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Objectives: Islet transplantation is hampered by the shortage of

donor tissues. Our objective was to generate islet-like cell clusters

(ICCs) from cultures of non-islet pancreatic cells.

Methods: The starting cultured cells came from the non-islet
fractions of human pancreases after enzymatic digestion and
purification for the purpose of islet isolation. Initially, these
cells expanded in monolayer cultures and became confluent
on collagen-coated flasks. After trypsination and suspension
of these cells in a defined islet differentiation medium, the
cells aggregated to form ICCs.
Results: The initial cell population consisted of less than 1% of

insulin-positive cells, 44% amylase-positive cells, and 41% cytoke-

ratin (CK) 7Ypositive, or CK19+ cells, but PDX-1+ cells were

absent. Cells from later stages of the monolayer cultures showed

signs of dedifferentiation/transdifferentiation. At the time of har-

vesting, more than 90% of the cells were positive for CK 7/19 and

PDX-1, but less than 1% of the cells were insulin-positive. After

aggregation, the ICCs appeared redifferentiated, and contained

glucose-responsive, insulin-secreting cells with an insulin content

measuring 20% of that found in freshly isolated islets isolated from

the same pancreas. ICCs transplanted into athymic mice and re-

moved after 4 months did acquire the morphology of mature islets,

indicating further maturation of the ICCs in vivo after transplan-

tation. Human C-peptide was detected in recipient animal sera.

Conclusion: Using the specified culture methods, non-islet pancreas

cells can generate cell clusters resembling islets. These ICCs, ob-

tained from fractions of the pancreas that are otherwise discarded,

continue to differentiate after transplantation to become mature

islets.
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R ecent advances in clinical islet transplantation1 have led
to the expectation that $-cell replacement therapy may

provide a possible cure for type 1 diabetes. However, a major
hurdle is the limited availability of donor pancreata. Various
lines of investigation have been conducted to alleviate the
islet shortage as discussed in a number of reviews.2Y6 The use
of xenogeneic islets, especially from swine, has been studied
for a number of years, but the unresolved problems of the
xenogeneic immune barrier and the risks of xenoinfections
have remained as major challenges.7 Insulin-producing cells
have been generated from embryonic stem cells,8,9 but in
addition to the controversies10,11 and ethical issues, a
teratoma formation was recently reported after transplanta-
tion of embryonal stem cells (ES)-generated ICCs.12 Adult
stem cells, including bone marrow cells, and neural stem cells
were also reported as a source to generate islets,13 but this has
yet to be clearly demonstrated.5 Transdifferentiation of
hepatocytes14 or epithelial cells in the intestine15 has also
resulted in insulin-producing cell generation in vitro and may
be potential sources of islets. Others have attempted to bio-
engineer $ cells in the generation of artificial islets. Despite
many reports, only a few have convincingly shown the reversal
of diabetes by islets generated by these approaches.14,16,17

The human pancreas from healthy individuals contains
approximately 1 million islets, which represent approximately
1% to 2% of the total pancreatic mass, and the remaining
98% of the cells consists mainly of acinar and ductal cells.
In the preparation of islets for transplantation, islets are
purified or enriched by a density gradient centrifugation. The
remaining non-islet fractions are usually discarded (the
pancreatic discard). Studies from several laboratories18Y20

have suggested the potential of non-islet cells of the
human pancreas to differentiate into insulin-producing
cells. Islet-like cell clusters (ICCs) have also been generated
in vitro from pancreatic cells using an extracellular matrix
(Matrigel).18,20,21 However, insulin expression levels in
the resulting $ cells were low. Furthermore, the use of
Matrigel may prevent this approach from clinical application.
ICCs have been generated by culturing ductal epithelium of the
pancreas from prediabetic non-obese diabetic (NOD) mice.19

When transplanted into diabetic NOD mice, these ICCs were
fully developed and able to reverse hyperglycemia. Others
have speculated that non-islet pancreatic cells, such as acinar
cells, dedifferentiate or transdifferentiate into ductlike cells or
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even hormone-positive cells.22Y24 The presence of stem cells
in the pancreas has also been demonstrated.6 Nestin-positive
cells derived from isolated human islets were reported to have
the ability to differentiate ex vivo into pancreatic endocrine,
exocrine, and hepatocyte phenotypes.4,25,26 However, nestin
as a marker for islet progenitor cells is highly controversial,27

and several lines of compelling evidence have demonstrated the
rise of islet cells from precursors that do not express nestin,
during embryonic development, in the adult pancreas, or during
islet regeneration.28,29 Data demonstrating the plasticity of
adult stem cells and adult differentiated cells and the
transdifferentiation of these cells into various cell types,
even crossing the lineage boundary, have been reported.30,31

In this report, we describe an in vitro culture proce-
dure for the generation of ICCs from human pancreatic
discard through processes of selection, expansion, and
differentiation, without the use of a matrix. ICCs generated
by this method are ready for transplantation within 3 to 4
weeks. These ICCs contain approximately 20% as much in-
sulin as the purified islets prepared from the same pancreas
and are capable of releasing insulin in response to high-
glucose stimulation in vitro. After transplantation into non-
diabetic immunodeficient mice, the ICCs continuously
mature, acquire adult islet-like morphology, and release
insulin as indicated by the presence of human C-peptide in the
recipient sera.

MATERIALS AND METHODS

Pancreatic Cell Preparation
The use of human pancreatic tissue in this study was

approved by the institutional review committee at the City of
Hope/Beckman Research Institute. Human pancreata were
procured from heart-beating cadaveric multiorgan donors by
the local organ procurement agency (OneLegacy, Los
Angeles, Calif ) with appropriate informed consent, including
the research use approval of the tissue. Pancreata were
processed for islets using a 2-step digestion method32

following the standard operation procedures of the Southern
California Islet Cell Resources Center of the City of Hope
National Medical Center. Liberase-digested pancreatic tissue
was placed on Euro-Ficoll solutions to separate islet and non-
islet fractions by a discontinuous gradient centrifugation on a
COBE2991 cell processor (Gambro, Lakewood, Colo). Islets
migrated in the interface between layers of the densities 1.056
and 1.086(g/mL). Cells in Euro-Ficoll solutions of density
higher than 1.096 g/mL contained less than 1% islets and
were not used for transplantation and discarded. This fraction
was named as Bpancreatic discard.^ The pancreatic discard
represented the majority of the digested pancreatic tissue and
had a volume far greater than that of the purified islets (920
vs. 1Y3 mL in the packed cell volume). The pancreatic discard
cells were collected for this study after completing islet
isolation and washed with Hanks balanced salt solution
(Mediatech, Herndon, Va) before starting culture.

Cell Culture Methods
Cells in the pancreatic discard were cultured through 2

consecutive steps: the first step was for cell selection and

expansion (proliferation culture) and the second step for cell
differentiation (differentiation culture). Cells and cell clumps
obtained after washing the pancreatic discard were placed in
tissue culture flasks coated with collagen I (BD Biosciences,
Bedford, Mass) in Ham’s F12 culture medium (Mediatech) sup-
plemented with 5 mmol/L nicotinamide (Sigma, St Louis, Mo),
nonessential amino acids (Sigma), antibiotics (Sigma), and
10% fetal bovine serum (FBS, Omega Scientific, Tarzana,
Calif). The medium was changed daily for 1 to 2 days and
thereafter every 2 to 3 days. When monolayer-grown cells
reached confluence (usually 4Y7 days), they were harvested
using trypsin (Sigma).

Cell differentiation was initiated by promoting single
cells harvested from monolayer cultures to form cell
aggregates. The monolayer-grown cells from the proliferation
cultures were suspended in the pancreatic cell differentiation
medium (PCDM) and placed in nontissue culture-coated Petri
dishes (Fisher, Pittsburgh, Pa). The PCDM was a MCDB153
medium (Sigma), supplemented with 1 mmol/L calcium
chloride (Sigma), 10 mmol/L nicotinamide, 20 ng/mL gastrin
(Sigma), 5 ng/mL keratinocyte growth factor (KGF) (R&D
Systems, Minneapolis, Minn), 20 ng/mL insulin-like growth
factor 1 (Sigma), 20 ng/mL exendin 4 (Bachem, Torrance,
Calif), 0.1 mmol/L ascorbic acid (Sigma), and 2% FBS, but
insulin was not added. Petri dishes containing the suspended
cells were placed on an orbital shaker (Bellcoglass, Vineland,
NJ) to promote cell clustering. The medium was changed
every 2 days. The cells formed aggregates within 24 to 48
hours, and these aggregates were stable for a period of up to
1 month. Cell clusters were harvested at a desired time to
assess various parameters.

Immunocytochemistry
Immunocytochemical analyses were performed on cells

grown on coverslips or cell clusters attached to polylysine-
coated coverslips and fixed with cold methanol and acetone.
Alternatively, cell clusters were fixed with formalin and
embedded first in agar and then in paraffin for preparation of
histology sections. The following primary antibodies were
used for immunocytochemical staining: rabbit anti-human
amylase (Sigma), mouse anti-human cytokeratin (CK) 7
(Dako, Carpinteria, Calif), mouse anti-human CK19 (Dako),
guinea pig anti-human insulin (Linco Research, St Charles,
Mo), rabbit anti-human glucagon (Linco), rabbit anti-human
somatostatin (Sigma), rabbit anti-human PDX-1 (2 different
antibodiesVkind gifts from Dr Chris Wright, Vanderbilt Uni-
versity, Nashville, Tenn, and Dr Marc Montmini, Salk In-
stitute, La Jolla, Calif ), rabbit anti-human MCM2 (hMCM233),
and mouse anti-human nestin (BD Biosciences, San Diego,
Calif ). Corresponding secondary antibodies against each first
antibody/immunoglobulin were either conjugated with fluo-
rescein (FITC) or Texas red (all from Jackson Immuno-
Research Laboratories, West Grove, Pa). All samples were
counterstained for DNA with DAPI (Sigma). Stained samples
were embedded in Vectashield (Vector Laboratories, Burlin-
game, Calif) and examined under an Olympus BX51 fluo-
rescent microscope, equipped with a Pixera 600CL cooled
CCD camera (Olympus America, Melville, NY). A picture for
each individual color was separately captured using Pixera
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Viewfinder 3.0 acquisition software (Pixera, Los Gatos, Calif)
and processed using Adobe Photoshop 7.0 software (Adobe,
San Jose, Calif). Merged images are shown in all figures.

Measurements of ICC Insulin Contents
Cell aggregates were harvested from differentiation

cultures and washed with phosphate-buffered saline (Media-
tech). After 5 washes, the cell pellet was snap-frozen in liquid
nitrogen and stored at j80-C until insulin extraction and
measurements of insulin and DNA. For insulin and DNA
measurements, the frozen stored samples were thawed and
sonicated in water. The lysate was obtained by centrifuging
the sonicated material at 12,000g for 3 minutes using an
Eppendorf centrifuge (Eppendorf North America, Westbury,
NY). Insulin was measured using an ELISA kit (Alpco,
Windham, NH) and DNA using a Pico Green Kit (Molecular
Probes, Eugene, Ore). Insulin contents in ICCs were ex-
pressed as insulin amount (ng)/DNA (6g).

In Vitro Insulin Release Assays
To assess the insulin release function of ICCs, a static

incubation assay was performed. The static incubation assays
were performed on 5 batches of ICCs generated from dif-
ferent pancreatic discards obtained from 5 consecutive islet
isolations. Before the assay, ICCs were washed and cul-
tured overnight in RPMI1640 medium (Sigma) containing
3.3 mmol/L glucose and 2% FBS (basal medium). Before the
static incubation assay, the ICCs were washed 5 times with
basal medium and then incubated in basal medium. After
30 minutes, the medium was collected for insulin assay (first
low-glucose sample) and then replaced by high-glucose stim-
ulation medium (RPMI1640 containing 19.3 mmol/L glucose
and 2% FBS) to incubate ICCs for another 30 minutes.
Collection of the supernatant (high-glucose sample) was
followed by 5 washes with basal medium, and then the ICCs
were again incubated with basal medium for 30 minutes to
obtain a second low-glucose sample. This was followed by
30 minute incubation in high-glucose medium containing
10 mmol/L theophylline (high-glucose plus theophylline
sample) and then the third incubation in basal medium (third
low-glucose sample) after an additional 5 washes with basal
medium. Collected samples were frozen and stored until
measurement of human insulin. The stimulation index (SI)
was calculated as insulin released into the stimulation medium
divided by insulin released into the basal medium.

Transplantation of ICCs into
Immunodeficient Mice

In vivo survival, function, and growth/maturation of ex
vivoYgenerated ICCs were examined by transplanting them in-
to immunodeficient mice, either athymic or NOD/severe
combined immunodeficiency mice. Approximately 2000 ICCs,
containing an estimated number of 4 million cells, were
transplanted under the renal capsule of normal (nondiabetic)
mice. At the time of graft removal, human C-peptide levels in the
recipient serum were measured 30 minutes after an intraperito-
neal injection of 2 g/kg glucose. The kidney carrying the ICC
graft was removed at various intervals after transplantation, fixed
in formalin, and processed for immunohistochemical examina-
tion. Human C-peptide was measured using an ELISA kit
(ALPCO, Windham, NH).

Statistical Analysis
Data are expressed as average T SD. Differences

between groups were analyzed by the unpaired Student
t test. A value of P less than 0.05 was considered significant.

RESULTS

Pancreatic Cells Expand and Dedifferentiate/
Transdifferentiate in Monolayer Cultures

Days 0 to 1 Monolayer Cultures

The starting material, pancreatic discard, contained
70% to 80% (74.89% T 0.77%) of cells stained for the aci-
nar cell marker amylase, 20% to 30% (28.59% T 0.72%)
for CK7+ or CK19+ ductal cell markers, and less than 1%
(0.35% T 0.34%) of cells were positive for insulin and also
for the other islet hormones (Table 1). After being placed
in collagen IYcoated flasks using PCPM medium, cells that
did not attach to the plastic surface were mostly acinar cells
and were washed away when the medium was changed af-
ter overnight culture (day 1, day 0 is the day of starting the
culture). The cells that had attached to the flask bottom stained
either for amylase or CK7, and their percentages were similar,
changing significantly from the starting material (P G 0.05;
amylase-positive vs. CK7+ cells = 43.59% T 6.32% vs. 41.08% T
2.89%, n = 3), and less than 0.15% of the cells were insulin-
positive or other pancreatic hormoneYpositive (Fig. 1).
Some amylase-positive cells were also costained for CK7
(12% T 5.6%) at this stage of culture, indicative of

TABLE 1. Cell Composition of Discard Fraction, Monolayer Cultures, and Aggregates

Insulin Glucagon Amylase CK7 PDX1 MCM2

Non-islet fraction 0.35 T 0.34 nd 74.89 T 0.77 28.59 T 0.72 nd nd

d1 nd nd 43.59 T 6.32 41.08 T 2.89 nd nd

d2 nd nd 29.97 T 19.68 66.0 T 4.27 n/a 4.5 T 2.9

d5 nd nd 6.72 T 1.91 92.51 T 4.96 96.13 T 1.23 31.07 T 11.9

Aggregates 12.71 T 2.31 9.19 T 2.62 nd 63.63 T 14.30 n/a nd

N = 4; for each experiment, 600 to 1200 cells were counted at more than 4 random fields.
Data are given as % of total cells T SD.
nd Indicates not detected (e0.15); n/a, data not shown; d1, d2, and d5, monolayer cultures on days 1, 2, and 5, respectively.
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