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Abstract
Neonatal	 and	 juvenile	 porcine	 islet	 cell	 clusters	 (ICC)	 present	 an	 unlimited	 source	
for	islet	xenotransplantation	to	treat	type	1	diabetes	patients.	We	isolated	ICC	from	
pancreata of 14 days old juvenile piglets and characterized their maturation by immu-
nofluorescence and insulin secretion assays. Multipotent mesenchymal stromal cells 
derived	from	exocrine	tissue	of	same	pancreata	(pMSC)	were	characterized	for	their	
differentiation	potential	and	ability	to	sustain	ICC	insulin	secretion	in	vitro	and	in	vivo.	
Isolation	of	ICC	resulted	in	142	±	50	× 103	IEQ	per	pancreas.	Immunofluorescence	
staining revealed increasing presence of insulin-positive beta cells between day 9 
and	21	in	culture	and	insulin	content	per	500IEC	of	ICC	increased	progressively	over	
time from 1178.4 ±	450	µg/L	to	4479.7	±	1954.2	µg/L	from	day	7	to	14,	P < .001. 
Highest	glucose-induced	insulin	secretion	by	ICC	was	obtained	at	day	7	of	culture	and	
reached a fold increase of 2.9 ± 0.4 compared to basal. Expansion of adherent cells 
from the pig exocrine tissue resulted in a homogenous CD90+,	CD34−,	and	CD45− 
fibroblast-like cell population and differentiation into adipocytes and chondrocytes 
demonstrated	their	multipotency.	Insulin	release	from	ICC	was	increased	in	the	pres-
ence	of	pMSC	and	dependent	on	cell-cell	contact	(glucose-induced	fold	increase:	ICC	
alone: 1.6 ±	0.2;	ICC	+ pMSC +	contact:	3.2	±	0.5,	P =	.0057;	ICC	+ pMSC no-con-
tact: 1.9 ±	0.3;	theophylline	stimulation:	alone:	5.4	± 0.7; pMSC + contact: 8.4 ± 0.9, 
P =	 .013;	pMSC	no-contact:	5.2	±	0.7).	After	 transplantation	of	encapsulated	 ICC	
using Ca2+-alginate	(alg)	microcapsules	into	streptozotocin-induced	diabetic	and	im-
munocompetent mice, transient normalization of glycemia was obtained up to day 7 
post-transplant,	whereas	ICC	co-encapsulated	with	pMSC	did	not	improve	glycemia	
and showed increased pericapsular fibrosis. We conclude that pMSC derived from ju-
venile	porcine	exocrine	pancreas	improves	insulin	secretion	of	ICC	by	direct	cell-cell	
contact. For transplantation purposes, the use of pMSC to support beta-cell function 
will depend on the development of new anti-fibrotic polymers and/or on genetically 
modified pigs with lower immunogenicity.
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1  | INTRODUC TION

It	 is	 currently	 recognized	 that	 type	 1	 diabetes	 (T1D)	 patients	
presenting long-term complications can be treated by allotrans-
plantation of human islets. Most transplanted patients reach 
improved glycemic control, but this treatment rarely leads to 
insulin independence.1	An	effective	 treatment	 requires	multiple	
human pancreas donors and lifelong immunosuppression. The 
limited availability of human organ donors is a major hurdle for 
this clinical application and has driven investigation to find other 
sources for islets or beta cells, including xenogenic islets isolated 
from porcine fetal, neonatal, or adult pancreases.2 The isolation 
of islets from adult pigs is highly inefficient due to their fragil-
ity and in contrast, protocols for the digestion of fetal, neonatal, 
or juvenile pancreas allow to obtain high amounts of pancreatic 
cell clusters or islet-like clusters.3 Cell clusters derived from the 
neonatal	porcine	are	called	either,	neonatal	porcine	 islets	 (NPI),	
porcine	 neonatal	 pancreatic	 cell	 clusters	 (NPCCs)	 or	 also	 neo-
natal	 porcine	 islet-like	 cluster	 (NPICC).4-7 We will use the term 
of	 islet	 cell	 cluster	 (ICC).	 ICC	 display	 no	 defined	 structure	 and	
contains	only	low	amounts	of	insulin-positive	beta	cells	(5%)	and	
a majority of duct or acinar cells. Several protocols exist, to in-
crease postnatal beta-cell mass in theses cell clusters by beta-cell 
maturation in vitro.8-11	ICC	also	mature	after	transplantation	into	
immuno-deficient diabetic mice, where they respond poorly to 
glucose for several weeks before restoring normoglycaemia after 
4-10	weeks	 depending	 on	 the	 amount	 of	 ICC	 transplanted.12-14 
In	addition,	first	clinical	trials	of	transplantation	of	encapsulated	
neonatal porcine islets in humans showed a reduction in unaware 
hypoglycemia events suggesting a clinical benefit in patients with 
unstable type 1 diabetes.15,16

Currently,	 multipotent	 mesenchymal	 stromal	 cells	 (MSC)	 are	
investigated for regenerative cell therapies and islet transplanta-
tion purposes. MSC are potentially effective in supporting func-
tion and viability of isolated islets after transplantation and also 
dampen inflammatory immune reactions.17 MSC are isolated and 
expanded from many tissues, such as bone marrow, adipose tissue, 
umbilical cord, and pancreas.18-21 MSC are considered as “biomol-
ecule dispensers” since they release bioactive molecules which 
improve tissue regeneration by increasing vascularization,22-25 an-
giogenesis,26 and reducing apoptosis.27	 It	 remains	open	whether	
MSC from different tissues have same capacities.28-30 The trans-
plantation of rodent or human islets with syngeneic,23,27,31,32 
autologous,33 allogeneic,34 and xenogeneic 35 MSC resulted in im-
proved islet graft survival and function in rodent models. Similarly, 
immuno-deficient diabetic mice co-transplanted with porcine neo-
natal	 ICC	 and	 human	MSC	 reached	 normoglycemia	 significantly	
earlier	than	mice	transplanted	with	ICC	alone.36

The aim of this study was to investigate whether porcine 
MSC derived from the pancreatic exocrine tissue interacts with 
juvenile	 porcine	 ICC	 and	 is	 able	 to	 modulate	 insulin	 secretion.	
We	also	performed	co-encapsulation	and	transplantation	of	 ICC	

with pMSC into immunocompetent mice to analyze their effect 
on graft function.

2  | MATERIAL S AND METHODS

2.1 | Isolation and maturation of ICC

Fourteen (±1)	 days	 old	 piglets	 (Appel,	 Switzerland)	 were	 used	 to	
isolate	 ICC	as	described	previously	with	 some	modifications.37	All	
experiments were performed with the experimentation authoriza-
tion	GE/151/16	delivered	by	the	Swiss	Cantonal	Veterinary	Office.	
Briefly,	 for	 each	 experiment	 3	 pancreases	were	 harvested	 by	 sur-
geons	and	placed	in	the	organ	preservation	Institute	Georges	Lopez	
1	 (IGL-1)	 solution	 (Institut	 Georges	 Lopez,	 SAS)	 on	 ice.	Weight	 of	
each pancreas was measured and placed in HBSS (Hank's Balanced 
Salt	 Solution),	 modified	 for	 islets	 (Corning)	 supplemented	 with	
HEPES.	 Adipose	 tissue	 was	 removed	 and	 pancreatic	 tissue	 was	
manually	minced	with	 scissors	 into	 2-3	mm2 pieces. Thirty mg of 
Collagenase	from	Clostridium	histolyticum	(Sigma-Aldrich)	per	maxi-
mal	4.2	g	of	pancreas	tissue	was	used.	Pancreas	tissue	was	digested	
in	50-mL	 tubes,	 containing	HBSS	with	2.5	mg/mL	of	Collagenase,	
in	a	water	bath	at	37°C	for	15	minutes	under	agitation	at	1g, with 
vigorously	hand	shaking	of	tubes	for	1	minutes	every	5	minutes.	ICC	
were	then	washed	with	HBSS	containing	10%	FCS,	5	mmol/L	HEPES	
10	mmol/L	 glucose,	 and	 1%	 streptomycin/penicillin.	 The	 digested	
tissue,	containing	cell	clusters	of	diameters	ranging	between	50	and	
550	 µm, were placed in beta-cell maturation media composed of 
HAM’s-F10	culture	medium	containing	0.5%	BSA	(fraction	V;	Sigma-
Aldrich),	50	µmol/L	IBMX	(3-isobutyl-1-methylxanthine),	10	mmol/L	
glucose,	2	mmol/L	glutamine,	10	mmol/L	nicotinamide,	1.6	mmol/L	
sodium	bicarbonate,	and	1%	streptomycin/penicillin,	at	37°C	and	5%	
CO2.13 Tissue was placed in non-adherent flasks. From first day until 
day	5	of	culture,	4/5	volume	of	media	was	changed	every	day,	then	
media	was	replaced	every	second	day.	A	non-negligible	amount	of	
ICC	 (1/3)	was	 adherent	 and	 had	 to	 be	 detached	 from	 the	 bottom	
of	flasks	through	manual	pipetting	every	day.	At	day	5,	flasks	were	
changed	and	ICC	cultured	at	density	of	~20-25	000	IEQ/T175	flask.

For pMSC isolation and expansion, media containing exocrine 
tissue	 recovered	 after	 first	 24-hour	 culture	 was	 used.	 ICC	 were	
taken	after	3,	7,	14,	21,	and	28	days	to	analyze	maturation	and	func-
tionality.	At	day	7,	the	final	number	of	cell	clusters	was	determined	
and	expressed	as	IEQ.

2.2 | Immunofluorescence staining on juvenile 
pancreatic tissue and isolated ICC

Immunofluorescence	 staining	 was	 performed	 on	 sections	 of	 for-
malin-fixed	 and	 paraffin-embedded	 juvenile	 pancreases.	 ICC	were	
collected at various time points fixed and collected using Histogel 
(Thermo	Scientific),	following	the	manufacturer's	recommendations.	
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Briefly, 4-μm	 sections	 were	 treated	 with	 0.01	 mol/L	 citrate	 for	
15	minutes	 in	a	microwave,	to	unmask	epitopes.	To	avoid	nonspe-
cific	binding,	slides	were	incubated	with	0.5%	BSA	for	30	minutes	at	
room temperature. For detection of insulin-positive beta cells, sec-
tions	were	stained	with	guinea	pig	anti-porcine	insulin,	diluted	1:500	
(Dako),	donkey	anti-guinea	pig	coumarin	AMCA	(blue	fluorescence)	
(Dako),	 rabbit	 anti-human	glucagon	antibody,	diluted	1:200	 (Dako)	
and	Alexa	Fluor	555	donkey	anti-rabbit	antibody	(Life	Technologies).	
For detection of mesenchymal cells and pancreatic ductal cells in 
the cell clusters, sections were stained, respectively, with mouse 
anti-human	vimentin	antibody	 (Dako)	diluted	1:50	or	anti-CK7	an-
tibody	(Dako,	Glostrup,	Denmark)	diluted	1:100	and	as	a	secondary	
with	Alexa	Fluor	488	goat	anti-mouse	antibody	(Life	Technologies).	
Microscope	images	were	acquired	using	a	fluorescence	microscope	
(Mirax	Midi,	Zeiss).

2.3 | Isolation and expansion of MSC from juvenile 
porcine exocrine pancreas

Maturation media from the first 24-hour culture of porcine pancre-
atic	cell	cluster	culture	(from	3	pancreata)	was	centrifuged	for	5	min-
utes	at		 	320g to obtain a pellet of exocrine tissue. This pellet was 
placed	into	the	Iscove's	modified	Dulbecco's	medium	(Cambrex)	sup-
plemented	with	10%	FCS,	1%	streptomycin/penicillin,	and	10	ng/mL	
platelet-derived	growth	factor	BB	(PDGF-BB,	PeproTech	EC	Ltd)	and	
0.1	mmol/L	Dithiothreitol	 (DTT;	Sigma)	used	also	 for	expansion	of	
human bone marrow-derived MSC.38 Cells were used after passage 
3	for	characterization	and	experiments.

2.4 | Real-time cell analysis

Doubling time was assessed by real-time cell analyzer system 
(RTCA).	 Cell	 index	 (CI)	 was	 recorded	 by	 measuring	 impedance.	
Cells at passage between 4 and 6 were seeded in duplicate at a 
density	 of	 5000,	 10	 000,	 and	 20	 000	 cells/well	 and	 their	 growth	
assessed	 for	 120	 hours	 using	 the	 instrument	 xCELLigence	 RTCA;	
(ACEA	Biosciences	Inc).	Doubling	time	was	calculated	in	the	expo-
nential growth phase with the following formula: (t2-t1)	×	 Log(2)/
(Log(CI(t2))	-	Log(CI(t1)))	where	t is time.

2.5 | Fluorescence-Activated Cell Sorting (FACS) 
analysis of porcine pancreatic MSC

100	000	porcine	MSC	cultured	at	passage	3	were	trypsinized	and	
washed	with	 FACS	 buffer	 (PBS	 containing	 2%	 FCS).	 Cell	 surface	
antigen staining was performed with the following labeled antibod-
ies,	 anti-CD45-ECD	 (also	 known	 as	 RPhycoerythrin-TexasRed-X)	
(Beckman	 Coulter,	 Life	 Science),	 anti-CD34-phycoerythrin	 (PE)	
(Beckman	 Coulter,	 Life	 Science),	 and	 anti-CD90-allophycocyanin	
(APC)	 (Abcam).	Cells	were	washed,	and	data	were	acquired	using	

FACS	 flow	 cytometer	Gallios	 IV	 (Beckman	Coulter)	 and	 analyzed	
using	the	Kaluza	Analysis	1.3	software	(Beckman	Coulter).

2.6 | Differentiation into adipocytes, 
chondrocytes, and osteoblasts

The expanded mesenchymal cells and human bone marrow-de-
rived	MSC	(positive	control)	were	differentiated	 into	adipocytes,	
chondrocytes, and osteoblasts as previously described and with 
minor modification.39 Briefly, for adipocyte differentiation, cells 
were	seeded	at	high	density	 (20	000-25	000	cells/cm2)	 and	cul-
tured	at	37°C	in	presence	of	5%	CO2	for	3	weeks	in	adipogenic	dif-
ferentiation	media	composed	of	IMDM,	10%	rabbit	serum	(Sigma),	
0.5	 mmol/L	 3-Isobutyl-1-methylxanthine	 (IBMX),	 1	 µmol/L	 hy-
drocortisone,	0.1	mmol/L	indomethacin	(all	from	Sigma),	and	P–S.	
Medium	was	 changed	 every	 3	 days.	 To	 reveal	 triglyceride	 drop-
lets in the cytoplasm of differentiated adipocytes, cells were fixed 
with	10%	formalin	for	1	hour,	washed	twice	with	water,	and	incu-
bated	in	Oil-red-O	solution	(Sigma)	for	2	hours	at	room	tempera-
ture	(RT).	Stained	cells	were	washed	twice,	mounted	by	coverslips,	
and	observed	under	an	optical	microscope	(Zeiss	Axiophot	1,	Carl	
Zeiss	AG).	For	chondrogenic	differentiation,	expanded	mesenchy-
mal	cells	were	trypsinized	and	300	000	cells	were	centrifuged	at	
200 g	 for	 5	minutes.	 Cell	 pellets	were	 rinsed	with	 PBS	 and	 cul-
tured	in	Falcon	tubes	for	3	weeks	in	a	chondrogenic	differentiation	
media	composed	of	DMEM	high	glucose	(25	mmol/L	of	glucose),	
0.1 µmol/L	dexamethasone,	50	µg/mL	ascorbic	acid,	10	mg/L	insu-
lin,	5.5	mg/L	transferrin,	5	µg/L	selenium	(ITS)	premix,	40	µg/mL	
L-proline	 (all	 from	Sigma	 ),	 10	ng/mL	TGFβ3	 (PeproTech	EC	Ltd),	
P–S	 at	 37°C	 in	 presence	 of	 5%	 CO2, and medium was changed 
every	3	days.	Cell	pellets	were	fixed	with	10%	formalin	for	at	least	
24 hours. Cell pellets were dehydrated and embedded in paraffin. 
5-µm sections were stained with Masson's trichrome to reveal col-
lagen fibrils. Slides were mounted and observed under an optical 
microscope	(Zeiss	Axiophot	1).	For	osteoblast	differentiation,	cells	
were	cultured	up	to	3	weeks	in	control	media	or	media	for	osteo-
blast	differentiation,	based	on	IMDM,	dexamethasone	0.1	µmol/L,	
beta-glycerolphosphate	10	mmol/L,	ascorbic	acid	200	µmol/L	(all	
from	Sigma),	and	P–S.	Media	was	changed	twice	a	week.

For	Alizarin	Red	S	staining,	cells	were	fixed	with	10%	formalde-
hyde	 for	 30	minutes	 and	washed	 twice	with	PBS.	Cells	were	 then	
incubated	for	15	minutes	at	room	temperature	with	2%	Alizarin	Red	
S	solution	which	had	been	adjusted	to	a	pH	of	4.1-4.3	with	0.5%	am-
monium hydroxide. Cells were then washed once with water and ob-
served	under	an	inverted	optical	microscope	(Nikon,	ECLIPSE	Ts2-FL).

2.7 | Co-culture conditions and Insulin 
secretion assay

Five	hundred	IEQ	(considered	as	500	000	islet	cells)	were	cultured	
either	alone	or	with	pMSC	(50	000)	(cell	ratio	10:1).	ICC	and	pMSC	
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were co-cultured in cell-cell contact or in transwell condition with-
out cell-cell contact. Experiments were performed in triplicates 
using	complete	ICC	maturation	media	in	24-well	plates	for	3	days	
before performing insulin secretion assay. We used an allogenic 
experimental setting, in which pancreas-derived pMSC were al-
ways	used	with	ICC	obtained	from	different	pancreas	donors	(dif-
ferent	 piglets).	 Insulin	 secretion	 was	 measured	 by	 performing	 a	
static	 incubation	 assay.	Briefly,	 ICC	were	 rinsed	 twice	with	oxy-
genated	 Krebs	 solution	 containing	 0.1%	 BSA	 and	 pre-incubated	
for	1	hour	in	Krebs	solution	containing	low	glucose	(2.8	mmol/L).	
Then,	 ICC	were	 incubated	 for	1	hour	 in	each	condition,	 low	glu-
cose	(2.8	mmol/L)	for	basal	secretion,	followed	by	stimulation	with	
high	 glucose	 (16.8	 mmol/L)	 and	 incubated	 for	 maximal	 stimula-
tion	with	 16.8	mmol/L	 glucose	 supplemented	with	 5	mmol/L	 of	
theophylline.

Supernatants were collected and total amounts of insulin ex-
tracted	from	ICC	by	ice-cold	acid-ethanol	extraction.	Samples	were	
frozen until insulin concentrations were determined using a por-
cine	 insulin	ELISA	Kit	according	to	the	manufacturer's	 instructions	
(Mercodia).	 All	 values	 obtained	 for	 basal	 and	 stimulated	 secretion	
were	normalized	to	values	of	total	insulin	content.	Insulin	secretion	
was expressed as fold increase where basal insulin release was set 
as 1.

2.8 | Encapsulation of ICC and pMSC

For	 cell	 microencapsulation,	 Pronova	 ultrapure	 LVG	 Na-alg	 (Lot	
no:	 BP-1111-32)	 from	Novamatrix	 (Norway)	was	 used.	 A	 1.5	wt%	
Na-alginate	 solution	was	 prepared	 by	 dissolution	 in	MOPS	 buffer	
(10	mmol/L,	pH	=	7.4)	containing	0.4%	NaCl.	ICC	alone	or	with	pMSC	
were	centrifuged	at	room	temperature	(320	g	for	2	minutes),	and	the	
pellet	was	gently	mixed	with	the	alg	solution	 (ICC	cells/pMSC	at	a	
ratio	of	10:1).	Microspheres	(MS)	were	generated	under	sterile	con-
ditions	using	the	Encapsulator	B-395	Pro	(Büchi	Labortechnik	AG).	
The	gelation	bath	was	composed	of	100	mmol/L	CaCl2	in	10	mmol/L	
MOPS	buffer	(pH	=	7.4).	MS	formation	by	ionotropic	interaction	oc-
curred immediately after extrusion into the gelation bath and was 
completed	 by	 covalent	 crosslinking	 during	 subsequent	 stirring	 for	
2-5	minutes	in	the	gelation	bath.	Ca-alg	MS	were	collected	by	filtra-
tion,	washed	twice	with	HBSS	containing	2	mmol/L	Ca2+ concentra-
tion, and transplanted.

2.9 | Diabetes induction and transplantation of 
microencapsulated ICC in mice

MS transplantation was performed following protocols approved 
by	the	Geneva	cantonal	veterinary	authorities	(license	GE/151/16).	
Diabetes	 was	 induced	 by	 injection	 of	 streptozotocin	 (SZ)	 (Sigma)	
at	220	mg/kg	 into	the	peritoneum	of	C57BL/6	male	mice	 (Janvier,	
France).	 Mice	 were	 considered	 diabetic	 at	 blood	 glucose	 level	
>20	mmol/L.	Three	days	after	SZ	injection,	the	diabetic	mice	were	

anesthetized	with	isoflurane,	and	each	mouse	received	1	mL	of	Ca-
alg	MS	containing	30	000	IEQ	of	ICC	alone	or	with	3.106 pMSC (cell 
ratio	10:1)	into	the	peritoneum	through	a	small	incision.	Blood	sam-
ples were obtained from the tail vein for glucose measurement and 
graft failure was stated when glucose level was >20	mmol/L	for	3	
consecutive measurements. Body weight of transplanted and non-
transplanted diabetic mice was measured until 14 or 21 days after 
transplantation.

2.10 | Statistical analysis

Data are expressed as mean ±	SEM	of	numbers	(n)	of	independent	
observations. The statistical significance of differences was calcu-
lated	with	the	Student	t	test	or	the	1-way	ANOVA.

3  | RESULTS

3.1 | In situ hormone-positive cell aggregates in 
juvenile porcine pancreata

To evaluate the presence and distribution of endocrine cell aggre-
gates in the pancreas of 14 days old juvenile piglets, immunostain-
ings of alpha and beta cells were performed on random pancreas 
sections. Hormone-positive aggregates were varying in size, from 
few-cell	aggregates	to	well-defined	islets	(Figure	1).	In	few-cell	ag-
gregates, the presence of insulin-positive beta cells was predominant 
whereas in small well-defined islets, the glucagon-positive alpha 
cells were mostly present. The well-defined small islets showed that 
beta and α-cells appeared to be intermingled similarly as in human 
islets.40

As	the	scope	of	the	study	was	to	isolate	MSCs	from	the	exocrine	
pancreas, pancreas sections were stained for vimentin, a marker for 
mesenchymal	cells.	Vimentin-positive	mesenchymal	cells	were	pres-
ent throughout the exocrine tissue in the juvenile pig pancreata and 
often in close vicinity to small hormone-positive cell aggregates.

3.2 | Juvenile porcine pancreatic islet cell cluster 
isolation and maturation

For	 each	 of	 the	 11	 ICC	 isolations,	 2-3	 pancreata	 from	 piglets	 of	
the	 same	 litter	were	 digested.	 After	 digestion,	 the	 pancreatic	 tis-
sue including the exocrine component was cultured in neonatal pig 
islet	 differentiation	media	 that	 was	 changed	 every	 day.	 ICC	were	
counted at day 7 in culture, when exocrine tissue had completely 
disappeared. Table 1 summarizes the number of islets isolated/ex-
periment.	Numbers	are	expressed	as	 islet	equivalents	(IEQ),	taking	
into account the size of cell aggregates. We obtained a mean number 
of	 IEQ/pancreas	132	500	±	 49	600.	 Further,	 ICC	were	 recovered	
at	3,	7,	14,	and	21	days	of	culture.	As	shown	in	Figure	2A,	 insulin-
positive	 beta	 cells	 increased	 between	 day	 3	 and	 21.	 In	 contrast,	
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glucagon-positive	alpha	cells	 increased	already	between	day	3	and	
7.	Cell	clusters	remained	undifferentiated	containing	extensive	CK7-
positive exocrine tissue and vimentin-positive mesenchymal cells. 
Insulin	 content	 was	 measured	 in	 samples	 of	 500	 IEQ	 of	 ICC	 and	
showed a progressive increase over time from 27.8 ± 11.47 µg/L	at	
day	3	to	2466	±	637.9	µg/L	at	day	14	and	remained	constant	up	to	
21 days, suggesting that maximal maturation in vitro occurred until 
14	days	(Figure	2B).	Further,	to	evaluate	glucose	responsiveness,	in-
sulin	secretion	assays	were	performed.	ICC	showed	strongest	insu-
lin	release	to	high	glucose	stimulation	(5-fold	increase)	and	maximal	

stimulation	with	theophylline	(15-fold	increase)	after	7	days	in	cul-
ture,	 compared	 to	 basal	 release	 (Figure	 2C).	 Therefore,	 ICC	 after	
10 days in culture were selected for further experiments.

3.3 | Expansion and characterization of MSC 
isolated from juvenile porcine exocrine pancreas

To investigate whether the porcine exocrine pancreas contains MSC, 
pancreatic	exocrine	tissue	was	recovered	from	media	of	ICC	cultures	
after	24	hours	of	culture.	Exocrine	tissues	from	3	pancreases	were	
collected and placed in specific media for the expansion of human 
bone	marrow-derived	MSC.	 At	 passage	 0	 of	 culture,	we	 observed	
morphologically heterogeneous cells, which had evolved into a ho-
mogenous	 fibroblast-like	 cell	 population	 at	 passage	 3	 (Figure	 3A).	
Flow cytometry analysis showed that cells were CD90+,	CD45−, and 
CD34−,	 indicating	 a	mesenchymal	 phenotype	 (Figure	 3B).	 To	 dem-
onstrate multipotency, we differentiated these cells into adipocytes 
and	chondrocytes.	Figure	3C	shows	the	adipocyte	differentiation	of	
expanded	pig	pancreas-derived	MSC	(pMSC)	and	human	bone	mar-
row-derived	MSC	 (hMSC)	obtained	3	weeks	after	culture	 in	adipo-
cyte differentiation media. Both types of MSC showed lipid droplets 
(stained	by	oil-red-O)	characteristic	for	adipocytes.	Chondrocyte	dif-
ferentiation was induced in pMSC pellet cultures using chondrocyte 
differentiation	media	for	3	weeks.	Collagen	deposition	was	present	in	
chondrocytes differentiated pMSC as evidenced by Masson staining 
and	is	visible	in	blue	(Figure	3D).	For	the	demonstration	of	MSC	dif-
ferentiation	into	osteoblasts,	we	used	Alizarin	Red	S	to	stain	the	cal-
cium deposition typical for osteoblasts. hMSC showed strong staining 
after exposure to the osteogenic differentiation media. However, in 

F I G U R E  1   In	situ	hormone-positive	cell	aggregates	in	juvenile	porcine	pancreas.	Sections	of	juvenile	pancreata	from	same	litter	were	
stained	against	insulin	for	beta	cells	(blue)	and	against	glucagon	for	alpha	cells	(red).	Mesenchymal	cells	were	stained	against	vimentin	
(green),	a	marker	for	mesenchymal	cells.	The	size	of	the	hormone-positive	aggregates	in	the	pancreases	included	few-cell	aggregates	(A,	C)	
and	small	well-defined	islets	(B).	Size	bars	200	µm

(A)

(B)

(C) 200µm

200µm

200µm

TA B L E  1  Average	yield	of	isolated	ICC	per	experiment	(2-3	
animals)	and	per	pancreas	expressed	in	islet	equivalences	(IEQ)

Isolation Total IEQ (×103)
IEQ (×103)/
pancreas

1 400 200

2 200 100

3 392 130

4 570 190

5 340 113

6 253 84

7 116 38

8 562 187

9 398 132

10 350 116

11 490 163

Mean	IEQ 370 132

SD ±142 ±49
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osteogenic differentiation media and in control condition, the pMSC 
cell monolayers constantly detached during culture and contracted 
into	a	single	cell	aggregate	(Figure	3E,	left	panels).	pMSC	cell	aggre-
gates	cultured	in	differentiation	condition	showed	some	Alizarin	Red	
S staining suggesting that pMSC contain an osteoblast differentiation 
potential	 (Figure	3E,	 right	 panels).	 The	 result	 further	 suggests	 that	
the osteoblast differentiation condition we used are not optimal for 
highly proliferating juvenile pancreatic-derived pMSC.

Furthermore, evaluation of the doubling time by real-time cell 
analysis showed a shorter doubling time for pMSC (12 ± 2 hours, 
n =	 5)	 than	 for	 hMSC	 (38	± 10 hours, n =	 2)	 in	 accordance	with	
a	 study	 from	Nishimura	 et	 al.	 The	 doubling	 time	 of	 neonatal	 por-
cine bone marrow-derived MSCs was also significantly shorter 
than	 that	 of	 human	 bone	 marrow-derived	 MSCs	 (17.3	 ± 0.8 vs 
62.0 ±	19.6	hours).41

3.4 | Co-culturing ICC in direct contact with 
porcine exocrine pancreas-derived MSC supports 
insulin secretion

Earlier studies showed that human bone marrow-derived MSC in 
direct cellular contact with human islets showed a beneficial ef-
fect on insulin secretion in vitro and on graft survival and func-
tion after transplantation into diabetic mice.34 Therefore, we 
investigated the effect of human and porcine MSC on insulin se-
cretion	 by	 ICC	with	 or	 without	 cell-cell	 contact	 using	 the	 tran-
swell	system.	 ICC	and	pMSC	at	a	proportion	of	10	 islet	cells	 for	
1	 pMSC	were	 co-cultured	 for	 3	 days	 as	 depicted	 in	 Figure	 4A.	
As	shown	in	Figure	4B,	insulin	secretion	by	ICC	was	significantly	
increased upon cell-cell contact with pMSC in both high glucose 
and theophylline stimulation. Fold increase of glucose-induced 

F I G U R E  2   Juvenile	pig	islet	cell	clusters	(ICC)	isolation,	maturation,	and	glucose-stimulated	insulin	release.	A,	2000	IEQ	of	ICC	were	
collected	after	3,	7,	14,	and	21	days	of	culture	in	maturation	media.	ICC	were	fixed,	and	all	sections	were	stained	against	insulin	(ins;	blue)	
glucagon	(glu;	red)	and	upper	row	(a,b,c,d)	shows	vimentin	staining	(vim;	green)	and	lower	row	shows	CK7	staining	(CK7;	green)	(e,f,g,h).	
Insulin-positive	beta	cells	were	increasingly	present	at	14	d	in	the	periphery	of	the	pancreatic	islet	cell	clusters.	Images	are	representative	for	
4 independent experiments. Size bars 100 µm.	B,	Total	insulin	content	was	extracted	from	ICC	(500IEQ)	at	days	3,	7,	14,	21,	and	28	of	culture	
and	measured	using	a	porcine	insulin	ELISA.	Each	dot	represents	one	isolation/maturation	experiment.	Mean	insulin	content	is	represented	
by	a	red	line.	C,	500IEQ	of	ICC	at	days	7,	14,	and	21	were	used	for	insulin	secretion	assay.	ICC	were	stimulated	with	2.8	mmol/L	glucose	for	
basal	release	(basal),	18.7	mmol/L	glucose	for	stimulated	release	(stim),	and	maximal	release	was	induced	by	18.7	mmol/L	+ theophylline 
(theophylline).	The	graph	is	representative	of	5	independent	experiments.	The	values	represent	one	representative	experiment	(triplicates)	
and are expressed as means ± SEM
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insulin secretion increased from 1.6 ±	0.2	for	ICC	without	pMSC	
cell-cell	contact	to	3.2	±	0.5	for	ICC	with	pMSC	cell-cell	contact,	
P =	 .0057.	 Fold	 increase	 for	maximal	 stimulation	with	 high	 glu-
cose	and	 theophylline	 increased	 from	5.4	±	2.7	 for	 ICC	without	
cell-cell contact to 8.4 ±	3.1	for	ICC	with	pMSC	cell-cell	contact,	
P =	 .013.	 Interestingly,	 insulin	 release	 by	 ICC	 co-cultured	 with	
hMSC was not significantly increased with cell-cell contact. These 
results	demonstrate	that	pMSC	supports	insulin	secretion	by	ICC	
depending on cell-cell interaction.

3.5 | Transplantation of co-encapsulated ICC and 
pMSC is not beneficial for graft function compared to 
ICC alone and worsens pericapsular fibrosis

The	effect	of	pMSC	on	graft	function	of	ICC	was	investigated	after	
transplantation into immunocompetent and streptozotocin-induced 
diabetic	mice.	ICC	either	alone	or	with	pMSC	were	encapsulated	in	
Ca-alg	MS.	As	shown	in	Figure	5A,	ICC	and	pMSC	remained	viable	
in	vitro	up	to	3	days	after	encapsulation	and	 ICC	maintained	their	

F I G U R E  3   Expansion and characterization of MSC isolated from juvenile porcine exocrine pancreas. We placed digested exocrine tissue 
recovered	from	three	pancreas	into	human	MSC	expansion	media.	A,	Heterogeneous	cell	population	at	passage	0	(P0)	evolved	into	b)	a	
homogenous	fibroblast-like	cell	population	after	3	passages	(P3)	(small	rectangles	are	10×	magnification)	B,	Flow	cytometry	analysis	of	cells	
at	P3	using	antibodies	against	surface	antigen	CD90,	CD45,	and	CD34.	C,	Differentiation	of	hMSC	and	pMSC	(pMSC	≠	1	and	pMSC	≠	2)	
into	adipocytes	after	3	wk	of	culture.	Upper images, control media; Lower images,	adipocyte	differentiation	media.	Lipid	droplets	(in	red)	
are	stained	by	oil-red-o.	D,	Sections	of	pellet	cell	cultured	in	control	media	(control)	or	chondrocyte	differentiation	media	(Chondrocytes).	
Collagen appears in dark blue by Masson trichrome staining demonstrating chondrocyte differentiation. Results are representative of 
2 independent experiments. E, Differentiation of hMSC and pMSC into osteoblasts. Left panels: macroscopic images show the calcium 
deposition	stained	by	Alizarin	Red	S	(in	red)	of	hMSC	after	differentiation	and	the	cell	aggregates	of	pMSC	in	differentiation	and	control	
condition. Right panels:	Microscopy	images	show	a	strong	Alizarin	Red	S	staining	in	differentiated	hMSC	and	a	faint	staining	in	the	
differentiation condition of pMSC cell aggregates

P3: fibroblast-like cellsP0: epithelial and fibroblast-like cells
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capacity to respond to high glucose stimulation. Fold increase of 
insulin	secretion	by	ICC	alone	or	ICC	with	pMSC	were	2.39	±	0.25	
and	3.19	± 0.88, P =	0.3	(Figure	5B).	We	transplanted	1	mL	of	cell	
containing MS into the peritoneum of diabetic and immunocompe-
tent mice. The follow-up of glycemia showed a transient correction 
of	hyperglycemia	for	mice	receiving	MS	with	ICC	alone,	whereas	no	
effect on hyperglycemia was observed for mice receiving MS with 

ICC	and	pMSC	 (Figure	6A).	The	 follow-up	of	body	weight	 showed	
that the total weight loss at 14 days after transplantation was not 
significantly different between mice transplanted with MS contain-
ing	 ICC	alone	 (1.80	±	0	17	g)	compared	to	mice	transplanted	with	
MS	containing	ICC	and	pMSC	(2.47	±	0.93	g).	In	contrast,	the	weight	
loss was significantly less when transplanted mice where compared 
to	control	diabetic	mice	receiving	no	transplantation	(5.9	±	2.03	g,	

F I G U R E  4  Co-culture	of	ICC	in	direct	contact	with	porcine-	and	human-derived	MSC	supports	insulin	secretion.	A,	Schematic	
representation	of	ICC	cultured	alone	or	with	or	without	direct	contact	with	MSC	from	porcine	(pMSC)	or	human	(hMSC)	origin	during	3	d	
prior	to	the	insulin	secretion	assay.	B,	Insulin	secretion	assay	was	performed	in	the	transwell	system	using	500	IEQ	ICC	and	10	000	pMSC	or	
hMSC	for	each	condition.	Insulin	release	of	ICC	was	measured	after	exposure	to	low	glucose	concentration	2.8	mmol/L	(basal),	high	glucose	
concentration	16.7	mmol/L	(stim),	and	maximal	stimulation	by	16.7	mmol/L	+	theophylline	(Theophylline).	Insulin	secretion	increased	
significantly	after	glucose	and	theophylline	stimulation	when	pMSC	were	in	direct	contact	with	ICC	(ICC	+ pMSC +	contact)	compared	to	
ICC	alone.	Insulin	secretion	increased	most	strongly	when	hMSC	were	in	direct	contact	to	ICC	and	stimulated	by	theophylline.	*	≤0.013	;	***	
≤0.000006;	n	=	3;	values	represent	means	± SEM
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F I G U R E  5  Co-encapsulation	of	ICC	with	pMSC	in	semi-permeable	Ca-alg	MS.	A,	Upper	panel:	Light	microscope	images:	ICC	3	days	after	
Ca-alg MS encapsulation. Lower panel:	ICC	staining	by	FDA	and	PI	shows	cell	viability	and	mortality	(small	rectangles).	B,	Insulin	secretion	
by	ICC	expressed	in	fold	increase	3	d	after	encapsulation.	Insulin	secretion	was	not	significantly	different	when	ICC	were	co-encapsulated	
pMSC.	Insulin	release	from	500	IEQ	encapsulated	ICC	was	measured	after	stimulation	with	low	glucose	concentration	at	2.8	mmol/L	(basal)	
and	high	glucose	concentration	at	16.7	mmol/L	(stim).	Values	represent	means	± SEM, n =	3
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P =	.0007).	Microscopic	observation	of	MS	retrieved	from	the	peri-
toneum	at	day	30	after	transplantation	showed	increased	pericap-
sular fibrosis around MS containing pMSC, suggesting that their 
presence	increased	the	immunogenicity	of	the	graft	(Figure	6C,D).

4  | DISCUSSION

Human islets transplantation, as a treatment for type 1 diabetes pa-
tients, is limited by the shortage of human organ donors. The neonatal 
and juvenile porcine pancreas represent an unlimited source for the 
preparation	of	immature	islets,	also	called	ICC.	These	ICC	contain	few	
hormone-positive cells and mainly ductal and ductal precursor cells. 
Maturation	media	was	subsequently	developed	 to	 increase	 the	pro-
portion of endocrine cells.9,10	In	view	of	future	clinical	applications,	the	

production	of	neonatal	and	juvenile	porcine	ICC	has	the	advantage	to	
be more cost-effective compared to adult porcine islets which is re-
lated to the strict hygiene conditions necessary for the breeding and 
housing	conditions	of	animal	donors.	Further,	the	isolation	technique	
of	juvenile	porcine	islets	is	more	efficient	and	cultured	immature	ICC	
showed increased viability compared to adult islets.42

In	 this	 study,	 juvenile	 porcine	 ICC	were	 isolated	 and	 obtained	
with	an	average	yield	of	IEQ	at	142	±	50	× 103 per pancreas at day 7. 
In	the	literature,	the	average	yield	of	ICC	for	one	neonatal	and	young	
porcine	pancreas	amounts	to	30.4	± 1.2 × 103 3	and	33.3	± 6.4 × 103 
IEQ,43	respectively.	In	the	study	of	Lamb	and	coworkers,	the	mean	
age	of	 the	young	piglets	was	20	days	 (range	4-30	days).	They	de-
scribed an almost 2-fold increase of the average weight of pancreas 
from	piglets	aged	11-18	days	(5.25	±	1.6	g)	compared	to	piglets	aged	
4-10	days	(2.75	±	1.3	g).	They	also	described	a	progressive	decrease	

F I G U R E  6  Transplantation	of	ICC	containing	Ca-alg	MS	transiently	improved	diabetes	in	immune-competent	mice.	30	000	IEQ	of	ICC	
encapsulated in Ca-alg MS either alone or with pMSC were transplanted into the peritoneum of immunocompetent and diabetic mice. Mice 
were	treated	with	streptozotocin	(STZ)	at	day	1	and	transplanted	(TX)	at	day	3	with	MS	containing	ICC	with	or	without	pMSC.	A,	Follow-up	
of	glycemia	in	mice	transplanted	with	ICC	(alg-ICC),	ICC	+	pMSC	(alg-ICC	pMSC),	or	control	mice	(ctrl	no	TX)	until	3	wk	after	STZ	treatment	
and	transplantation.	B,	Follow-up	of	body	weight	(g)	of	transplanted	or	non-transplanted	mice.	C	and	D,	MS	containing	ICC	alone	or	ICC	
with	pMSC	were	recovered	after	3	wk	of	transplantation.	Upper row,	light	microscopy	images	show	retrieved	MS	containing	ICC	alone	
or	ICC	+	pMSC	from	2	different	mice	(mouse	≠1	and	≠2);	Lower row	shows	immunofluorescence	images	stained	with	FDA	(green)	for	the	
detection	of	cell	viability.	Values	represent	means	± SEM, mice groups, n =	3
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of	the	amount	of	 IEQ/g	of	pancreas	 isolated	from	piglets	aged	be-
tween	11	and	18	days	and	those	of	20	and	30	days.	Therefore,	the	
increased	number	of	ICC	obtained	in	this	study,	might	be	resulting	
from the combination of both parameters, the increased size of the 
pancreas	of	14-day-old	piglets	(compared	to	neonatal)	and	the	still	
efficient digestion of the pancreas in this range of age.

Immunofluorescence	 staining	 on	 pancreas	 sections	 for	 alpha	
and beta cells from same litters showed a size-disparity of the hor-
mone-positive cell aggregates. We also observed differences in in-
sulin	contents	in	sampled	ICC	(500IEQ)	at	day	3	and	7	of	maturation,	
suggesting that the size variation of hormone-positive aggregates 
may not reflect variations of the beta-cell mass in lobular pancreatic 
compartments, but may represent differences in the global beta-cell 
mass.	 Isolated	 ICC	with	 initial	 small	 numbers	 of	 hormone-positive	
aggregates	 were	 randomly	 distributed	 throughout	 the	 ICC.	 After	
maturation,	hormone-positive	cells	appeared	more	frequently	at	the	
periphery,	suggesting	that	diffusion	into	ICC	and	action	of	the	mat-
uration	media	 is	 limited.	At	 all	 time	points,	 the	 ICC	contained	 still	
substantial	 amounts	of	CK7-positive	ductal	 cells,	 except	 ICC	 from	
two	isolations	(data	not	shown).

The	insulin	content	in	ICC	increased	significantly	between	3	and	
14 days after isolation but not at later time points, indicating a lim-
ited time window for in vitro maturation. More importantly, even 
though	ICC	showed	increased	insulin	content,	at	day	14	of	culture,	
glucose	responsiveness	of	 ICC	at	day	14	was	decreased	compared	
to	day	7,	leading	us	to	use	ICC	for	experiments	at	day	10	of	culture.	
This result suggests that while beta-cell maturation and/or insulin 
production	 occurs	 in	 ICC,	 the	 responsiveness	 of	 the	 beta	 cells	 to	
glucose declined. Further suggesting that the highly regulated pro-
cess	 of	 glucose	 responsiveness,	 including	ATP/ADP	 ratio	 changes,	
membrane depolarization, granule trafficking, and exocytosis are 
dysregulated earlier than the beta-cell insulin production under in 
vitro condition.

To	analyze	whether	pancreatic-derived	allogenic	MSC	(pMSC)	
were	 able	 to	 further	 improve	 function	 of	 ICC,	 pMSC	 were	 ex-
panded from porcine pancreatic exocrine tissue. The resulting 
growing cell population showed typical mesenchymal cell mor-
phology.	 Importantly,	 bi-lineage	 differentiation	 into	 chondro-
cytes and adipocytes, similar to human bone marrow-derived 
MSC occurred, suggesting that these cells were bona fide pancre-
atic-derived	MSC.	 Very	 recently,	 it	 had	 been	 shown	 that	 human	
pancreatic-derived MSC are highly vimentin/nestin positive and 
produce a conditioned media highly enriched for proteins associ-
ated with vascular development, wound healing, and chemotaxis 
similar to human bone marrow-derived MSC. Further, intrapancre-
atic injection of these MSC reduced hyperglycemia in streptozoto-
cin-treated mice.44

In	sections	of	juvenile	pig	pancreas,	we	observed	strongly	stained	
vimentin-positive cells throughout the pancreas. Further, the vimen-
tin-positive cells remained present during the culture of the isolated 
ICC	and	whether	they	contribute	to	maturation	of	hormone-positive	
cells	via	secretion	of	paracrine	factors	in	juvenile	ICC	remains	to	be	
investigated.

It	is	known,	however,	that	mesenchymal	cells	regulate	pancreatic	
growth at early and late development stages, probably through ex-
pansion of the pool of epithelial pancreatic precursor cells, since the 
mesenchymal	ablation	at	a	 late	development	 stage	 in	mice	 (e13.5)	
leads to reduced beta- and acinar-cell mass.45 Tracing the fate of the 
pancreatic mesenchyme in mice also revealed that nearly all mes-
enchymal	 cells	 acquire	 a	 pericyte	 fate	 at	 embryonic	 stage	 e13.5.	
Spatial	 distribution	 and	 abundance	 of	 pancreatic	 PDGFRβ+ peri-
cytes further indicate that these cells represent the primary pan-
creatic mesenchymal cell population and are the predominant fate 
of the embryonic pancreatic mesenchyme.46 The identification of 
the exact cell type from which the isolated and expanded pancreatic 
MSC originate and their relation to pericytes or other types of fibro-
blasts needs further investigation.47,48	A	recent	study	demonstrated	
that in vivo, pericytes of multiple organs do not behave as MSC. This 
study challenges the current view that pericytes act as multipotent 
tissue-resident progenitors in vivo and suggest that the in vitro plas-
ticity may arise from cell manipulations ex vivo.49

Here	 we	 show	 that	 insulin	 secretion	 by	 ICC	 was	 significantly	
increased when co-cultured in direct cellular contact with exocrine 
tissue-derived pMSC for three days. High glucose and maximal stim-
ulation with theophylline significantly increased insulin secretion 
compared	 to	 ICC	 cultured	 alone,	 suggesting	 that	 cell-cell	 interac-
tions are important to support islet functionality.

This confirmed our previous studies and by other groups demon-
strating that cell-cell contact between islets and MSC are necessary 
to improve islets function in vitro and after transplantation.32,34 The 
interaction	of	the	adhesion	molecule	N-cadherin	expressed	on	islets	
and MSC were shown to be necessary to achieve the increased in-
sulin secretion. Further, increased islet function was also obtained 
in engineered cell sheets composed of human islets and supporting 
human bone marrow, or adipose tissue-derived MSC or fibroblasts,50 
suggesting that cell-cell contact improves the micro-environment 
of	 isolated	 islets.	 Increased	 functionality	 and	 survival	 of	 isolated	
human and murine islets was observed by Gamble et al, when islets 
were cultured in suspension with MSC allowing direct cellular con-
tact.51 However, other studies showed that trophic factors alone are 
sufficient	to	induce	beneficial	effects.	Park	and	coworkers	showed	
that preconditioned murine islets through co-culture with human 
MSC without contact, increased survival, and function of trans-
planted	murine	 islets	 in	 a	 syngeneic	model.	 Increased	 amounts	 of	
trophic	factors	such	as	IL-6,	IL-8,	VEGF-A,	HGF,	and	TGF-β measured 
in MSC-conditioned media have been suggested to be responsible 
for the activation of signaling pathways involved in angiogenesis and 
anti-apoptotic signaling of cultured islets.52	Our	 results	do	not	ex-
clude that soluble factors derived from pMSC play a role, but this 
effect	 was	 not	 sufficient	 to	 increase	 ICC	 function.	 Therefore,	 we	
concluded that pMSC isolated from exocrine pancreas significantly 
supported	insulin	secretion	from	juvenile	porcine	ICC.	A	significant	
beneficial effect was not observed with human MSC, suggesting 
that species-specific cellular interactions are implicated.

Immunoregulatory	effects	have	been	shown	for	allogenic	MSC	
when	transplanted	in	non-human	primates.	In	cynomolgus	monkeys,	
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intraportal co-infusion of allogenic MSC and islets increased islets 
engraftment and function, shown by a reduced number of islets nec-
essary to reach normoglycemia.22,53

However, in our model, after transplantation of Ca-alg MS con-
taining	 ICC	 with	 pMSC	 into	 immunocompetent	 and	 streptozoto-
cin-induced diabetic mice, a beneficial modulation of the immune 
and/or	 inflammation	 responses	 was	 not	 observed.	 Although	 en-
capsulated	ICC	alone	decreased	hyperglycemia	up	to	5-6	days,	the	
survival	 and	 function	 of	 ICC	 co-transplanted	with	 pMSC	was	 not	
prolonged.	 The	 recovered	 MS	 containing	 ICC	 and	 pMSC	 showed	
increased	pericapsular	fibrosis	compared	to	MS	with	ICC	alone,	sug-
gesting that Ca-alg MS released increased amounts of xenoantigens. 
It	 is	 known	 that	 porcine	 xenoantigens	 provoke	 a	 strong	 adaptive	
immune and inflammatory response, and until today transplanta-
tion	of	encapsulated	ICC	into	mice	without	immunosuppression	has	
been unsuccessful. However, by using a combination therapy of an-
ti-CD154	and	anti-LFA-1	monoclonal	antibodies	prolonged	graft	sur-
vival of encapsulated neonatal pig islets in immunocompetent mice 
has been obtained. Under such condition, transplanted and treated 
mice	achieved	normoglycemia	within	10-35	days	and	around	50%	
of treated mice remained normoglycemic for more than 100 days.54 
We concluded that in immunocompetent mice, pMSC encapsulated 
together	with	ICC	in	Ca-alg	MS	are	not	able	to	alleviate	the	immune	
response	against	encapsulated	porcine	ICC.	This	is	also	in	line	with	
a recent study indicating that encapsulated MSC do not mitigate the 
foreign body responses against alg MS.55

Semi-permeable Ca-alg MS that are developed to protect allo- 
or xenografts present instability over time due to swelling and 
Ca2+ loss, which causes increased pore size and ultimately capsule 
breakage.56 Therefore, the future use of microcapsules for long-
term transplantation will depend on the ability to further develop 
hydrogels that are more resistant to leakage and mitigate the foreign 
body response, as well as the genetic engineering of pigs with lower 
immunogenicity.

Herein, we showed that cellular contact between pancreat-
ic-derived	MSC	 and	 ICC	 supports	 insulin	 secretion.	 Our	 results	
suggest that pMSC improves the micro-environment for isolated 
porcine	ICC	and	might	be	beneficial	for	porcine	ICC	or	islet	trans-
plantation studies. The role of pancreatic MSC in the juvenile 
pancreas	 needs	 further	 investigations.	 Therefore,	 ICC	 from	 all	
development stages are a potential source of islets for the treat-
ment of type 1 diabetes in humans and also represent a comple-
mentary experimental system for studying islet development and 
maturation.57
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