%, Nkx6.1: day 1 29.17% =+
10.04% vs. day 7 25.62% + 16.056%, and insulin:
day 151.74% + 3.86% vs. day 7 59.85% + 6.27%);
n = 3 biological replicates; two-way ANOVA).

(D) Quantification of SC-islet live cells after 7 days of
culture (100% at day 1 vs. 37.16% + 10.38% at day
7; values are presented as mean + SD, n = 4 bio-
logical replicates, Mann-Whitney U test p = 0.0286).

day 7; p = 0.0286) (Figure 1D). iECs re-
tained their expression of endothelial
markers as shown by flow cytometry
(CD31*/CD105*/CD73*/CD90™) (see Figures 2A, 2B, and S2), a
finding further supported by immunofluorescence staining
(CD31*/CD144") for endothelial phenotype confirmation (Fig-
ure 2D). Additionally, we evaluated the performance of iECs un-
der iVEP culture conditions against standard culture media, spe-
cifically angiogenic medium (AM), modified stabilization medium
(MSM), and VascuLife medium,?***?® focusing on the preserva-
tion of their phenotype (Figures 2C and S2), proliferation rate
(Figure 2E), and function capabilities (Figures 2F and 2G). iECs
cultured in iVEP-specific media, including both AM and MSM,
successfully retained their endothelial characteristics (Figure 2C).
Using the Incucyte live-cell analysis system for the proliferation
assays, we noted comparable proliferation rates of iECs in AM
and MSM when contrasted with the VasculLife medium. The pro-
liferation index, measured at each time point from the initial
confluence at TO, revealed no significant variances (Figures 2E
and S3), confirming an efficient iEC proliferation in iVEP media
(n = 2 biological replicates). Furthermore, the functionality of
iECs was tested through a tube formation assay across the
different media (n = 3 biological replicates). No statistical signif-
icance was found in the performance of iEC tube formation
(measured as the mean mesh size) when cultured in AM, MSM,
or a combination of both, as compared to the VascuLife medium
(Figure 2G).

Day 7

iVEP assembly: iPSC vascular and endocrine
compartment generation

Following the verification of SC-islet and iEC stability, we gener-
ated vascularized i} spheroids (VipeSs) by co-seeding SC-islets
and iECs in a sphericalplate 5D, with a ratio of 90% SC-islets to
10% iECs (Figure 3A). ViBeSs were cultured for 7 days to allow their
acclimatization and aggregation before being employed in iVEP
bioengineering processes. Upon collection, VieSs exhibited uni-
formity in size, with an average diameter of 93.57 + 24.7 um across
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Figure 2. iEC characterization for iVEP
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(A) Representative bright-field image of iECs in
standard culture condition.

(B) Representative iEC flow cytometry character-
ization for CD90, CD31, CD105, and CD73 post
culture used for iVEP engineering.
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passages after standard culture in different culture
media used for iVEP engineering (n = 3 biological
replicates). Values are presented as mean + SD.
(D) Immunofluorescence staining of iEC endothe-
lial phenotyping CD31 (red), VE-cadherin (CD144,
green), and DAPI (blue).

(E) Proliferation assay by Incucyte. Proliferation
index of iECs in iVEP culture media (AM and MSM)
vs. VasculLife medium as control, with respect to
time 0 confluence. Values are presented as
mean + SD (n = 3 biological replicates).

(F) Representative images of iEC morphology in
tube formation assays using iVEP media combi-
nation, modified stabilization medium (MSM),
angiogenic medium (AM), and VasculLife medium.
Magnification 4 x.

(G) Tube formation assay quantification and
analysis of the formed vascular mesh in Vasculife,
AM, MSM, and iVEP media combination. Scale
bars in um (n = 3 independent experiments, bio-
logical replicates. For each condition (VasculLife,
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8 independently analyzed batches (Figures 3A and 3B). iECs were
tracked over acclimatization and aggregation phase using a fluo-
rescent dye (fluo-dye) for Incucyte Live-cell analysis system (Fig-
ure 3C). During the VipeS aggregation phase, we observed,
according to the spheroid assembly process, an expected non-
significant reduction in fluorescence intensity. After the aggrega-
tion window, we noticed strong stability of the iEC fluorescence
signal, till the end of the assembly process, suggesting the unal-
tered endothelial cell mass within the formed VipeSs (Figure 3C).
Additionally, as shown by VipeS aggregation time lapse, the
spheroid assembly was confirmed starting from 48 h from the
seeding (Video S1). Upon harvesting, the presence of both SC-is-
lets, marked by Pdx1, Nkx6.1, chromogranin A (CHGA+),

£4}
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AM, MSM, and iVEP media combination), 56, 68,
69, and 39 images were acquired, respectively.
Values are presented as mean + SD.

84

C-peptide (C-pep), and insulin (INS+),
and iECs, identified by CD31*, was
confirmed (Figure 3D). To bioengineer
iVEP, firstly, we repopulated acellular
lung matrixes by seeding iEC from both
the pulmonary artery (PA) and pulmonary
vein, followed by culturing the re-endothe-
lialized scaffolds in AM (Figure 4 A). On the
subsequent day, we delivered, as already
validated in our previous protocol,?>?® a
combination of VipeSs and iECs into the
lung via the trachea. During these proced-
ures, we did not observe any cell spillage
from the lung lobe architecture, confirming the decellularized rat
lung left lobe ability to retain the seeded cells. We then cultured
the assembled constructs for an additional 4 days in AM, followed
by 2 days in MSM (Figure 4A). At the conclusion of the maturation
process, we observed the formation of spatially organized, distinct
tissue compartments. Thus, an endothelial cell network, marked
by positivity for human von Willebrand Factor (VWWF+), was estab-
lished across the bioengineered organ, with ViBeSs integrated
within the vascular framework (Figures 4B and S4). To investigate
whether the developed vasculature architecture (Video S2) would
allow direct perfusion of the iVEP structure, we tested vascular
function by two different assays: FITC dextran assay and fluoran-
giography assay. For dextran assay, a matured scaffold seeded

* Vasculife 16h
AM 16h
* MSM 16h
* iVEP Media Combination 16h
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Figure 3. VipeS characterization
(A) Representative image of ViBeSs at day 7 upon harvesting.
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(B) VipeS size quantification (n = 8 biological independent VipeS replicates; for each replicate, the size of 42, 82, 29, 38, 33, 49, 62, and 57 spheroids were

measured, respectively).

(C) VipeS assembly longitudinal observation. iECs stained in red and observed during culture through fluorescence quantification by mean intensity. n = 2

biological replicates.

(D) Immunofluorescence staining of ViBeSs before seeding in iVEP: iECs positive for human CD31 in green, SC-islets positive for human Pdx1, human Nkx6.1 in

green, human CHGA, human C-pep in red, and human insulin (INS) in gray.

with iECs exclusively, was perfused at 1 mL/min with an FITC-
dextran solution (5 mg/mL) at 2 different molecular weights (MW)
(20 and 150 kDa). We collected the eluate at different time points
and quantified dextran concentration. We observed significantly
improved kinetics with a faster release of dextran with both MW
in the iIVEP-engineered platform compared to the control empty
scaffold (Figures 4C and 4D) (MW 20 kDa min 5 p < 0.0001; MW
150 kDa min 4 and 5 p < 0.0001). For fluor angiography assay,
we infused the PA with 0.2-um microspheres following a 7-day cul-
ture period. Confocal microscopy showed that microspheres re-
mained confined and did not leak into the alveolar space or airways
(Figure 4E). This indicates that the formed endothelium is able to
preserve tightness and effectively manage the distribution of
perfusate within a dynamic 3D organization. Taken together, these
findings suggest that iVEPs provide direct perfusion of VipeSs,
owing to their functional integration into the bioengineered
vascular framework.

iVEP in vitro assessment: Endocrine function and VipeS
survival

After confirmation of spatial integration and perfusion of the bio-
engineered vascular bed, we assessed the insulin response to
glucose stimulation in matured iVEPs compared to VifeSs on

4 Cell Reports Medicine 6, 101938, February 18, 2025

day 7 of culture based on a modified glucose response assay”*
(Figure 5A). When exposed to high glucose (11 mM), matured
iVEPs demonstrated significantly higher insulin release compared
to ViBeSs (iVEP vs. VipeSs min 2 p = 0.0289; min 3 p = 0.0205).
Additionally, the peak area under the curve (AUC) for insulin release
was notably higher in matured iVEPs than in ViBeSs (AUC: iVEPs:
8.352 + 1.386 vs. VipeSs: 5.527 + 0.4257, p = 0.0002, according
toWelch’sttest; Figure 5B). To assess the capability of iVEP in pre-
serving B cell mass, we monitored B cell mortality over the 7-day
maturation period by detecting the presence of miR-375 in the
iVEP supernatants, which serves as an indirect marker of  cell
death.?*° To rule out potential biases from iEC contributions to
miR-375 release among various iVEP components, we first as-
sessed miR-375 release in an organ exclusively seeded with
iECs (Figure 5C, green line), confirming that endothelial cells do
not contribute to miR-375 release in iVEP. Conversely, we
observed the kinetics of miR-375 release in the supernatants of
iVEP during maturation in the presence of VieSs (Figure 5C,
cyan line). Of note, by quantifying miR-375 copies in a specific
number of cells from each batch, we estimated the percentage
of B cell death at various time points (days 0, 1, 3, and 7 of culture,
as shown in Figure 5D), allowing us to assess the total § cell loss
throughout the maturation of the iVEP organ (Figure 5E). After
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Figure 4. iVEP assembly and in vitro
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(B) Representative image of mature and fully en-
gineered iVEP, with continuous vascular network
(human vWF+ in green) and VipeSs (human
CHGA+ in red and human INS+ in gray) fully en-
grafted and surrounded by iECs.

(C and D) FITC-dextran assay release kinetics.
iVEPs were perfused at 1 mL/min with FITC-
dextran at two different molecular weights 20 and
150 kDa, respectively. n = 4 iVEPs vs. n = 4 CTRL
empty scaffolds for each MW, n = 4 refers to
biological replicates.

(E) Fluorescence microsphere perfusion: 0.2-um
microspheres (beads, blue) present and retained
in newly formed iVEP vasculature (human CD31,
red). Scale bars in pm.

Mature iVEP

and their performance was compared to
fresh ViBeSs transplanted into pre-vas-
cularized subcutaneous pouch (DL-
ViBeSs) (Figure 6 A). iVEP successfully
restored normoglycemia in all trans-
planted mice within 29 days post trans-
plantation, in contrast to only 2 out of 13
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7 days of culture, the SC-islets loss was significantly reduced inthe
iVEP technology, suggesting an improvement of  cell survival in
our platform (percentage of B cell death SC-islets: 62.84% =+
10.38% and iVEP: 14.80% =+ 9.11%; Mann-Whitney U test
p = 0.008) (Figure 5E).

iVEP in vivo performance in immunocompromised
diabetic mice

Finally, mature iVEPs were tested in vivo in a preclinical model
of severe diabetes in immune-compromised NSG mice.
Diabetes was induced in NSG with a single injection of alloxan
(72 mg/kg), and we evaluated graft function over 13 weeks. To
optimize integration with the implantation site in the subcutane-
ous tissue, iVEPs were strategically divided into two segments,

T T T T
01112131415

B CTRL (empty scaffold) =3 iVEP (only iECs)

mice (15%) achieving normoglycemia
with DL-ViBeS implantation. Notably, the
median duration to reach normoglycemia
in the iVEP group was 14 + 1.9 days
(p < 0.0001, log rank test) (Figure 6C).
Additionally, non-fasting glycemia of
iVEP-implanted mice was significantly
lower compared to DL-VipeS (DL-VipeS
vs. iIVEP p = 0.00350; general linear
model, repeated measures; Figure 6B).
We monitored the graft function quanti-
fying C-pep levels at 1 and 2 weeks after
implantation. We noticed significantly
improved levels of C-pep in iVEPs vs.
DL-ViBeS recipients at both week 1
(p = 0.0099, Figure 6D) and week 2
(p < 0.0001, Figure 6D). On week 4, an oral glucose tolerance
test (OGTT) was performed in all groups. After glucose loading,
iVEP recipients showed a significantly lower blood glucose con-
centration compared to DL-VifeS recipients (AUC iVEPs vs. DL-
VipeSs p < 0.0001 Welch’s t test), confirming the superior func-
tion of the engrafted scaffold (Figures 6E and 6F). At 4 and
13 weeks of follow-up, the iVEPs were explanted to confirm
the graft’s contribution to the mice’s glucose control. As ex-
pected, immediately after iVEP explants, the mice reverted to a
diabetic status and displayed hyperglycemia for at least 1 addi-
tional week. (Figure 6B, explants#). At the same point, gross pa-
thology evaluation of the explanted iVEPs showed complete
integration of the engineered structure in the subcutaneous
space, with vessels visibly present in the iVEP structure

Cell Reports Medicine 6, 101938, February 18, 2025 5
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Figure 5. In vitro functional evaluation of
iVEP endocrine compartment: insulin
secretion performance and VipeS survival
- (A) Dynamic insulin secretion test of iVEP (cyan
line, n = 9 biological replicates) vs. batch-matched
6 VieSs (red line, n = 7 biological replicates) after
7 days of dynamic culture with low (0.5 mM) and
high (11 mM) glucose stimuli. Values are ex-
pressed as fold change over the basal (\VEP vs.
VieS Mann-Whitney U test). Values are pre-
0- sented as mean + SEM.
(B) Area under the curve (AUC) analysis of insulin
secretion test from min 2 to 7. Analysis of iVEPs
(n = 9 biological replicates) and VipeS (n = 7 bio-
logical replicates) performance. AUC peak iVEP
100 vs. VipeS Welch t test; values are presented as
mean + SEM.
(C) Released miR-375 kinetics (absolute copies in
supernatant) during 7 days of culture of mature
iVEPs (cyan, n = 13 biological replicates) and
iVEPs seeded with iECs only (green, n = 2 bio-
logical replicates). Values are presented as
20 mean + SEM.
(D) Percentage of B cell death quantified during the
7 days of iVEP maturation culture (n = 13 biological
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(Figure 7A). Using AngioTool software for quantification, we
measured the surface vessel density of the explanted grafts
and found an average vessel surface density of 17.38% =
5.46% across 11 explants, consistent with findings from our pre-
vious study (Figure 7B).?* Immunofluorescence staining
confirmed the presence and engraftment of VieSs (CHGA+/
INS+) within the graft (Figure 7C, left panel). To dissect the spe-
cific role of iECs in the engraftment process, iVEPs were engi-
neered in the absence of iEC (\VEPsiECs—). iVEPsiECs— were
transplanted in diabetic NSG mice (Figure S5). Results showed
that the absence of iECs negatively impacts the time of normo-
glycemia (Figure S5), suggesting that the presence of endothelial
cells represents a key factor in enabling VipeS engraftment.
Additionally, vessel staining was positive for human vWF (Fig-
ure 7C, right panel) and mouse CD31 (Figures S6 and S7A), indi-
cating the survival of iEC up to 4 weeks post transplantation and
their integration with the host’s vasculature. To further demon-
strate in vivo functional vasculature, 13 weeks after transplanta-
tion, an intravascular FITC-dextran perfusion was performed
before sample collection. As demonstrated by immunofluores-
cence staining, iVEP presented endocrine cells (INS+; C-pep+,
CHGA+) and dextran-positive vessel structures certifying the
graft integration with the host’s vasculature (Figure 7C). Notably,
after 13 weeks of transplantation, positive vessels for human
vWF and FITC dextran were detected (Figure S7B).

DISCUSSION

Organ decellularization is an emerging field, in regenerative medi-
cine, and an attractive technology to produce acellular ECM scaf-

6 Cell Reports Medicine 6, 101938, February 18, 2025

replicates). Values are presented as mean + SD.

(E) Percentage of overall B cell death during the
7 days maturation of iVEPs (cyan, n = 13 biological
replicates) vs. SC-islets in standard culture (red,
n = 4 biological replicates). Values are presented
as mean + SEM, p = 0.0008, Mann-Whitney U test.
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folds'® ready for regeneration to finally meet the organ demand for
replacement therapy.”® It was also applied in the T1D field, decel-
lularizing pancreata of rodents,?”*® porcine,® and human?" origin
to generate insulin-producing endocrine tissues for f cell replace-
ment purpose.®® The final aim was to provide p cell ECM-specific
cues to promote their survival and function.®’ These attempts
pointed out, for a future clinical application, intrinsic limitations
linked to the pancreatic compartment architecture not designed
to host more than 5% of the endocrine cells, as well as the need
of appropriate cell sources and the generation of functional
vascular network for “quick connection” to the recipient’s vascu-
lature. Previously, we started to overcome these limitations by re-
purposing a lung scaffold to a VEP?>?® using blood outgrowth
endothelial cells and immature NPIs as eligible endothelial and in-
sulin-producing cell sources. Immature NPIs in a vascularized
ECM architecture showed an improved endocrine functional
maturation in vitro and immediate function upon transplantation®
in vivo. Stem cell-derived endothelial and B cells represent a rele-
vant, potentially autologous, and endless source of vascular and
insulin-producing cells, respectively. As of now, several optimized
differentiation protocols are available for both cell types, working
on2D,'%*233in 3D culture, orin a mixed-mode setting,”** ¢ or ex-
ploiting modified mRNAs.® The latter can commit iPSC lines, both
from healthy and diabetic donor subjects,®*** to endothelial-like
and B-like phenotype similarly resembling an adult native endothe-
lial and B cell, respectively. iECs, at the end of the differentiation
protocol, express classical markers of endothelial cells such as
CD31 and CD144, exhibiting cobblestone morphology, forming
3D networks on Matrigel, and responding to inflammatory stim-
uli.®® iPSC-derived B cells, during differentiation, acquire a more
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+13 Figure 6. iVEP in vivo endocrine perfor-
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(D) C-peptide quantification at 0, 7, and 14 days
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***p < 0.0001. Differences between iVEPs and DL-
VipeS were estimated by two-way ANOVA analysis.
Values are presented as mean + SD.
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mature secretory phenotype, but an in vivo maturation step is still
required to reach a secretory phenotype partially resembling a
native primary B cell, as recently shown using strand-specific
RNA sequencing.®®*° ECM and vasculature microenvironment
could be beneficial to the proper functional phenotype maturation
of SC-islet cells, their engraftment, and immediate function in vivo.
Here, we prototyped an innovative iPSC-based scaffold namely
iVEP. Indeed, it represents a fully iPSC-based bioengineered de-
vice that offers native vascularized organ ECM to ViBeSs, able to
conjugate a controlled engraftment in vitro coupled with an
increased functional performance both in vitro and in vivo. We en-
gineered iVEP as a proof of concept, with a future aim, to engineer
a totally self and clinically compatible platform, based on autolo-
gous SC-islets and iEC differentiated from the same subject. In
this study, we used commercially available differentiated SC-islets
and iECs, already tested in organ and vascular tissue engineering,
showing their potential biocompatibility with decellularized matrix
for the generation of vascular fluidic devices.*"*? [ECs have a high
proliferative capacity and can promote neovascularization in vivo,?

T T T T T
0 10 20 30 60 90
Time (min)

S
< 40000 !
20000 [)
0 31 suggesting that they can be directly
1 T . . . .
120 & ° involved in vessel formation. Firstly, we as-
\;i& N sessed the compatibility of both iEC and
Q

SC-islet phenotype in both standard and
iVEP culture media conditions. iECs pre-
served their phenotype and demonstrated similar behavior in
terms of proliferation rate and function in culture, while SC-islets
showed the preservation of the endocrine markers and a signifi-
cant reduction of their survival within 7 days of culture, confirming
their committed B cell identity. iECs and SC-islets were then aggre-
gated into ViBeSs for 7 days, showing a stable endothelial compo-
sition within the spheroid generation, and used to engineer iVEPs in
a two-phase seeding protocol. At day 0, we seeded iECs through
the vascular compartment. Then, we seeded a suspension of Vi-
BeSs and iECs through the air compartment of the lung scaffold.
By using this two-phase protocol, we can engineer the vascular
compartment in vitro, pre-vascularizing the site and immediately
providing ECM and vascular support to VifeSs. After an in vitro
maturation phase of 7 days, the vascular compartment is fully en-
gineered and functional, as revealed by dextran assay and the
retention of fluorescent beads (fluo-beads) upon infusion, in line
with other lung scaffold-based platforms.?®? Thus, the generated
vascular network can efficiently be perfused and distribute
oxygenated nutrient supply in a 3D structure. The combination of
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the VipeSs (CHGA+/INS+/VWF+ cells) (endocrine compartment)
fully integrated with the scaffold-vascularized ECM (VWF+) recre-
ated the physiological endocrine niche microenvironment.®! In
this in vitro context, we hypothesized that SC-islets, in close con-
tact with endothelial cells and ECM, receive specific cues that fos-
ter their functional activity. To confirm that, we further investigated
the endocrine performance of iVEPs vs. batch-matched ViBeSs
cultured in standard condition, to assess the contribution of
ECM and vasculature microenvironment. As reported by dynamic
insulin secretion test, when exposed to high-glucose stimuli, iVEPs
responded with a significantly improved insulin release, while
batch-matched VipeSs did not respond in an orchestrated
manner, further underlining that SC-islets, within iVEP, acquire a
more mature secretory function. As of now, once pluripotent
stem cells reach the status of fully differentiated B cells, they
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Figure 7. Ex vivo iVEP characterization

(A) Gross pathology of 4-week iVEP explants (left)
and its computational software analysis of
vascular iVEP surface density (middle-right).

(B) Percentage of iVEP surface vessel density at
4 weeks after implantation. Values are presented
as mean + SD; average vessel surface density
(17.38 + 5.46), (n = 11 explants).

(C) Representative IF staining of explanted graft at
4 and 13 weeks after transplantation. Top: left
image: VipeSs (human CHGA+ in green and hu-
man INS+ in gray). Right image: ViBeSs (human
INS+ in gray) and iECs (human vVWF+ in red).
Bottom: left image: dextran in red, VipeSs (human
CHGA+ in green and human INS+ in gray). Right
image: dextran in red, VipeSs (human C-pep+ in
green and human INS+ in gray).

4 weeks

require an extensive in vitro culture of at
least 20 days to finally acquire an orches-
trated insulin secretion mechanism in
response to stimuli and reach a mature
secretory phenotype.”® We believe that
our platform can speed up this process,
boosting in differentiated B cells the acqui-
sition of a mature secretory phenotype
within 7 days of culture. In addition,
concordant literature results demon-
strated that the interactions of SC-islets
with ECM can affect cell fate specification,
promoting a fully committed phenotype. '’
To date, there are very few reports on bio-
artificial pancreas engineered with SC-is-
lets, endothelial cells, and ECM-based
scaffolds, which could be compared with
iVEP. Of note, decellularized liver and
pancreas scaffolds were engineered with
human embryonic stem cell (hESC)-
derived pancreatic progenitor (PP) aggre-
gates, and after 9 days of long-term
in vitro culture, hESC-PPs showed a fully
committed endocrine fate’™* suggesting
the key role of the matrix into fully commit-
ting SC and promoting a phenotype maturation. Also, fully differen-
tiated SC-islets aggregated showed an improved stimulus-depen-
dent Ca?* influx (hallmark of B-cell function)*® when cultured with
endothelial cells in a microfluidic device or improved glucose-
mediated insulin secretion when cultured in combination with
both primary endothelial cells and Matrigel*® in static condition;
however, no physiologic response to stimuli has been shown,
nor functional integration of SC-islets and endothelial cells. In
iVEP technology, we are able to architecturally combine vascular-
ized ECM to the endocrine vascularized spheroids and organ dy-
namic perfusion, suggesting that the combination of these three
factors, in the absence of in vivo external factor, may foster the
SC-islets endocrine function. Another critical point for the in vitro
biofabrication of insulin-producing tissue is the survival of the B
cell mass. Quantifying miR-375, as a marker of p cell death,*”*
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we demonstrated the ability of iVEP technology to efficiently pre-
serve B cell mass in vitro. Finally, we tested iVEP in vivo in diabetic
immunocompromised mouse models. Several SC-islets, at
various differentiation stages (pancreatic progenitors or SC-islets),
have been transplanted into different sites such as the kidney
capsule (KC),'%*° the subcutaneous layer,’® the intramuscular
site®” or into the epididymal fat.°>°°® Each transplantation site
has peculiar features®* such as high vascularization, oxygen ten-
sion, minimal surgical invasiveness, and easy graft monitoring.
SC-islets showed an amelioration of blood glucose level once
transplanted into the intramuscular site®’ or into the epididymal
fat°>>® and a late hyperglycemia reversal after transplantation
into the KC°° or the modified subcutaneous space”’ in a preclinical
model of chemically induced T1D using multiple low doses of
streptozotocin. This model is characterized by slow diabetes pro-
gression compared to the alloxan-induced model characterized by
a single high-dose injection of the diabetogenic compound®® and
acute, severe diabetes progression.®® Thus, considering all the
transplantation sites available and looking to a clinical translation
of our platform, we decided to transplant iVEP into the subcutane-
ous space since the site has already been tested in ongoing clinical
trials (NCT03163511) as an eligible site due to the possibility to
safely radiologically monitor the graft or remove it in case of
need. As already reported, the subcutaneous space, per se, has
an avascular nature and is considered a less vascularized site
compared to others like the kidney or intramuscular one, and it
usually requires biomaterials, devices, or a trophic factor to induce
early angiogenesis.®” However, it has already been demonstrated
that it is feasible to modify the subcutaneous space using a
biomedical-grade nylon catheter able to induce pre-vasculariza-
tion in vivo.”® The DL strategy has already been tested with both
syngeneic murine islets®® and endoderm progenitors®® directly
transplanted subcutaneously in the pre-vascularized pouch, and
both cell sources lead to a late hyperglycemia reversal and pre-
served function in the follow-up.°®°® Thus, we compared an in vivo
pre-vascularized model with our in vitro pre-vascularized platform.
We transplanted iVEP in the subcutaneous unmodified site and
compared its function with batch-matched VipeSs infused in the
modified pre-vascularized subcutaneous space as control. During
the in vivo follow-up, we noticed a significant improved function in
iVEP-transplanted mice, with a median time of 14 days to gain nor-
moglycemia, with a significant amelioration in daily blood glucose
levels compared to control group. Thus, we compared an in vitro
with an in vivo pre-vascularization and engraftment, and we
demonstrated that in vitro engraftment in a pre-vascularized site
is faster and more efficient in restoring normoglycemia compared
to the in vivo counterpart. Additionally, results showed that the
absence of iEC significantly negatively impacts the gaining of nor-
moglycemia, suggesting that the presence of endothelial cells rep-
resents a key factor in enabling VipeS engraftment in iVEP. The
iVEP platform has demonstrated effectiveness in reducing B cell
loss and improving engraftment, which could significantly lower
the required dose of SC-derived islets for clinical use. Although
the iVEP engineering process is more complex than other technol-
ogies currently being tested in clinical trials (NCT03163511,
NCT04786262, and NCT05791201), it holds promise for further
development as an advanced therapeutic medicinal product.®®
The clinical translation is feasible after solving issues related to
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scalability and production. Currently, the iVEP platform uses
ECM lung scaffold obtained from rats, an inherently incompatible
donor source for human application. Furthermore, the small size
of the scaffold limits its capacity to host the high cell doses required
for human treatment. To overcome these limitations, scaling up the
platform and identifying compatible donor sources are essential. In
this direction, porcine-derived ECM scaffolds offer a promising
alternative, as they are already used in clinical applications, such
as porcine pericardium and skin, which serve as compatible sub-
stitutes in humans (NCT00958230; NCT06170008). In addition to
scaling the bioreactors and devices, standardizing the production
of scaffolds and cells under Good Manufacturing Practice (GMP) is
critical. Recently, decellularized porcine ECM organs/tissues are
on the road to evolve in GMP-compliant production methods.
Additionally, SC-islets have been tested in large-scale production
atreaching the dose range necessary for treating patients with T1D
(NCT04786262).

Limitations of the study

In conclusion, we generated an iVEP, in which SC-islets cells
were functionally vascularized and engrafted in vitro in a decellu-
larized native organ ECM, which allows an improved endocrine
function and a better performance in vivo. In the present manu-
script, we do not consider the application of the iVEP in an immu-
nocompetent transplantation model to evaluate (1) its function in
allogeneic setting and (2) potential immunological mechanisms.
Considering the advances in gene editing to engineer hypo-im-
mune cells,’°°® the use of clinically approved decellularized
scaffolds, and the availability of novel strategies for the function-
alization of matrix-based scaffolds,® in the next future, we plan
to manufacture a totally self and clinical-grade platform, able to
escape not only allo- but also auto-immune reaction of the graft
in the context of T1D.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human CD31 Dako Cat# M082301; RRID: AB_2114471
Anti-human CD144 R&D Cat# AF938; RRID: AB_355726
Anti-human Chromogranin A Abcam Cat# A15160; RRID: AB_301704
Anti-human Chromogranin A Invitrogen Cat# MA513096; RRID: AB_10987033
Anti-human C-peptide Abcam Cat# AB14181 RRID: AB_300968
Anti-human Insulin Agilent Cat# IR00261-2; RRID: AB_2800361
Anti-human Nkx6.1 Bio-Techne Cat# NBP1-49672; RRID: AB_10011794
Anti-human Pdx1 Bio-Techne Cat# AF2419; RRID: AB_355257
Anti-human Von Willebrand Factor Dako Cat# A0082; RRID: AB_2315602
Anti-mouse CD31 Cell Signaling Cat# 77699S; RRID: AB_2722705

Anti-mouse CD31

Anti-human CD90-APC

Anti-human CD105 FITC

Anti-human CD31 APC-Cy7
Anti-human CD73 PE

Anti-human INSULIN Alexa Fluor 647
Anti-human NKX6.1 PE

Anti-human PDX1 Alexa Fluor 488

BD Pharmingen
R&D Systems
BD Biosciences
BioLegend

BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen

Cat# 550274; RRID: AB_393571
Cat# FAB2067A

Cat# 561443; RRID: AB_10714629
Cat# 303119; RRID: AB_10643590
Cat# 550257; RRID: AB_393561
Cat# 565689; RRID: AB_2739331
Cat# 563023; RRID: AB_2716792
Cat# 562274; RRID: AB_10924596

Chemicals, peptides, and recombinant proteins

5-French (Fr.) textured nylon radiopaque
angiographic catheter

Alloxan monohydrate

Fluorescein isothiocyanate-dextran -
150KDa

Fluorescein isothiocyanate-dextran -
20KDa

FluoSpheres (0.2 um, 365/415)
Kugelmeier Sphericalplate 5Ds
LinBit pellet

Live/Dead Dye

Low melting point agarose
Matrigel®

OCT compound

Sodium Dodecyl Sulfate
Phosphate Buffered Saline
Triton X-100

VasculLife® VEGF Endothelial Medium
Complete Kit

Cook Medical, Indiana, USA

Sigma
Merck

Merck

Invitrogen
Kugelmeier L.T.D.
LinShin

Life Technologies
Invitrogen
Corning®

Tissue Tek
Sigma-Aldrich
Corning
Sigma-Aldrich
Lifeline cell technology

Cat# AI-07130-J

Cat# A7413
Cat# FD150S

Cat# FD20S

Cat# F8805
N/A

N/A

Cat# 34964
Cat# 16520050
Cat# 354234
Cat# 4583
Cat# L4509
Cat# 21040C
Cat# X100
Cat# LL-0003

Critical commercial assays

Human Insulin ELISA Kit

Human C-peptide ELISA Kit

Maxwell® RSC miRNA Plasma and Serum
Kit

NucleoSpin miRNA Plasma kit

Mercodia
Mercodia
Promega

Macherey-Nagel, Diiren

Cat# 10-1113-10
Cat# 10-1136-01
Cat# AS1680

Cat# 740981.5

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
TagMan® MicroRNA Reverse Transcription Applied Biosystems Cat# 4366596
kit

Experimental models: Cell lines

Cellartis® hiPS Beta Cells (from ChiPSC12) TAKARA BIO Y10100

iCell Endothelial Cells, 01434 Fuijifilm cellular dynamics R1022

Experimental models: Organisms/strains

Rat: Lewis rat
Mouse: NOD.Cg-Prkdcs° [12rg™"Wil/Szy

Charles river laboratory
Charles river laboratory

Lewis rat Inbreed
Strain #: 005557 RRID: IMSR_JAX:005557

Software and algorithms

AngioTool 64 version 0.6a

Graphpad Prism v10

Zudaire et al.®”

GraphPad Software

https://ccrod.cancer.gov/confluence/
display/ROB2/Home

http://www.graphpad.com

Imaged https://imagej.net/ij/

SPSS v20 IBM https://www.ibm.com/it-it/products/spss-
statistics

Other

Incucyte® Sartorius https://www.sartorius.com/en/products/
live-cell-imaging-analysis/live-cell-
analysis-instruments

CYTOFLEX S/LX BECKMAN COULTER https://www.beckman.com/flow-
cytometry/research-flow-cytometers/
cytoflex-Ix

Confocals Olympus FluoVIEW 3000 RS Olympus https://www.olympus-lifescience.com/en/
laser-scanning/fv3000/

FACSCantoll BD Biosciences https://www.bdbiosciences.com/en-eu/

products/instruments/flow-cytometers/
clinical-cell-analyzers/facscanto

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Rats and mice

Experiments involving rats and mice were performed under protocols approved and monitored by the Animal Care and Use Com-
mittee of San Raffaele Scientific Institute. Male Lewis rats (225-250g; Charles River Laboratories) were used as scaffold donors. Fe-
male NSG (NOD.Cg-Prkdcscid l12rgtm1Wijl/SzJ) immune-compromised mice (24-26 g; Charles River Laboratories, calco, ltaly) were
used as transplant recipients.

Cell lines

iPSC-derived endothelial cells

Purified human endothelial cells (iEC) derived from iPSCs (Cellular Dynamics International, Inc. Madison, WI) were used for iVEPs
generation upon thawing and expansion in standard culture conditions according to product datasheet. iECs were sourced from
skin fibroblasts from a healthy Caucasian female volunteer (age <18-years-old). CD31+/CD105+/CD73+/CD90-markers were
used to define the endothelial cells phenotype. Only batches of cells with CD31/CD105/CD73 markers >90% and CD90 < 5% at pop-
ulation level were considered eligible for iVEP generation.

iPSC-derived (8 cells and vascularized i3 spheroid generation (VigeS) protocol

Mature human B cells derived from iPSCs (SC-islets) (Takara Bio) were used. SC-islets were sourced from skin fibroblasts from a
healthy 24-year-old European/North African male volunteer (77 kg/177 cm). After thawing and 7 days of acclimation in the specific
culture medium (Cellartis Beta Cell Maintenance Medium), cells were evaluated by flow cytometry to confirm their specific mature
phenotype. Pdx1, Nkx 6.1 and Insulin markers were used to define and confirm the endocrine phenotype. Only batches of cells at
population level with Pdx1>95%, Nkx6.1 > 20% and Ins>55% were considered eligible for spheroid aggregation and iVEP genera-
tion. SC-islets were seeded in Kugelmeier Sphericalplate 5Ds together with iECs (1000 cells per spheroid with the ratio of 90% SC-
islets +10% iECs) to generate ViBeS. Spheroids were cultured according to SC-islets culture protocol (standard culture conditions by
datasheet provided TAKARA BIO) for 7 days (acclimatation) and then seeded in iVEP.
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METHOD DETAILS

Preparation of acellular lung scaffolds

Cadaveric rat lungs were isolated and decellularized by perfusion as previously described.'? In brief, cadaveric lungs were explanted
from male Lewis rats (225-250 g, Charles River Laboratories) after systemic heparinization. The pulmonary artery (PA) was cannu-
lated with a 18G cannula (McMaster-Carr), the pulmonary veins (PV) were cannulated through the left atrial appendage using a
miniball cannula with tip basket (1.9 mm ID) (Harvard Apparatus), and the aorta was ligated. The trachea was cannulated with a
16G cannula (McMaster-Carr), and the right main bronchus was ligated. Subsequently, the right upper, middle, and lower lobes
were tied off and removed. Decellularization was performed by sequentially perfusing the PA (constant pressure, 40 mm Hg) with
heparinized (10 units/mL) phosphate-buffered saline (PBS, 10 min), 0.1% sodium dodecyl sulfate (SDS) in deionized water (2 h), de-
ionized water (15 min) and 1% Triton X-100 in deionized water (10 min). The resulting scaffolds were washed with PBS supplemented
with 1% antibiotics and antimycotics for 72 h to remove residual detergent and cellular debris. All reagents were sourced from Sigma-
Aldrich. Scaffolds showing evidence of infection, vascular air trapping or vascular leakage were excluded from the study.

Incucyte proliferation assay

iECs were split and plated in 6-well plates in Vasculife culture media with final concentration of 20.000 cells/cm?. After O/N culture,
media were changed according to culture protocol and iECs were cultured in angiogenic medium (AM), modified stabilization me-
dium (MSM) and Vasculife medium (Vasculife) as control, until the control group reached confluence. After O/N culture, Incucyte
Live-Cell Analysis System acquired multiple images from each well for each condition to calculate the confluence at the starting point
(TO). In addition, images were acquired every 6 h until the control group reached the 100% confluence.

Tube formation assay

The assay was performed according to the manufacturer’s protocols of Corning Matrigel Matrix. Briefly, Matrigel thawed overnight at
4°C was mixed with VEGF (200 ng/mL) and 250 pL of matrix was added to each well of 24-well plates. After 1h of incubation at 37°C,
iECs (10 x 10°) were seeded onto the Matrigel. Tube formation was observed for 16 h in several culture media, i.e., Vasculife medium
(Vasculife), AM, MSM or the iVEP two phase culture media protocol (11.5 h of AM + 4.5 h of MSM, 70% + 30% of the culture time,
respectively). To mimic the two-phase culture media protocol, all groups were exposed to the same medium firstly for 11.5 h and
subsequently for 4.5 h. Cells were rinsed every media change. Analyses were performed at the end of the follow-up, using an inverted
phase-contrast microscope to investigate tube formation. ImageJ Angiogenesis software was used for the quantification of
mesh size.

Dynamic insulin secretion test (IST) of VipeS

To assess insulin secretion after in vitro culture of VipeS, an insulin secretion test (IST) was performed on day 7 of culture. The dy-
namic IST was performed as previously described.®® Briefly, Vipes were loaded in a perfusion chamber for suspension cells and con-
nected to a high-capacity, automated perifusion system (BioRep Perifusion V2.0.0). The flow rate was set to 0.2 mL/min and the
assay was performed at 37°C environment. VipeS were initially perfused with a low glucose insulin-free perifusion buffer (0.5 mM
glucose) for 20 min to allow B cells equilibration and removal of culture medium. Next, Vifes were stimulated with insulin-free peri-
fusion buffer at 11 mM glucose for 20 min. Samples of the effluent were collected at baseline and every minute from minute 0 to +20 of
stimulation. All samples were frozen at —20°C until assayed for insulin content (Mercodia Insulin ELISA Kit, 10-1113-10). The dynamic
insulin release results were compared using the following parameters: insulin release as determined by the area under the curve
(AUC, calculated by the linear trapezoid method expressed in fold change over the basal of the insulin release), AUC mean of the
peak at interval 2-7 min.

In vitro seeding and culture of iVEPs

As previously described®® decellularized left lung lobes were mounted in a custom-made bioreactor with PA cannula and PV cannula
attached to individual perfusion circuits and the trachea cannula attached to a reservoir that was about 25 cm (20mmHg) above the
level of the PA. The trachea was kept open to the inside of the bioreactor and closed to the reservoir through a three-way valve 5 cm
above the level of PA. iVEPs were engineered following a two-phase seeding protocol: 1) For endothelial delivery through the PA and
PV, 30x10° iEC were re-suspended in two separate seeding chambers (each with 15 x10° iECs) in 80 mL of AM and seeded simul-
taneously through the PA and PV under 30 mmHg gravity. The organ was cultured under static conditions for 2 h. Perfusion was initi-
ated at 0.5 mL/min from both the PA and PV. For tracheal seeding, the PV cannula was released, the trachea opened to the reservoir
and closed to the chamber on day 1 of culture. 2x10° SC-islets (Corresponding to 2000 AC of VipeS) were re-suspended with 10x10°
of iIECs in 50 mL of AM and seeded from the tracheal reservoir, followed by 200 mL AM. Static culture for 2h completed airway seed-
ing and before starting perfusion. To re-initiate perfusion, the trachea was opened to the chamber and flow was set to 1 mL/min from
the PA. iVEPs were cultured for a total of 7 days with the initial 5 days in AM and subsequent 2 days in MSM at 37°C in 5% CO2. iVEPs
were harvested for functional and histological assessment on day 7. For in vivo transplantation iVEPs were used at day 7.
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In vitro FITC-Dextran assay

FITC-Dextran assay was performed on mature iVEPs. iVEPs were perfused at 1 mL/min with DPBS then at min 3 a 1 mL of solution of
(5 mg/mL) FITC-Dextran at 1 mL/min was injected and iVEPs were further perfused with DPBS. Eluate was collected at different time
points (from 1 to 15 min) and dextran concentration was quantified.

Fluorescence microangiography

Fluorescence microangiography was performed on matured iVEPs, which were submerged in PBS at 37°C. 5 mL of 1% low melting
point agarose (Invitrogen) in PBS containing 1:10 diluted blue FluoSpheres (0.2 um, 365/415 Invitrogen) manually injected into the PA
(about 5 mL/min). PA perfusion pressure was below 20 mmHg (PressureMAT Single-Use Sensor). Immediately after microangiogra-
phy, iVEPs were moved to ice, to allow the agarose to solidify.

Dynamic insulin secretion tests (IST) of iVEPs

We tested iVEPs after 7 days of culture. iVEPs were mounted on a custom-build in vitro perfusion device as follows: the iVEP was
placed on a platform in a prone position with the PA cannula connected to a perfusion line, the PV cannula open to the level of
the PA allowing collection of venous drainage, and with the trachea open 5 cm above the PA. Insulin secretion of iVEPs was measured
using a modified IST protocol.®® iVEPs were perfused with the previously described perifusion buffer at 0 mM glucose for 40 min to
eliminate the insulin stored during the 7 days of culture, later at 0.5 mM glucose for 20 min to allow equilibration. Next, iVEPs were
stimulated with 11 mM glucose for 20 min. Samples were collected from venous drainage at baseline and from minute 1 to 20 of
stimulation. The IST was performed with 1 mL/min perfusion at 37°C and 5% CO2. All samples were frozen at —20°C until assayed
for insulin content (Insulin ELISA Kit, code:10-1113-10, Mercodia). The dynamic insulin release results were compared using the
following parameters: insulin release as determined by the area under the curve (AUC calculated by the linear trapezoid method ex-
pressed as fold change over the basal of insulin release), first insulin phase (mean of the peak value at interval 0/+6), and second
insulin phase (mean of the peak value at interval +6/+9).

miR-375 analysis and quantification

We measured miR-375 release and quantified the B cell loss during the iVEP maturation. To rule out biases related to the miRNA
contribution of iECs, miR-375 was also quantified in iVEPs seeded with iECs only. Briefly, supernatants were sampled from
100 mL of iVEPs culture media in DNA/RNA LoBind microcentrifuge tubes (Eppendorf, Hamburg, Germany), stored at —80°C and
then extracted using either the NucleoSpin miRNA Plasma kit (Macherey-Nagel, Diren, Germany), or the Maxwell RSC miRNA
Plasma and Serum Kit (Promega, Madison, USA) according to the manufacturer’s instructions. 100 ACs of VipeS and 100,000
iECs were pelleted and stored at —80°C, lysed in ML lysis buffer from the Nucleospin miRNA kit (Macherey-Nagel, Diren, Germany),
used for the subsequent small + large RNAs extraction. Eluted RNA from cells was quantified using the Epoch Microplate Spectro-
photometer (BioTek Instruments, Inc., Winooski, VT, USA). cDNA was obtained by reverse transcription of 5 uL or 10 ng of extracted
RNA from supernatants or cells miRNA respectively, using the TagMan MicroRNA Reverse Transcription kit (Applied Biosystems,
Foster City, USA). A mix of diluted reverse-transcription primers, specific for human miR-375 (hsa-miR-375: assay ID 000564 Life
Technologies, Carlsbad, USA) and miR-16 sequences (hsa-miR-16: assay ID 000391), was used as 5X reverse transcription primer,
as indicated by the manufacturer’s protocol. miR-375 and miR-16 (as quality control) were quantified by droplet digital PCR (ddPCR)
using the QX100 ddPCR system (Bio-Rad, Hercules, USA) as already described.®® The optimal amount of cDNA for each ddPCR was
previously established and corresponded to 5 uL and 2 L of cDNA from supernatants and to 0.5 ng and 1 ng of cDNA from cells for
miR-375 and miR-16, respectively. The concentration of target miRNA copies in the supernatant was obtained by correcting for the
starting volume and for the fraction of extracted RNA and cDNA used in each reaction. Target miRNA copies per cell were determined
by correcting for the ng of RNA input, the total amount of extracted RNA and the number of cells in the original sample. Based on the
estimated number of miR-375 copies per cell and the miR-375 copies measured in the iVEP supernatants at each time-point, we
calculated the percentage of B cells lost during the iVEP maturation process.

Diabetes induction and metabolic monitoring

Diabetes was induced by alloxan (72 mg/kg i.v., Sigma-Aldrich) administrations in NSG mice 2 days before transplantations.
Animals with non-fasting glucose <450 mg/dL prior to transplantation were not considered diabetic and excluded from the study.
Diabetes reversal was defined as 3 consecutive glycemia measurements <200 mg/dL and maintained until the end of follow-up.
iVEP graft function was assessed daily through non-fasting blood glucose measurements using a portable glucometer (OneTouch
Ultra, Bayer) after transplantation. Exogenous insulin therapy (LinBit pellet; LinShin) was administered subcutaneously peri-trans-
plant to maintain an acceptable healthy status.’® The day after transplantation a suboptimal quantity of 2 pellets were implanted
in all diabetic recipients with a non-fasting glycemia >250 mg/dL. No pellets were implanted in animals with sustained function
and non-fasting glycemia <250 mg/dL. One pellet was removed 10 days after transplantation and the second one 20 days after
transplantation.
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Device-less subcutaneous transplant site generation and Vif3eS transplantation

NSG recipient diabetic mice were anesthetized with Avertin (tribromoethanol) (intraperitoneal injection at a dose 0.75 mg/g; Sigma).
As described by Pepper,® 3 to 6 weeks before transplant, the device-less (DL) site was created by implanting a 2 cm segment of
5-French (Fr.) textured nylon radiopaque angiographic catheter (Cook Medical, Indiana, USA) subcutaneously into the lower left
quadrant of 20-25 g female recipient NSG mice. At the time of transplantation, a small (4 mm) incision was made to gain access
to the catheter. The tissue matrix surrounding the superior margin of the catheter was dissected to withdraw and remove the catheter.
2000 VipeS containing 2x10° SC-islets were aspirated into polyethylene (PE-50) tubing, using a micro-syringe and centrifuged into a
pellet suitable for transplantation. VifeS were carefully injected into the subcutaneous pouches using the micro syringe (Hamilton).
The incision was closed with surgical silk suture (Ethicon, New Jersey, USA).

iVEPs implantations in diabetic recipient mice

Female NSG diabetic recipients were anesthetized (22-26 gr) with Avertin (tribromoethanol) (intraperitoneal injection at a dose
0.75 mg/g; Sigma). Prior to mice implantation, iVEPs were flushed with 150 mL ice-cold DMEM (GIBCO- 5.5 mM glucose) from
the PA. Next, iVEPs were carefully dissected from the heart and trachea and divided with a sagittal incision into 2 segments. iVEPs
segments were implanted in 2 separate subcutaneous pockets generated on the dorsal left and right area. The single pocket was
specifically created by 210-mm lateral transverse incisions limiting a 2 cm tunneled area. Once iVEPs were placed in the dedicated
space, the implant was ligated under the skin with 2 prolene sutures (Ethicon, New Jersey, USA) by sides and skin incision was closed
with a surgical silk suture (Ethicon, New Jersey, USA).

Oral glucose tolerance test

An oral glucose tolerance test (OGTT) was performed on NSG transplanted with iVEPs and DL-VifeS at 4 weeks after transplantation.
1 g/kg of glucose was administrated by oral gavage after 4-h fast. Blood glucose was determined at 0, 10, 20 30, 60, 90, and 120 min
after glucose administration. The area under the curve (AUC) of glucose during OGTT was calculated using the trapezoidal method
(baseline = 0 min).

iVEPs vessel density and dextran assay

iVEPs vascular density was quantified as previously reported.?” Briefly, iVEPs segments were explanted 30 days after implantation
were explanted and 32-bit color images were acquired. Explant samples presenting surgical damage were excluded from the anal-
ysis. The images were processed by the unbiased AngioTool software,”° generating an analysis that includes segmentation, skele-
tonization and analysis of the vasculature. On iVEPs image, AngioTool 64 version 0.6a identifies vessel profiles according to the soft-
ware’s preset parameters. Identified vessels are demarcated with an outline on the image displayed. Once the outline overlay
matches the vessels in the displayed image, the analysis can be carried out. On completion of the analysis, the resulting image shows
an overlay, which indicates the area encompassing all vessels, a skeletal representation of the vascular network and the computed
branching points inside this area. This image represents the explant area, the outline of the analysis, the vessels, and their branching
point, is saved together with an Excel file containing the analysis parameters and the computed results (explant area, vessel area,
percentage surface vessel density, total number of junctions, junction density, total vessel length, average vessel length). At the
end of the follow up (13 weeks), heart beating NSG recipients were infused i.v with 200 pul of FITC-Dextran solution (20 mg/mL).
30 min post infusion iVEPs were harvested and samples were analyzed in immunofluorescence.

Flow cytometry

iECs/SC-islets were stained for 30 min at 4°C in a dark place with Live Dead Pacific Blue dye (Life Technologies) using 1 uL of dye
every 1 x 10° cells resuspended in 1 mL of PBS. Live Dead dye is able to stain dead cells in order to select the population of living
cells. Cells were stained for 20 min with primary antibodies in the dark at 4°C: anti-human CD31-APC-Cy7 (Biolegend), anti-human
CD90 APC (R&D Systems), anti-human CD105-FITC (BD Biosciences), anti-human CD73-PE (BD Pharmingen), anti-human PDX1-
Alexafluor488 (BD Pharmingen), anti-human NKX6.1-PE (BD Pharmingen), anti-human INSULIN-AlexaFluor647 (BD Pharmingen).
Samples were fixed with 200uL cytofix/cytoperm buffer (ThermoFisher) for 20min. Before every step, samples were washed with
FACS Buffer (PBS supplemented with 0.2% of BSA) and centrifugated at 1200 rpm for 8 min. Samples were acquired on a
FACSCantoll instrument (BD Biosciences) or a Cytoflex S/LX. Calibration beads (Life Technologies) were used to calibrate and
normalize acquisition settings in each experiment. Flow cytometry data were analyzed using FlowJo 10.6.2. Software.

Histology and immunostaining

All samples were fixed overnight with 4% paraformaldehyde in PBS (PFA) unless stated otherwise. For paraffin-embedded samples,
5 um sections were used for histological analysis. For H&E staining, sections were deparaffinized, rehydrated, stained with hema-
toxylin QS (Vector Laboratories) and eosin Y (Fisher Scientific), and mounted with Permount (Fisher Scientific) after dehydration.
For immunofluorescence staining, sections were deparaffinized, rehydrated, put through heat-induced antigen retrieval, permeabi-
lized with 0.1% Triton X-100 in PBS, washed 3 times in DPBS blocked with 1% bovine serum albumin in PBS. Sections were
incubated in primary antibodies overnight at 4°C. Primary antibodies included antibodies against human CD31 (1:50, DAKO,
M082301), human CD144 (1:100, R&D systems AF938), human Von Willebrand Factor (1:200, DAKO A0082), human Chromogranin
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A (1:200, ABCAM A15160 or 1:100 Invitrogen MA513096), human Insulin (ready-to-use, Agilent IR00261-2), and against mouse CD31
(1:100, Cell Signaling 77699S; 1:100 BD Pharmigen AB_393571). After overnight incubation, sections were washed 3 times with PBS
and then incubated in Alexa Fluor 488, Alexa Fluor 547 or Alexa fluor 647-conjugated secondary antibodies (1:500; life technologies)
for 40 min at room temperature, followed by 10 min staining with DAPI (1:500) and then 3 washes in PBS. Microangiography samples
were fixed in PFA for 2 h, equilibrated in 30% sucrose in PBS overnight, and embedded in O.C.T. compound (Tissue-Tek). 50 um
cryo-sections were prepared for staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

Values are summarized as mean + SD (or SEM, where indicated). The Mann-Whitney U test was used to compare median values
between 2 groups, while Welch t-test was performed to compare the AUC values of insulin release across different groups. Gain
of normoglycemia was evaluated by Kaplan-Meier analysis, and differences between survival curves were estimated using the
log rank test, while general linear model for repeated measures was used to estimate differences between groups for the in vivo
follow-up. Statistically significant differences were defined as p < 0.05. Microsoft Excel 2011 (Microsoft Corporation, https://
www.microsoft.com) and Graphpad Prism v10 (GraphPad Software, http://www.graphpad.com) and SPSS v20 (statistical package
for Windows SPSS Inc., https://www.ibm.com/it-it/products/spss-statistics) were used for data management, statistical analysis
and graph generation.
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