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Abstract. Objectives: In this study, we investigated the potential of umbilical cord blood
stem cell lineages to produce C-peptide and insulin. Materials and methods: Lineage
negative, CD133+ and CD34+ cells were analyzed by flow cytometry to assess expres-
sion of cell division antigens. These lineages were expanded in culture and subjected
to an established protocol to differentiate mouse embryonic stem cells (ESCs) toward
the pancreatic phenotype. Phase contrast and fluorescence immunocytochemistry were
used to characterize differentiation markers with particular emphasis on insulin and
C-peptide. Results: All 3 lineages expressed SSEA-4, a marker previously reported to
be restricted to the ESC compartment. Phase contrast microscopy showed all three
lineages recapitulated the treatment-dependent morphological changes of ESCs as
well as the temporally restricted expression of nestin and vimentin during differentia-
tion. After engineering, each isolate contained both C-peptide and insulin, a result also
obtained following a much shorter protocol for ESCs. Conclusions: Since C-peptide
can only be derived from de novo synthesis and processing of pre-proinsulin mRNA and
protein, we conclude that these results are the first demonstration that human umbilical
cord blood-derived stem cells can be engineered to engage in de novo synthesis of insulin.

INTRODUCTION

Stem cells hold tremendous promise for the future of regenerative medicine (Gerecht-Nir &
Itskovitz-Eldor 2004; Kume 2005). Remarkable advances have been made in the engineering of
embryonic stem cells (ESC) into mesoderm, endoderm and ectoderm developmental lineages
(Brimble et al. 2004; D’ Amour et al. 2005). Cells expressing markers of these stages have been
further engineered to produce cardiac (Xue ef al. 2005), neuronal, pancreatic (Kumar et al.
2003), haematopoietic (Suzuki & Nakano 2001), alveolar epithelial (Ali ef al. 2002) and hepatic
progenitors that perform many of the functions necessary to provide physiological rescue of
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pathological cells and tissues in many diseases. This demonstration of pluripotency of ESCs has
provided important insights into cell and tissue engineering. Most notably relevant to the engi-
neering of functional equivalents of pancreatic, islet-like, glucose-responsive, insulin-producing
cells to treat diabetes, ESCs have been directed along the endodermal lineage (Lumelsky et al.
2001; Stafford & Prince 2002; Segev et al. 2004; Shi et al. 2005). While several reports showed
insulin-containing cells (Lumelsky et al. 2001; Segev et al. 2004; Shi et al. 2005), the observation
that such cells could accumulate insulin from culture medium has brought additional criteria to
successful production and demonstration of insulin-producing cells (Rajagopal et al. 2003;
Hansson et al. 2004).

Umbilical cord blood (UCB) stem cells provide a parallel alternative to ESCs, while
capitalizing on the wealth of knowledge in the ESC field (Schulze et al. 2005). The multi-potency
of UCB and adult stem cells (ADSC), like ESCs, was demonstrated by differentiation into
haematopoietic, neuronal and cardiomyogenic progenitor stem cells (Abuljadayel 2003). UCB
stem cells and ADSCs have been used successfully in treating myocardial infarction using
bone marrow-derived stem cells and in haematotherapy using UCB stem cells (Stamm et al.
2003; Cohen & Nagler 2004; Perin & Silva 2004). ADSCs were also described from ductal
pancreatic epithelial cells (Rao et al. 1990; Bonner-Weir et al. 1993; Grapin-Botton 2005).
Furthermore, stem cells have tremendous potential specifically in diabetes (Bonner-Weir 2003;
Street et al. 2003; Hussain & Theise 2004; Kodama & Faustman 2004; Lechner 2004; Yamada
& Kojima 2005; Roche ef al. 2006). Indeed, there are reports of both endogenous, somatic
progenitor stem cells (Gao ef al. 2003; Booth & Holland 2004; Dor et al. 2004; Seaberg
et al. 2004; Weir & Bonner-Weir 2004) and cells that can transdifferentiate into islets (Burke
& Tosh 2005; Di Gioacchino et al. 2005; Yalniz & Pour 2005), reflecting an ongoing challenge
of identifying optimal sources for these cells (Bock 2004; Choi et al. 2004; Habener 2004;
Hayek 2004). Complex signals, which can be produced by the embryonic mouse pancreas, are
required for ESC differentiation to the insulin-producing phenotype (Brolen ez al. 2005).

We previously reported (Forraz et al. 2002a; McGuckin et al. 2003a,b, 2004) the isolation,
expansion and engineering of UCB-derived stem cell lineages of various degrees of multi-potency
into many types of functional progenitor phenotypes including haematopoietic, neuronal and
hepatic (Forraz et al. 2002b, 2004; McGuckin ef al. 2004). Using multi-parametric phenotyping,
we demonstrated that UCB contained a complex succession of heterogeneous stem and progenitor
cell groups up- and down-regulating a range of surface antigens including CD133, CD34, CD38,
CD7 and CD90 as they differentiated (Forraz et al. 2002a; McGuckin ef al. 2003b).

With the goal of engineering stem cells from human UCB for cell replacement therapy in
type 1 diabetes (Giannoukakis & Robbins 2002), it was important to test the potential of various
lineages for differentiation towards the islet-like lineage (Kato & Tsunoda 1993). We report here
the engineering of CD34, CD133" and lineage-negative (CD1337/CD34") stem cells to a C-peptide
producing, insulin-containing phenotype. These populations represent increasingly primitive
lineages that were expanded in cell culture under the direction of specific cytokines and then
subjected to a protocol reported to differentiate ESCs to an insulin-containing, pancreatic-like
phenotype (Lumelsky et al. 2001; Segev et al. 2004). These cells exhibited temporal expression
of markers reported to characterize development of the pancreatic lineage. Ultimately, the cells
contained C-peptide that ensured that they engaged in de novo synthesis and processing of
pre-proinsulin mRNA, contained proper functional pro-insulin proteolytic processing machinery,
and that the insulin they contained at least partly derived from de novo synthesis with an untested
contribution of insulin via uptake from the media. This is the first example of engineering human
UCB stem cells to contain the phenotypic repertoire that might provide an avenue to treat type
1 diabetes.
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MATERIALS AND METHODS

Isolation of human UCB stem cell lineages

Umbilical cord blood units were collected from normal microbiologically screened and ethically
cleared donors after caesarean sections and diluted upon collection with phosphate-buffered
saline (PBS; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 0.6% acid citrate dextrose
formula-A acid anticoagulant (Sigma-Aldrich) and bovine serum albumin (0.5% fraction V,
Sigma-Aldrich) at pH 7.4 (ACD-A). Four volumes of diluted cord blood units were overlaid onto
one volume of research grade Ficoll-Paque solution (d: 1.077 g/cm’, Amersham Biosciences,
Uppsala, Sweden) following the manufacturer’s instructions. Following centrifugation at 400 g
for 30 min at room temperature, the mononuclear layer was removed, washed twice in ACD-A
buffer, and used for further purification. Primitive lineage-restricted or lineage-negative stem
cells were purified by sequential immunomagnetic depletion as previously reported (Forraz et al.
2004; McGuckin et al. 2004) by blocking non-specific Fc receptors with human gamma-
globulins (2% in PBS) followed by sequential immunomagnetic depletion with antibodies to
mouse antihuman antiglycophorin A (Dakocytomation, Carpentaria, CA, USA) and then a
cocktail of antibodies to CD45, CD33 and CD7 (all from Autogenbioclear, Wiltshire, UK).
CD34" or CD133" cells were isolated as previously described (McGuckin ef al. 2003b) by
positive selection with colloidal super-paramagnetic MACS MicroBeads conjugated to mono-
clonal mouse antihuman CD34 or CD133 (Miltenyi Biotec Inc., Bergisch Gladbach, Germany)
antibodies.

Immunohistochemistry

Cells in suspension were spotted directly onto microscope slides or collected using a Cytospin,
air-dried, fixed in 4% paraformaldehyde, washed with PBS, and treated with 70% ethanol.
Adherent cells were similarly fixed directly on cover slips or chamber slides. For staining
insulin, C-peptide, nestin and vimentin, non-specific Fc receptors were blocked with 2% human
v-globulin in PBS solution (4 °C, 20 min; Sigma-Aldrich). Antihuman insulin mouse mono-
clonal immunoglobulin G (IgG) (Sigma) was detected with fluorescein isothiocyanate
(FITC)-conjugated goat antimouse IgG (Santa Cruz, CA, USA). Antihuman C-peptide rabbit
IgG (Acris Antibodies GmbH, Hiddenhausen, Germany) and antihuman nestin rabbit IgG
(Chemicon Int., Temecula, CA, USA) were detected with FITC-conjugated sheep antirabbit
IgG (Chemicon Int.). Antihuman vimentin mouse monoclonal IgG (Chemicon Int.) was
detected with Texas Red-conjugated goat antimouse (StemCell Technologies, Vancouver,
Canada). For SSEA-4 staining, blocking was performed in 0.1% saponin, 0.1% NaN;, 2%
foetal calf serum in PBS with 1 : 50 dilutions of primary and secondary antibodies. Antihuman
SSEA-4 rat [gG3 (Chemicon Int.) was detected with FITC-conjugated IgG (Santa Cruz). Nuclei
were stained with 4,6-diamidino-2-phenylindole (DAPI)-containing Vectashield mounting
medium (Vector Laboratories Inc., Burlingame, CA, USA). Fluorescence microscopy was
performed on a Nikon Eclipse 80i (Tokyo, Japan) and confocal imaging on a Zeiss LSM 510
UV Meta laser scanning confocal microscope (Carl Zeiss Microlmaging GmbH, Goéttingen,
Germany).

Flow cytometry

Approximately 100 000 cells were incubated at 4 °C for 30 min with antihuman CD34-FITC,
antihuman CD38-FITC (both from StemCell Technologies), or antihuman CD133-PE (Miltenyi
Biotec Inc., Bergisch Gladbach, Germany). Negative controls were incubated with mouse IgG
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isotype control FITC or PE (StemCell Technologies). Cells were centrifuged, washed, fixed with
0.5% paraformaldehyde and kept refrigerated until flow cytometry analysis within 1 week using
a BD FACSCanto (Becton Dickinson Biosciences, Rockville, MD, USA) with excitation/
emission for FITC at 488/530 and PE at 488/585 nm.

Cytokine-induced expansion

Umbilical cord blood stem cells (10* cells/ml) were cultured in tissue culture microflasks (Nunc,
Rochester, NY, USA) at 37 °C, 5% CO, humidified atmosphere in Iscove’s-modified Dulbecco’s
medium (IMDM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% foetal bovine serum
(FBS) (Es-Cult™-Tested FBS, StemCell Technologies Inc.) in the presence of the human
recombinant cytokines (Pepro Tech Inc., Rocky Hill, NJ, USA) thrombopoietin (10 ng/ml),
fit3-ligand (50 ng/ml) and c-kit ligand (20 ng/ml).

Directed engineering towards the pancreatic phenotype

Expanded UCB-derived stem cells were treated essentially as previously described (Lumelsky
et al. 2001) following the four-step protocol provided by the manufacturer (StemCell Technologies).
Step 1: expanded human cord blood stem cells were seeded at 1 x 10° cells/ml in ES differen-
tiation medium, containing 15% FBS, 0.1 mM nonessential amino acids, 2 mM L-glutamine,
1 mm methyl B-D-thiogalactoside (MTC) and Dulbecco’s modified Eagle’s medium (DMEM)
high glucose. After incubation for 2 days at 37 °C, media was replaced and incubation continued
for an additional 2 days. Step 2: in order to produce nestin-positive cells, media was changed to
serum-free insulin, transferrin, selenium (ITS) in basal medium-A and incubation continued for
6 days with media changed every 2 days. Step 3: cells were then harvested, seeded in serum-free
pancreatic proliferation medium, containing N, supplement-A, B27 supplements and 25 ng/ml
basic fibroblast growth factor (bFGF) in basal medium-A, and incubated for 6 days with media
changed every 2 days. Step 4: cells were differentiated into insulin- and C-peptide-containing
cells by incubation for 6 days in pancreatic differentiation medium containing N, supplement-A,
B27 supplements and 10 mM nicotinamide in basal medium-A with serum.

Rapid directed engineering towards the pancreatic phenotype

Lineage-negative cells were plated into ultra low attachment plates in 10% FBS in DMEM with
cytokines for 24—48 h, then transferred to Laboratory-Tek Chamber slides (Nalge Nunc Int.,
Rochester, NY, USA) according to a published protocol (Shi ef al. 2005). After at least 2 h in
slide chambers, 100 ng/ml activin A (Sigma) was added for 24 h. Cells were then transferred to
10% FBS in DMEM for 6—8 h followed by addition of 1 um All-trans retinoic acid (Sigma) for
an additional 24 h (Step 1). Media was changed to 10% FBS in DMEM with 10 ng/ml bFGF
(Sigma) for 35 days (Step 2). Finally, cells were cultured in DMEM/F12 with N, supplement,
B27 supplement (all from Gibco-BRL), 1 pg/ml laminin (Sigma), 10 ng/ml bFGF and 10 mm
nicotinamide (Sigma) for 3—5 days.

RESULTS

Initial characterization of cell surface markers was important to assess stage of differentiation,
purity and reproducibility of yields from original blood volume and buffy coat mononuclear
cells. Flow cytometry analysis shown in Fig. 1, indicated lineage-negative isolates (left)
contained barely detectable levels of CD133*, CD34", or CD38" markers. Typical yields were
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Figure 1. Flow cytometry analysis of lineages from umbilical cord blood stem cells. Freshly isolated stem cells from
the indicated lineages were analyzed by flow cytometry for expression of CD133 (open bars), CD34 (horizontal hatched
bars) and CD38 (filled bars). Data represent means and standard errors of the mean for at least three independent
isolations.

~100 000 cells from 40 ml of cord blood or 0.1-0.4% of the mononuclear cells. CD133™ isolates
(middle) were all positive for both CD133 and CD34 markers with most cells also expressing
CD38. These cells were typically present in ~20-fold higher abundance than lineage-negative
cells. CD34" isolates (right) were all positive for CD34 and CD133 and mostly positive for CD38.
All three lineages contained highly birefringent, small, round cells that were morphologically
indistinguishable from each other (data not shown).

Because we recently reported that lineage negative isolates express SSEA-4 (McGuckin ef al.
2005), previously considered to be unique to ESCs, all three isolates used in this study were further
characterized for expression of this marker. Figure 2 illustrates that lineage-negative, CD133"
and CD34 isolates all express SSEA-4.

After expansion in recombinant cytokines with serum, the three lineages were next treated
according to a protocol published for directed differentiation of human ESCs to the pancreatic,
insulin-synthesizing phenotype. Shown in Fig. 3 are phase contrast micrographs, representative
of all three lineages, that demonstrate the morphological changes seen during the differentiation
process of lineage-negative isolates. Multi-cellular aggregates or clusters (Panel A), similar
to the embryoid bodies formed by ESCs, formed during culture in differentiation medium in
Step 1. Subsequent culture in serum-free media led to disaggregation and attachment of cells to
the culture dish in Step 2 (Panel B). Expansion of pancreatic precursor cells induced by bFGF
in Step 3 resulted in large, elongate cells (Panel C). Finally, removal of bFGF and inclusion
of nicotinamide in Step 4 produced cells with long, narrow processes or pseudopodia, which
appeared to contact adjacent cells (Panel D). Identical morphological responses were seen
during differentiation of CD133" and CD34" cells (data not shown).

Because human ESCs express nestin and vimentin during engineered differentiation along
the pancreatic lineage, we tested lineage-negative cells for expression of these markers. After
culture in serum-free medium in Step 2, immunocytochemistry in Fig. 4 demonstrated expres-
sion of vimentin (Panel B) and nestin (Panel C). Similar temporal expression patterns of these
differentiation markers were seen for CD133" and CD34" cells (data not shown).

We next tested for expression of key markers for the pancreatic phenotype. While insulin is
necessary for our long-term goals of stem cell therapy for type 1 diabetes, insulin is present in
the cell culture medium and can be taken up from the medium. Thus, it is necessary to test for
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Figure 2. Immunocytochemical characterization of SSEA-4 expression in stem cell lineages. Freshly isolated
lineage negative (Panels a—d), CD133™ (Panels e-h) or CD34" (Panels i-1) cells were stained with antihuman SSEA-4
immunoglobulin G (IgG) (Panels b, f and j) or control IgG (Panels d, h and 1) followed by fluorescein isothiocyanate
(FITC)-conjugated second antibodies (Panels b, d, f, h, j and 1). Nuclei were then visualized by staining with 4”,6-
diamidino-2-phenylindole (DAPI) (Panels a, c, e, g, i and k). Fluorescence micrographs are representative of at least
three independent isolations. Scale bars, 25 pwm.
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Figure 3. Differentiation of cord blood stem cells. Lineage-negative cells were expanded for 1 week and then differ-
entiated as described in ‘Methods’ and cell morphology shown with phase contrast microscopy. Step 1 (4 days, Panel a),
aggregation in differentiation medium. Step 2 (6 days, Panel b), production of nestin-positive, attached cells in serum-
free medium. Step 3 (6 days, Panel c), proliferation towards pancreatic lineage with basic fibroblast growth factor
(bEGF). Step 4 (6 days, Panel d), differentiation to insulin- and C-peptide-containing cells by nicotinamide. Phase
contrast micrographs are representative of at least five experiments. Scale bars, 25 um.
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Figure 4. Immunocytochemical characterization of nestin and vimentin expression. Lineage-negative stem cells
after serum-free induced attachment in Step 2 were fixed and stained with antihuman nestin IgG (Panel b), antihuman
vimentin immunoglobulin G (IgG) (Panel ¢) or control IgG (Panels e and f). Cells were then exposed to fluorescein
isothiocyanate (FITC) (Panels b and e) — or Texas Red (Panels ¢ and f) — conjugated secondary antibodies and nuclei
stained with 4’,6-diamidino-2-phenylindole (DAPI) (Panels a and d). Fluorescent micrographs are representative of at
least three experiments. Scale bars, 25 um.

the presence of C-peptide, which can only be derived from de novo synthesis of pro-insulin and
proper proteolytic processing. Towards this end, immunocytochemistry for both insulin and C-
peptide was performed. Figure 5 shows that differentiated CD34" (Fig. 5a), CD133" (Fig. 5b)
and lineage-negative (Fig. 5c) isolates were all capable of producing C-peptide and containing
insulin. This demonstrates that some, if not all, of the insulin in these cells is derived from de novo
synthesis. Laser scanning confocal microscopy of lineage-negative cells showed that the punctate
nuclei were surrounded by an extensive cytoplasm in these differentiated cells (Fig. 5d).

Finally, we tested the potential of human lineage-negative stem cells to produce C-peptide
with an independent, more rapid engineering protocol utilizing distinct factors for expansion and
differentiation. Cells were expanded by treatment with Activin A followed by treatment with all-
trans retinoic acid in the presence of serum. After several days in bFGF, differentiation was then
induced by laminin and nicotinamide in the final step. Figure 6 illustrates that this substantially
different protocol resulted in differentiation to pancreatic B cell-like precursors that produce
insulin and C-peptide. On a practical note, this latter protocol was much shorter, requiring only
9 days compared to 22 days for the former protocol.

DISCUSSION

We recently reported the novel discovery, isolation and expansion of human UCB-derived,
embryonic-like stem cells (CBE) in the lineage-negative compartment (McGuckin et al. 2005).
These cells expressed many markers unique to ESCs and formed cellular aggregates that
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Figure 5. Insulin and C-peptide staining of differentiated stem cells. CD34" (Panel a), CD133" (Panel b) and
lineage-negative (Panel c) cells were differentiated as described in ‘Methods.” Cells were stained with anti-insulin
immunoglobulin G (IgG) (subpanel 2), anti-C-peptide IgG (subpanel 6), or control IgGs followed by fluorescein isothio-
cyanate (FITC)-conjugated secondary antibodies (subpanels 4 and 8). Nuclei were then stained with 4’,6-diamidino-
2-phenylindole (DAPI) (subpanels 1, 3, 5 and 7). Images were captured by fluorescence microscopy (Panels A and B;
Scale bars, 25 um) or laser scanning confocal microscopy (Panel c; Scale bars, 10 um). Merged images of DAPI and
insulin (Panel d, subpanel 1) or DAPI and C-peptide (Panel d, subpanel 2) were captured by laser scanning confocal
microscopy (Scale bars, 10 pum). Micrographs are representative of at least three experiments.

resembled embryoid bodies formed by ESCs. We expanded CBEs in two-dimensional culture
and engineered them in three-dimensional culture to form hepatic progenitors of the definitive
endodermal lineage. Because pancreatic B cells form developmentally from the definitive
endoderm, distinct from other endodermal derivatives (Lu et al. 2001; Robb & Tam 2004),
we hypothesized that CBEs, and perhaps less primitive lineages could be differentiated into
insulin-producing cells.

To test this hypothesis, we isolated lineages from the UCB stem cell compartment that
differed in the extent of development and subjected them to a protocol reported to differentiate
human ESCs to the pancreatic lineage of insulin production (Lumelsky ef al. 2001). Lineage-
negative, CD133*, and CD34" isolates all recapitulated the temporal protein expression patterns
of nestin and vimentin shown for ESCs, as well as the morphological changes. Most importantly,
at the end of this protocol, all three lineages contained C-peptide and insulin.

© 2007 Blackwell Publishing Ltd, Cell Proliferation, 40, 367-380.



376 L. Denner et al.

Insulin and DAPI

Control

C-Peptide and DAPI

Control

Figure S. (Continued)

The presence of insulin in cells clearly does not, by itself, reflect insulin production. In fact,
several reports of stem cells differentiated to insulin-producing cells have been questioned
(Rajagopal et al. 2003; Hansson ef al. 2004). One of the confounding problems is that insulin,
which is present in high concentrations in the serum typically used for the expansion and dif-
ferentiation of stem cells, can be taken up and concentrated within many cell types. The next
critical level of evidence for de novo insulin synthesis derives from the presence of C-peptide that
has become the standard for demonstrating that cells do indeed synthesize insulin (Blyszczuk
et al. 2004; Blyszczuk & Wobus 2004; Kania et al. 2004; Segev et al. 2004; Shi et al. 2005).
In contrast to insulin, C-peptide can only come from the endogenous, de novo synthesis of
pre-proinsulin mRNA, translation of the pre-proinsulin protein and properly regulated proteolytic
processing to produce mature insulin and C-peptide. This is the first demonstration of human
cord blood stem cells producing insulin.

© 2007 Blackwell Publishing Ltd, Cell Proliferation, 40, 367-380.



Cord blood stem cells synthesize insulin 377

C-Peptide

Figure 6. Insulin and C-peptide staining after a 9-day differentiation protocol. Phase contrast microscopy is shown
in Panel (a) for lineage-negative cells treated with Activin A followed by retinoic acid (Step 1, subpanel 1), basic fibro-
blast growth factor (bFGF) (Step 2, subpanel 2) and finally, laminin, nicotinamide and bFGF (Step 3, subpanel 3).
Differentiated cells were visualized by fluorescence immunocytochemistry in Panel (b) for insulin (subpanel 2) and
C-peptide (subpanel 3). Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (subpanel 1). Micrographs are
representative of three experiments. Scale bars, 25 pm.

To independently confirm that stem cells could be differentiated to produce insulin, a second,
entirely distinct, protocol was followed (Shi et al. 2005). Indeed, using Activin A and all-
trans retinoic acid followed by laminin, bFGF and nicotinamide, lineage-negative cells were
engineered through the same temporal protein expression patterns and morphological changes
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yielding cells that contained both insulin and C-peptide. This further confirms the multi-potency
of cord blood stem cells to become pancreatic-like, insulin-producing cells.

Finally, in the initial characterization of isolates from different stem cell compartments
representing different stages of development, we tested for expression of SSEA-4, a marker
previously thought to be specific for ESCs we recently reported on lineage-negative cells. While
confirming SSEA-4 on lineage-negative cells, surprisingly, CD133* and CD34" isolates also
expressed this rare antigen. This immunocytochemical localization has been confirmed by flow
cytometry (data not shown). Furthermore, expression of this ‘primitive’ consensus ESC marker
has now been confirmed in cord blood mononuclear cells (Zhao et al. 2006). Together, these
studies confirm that SSEA-4 is expressed outside the ESC lineage in multiple stem cell lineages
such as CD133 and CD34 during haematopoietic differentiation.
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