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Abstract
Objective—To determine if mesenchymal stem cells (MSC) derived from human fetal pancreatic
tissue (pMSC) would engraft and differentiate in sheep pancreas following transplantation in
utero.

Methods—A three-step culture system was established for generating human fetal pMSC. Sheep
fetuses were transplanted during the fetal transplant receptivity period with human pMSC and
evaluated for in situ and functional engraftment in their pancreas, liver and bone marrow.

Results—Isolation and expansion of adherent cells from the human fetal pancreas yielded a cell
population with morphologic and phenotypic characteristics similar to MSC derived from bone
marrow. This putative stem cell population could undergo multilineage differentiation in vitro. Three
to 27 months after fetal transplantation, the pancreatic engraftment frequency (chimeric index) was
79% while functional engraftment was noted in 50% of transplanted sheep. Hepatic and marrow
engraftment and expression was noted as well.

Conclusion—We have established a procedure for isolation of human fetal pMSC that display
characteristics similar to bone marrow derived MSC. In vivo results suggest the pMSC engraft,
differentiate and secrete human insulin from the sheep pancreas.
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Introduction
Type 1 diabetes is a chronic autoimmune disease characterized by organ specific inflammation
with subsequent death of insulin producing beta-cells in the islets of Langerhans (1,2). Markers
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include the development of multiple autoantibodies in individuals with susceptible major
histocompatibility genotypes (3). Such patients develop close to complete insulin deficiency
with impaired glucose homeostasis.

Exogenous delivery systems used as therapy in such patients have proved inadequate in
preventing the devastating clinical consequences of impaired glucose homeostasis (4,5) Cure
of, or amelioration of disease, requires a system that will permit in vivo homeostatic control of
circulating glucose concentrations by means of real time adjustment in insulin secretion.
Present research is testing the feasibility of biologic systems/techniques to generate an adequate
functioning beta-cell mass (6-9). All systems will likely require glucocorticoid free
immunosuppression to prevent graft rejection or reoccurrence of active autoimmune insulitis.

Our laboratory has been interested in in utero transplantation in a large animal (sheep) for its
feasibility in expanding understanding of basic and applied biologic systems / problems (10).
This model has proved useful in refining our knowledge of immune tolerance to self,
transplantation tolerance, stem cell compartments, stem cell physiology and cell/tissue
transplantation (11-15). The theoretical basis rests in the well-recognized propensity of the
fetus for transplantation tolerance (16,17). For example, following transplantation at the
appropriate gestational age, fetal sheep will characteristically permit stem cells (SC) to engraft
and express donor derived cells in adult sheep and/or secondary recipients (18,19). This
gestational phase or period of transplant receptivity occurs when ontogenic programming of
self-tolerance occurs. The period immediately follows demarcation of the thymus into cortex/
medulla and is characterized by active immune cell maturation in the thymus, ending shortly
after significant lymphocyte infiltration of the developing spleen (11,20). We believe this fetal
tolerance phase in a large animal provides a powerful tool to use in the investigation of biologic
systems and may allow alternative solutions to a number of clinical problems.

To this end we began a series of studies aimed at determining the feasibility of this system to
permit xenoengraftment and expression of functioning human pancreatic islets. We chose first
to isolate human fetal pancreas derived mesenchymal stem cells (pMSC) using a three-step
culture system. Putative pMSC gene transcription profiles, surface antigen expression and
multilineage differentiation were assessed. Sheep fetuses were transplanted during the fetal
immune tolerance induction phase with intra-peritoneal injections of pMSC populations.
Human cell activity in the pancreas was identified by polymerase chain reaction (PCR) and
immunohistochemistry up to 27 months following transplantation. Circulating human C-
peptide (indicator of insulin synthesis) was detected in 62.5% of chimeric sheep.

These preliminary studies suggest that MSC will home, xenoengraft and differentiate into
insulin secreting cells following in utero transplantation in sheep. Thus, this biologic system
may offer an alternative approach to differentiate human stem cells into functioning human
islets of Langerhans.

Materials and Methods
Isolation, culture and in vitro expansion of human fetal pMSC

Ten 20 week-old human fetal pancreatic tissue samples obtained from Advanced Bioscience
Resources Inc, (Alameda, CA, USA) with their institutional approval and donor consent, were
digested with 1mg/mL collagenase I and V (Sigma-Aldrich, St. Louis, MO, USA) in order to
obtain single cell suspension. Cells from seven fetal pancreatic samples (0.5-1 × 10 6 cells/
sample) were cultured in 75 cm2 uncoated plastic culture flasks (Corning Incorporated,
Corning, NY, USA) in humidified incubators at 37°C, and 5% CO2 in initiation medium
composed of RPMI Medium 1640 (Invitrogen, Grand Island, NY, USA), 10 mmol/L HEPES,
1 mmol/L sodium pyruvate, 71.5 mmol/L β-mercaptoethanol (all from Sigma-Aldrich),
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supplemented with 2% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA,
USA) for 48 hours (21,22). Adherent cells were further cultured in restrictive medium which
was the same as the initiation medium but with 0.5% FBS. Half of the culture medium was
replaced weekly. After 4 weeks, the medium was supplemented with 10% FBS, 20 ng/mL basic
fibroblast growth factor (bFGF) (Invitrogen) and 20 ng/mL epidermal growth factor (EGF)
(Sigma). Human pMSCs were plated in triplicate at densities of 500-1000 cells/cm2 and split
1:3 upon reaching 80% confluency and passaged at least 7 times prior to being used for any of
the in vivo or in vitro studies. Cell growth was monitored by calculating population doubling
with the formula log N/log 2; where N is the cell number at confluence divided by the initial
number of cells. Growth kinetics were estimated by plotting the cumulative cell number against
time (23-25).

Flow cytometric analyses of pancreatic cells and cultured MSC
Freshly digested pancreatic cells from 3 different tissue samples and single cell suspension of
pMSC (derived from 3 different tissue samples) digested with EDTA/0.5% trypsin (Invitrogen)
were resuspended in PBS/10% FBS and aliquots of 0.5-1 × 105 cells were incubated with mouse
anti-human FITC-, PE-, and RPE-conjugated antibodies and 7-amino-actinomycin D (Sigma)
for three color flow cytometry with FACScan (BD Biosciences, San Jose, CA, USA) after
gating on viable cells as described (26). The following antibodies were used: CD29 (Biosource/
Invitrogen), CD105 (Caltag/Invitrogen), and CD2, CD15, CD19, CD20, CD31, CD34, CD36,
CD38, CD44, CD45, CD54, CD56, CD71, CD73, CD79a, CD90, HLA-DR, HLA-ABC, and
control isotype antibodies (BD Biosciences, San Jose, CA), CD49d, CD50, CD117 and CD36/
Glyco-A (Immunotech/Beckman Coulter, Carlsbad, CA, USA), and CD113/1(AC133)
(Miltenyi Biotec, Auburn, CA, USA) and CD7 (Pharmingen/BD Biosciences).

MSC in vitro differentiation assays
Osteogenic differentiation of pMSC was induced with NH OsteoDiff Medium (Miltenyi)
according to the manufacturer’s protocol. Alizarin red and von Kossa (Sigma) staining detected
calcium deposition. Adipogenic differentiation was induced with NH AdipoDiff Medium
(Miltenyi). Oil Red O staining (Sigma) staining identified neutral lipids. Chondrogenic
differentiation of the pelleted pMSC in a 15 ml tube was induced with NH ChondroDiff
Medium (Miltenyi). Chondrocyte nodules were paraffin embedded and stained for
glycosaminoglycans with Alcian green (Sigma). Each experiment was done 3 times.
Photographs were taken on an Olympus IX71 microscope (Olympus, Melville, NY, USA)
(26-29).

Polymerase chain reaction (PCR) and reverse transcription-PCR (RT-PCR) analyses
DNA was purified using DNeasy Tissue Kit (Qiagen, Valencia, CA, USA). mRNA was isolated
using μMACS mRNA Isolation Kit (Miltenyi). cDNA was synthesized using SuperScript First-
Strand Synthesis System for RT-PCR kit (Invitrogen). All procedures were carried out
according to manufacturers’ protocols. PCR and RT-PCR were performed on a GeneAmp PCR
System 9700 (PE Applied Biosystems, Foster City, CA, USA) with Platinum Taq SuperMix
kit (Invitrogen) according to manufacturer’s directions. Three-step amplification (94°C for
15s, 56-60°C for 15s, and 72°C for 15s) was carried out after an initial incubation at 94°C for
4 min. Primers with the expected product size, annealing temperature and number of cycles
were as follows: beta actin forward: 5′-GTC CTC TCC CAA GTC CAC AC-3′, reverse: 5′-
GGG AGA CCA AAA GCC TTC AT-3′(200 bp, 56°C, 50 cycles); Gapdh forward: 5′-AGT
CCC TGC CAC ACT CAG TC-3′, reverse: 5′-GCA CAG GGT ACT TTA TTG ATG G-3′
(131 bp, 56°C, 50 cycles); c-Met forward: 5′-CAA TGT GAG ATG TCT CCA GC-3′, reverse:
5′-CCT TGT AGA TTG CAG GCA GA-3′ (559 bp; 60°C, 45 cycles); insulin forward: 5′-TGT
AGA AGA AGC CTC GTT CC-3′, reverse 5′-GAG GCC ATC AAG CAC ATC AC-3′ (183
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bp, 56°C, 45 cycles); nanog forward: 5′-CTT CTG CTG AGA TGC CTC AC-3′, reverse: 5′-
GCT GAG GTT CAG GAT GTT GG 3′ (284 bp, 56°C, 45 cycles); nestin forward: 5′-GCC
CTG ACC ACT CCA GTT TA-3′, reverse: 5′-GGA GTC CTG GAT TTC CTT CC-3′(200 bp,
56°C, 35 cycles); Pax6 forward: 5′-TCA CAG CGG AGT GAA TCA GC-3′, reverse: 5′-TAT
CGT TGG TAC AGA CCC CCT C-3′ (377 bp, 58°C, 45 cycles); Pdx1 forward: 5′-GCA GGA
ACC ACG ATG AGA GG-3′, reverse: 5′-CCA AGG TGG AGT GCT GTA GG-3′ (338bp,
56°C, 35 cycles). Primers were synthesized by Integrated DNA Technologies (IDT)
(Coralville, IA). Beta actin amplified both human and sheep DNA, while the other primers
were human-specific (30).

Sheep xenotransplantation
Fourteen sheep fetuses at 60 days gestation were transplanted by intra-peritoneal injections
with 1-2 × 106 pMSC (passage no. 7) following the procedure described previously (18,19).
Transplanted lambs were born at term 3 months later and age-matched non-transplanted sheep
were used as controls to evaluate human cell activity. All animals were cared for and all
procedures were executed in compliance with the Institutional Animal Care and Use
Committee at the University of Nevada Reno and the “Principles of laboratory animal
care” (NIH publication #85-23, revised 1985).

Sheep sampling
Sheep blood samples were collected in Vacutainer blood collection tubes in the mornings prior
to feeding the animals. Tubes were centrifuged briefly at low speed and the separated serum
layer was transferred into fresh tubes and archived at −20°C until used. The animals were
euthanized at indicated time points to obtain pancreatic, liver and bone marrow tissue samples,
which were collected in RNAlater (Ambion, Austin, TX) and preserved. Pancreatic and liver
tissue samples collected in buffered formalin (Astral Diagnostics, West Deptford, NJ) were
fixed overnight and placed in tissue cassettes (Fisher, Fair Lawn, NJ) that were embedded in
paraffin wax. Paraffin blocks were stored at room temperature until used.

ELISA
Human C-peptide ELISA kits were obtained from Alpha Diagnostic International (San
Antonio, TX). Human albumin kits were obtained from Cygnus Technologies (Southport, NC).
Assays were carried out according to manufacturer’s protocols. All ELISA assays were
performed on fasting sheep.

Real- time quantitative PCR (QPCR)
DNA was prepared from pancreatic tissue as described above. Primers and probe were designed
for human alpha satellite DNA as follows: forward primer: 5′- CTT CTT CAG GAT GTT TGC
AT TT-3′; reverse primer: 5′- GGC CAC AAA GCG GTC TTA AT -3′; and dual-labelled
internal hybridization TaqMan probe: 5′- TGG AGC AGT TTG GAA ACA CA-3′, which was
labelled with 6- FAM at the 5′ end and black hole quencher 1 at the 3′ end. Real-time PCR was
performed on an ABI PRISM 7000 Sequence Detection System (SDS; Applied Biosystems,
FosterCity, CA) using ABI PRISM 7000 SDS Software (Applied Biosystems). The thermal
cycler was programmed for 2 min at 50.0°C (to prevent reamplification of carry-over-PCR
product), 10 min at 95.0°C followed by 50 cycles at 95.0°C and 60.0°C for 15 s and 1 min
respectively. Reagents used included TaqMan Universal PCR Master Mix (Applied
Biosystems, Foster City, CA) in 50 μL final volume containing 500 ng DNA, and 1 μL each
primer and probe from a 40 pmol/ μL stock, in 96-well PCR plates (Applied Biosystems, Foster
City, CA) sealed with ThermalSeal RT (Excel Scientific Inc, Wrightwood, CA). Standard
curves obtained from 10- fold serially diluted human genomic DNA in water yielded 90.5%
amplification efficiency. The percentage of human DNA in chimeric sheep samples were
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determined by the ABI PRISM 7000 SDS Software based on a calibration curve generated by
standards with serial dilutions of human DNA in sheep DNA (500 ng total DNA per well).
This method was validated by testing the accuracy of different human samples. Also, ten
different control sheep samples tested negative by this method.

Immunohistochemical analysis of paraffin embedded tissues for human cells
Tissue samples from transplanted animals and non-transplanted age-matched controls were
fixed in 10% formalin for 24 hours followed by embedding in paraffin. The embedded tissue
sections were cut into 4μm thick sections and applied to poly-L-lysine-coated slides that were
baked at 60°C for 45 minutes, and then stored at room temperature until use. The slides were
deparaffinated by two 5 minutes incubations in xylene followed by rehydration through a
graded ethanol series (100%, 95%, 70%, and 50%) to deionized water for 5 min each. Target
retrieval was carried out in pre-heated 10 mM sodium citrate buffer (pH 6.1) in the microwave
for 2 minutes. The slides were allowed to cool for 20 minutes at RT and were then washed
with Tris Buffered Saline washing buffer (TBS). Non-specific protein binding was blocked
with a 15-minute incubation in 5% nonfat dry milk solution in TBS.

Detection of human insulin expressing cells was performed by using human-specific insulin
primary antibody at 1:3000 dilution (clone MAB 1, Millipore, Temecula, CA, USA), while
human albumin (hepatocytes) was detected with human-specific albumin antibody at 1:100
dilution (clone HSA-11, Sigma). Slides with the primary antibody were incubated overnight
at 4°C than rinsed in 0.4% Tween 20 (Sigma) in TBS (3×5 min) and TBS (2×5 min). Alkaline
phosphatase conjugated host-matched secondary antibodies (JacksonImmuno, West Grove,
PA, USA), at a dilution of 1:100 after the initial dilution of 1:1 in glycerol (Sigma) for long
term storage of the antibody at −20°C, was applied and incubated for 1 hour at RT, than the
slides were rinsed in TBS (3×5 min). Ready to use alkaline phosphatase substrate Permanent
Red (Dakocytomation, Carpinteria, CA) was applied for 10-15 minutes, than the slides were
rinsed in deionized water.

For further detection of human hepatocyte-like cells after target retrieval, endogenous
peroxidase activity was blocked with a 15 min incubation in 1 % H2O2 (Sigma) solution in
methanol (Sigma). Non-specific protein binding was blocked with 15 min incubation in a 5%
nonfat dry milk solution made in 10 mM phosphated-buffered saline pH 7.2 (PBS). Primary
anti-human hepatocyte (Hep-Par1) antibody at a dilution of 1:100 (clone OCH1E5, DAKO
Cytomation, Carpinteria, CA) was incubated 1 hr at RT followed by three washes. Host-
matched secondary antibodies that were HRP conjugated (JacksonImmuno) were used at a
dilution of 1:100 after the addition of 1:1 glycerol (Sigma) and incubated overnight at 4°C.
After three 5 min washes, slides were developed with 3,3′ Diaminobenzidine (DAB) substrate
chromogen system (DAKO Cytomation) which stained positive cells a brown color. In all cases
the slides were counter-stained in Mayer’s Hematoxylin solution (Sigma) and blued with 0.5%
ammonia water (Sigma) then washed in deionized water. Slides were air-dried, and mounted
and cover-slipped in Permount (Fisher) then dried for 24 hours before viewing. Images were
acquired using an Olympus BX60 microscope (Olympus, Melville, NY) with an Olympus
UPlanFI 20 × 0.50 numeric aperture objective lens, an Olympus DP70 camera, and Olympus
DP Controller 2.1.1.183 software. All images were processed globally using Adobe Photoshop
CS (Adobe Systems) to adjust brightness, contrast and size. No specific region of any image
was individually enhanced.
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Results
Expansion and characterization of pMSCs

Fresh human fetal pancreas was collagenase digested and the resultant single cell suspensions
were cultured on uncoated plastic in medium containing 2% FBS. Adherent cells were then
placed in restrictive medium (0.5% FBS) for 4 weeks acquiring characteristic spindle-shaped
fibroblastic morphology (Figure 1 A). In the third phase, FBS was increased to 10% and bFGF
and EGF growth factors were added to favour SC expansion (31). The rapidly proliferating
cells expanded 3- to 5-fold as the cells grew to confluency over about 2 weeks (Figure 1 B).
From the 10 input pancreatic tissue samples we successfully derived pMSC from 6 (one sample
was lost due to contamination and 3 were used for flow cytometric analysis). Further, the
putative pMSC maintained proliferative capacity despite repeated freeze-thaw cycles
(followed up to over 50 days). Population doubling varied from 1.58 to 3 days (with an average
of 2.73). The growth rate of the putative pMSC at passage 14 is similar to growth rates of MSC
obtained from other sources (24, 32) (Figure 1 C).

Surface antigen expression profiles comparing the input to cultured cell populations are
presented in Figure 2. The input population expressed CD34+/CD45- (endothelial cell
phenotype) (33); CD45+ (hematopoietic phenotype) and 2.4 % were CD45+/CD34+
(hematopoietic stem cell phenotype). By contrast, cultured cells exhibited the mesenchymal
markers: CD29, CD44, CD49d, CD73 (SH3) and CD105 (SH2). CD31 (PECAM adhesion
molecule) characteristic of endothelial cells was not expressed after culture. The human
leukocyte antigen HLA class I molecule was expressed by both input and cultured populations
while, HLA class II was not seen following culture (Figure 2).

Transcription factor profiles comparing the input population to the cultured cell population is
presented in figure 3a. The transcription factor Pdx1 is involved in early stages of pancreatic
development and also determinant of β-cell fate and Pax6 is necessary at later stages of
pancreatic development. Neither of these factors were expressed in the cultured cell population
(34). Similarly, expression of the differentiated pancreatic tissue marker, insulin and the
embryonic stem marker (ESC), nanog was seen only in the input population. The cultured
population did express c-Met and nestin characteristic of pancreatic stem, progenitor and beta-
cells (35). Figure 3B-E demonstrate the ability of pMSC to differentiate into bone, fat and
chondrocytes following culture in differentiation inducing media. In summary, growth kinetics,
phenotype, transcription factor profiles and differentiation all support the isolation of a MSC
cell type.

In vivo engraftment/differentiation of the pMSC
We then transplanted the putative pMSCs in utero to evaluate their in vivo engraftment
potential. In a preliminary study, four animals were analyzed just after birth (3 months post
transplantation) for pancreatic engraftment. The engraftment incidence (frequency) was 75%
(figure 4). Furthermore, the pancreas of sheep # 2361 exhibited clusters of human cells
producing and/or secreting human insulin (figure 5).

In the second study, ten animals transplanted with human fetal pMSC were evaluated for long-
term engraftment (7, 25 and 27 months) by QPCR. Real time PCR samples (4 from each
pancreas) were run in triplicate with 500 ng DNA per reaction. Quantitation of the human DNA
in each sheep pancreas was based on a standard curve. The detection limit was above 0.0001%
of human DNA. The chimeric incidence (frequency) was 80% (i.e. positive in 1-3 of the 4
different tissue samples tested: Table 1).

We assessed functionality of the engrafted pMSC by assaying serum from the ten transplanted
sheep for human C-peptide at varying intervals after birth up to 27 months (Table 2). Neither
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the control (n=5) nor the non-chimeric sheep (n=2) expressed circulating human C-peptide,
while five of eight chimeric sheep repeatedly expressed detectable levels of circulating human
C-peptide. Further confirmation is provided in Figure 6, where we note in situ production of
human insulin at 27 months.

Discussion
Successful treatment of type 1 diabetes must overcome two problems: the first is the ability to
engraft or expand an adequate islet cell mass and the second is the attenuation of likely immune
reactivity either due to histocompatibility discrepancies (via allogeneic transplantation) or
autoimmunity should autologous replacement methods be found more effective. With the
continual refinement of safe and effective methods of immunosuppression, it appears unlikely
that immune reactivity will be the major impediment to successful treatment (36).

Human fetal pMSC were chosen as we expected them to generate islet activity due in part to
fetal SCs increased expansion and differentiation potential over their adult counterparts (7) and
the fact that they exhibit similar telomerase activity to ESC but pose a much with lower risk
of malignant transformation (26,27). We isolated a population of pMSC from human fetal
pancreas using established procedures that rely on the MSC adherence to plastic, resistance to
trypsinization during passaging, expression of specific cell surface markers, and multi-lineage
differentiation. Our three-step culture system was initiated with a heterogeneous pancreatic
cell population that consisted of endothelial cells, mesenchymal cells and a small proportion
of hemopoietic SC that were lost following culture of the adherent population in restrictive
medium.

The putative pMSC obtained after culture exhibited morphologic and phenotypic
characteristics similar to MSC derived from bone marrow (Figures 1-3; 23,27,37-39). Previous
studies have shown that fetal MSC express HLA class I but not HLA class II antigens (37,
40). Accordingly, HLA class II expression in the pMSC population was lost after culture.
Transcription factor profiles presented in figure 3A evaluated gene expression pertinent to the
pancreas or to MSC. Pancreatic MSC are reported to express both nestin and Pdx1 markers
(22,40). Our MSC population expressed nestin but not Pax6 or Pdx1 (early pancreatic
development marker) suggesting that this population is not committed to the pancreatic lineage
(Figure 3A). Our pMSC population did not express the ESC marker, nanog, either (37). The
presence of the hepatocyte growth factor receptor (c-Met; Figure 3A) was noted in both the
pancreatic tissue and the pMSC population. c-Met is reported to be expressed in early
pancreatic progenitors, β-cells, HSC and BM derived MSC (41-45). The pMSCs demonstrated
multi-lineage differentiation into osteocytes, adipocytes and chondrocytes (Figure 3B-E).
These results lead us to believe that our three-step culture system yielded a relatively pure, but
not clonal, pMSC population that might be suitable for transplantation.

We then transplanted the human pMSC population into fetal sheep during the transplant
receptivity / tolerance phase of gestation. The engraftment frequency (chimeric index) was
79% with functional engraftment at 50% (62.5% of chimeric sheep). This was seen without
manipulations designed to improve graft expression (10,15). Serum C-peptide concentrations
in some sheep approached basal levels seen in humans 1.86-4.49 ng/mL (46). In situ staining
for human insulin was noted up to 27 months following transplantation (Figures 5, 6). This
supports the capability of our non-injury xenograft model to allow/promote engraftment and
differentiation of human pMSC into human insulin secreting structures that remain functional
years after transplantation. This same SC population was also noted to engraft in fetal liver,
express human albumin and differentiate into the hematopoietic lineage in some animals (data
not shown).
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While it is well established that MSC differentiate into multiple lineages in vitro, an alternate
explanation namely cell fusion between donor and recipient cells has been proposed to explain
multi-lineage differentiation in vivo. A series of bone marrow transplant studies using different
gene markers identified fusion of donor MSC with multiple lineages in vivo rather than
differentiation as the mechanism underlying multi-lineage donor expression (47). Our and
others formal investigation of this issue using xenograft systems (including human MSC
transplantation in utero) failed to demonstrate significant cell fusion to explain multi-lineage
differentiation, including hepatocyte differentiation (48-49). It should be noted that neither
study specifically investigated chimeric pancreas. While the anti-human insulin antibody is
human specific (Millipore product information), we cannot confirm that these cell clusters are
uniformly human and contain requisite islet cell components. Studies are ongoing in our
laboratory to investigate these possibilities. In addition, while we demonstrate human insulin
in situ and in the circulation, we did not determine if circulating insulin is derived from the
pancreatic circulation. This leaves open the possibility that ectopic production of some or all
of the observed human insulin is occurring in these sheep.

Our preliminary observations support the possibility that human pMSC will engraft and
differentiate into functioning islets. Reports demonstrating pluripotency of stem/progenitor
cells, including differentiation into islet phenotypes in vitro and in vivo are supportive of this
conclusion (41,50,51). Further investigation is required to prove that the full complement of
cell phenotypes and requisite human endocrine islet function is possible using our technique.

In summary, we isolated a mesenchymal stem cell population from human fetal pancreas.
Following transplantation of these pMSC in utero, evidence of pancreatic endocrine
engraftment, differentiation and islet cell function is presented. These findings support further
feasibility studies on mesenchymal stem cells’ potential to differentiate into functioning human
islets in vivo.
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Figure 1. Generation of human pancreas derived MSC by in vitro three-step culture system
(A) Culture of human fetal pancreatic cells in restrictive medium (RPMI 1640 with 0.5% FBS)
eliminated the contaminating cells and allowed survival of the pMSC which acquired
characteristic spindle-shaped morphology (original magnification × 40).
(B) Expansion medium (RPMI 1640 with 10% FBS and growth factors) induced rapid
proliferation of the pancreas-derived mesenchymal stem cells (pMSC). Cells are shown at
passage 7 (original magnification, × 10). (C) pMSC growth rate in culture. The x-axis
represents the number of incubation days and the y-axis represents cumulative cell numbers.
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Figure 2. Flow cytometric characterization of the human pancreas derived MSC obtained in the
three-step culture system
Epitope profile of the input pancreatic cells and pancreas-derived mesenchymal stem cells
obtained in our three-step culture system was determined by flow-cytometry. The culture-
derived pMSCs did not express CD34, CD38, CD45 and CD133 hematopoietic markers.
However, they did express specific mesenchymal markers such as CD29, CD44, CD73, CD90,
and CD105.
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Figure 3. Characterization of the human pancreas derived MSC obtained in the three-step culture
system
(A) Gene expression profile of the pMSC determined at passage 7 by RT-PCR. First lane (w)
is water. Lanes 1 and 2 represent cDNA obtained from collagenase digested 20 week-old human
fetal pancreas no. 11492 and 17492. Lanes 3, 4 and 5 represent cDNA obtained from pMSCs
derived from human fetal pancreas no: 11492, 17492 and 17498 after culture. Beta actin was
used as an internal standard to normalize the amount of cDNA.
(B) In-vitro differentiation of pMSC into osteocytes. MSC were cultured and differentiated as
described in methods. Mineralized bone nodules detected by von Kossa staining appear brown
to black (original magnification × 10).
(C) In-vitro differentiation of pMSC into osteocytes detected by Alizarin red staining of the
mineral deposits that appears bright red (original magnification × 10).
(D) In-vitro differentiation of pMSC into adipocytes. MSC were cultured and differentiated as
described in methods. Adipocytes stained with Oil Red O for neutral lipids appear red (original
magnification × 40).
(E) In-vitro differentiation of pMSC into chondrocytes. MSC were cultured and differentiated
as described in methods. Chondrogenic differentiation was detected by Alcian green staining
of the glucosaminoglycans that appear green (original magnification × 40).
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Figure 4. Sheep pancreatic tissue tested for chimerism by identification of the human GAPDH gene
3 months after transplantation
Lane 1 represents water; lane 2, 3, 4 and 5 represent animal no 2350; 2355, 2357 and 2361.
Lane 6 represents human pancreatic tissue and was used as positive control. Beta actin was
used as an internal control. Three out of four transplanted sheep pancreas tested positive for
human DNA at 3 months after transplantation.
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Figure 5. Localization of human insulin within a chimeric sheep pancreas three months after
transplantation with human fetal pancreatic mesenchymal stem cells
Human insulin containing cells were identified by immunohistochemistry using monoclonal
anti-human insulin antibody (clone MAB 1). (B) Chimeric sheep no 2361 sacrificed one day
after birth display cell clusters with human insulin identified by red coloration.
(A) Age matched non-transplanted negative control animal tissue section stained with the same
antibody is negative.
(B) Chimeric sheep no 2361 sacrificed day one after birth displays cell clusters with human
insulin secretion identified by red coloration
(C) Human positive control pancreas stained for insulin (red coloration). Original
magnifications × 20.
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Figure 6. Localization of human insulin within a chimeric sheep pancreas 27 months after
transplantation with human fetal pancreatic mesenchymal stem cells
Human insulin containing cells were identified by immunohistochemistry using human-
specific insulin antibody (clone MAB 1).
(A) Age matched non-transplanted negative control sheep pancreas section stained with anti-
human insulin is negative for red coloration.
(B) Chimeric sheep sacrificed at 27 months after transplantation stained with anti-human
insulin shows cell clusters with red coloration.
(C) Human pancreas stained with anti-human insulin demonstrates cell cluster with red
coloration (positive control). Original magnifications × 20.
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Table 2
Human C-peptide concentrations in sheep serum following fetal transplantation with
human fetal pancreatic mesenchymal stem cells

Five of ten transplanted sheep had detectable levels of human C-peptide at varying intervals post-transplantation.
All samples were obtained after fasting for 24 hr.

Animal
no.

When sampled
(months post-transplant)

Human C-peptide
(ng/mL) CV%

2349 7 0.43 ± 5%

25 2.73 ± 10%

27 0.75 ± 8%

2351 7 ND

25 ND

27 ND

2352 7 0.47 ± 1%

25 0.36 ± 9%

27 0.32 ± 1%

2353 7 ND

25 ND

2354 7 ND

2356 7 1.86 ± 14%

25 1.46 ± 6%

27 0.83 ± 4%

2358 7 ND

25 ND

2359 7 ND

25 ND

27 ND

2360 7 1.21 ± 1%

25 4.49 ± 2%

27 ND

2362 7 0.76 ± 6%

25 0.56 ± 5%

27 ND

Human C-peptide assay (ELISA) standards ranged from 0.5-20 ng/mL with a detection limit of 0.30 ng/mL. Error is reported as the coefficient of
variation (%). All control (non-transplanted, n=5) sheep failed to express human C-peptide. ND: not detected.
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