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The present study aimed to develop techniques for surface coating of islets with neural crest stem cells (NCSCs)
in order to enable cotransplantation to the clinically used liver site and then investigate engraftment and func-
tion intraportally of such bioengineered islets. Mouse islets were coated during incubation with enhanced green
fluorescent protein (EGFP)-expressing mouse NCSCs and transplanted into the portal vein to cure diabetic
mice. An intravenous glucose tolerance test was performed at 1 month posttransplantation. Islet grafts were
retrieved and evaluated for vascular density, nerves, and glial cells. NCSCs expressed a vast number of key
angiogenic and neurotrophic factors. Mice transplanted with NCSC-bioengineered islets responded better to
the glucose load than recipient mice with control islets. NCSCs remained present in the vicinity or had often
migrated into the NCSC-coated islets, and an improved islet graft reinnervation and revascularization was
observed. Transplanted NCSCs differentiated into both glial and neural cells in the islet grafts. We conclude
that bioengineering of islets with NCSCs for intraportal transplantation provides a possibility to improve islet
engraftment and function. Pending successful establishment of protocols for expansion of NCSCs from, for

example, human skin or bone marrow, this strategy may be applied to clinical islet transplantation.
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INTRODUCTION

Islet transplantation intraportally into the liver is an
established treatment option for B-cell replacement in
type 1 diabetic patients with poor glycemic control and
frequent episodes of hypoglycemia. However, in most
cases, two donor pancreases are needed to reverse hyper-
glycemia, which is far more than the alleged 10-30% of
the total islet volume suggested to be enough to maintain
normoglycemia in humans. Moreover, there seems to be
a progressive decline in function of islet transplants (34).
Several factors may contribute to islet graft dysfunction
at the liver site, which includes early cell death, lipotoxic-
ity, immunological factors, as well as insufficient engraft-
ment (10,14,23,25). Noteworthy, especially islets that are
undamaged and that remain intact following intraportal
transplantation are poorly vascularized (14), and prevail-
ing hypoxia with correlating increased apoptosis rates
can be observed up to 3 months posttransplantation (30).
Similarly, 20% of intraportally transplanted islets are still
totally devoid of innervation at this time point (20).

Strategies with cotransplantation of islets with different
supporting cells or decorated scaffolds have been tested
at extrahepatic sites to improve and accelerate engraft-
ment (12,16). However, such strategies need to be modi-
fied in order to permit application at the intraportal site.
Coating of islet surfaces has been successfully performed
with heparin in order to diminish instant blood-mediated
inflammatory reactions following intraportal transplanta-
tion (5), whereas such protocols have only been tested in
vitro for cell therapies (18).

We have recently shown the importance of reorganiza-
tion of islet matrix by matrix metalloproteinases in order
to allow engraftment of intraportally transplanted islets
(14). Interestingly, besides producing a number of growth
factors, neural crest-derived stem cells (NCSCs) naturally
express these enzymes to allow their migration (26) and
have also been shown to markedly promote angiogenesis
and neural remodeling in infarcted heart (6). The present
study tested the hypothesis that NCSCs could be coated
to islet surfaces prior to transplantation and could provide
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a novel directed cellular therapy to improve islet engraft-
ment at the site of implantation in the liver.

MATERIALS AND METHODS
Animals

All experiments were approved by the Animal Ethical
Committee in Uppsala and followed the Principles of
Laboratory Animal Care (NIH publication No. 85-23,
revised 1985). Adult male C57BL/6 mice were pur-
chased from Taconic (Ry, Denmark), whereas transgenic
heterozygous C57BL/6-B-actin enhanced green fluo-
rescent protein (EGFP) mice, originally obtained from
Taconic (Germantown, NY, USA), were bred at Uppsala
University.

Islet Isolation and Culture

Pancreatic islets of C57BL/6 mice were isolated using
collagenase digestion (collagenase from Clostridium his-
tolyticum; Roche Diagnostics, Mannheim, Germany) and
density gradient purification (14). Islets were thereafter
handpicked and cultured free floating in RPMI-1640
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with
L-glutamine (2 mmol/l; Sigma-Aldrich), benzylpenicillin
(100 U/ml; Roche Diagnostics), and 10% (v/v) fetal calf
serum (Sigma-Aldrich) at 37°C in 95% O,/5% CO,,.
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NCSC Preparation, Culture, and Characterization

Dorsal root ganglia from 11.5-day-old EGFP mice were
isolated and used to generate NCSCs from the so-called
boundary cap (15). Cells were cultured in N2 medium
(Invitrogen, Carlsbad, CA, USA) containing B27 (Life
Technologies, Eugene, OR, USA), epidermal growth fac-
tor (EGF; 20 ng/ml; R&D Systems, Minneapolis, MN,
USA), and basic fibroblast growth factor (bFGF; 20 ng/ml;
R&D Systems). The medium was changed every other day
(50% of the medium replaced with fresh medium) until
neurospheres began to form. These were then expanded for
3-5 days free floating in propagation medium (DMEM/
F12 medium; Life Technologies) supplemented with B27,
N2, bFGF (20 ng/ml), and EGF (20 ng/ml) followed by
dispersal into single cells by TrypLE Express (1x; Life
Technologies). NCSCs prepared in this manner from the
boundary cap have previously been shown by us and others
to remain in an undifferentiated state being nestin and p75
positive, as well as positive for Brn3A, Ngnl, Ngn2, and
Krox20, while few express mature markers of glia or neu-
ral cells (15,21). None of the cells express insulin (13).

NCSC Gene Expression

Total RNA was isolated from approximately 4 x 10°
NCSCs using RNeasy plus micro kit (Qiagen, Hilden,

Table 1. Genes Investigated for Expression in Neural Crest Stem Cells (NCSCs)

Gene Symbol Gene Name Sequence (5'-3")
VEGF-a Vascular endothelial growth factor-a Forward: AAAATCAGTTCGAGGAAAGG
Reverse: TACGTTCGTTTAACTCAAGC
MMP-2 Matrix metalloproteinase-2 Forward: ACAGGACATTGTCTTTGATG
Reverse: TACACAGCGTCAATCTTTTC
MMP-9 Matrix metalloproteinase-9 Forward: ATCCAGTATCTGTATGGTCG
Reverse: TATAGTGGGACACATAGTGG
NGF Nerve growth factor Forward: ATAAAGGTTTTGCCAAGGAC
Reverse: GACATTGCTATCTGTGTACG
BDNF Brain-derived neurotrophic factor Forward: GTATACTGGGTTAACTTTGGG
Reverse: CATAGTAAGGAAAAGGATGGTC
GDNF Glial cell line-derived neurotrophic factor Forward: CTTGGAGTTAATGTCCAACTG
Reverse: TAACTTCATCTTAGAGTCCCG
Ntf3 Neurotropin 3 Forward: GAAGATATTTTGGCAGGAGG
Reverse: ATGAAGAGAAAGGTGGACTC
Ntf5 Neurotropin 5 Forward: CTCAAATCTCAGTCTGTGTG
Reverse: TCAGGTCTGATAAACAGGAG
Wnt 1 Wingless-related MMTYV integration site 1 Forward: AAGAGTTTCCGAGTTGAAAG
Reverse: AGAGACAAGGAGAATGTAGG
Cntf Ciliary neurotrophic factor Forward: CTAGTGAAGACAGAAGCAAAC
Reverse: TTCAGGCCTTGATGTTTTAC
EGF Epidermal growth factor Forward: CAGATCTGTCTTCCTCTCAG
Reverse: CTGAGCAGAACTTTGTAGTC
FGF-5 Fibroblast growth factor-5 Forward: GAACATAGCAGTTTCCAGTG
Reverse: ACTCCTCGTATTCCTACAATC
Tbp TATA box-binding protein Forward: GTTCTTAGACTTCAAGATCCAG

Reverse: TTCTGGGTTTGATCATTCTG
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Germany). One microgram total RNA was converted to
cDNA with a reverse-transcription system (Promega,
Madison, WI, USA) using Oligo (dT) , primers. The Light
Cycler System (Roche Diagnostics) and detection with
SYBR Green (FastStart DNA Master™ SYBR Green
I; Roche Diagnostics) was used to amplify and analyze
generated cDNA. The results are presented as thresh-
old cycle values (C, values) in comparison with TATA
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box-binding protein (TBP) as a “housekeeping gene.”
Relative mRNA expression was calculated as 2. For
primers, see Table 1.

NCSC Coating of Islets

NCSC neurospheres were dissociated (cf. above).
Approximately 15x10° cells were added to 150 islets in a
culture dish. Islets together with NCSCs were incubated

Figure 1. In vitro characteristics of neural crest-derived stem cells (NCSCs). Representative images of propagated enhanced green
fluorescent protein (EGFP)-expressing neurospheres (A, E, I, and M in green) stained for nestin (B; red), p75 (F: red), S-100 (J; red),
and PGP9.5 (N; red). DAPI staining in neurospheres is shown in blue (C, G, K, and O). Overlay images of (A-C), (E-G), (I-K), and
(M-0) are shown in (D), (H), (L), and (P), respectively. Scale bars: 100 um.
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at 37°C for 1 h during gentle shaking and then cultured
without shaking overnight.

Islet Transplantation

C57BL/6 mice were injected intravenously with alloxan
(75 mg/kg; Sigma-Aldrich) to render them diabetic (blood
glucose concentrations >16.7 mmol/L). Five days later,
the mice were transplanted with 300 islets, coated with
NCSCs or not coated, selectively into the right liver lobe
during anesthesia with avertin [2.5% v/v solution of 10 g
97% viv 2,2,2-tribromoethanol (Sigma-Aldrich) in 10 ml
2-methyl-2-butanol (Kemila, Stockholm, Sweden)] (14).
The body weights and blood glucose concentrations of the
transplanted animals were monitored. Cure from diabetes
was defined as nonfasting blood glucose concentrations
<11.1 mmol/L. One month posttransplantation, an intra-
venous glucose tolerance test was performed by injection
of 2 g/kg body weight pD-glucose (glucose 300 mg/ml;
Fresenius, Uppsala, Sweden) into the tail vein of awake
animals. Glucose measurements were made on blood from
the cut tip of the tail with glucose reagent strips (Freestyle
Lite; Abbott, Alameda, CA, USA) before glucose injection
and at 10, 30, 60, and 120 min later. Glucose disposal rates
were calculated for 10—60 min. An additional five animals
with 300 islets coated with NCSCs were followed for a
prolonged period (140 days). Graft-bearing liver lobes and
pancreata were harvested for morphological analysis at
1 month or at 140 days posttransplantation.

Immunohistochemistry

Tissues were fixed and prepared for immunohistochem-
istry. Cryosections were incubated for 1 h with primary
antibodies: insulin (guinea pig polyclonal, 1:300; Dako,
Glostrup, Denmark), glucagon (mouse monoclonal,
1:1,000; Abcam, Cambridge, UK), CD31 (rat monoclonal,
1:50; BD Bioscience Pharmingen, San Diego, CA, USA),
glial fibrillary acidic protein (GFAP; rabbit polyclonal,
1:500; Dako), S100 (rabbit polyclonal, 1:100; Abcam),
PGP9.5 (chicken polyclonal, 1:500; Acris Antibody, San
Diego, CA, USA), NGF receptor p75 (rabbit polyclonal,
1:200; Millipore, Billerica, MA, USA), and nestin (mouse
monoclonal, 1:1,000; BD Bioscience). Secondary antibod-
ies were applied for 1 h at 1:1,000 dilution. Used antibodies
were anti-guinea pig Alexa Fluor 633 (Life Technologies),
anti-rat Alexa Fluor 555 (Life Technologies), anti-rabbit
Alexa Fluor 555 (Life Technologies), anti-chicken Alexa
Fluor 555 (Life Technologies), anti-mouse Alexa Fluor
594 (Life Technologies), and anti-chicken Alexa Fluor 488
(Life Technologies). Sections of paraffin-embedded islet
grafts were stained for insulin (guinea pig polyclonal, 1:800;
Fitzgerald, Concord, MA, USA) and EGFP (rabbit poly-
clonal, 1:200; Invitrogen). Secondary antibodies used were
horseradish peroxidase-conjugated affinipure donkey anti-
guinea pig (1:1,000; Jackson Immunoresearch Laboratory,
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West Grove, PA, USA) and alkaline phosphatase-con-
jugated affinipure donkey anti-rabbit (1:500; Jackson
Immunoresearch Laboratory). The sections were developed
with diaminobenzidine (Sigma-Aldrich) and Vulcan Fast
Red (Biocare Medical, Concord, CA, USA) before being
counterstained with hematoxylin (Sigma-Aldrich).

Analysis of Nerve and Vascular Density

The islet graft sections were scanned with a laser scan-
ning microscope Zeiss LSM510-Meta (Zeiss, Oberkochen,
Germany). Fluorescence images were subjected to changes
in brightness and contrast for optimal visualization. The
scanned images were analyzed with Imaris® 7.6.1
(Bitplane Scientific Software; Bitplane AG, Ziirich,
Switzerland). The vascular density was defined as CD31-
positive structures per islet area, whereas neural density was
defined as area of stained PGP9.5 structures per islet area.

Statistical Analysis

Values are expressed as means+SEM. When only two
groups were compared, Student’s unpaired #-test was used.
For multiple comparisons, analysis of variance (ANOVA)
and Student—Newman—Keuls method post hoc test were per-
formed. GraphPad Prism 6.0 (GraphPad Software, San Diego,
CA, USA) was used for all statistical analyses. For all com-
parisons, p<0.05 was considered statistically significant.

RESULTS
NCSC Characteristics and Coating

Propagated neurospheres from boundary cap expressed
similar characteristic markers as previously described
for this cell population (15,21), including expression of

Table 2. Gene Expression Data From Neural Crest Stem Cells

Gene Gene Expression
Symbol Gene Name 2%

VEGF-a Vascular endothelial 9.3x1072+£5.3%x1072
growth factor-a

MMP-2  Matrix metalloproteinase-2  6.3x1073+0.1x 107

MMP-9  Matrix metalloproteinase-9 1.8 x107#+£0.2x 10

NGF Nerve growth factor 2.2x107°+0.3x107?

BDNF Brain-derived neurotrophic  3.2x107#+0.5x 10~
factor

GDNF Glial cell line-derived 54%105£3.5%107
neurotrophic factor

Ntf3 Neurotropin 3 29%x1072x1.1x1072

Ntf5 Neurotropin 5 1.0x1072+0.02x 1072

Wnt 1 Wingless-related MMTV 1.5x107°+0.5% 107

integration site 1

Cntf Ciliary neurotrophic factor 2.3x107'+1.1x 10"
EGF Epidermal growth factor 25%x103+1.1x1073
FGF-5 Fibroblast growth factor-5  4.8x103+0.3x 1073

All values are given as means +SEM from three experiments.
Gene expression data were normalized to the housekeeping
gene TATA box-binding protein (Tbp).
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nestin and p75, while only some cells and preferentially
those peripherally located expressed mature glial (S10003)
and neuronal markers (PGP9.5) (Fig. 1). The NCSCs
expressed a vast number of proteins known to potently
stimulate angiogenesis and/or neurogenesis, such as
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vascular endothelial growth factor-a (VEGF-a), matrix
metalloproteinase-2 and -9 (MMP-2 and -9), nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF),
glial-derived neurotrophic factor (GDNF), neurotrophin
3 and 5 (Ntf3 and Ntf5), Wnt 1, ciliary neurotrohic factor

Figure 2. Neural crest-derived stem cell (NCSC) coating of islets before transplantation and the fate of NCSCs in islet grafts 1 month
after intraportal transplantation into the liver of mice. Mouse islet coated with a thin layer of NCSCs and surrounded by free NCSCs
is shown in bright field (A) and with fluorescence, the enhanced green fluorescent protein (EGFP)-expressing NCSCs are clearly
visualized in green (B). Representative images show NCSCs that remain on the islet surface posttransplantation (C), but preferentially
become incorporated in the transplanted islet tissue (D). Transplanted NCSCs differentiated into both glial cells, being glial fibrillary
acidic protein (GFAP)-positive (G; red) and S100-positive (K; red), and PGP9.5-positive neural cells (O; red). Adjacent panels show
nuclei (DAPI; blue) and insulin staining (yellow) (E, I, M), EGFP expression delineating NCSCs (F, J, N; green), and overlay images
(H, L, P) for each of the micrographs (G, K, and O). Scale bars: 100 um.
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(Cntf), EGF, and fibroblast growth factor-5 (FGF-5) (Table
2). Incubation of islets with dispersed NCSCs during
gentle shaking for 1 h and overnight incubation resulted
almost in full coverage of islet surfaces with a thin layer
of NCSCs (Fig. 2A, B) and enabled delivery of NCSCs to
the site of islet implantation in the liver.

Fate of NCSCs in Islet Grafts

At 1 month posttransplantation, NCSC-derived cells
were easily identified by their EGFP expression. Although
cells remained on the islet surface (Fig. 2C), they were not
restricted to this location. Some cells had migrated away
from the transplants into the liver tissue (data not shown),
whereas others were incorporated in the islet tissue (Fig.
2D). The cells had matured and differentiated into both
glial cells (~60%; GFAP and S100 positive, Fig. 2G, K) and
neurons (~40%; PGP9.5 positive, Fig. 20). The NCSCs
did not seem to differentiate into - or o-cells, since stain-
ings for insulin (Fig. 2D) and glucagon (not shown) did not
overlap with EGFP-positive cells. At 140 days posttrans-
plantation, NCSC-derived glial and neural cells (EGFP
positive) remained to a large extent in the islet periphery or
had migrated into the transplanted islets. No morphologi-
cal changes of NCSC-derived cells, or in the transplanted
islet or liver parenchyma, were observed (Fig. 3).

Measurements of Neural Density

Transplanted control islets showed presence of neural
fibers surrounding the implanted islets and also to some
extent interspersing the endocrine tissue at 1 month post-
transplantation (Fig. 4A, B). Islets coated with NCSCs
contained threefold more nerve axons/dendrites, and the

Figure 3. Neural crest-derived stem cell (NCSC)-coated islet in
the liver at 140 days posttransplantation. Both the morphology
of islet (insulin; brown) and surrounding liver tissue appeared
normal. NCSCs (denoted by arrows; red) were still apparent in
the islet vicinity. Tissue section was counterstained with hema-
toxylin. Scale bar: 50 pm.
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vast majority of these were not derived from the NCSC
coat (Fig. 4C-F).

Measurements of Vascular Density

One month posttransplantation, a lot of blood vessels
were observed in the immediate surroundings of trans-
planted islets, irrespective of whether or not the islets
were coated with NCSCs (Fig. 4G-K). Whereas very few
blood vessels could be discerned within transplanted con-
trol islets, blood vessel ingrowth into NCSC-coated islets
was increased more than threefold (Fig. 4L). Double stain-
ing with markers for blood vessels and nerves showed
that ingrowth of blood vessels and nerves were in close
proximity to each other (Fig. 4AM-R).

Islet Graft Function

All diabetic animals transplanted with 300 control
or NCSC-coated islets were cured (Fig. 5SA). However,
whereas transplanted animals receiving NCSC-coated
islets responded similarly as nondiabetic control mice
to an intravenous glucose tolerance test at 1 month post-
transplantation, transplanted animals receiving naked
control islets were glucose intolerant (Fig. 5B). Indeed,
by the NCSC coating of islets, glucose disposal rate in
the transplanted animals increased almost threefold and
was normalized (Fig. 5C). Insulin staining of pancreas
of transplanted mice confirmed low densities of B-cells,
excluding the possibility of normalization of blood glu-
cose levels due to B-cell regeneration.

DISCUSSION

In the present study, we applied a technique to bioen-
gineer islet surfaces in order to obtain a novel local sup-
ply of NCSC:s to the site of implantation of intraportally
transplanted islets. By NCSC therapy, both an improved
revascularization and reinnervation of the islet grafts
could be obtained, as well as an improved graft func-
tion. NCSCs therefore add to the promising cell therapies
previously tested experimentally in islet transplantation
(2,19). Application of these different therapies should not
be considered mutually exclusive, since, as shown for
mesenchymal stem cells and endothelial cells (18), dif-
ferent cells may even have synergistic effects. Moreover,
although mesenchymal stem cells have shown excel-
lent performance, NCSCs differ with regard to their
immunomodulatory properties (1,24), as well as in their
capacities to support engraftment and B-cell proliferation
(8,16,19,29,31).

Pancreatic islets are normally densely innervated
with neural crest-derived nerve fibers, which directly
regulate both islet hormone secretion and islet blood
perfusion (17,33). Nerve signals contribute to B-cell
proliferation (22), and maturing NCSCs induce marked
B-cell proliferation (13,29). Schwann cells, also derived
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Figure 5. Glucose control in diabetic mice transplanted intra-
portally with control islets or neural crest-derived stem cell
(NCSC)-coated islets. Blood glucose measurements in mice
transplanted intraportally with control islets (closed circles)
or NCSC-coated islets (open circles) (A). Intravenous glucose
tolerance test in nondiabetic, nontransplanted control mice (tri-
angles), in mice transplanted with control islets (closed circles),
and in mice transplanted with NCSC-coated islets (open circles)
(B). Glucose disposal rate calculated for 10-60 min for the
intravenous glucose tolerance test (C). ¥*p<0.05 compared to
control islet graft; p<0.05 compared to nondiabetic, nontrans-
planted control mice. Data are means+SEM for seven to eight
animals in each group.
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from the neural crest, form a thin layer on the surface
of islets and participate in islet repair following injury
(36). The transplanted NCSCs matured and differen-
tiated into both glial cells and neurons. However, the
increased reinnervation of the islet grafts could not
merely be explained by NCSC maturing into neural
cells, since most nerve fibers that occurred in the grafts
were nonfluorescent, that is, derived from other sources.
Investigation of NCSCs showed their capacity to pro-
duce many neurotrophic factors, that is, NGF, BDNF,
GDNF, Ntf3 and -5, Wnt 1, Cntf, EGF, and FGF-5, to
stimulate ingrowth of endogenous nerves from the sur-
rounding liver into the grafts.

The NCSCs also expressed key angiogenic factors,
including VEGF-a and matrix metalloproteinases, previ-
ously shown to be of critical importance for islet revas-
cularization posttransplantation (4,9,14,37). Moreover,
several of the expressed factors known primarily for their
neurotrophic effects (NGF, BDNF, GDNF, Ntf3 and -5,
Wnt 1) stimulate angiogenesis (3,11). Cell therapy with
NCSCs indeed markedly improved revascularization of
intraportally transplanted islets. Of particular interest,
islets not fragmented upon transplantation, and which we
previously observed avascular at 1 month follow-up (14),
regularly contained blood vessels when NCSC coated.
The present strategy thereby provides a novel means to
revascularize also the large number of islets not mechani-
cally damaged at transplantation. New blood vessels were
in most cases closely aligned to ingrowing nerves, sug-
gesting similar cues for their growth (7). A recent report
also indicated that in pancreatic islets vascular signals are
important to coordinate innervation via vascular scaffold-
ing (32). The observed improved islet revascularization
thereby adds to the cues for neural ingrowth.

Cotransplantation beneath the renal capsule of neural
progenitor cells derived from the brain subventricular
zone with pancreatic islets was previously observed to
have potent immune modulatory effects, but at the same
time generated progenitor cell-derived malignant tumors
seen at 140 days of follow-up (24). In the present study,
we therefore included experiments to investigate the
long-term safety of the present cotransplantation of islets
coated with NCSCs into the liver, but did not find any
morphological alterations at 140 days posttransplantation.
All transplanted animals remained healthy with normal
weight gain, and the morphology was similar to that seen
1 month posttransplantation. The NCSCs migrating into
the liver tissue were surrounded by apparently normal
parenchyma in the graft-bearing livers of both 30- and
140-day-old islet grafts. Islet vascular and neural densi-
ties were improved by the presence of NCSCs, and the
NCSCs differentiated into both glial and neural cells. No
adverse trophic effects (e.g., tumors) could be seen even at
the extended follow-up.
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In our study, diabetic animals transplanted with 300
NCSC-coated islets to cure the recipients did not differ in
glucose handling from nondiabetic control mice, whereas
diabetic animals transplanted with control islets had a sig-
nificant delay in lowering blood glucose. Indeed, the glu-
cose disposal rate improved almost threefold by the NCSC
coating. This improved glucose tolerance by NCSCs
likely reflects their previously described trophic effects
on B-cell mass (13,29), their protection from cytokine-
induced apoptosis (28), and the presently reported improved
engraftment. The simple strategy applied by mere incuba-
tion of islets with NCSCs prior to transplantation makes it
feasible for implementation in clinical islet transplantation,
although NCSCs then probably need to be derived from
skin or bone marrow (27,35).
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