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Endocrine Cell Clustering During Human Pancreas Development
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SUMMARY The development of efficient, reproducible protocols for directed in vitro dif-
ferentiation of human embryonic stem (hES) cells into insulin-producing b cells will benefit
greatly from increased knowledge regarding the spatiotemporal expression profile of key
instructive factors involved in human endocrine cell generation. Human fetal pancreases 7 to
21 weeks of gestational age, were collected following consent immediately after pregnancy
termination and processed for immunostaining, in situ hybridization, and real-time RT-PCR
expression analyses. Islet-like structures appear from approximately week 12 and, unlike
the mixed architecture observed in adult islets, fetal islets are initially formed predominantly
by aggregated insulin- or glucagon-expressing cells. The period studied (7–22 weeks) co-
incides with a decrease in the proliferation and an increase in the differentiation of the
progenitor cells, the initiation of NGN3 expression, and the appearance of differentiated
endocrine cells. The present study provides a detailed characterization of islet formation
and expression profiles of key intrinsic and extrinsic factors during human pancreas devel-
opment. This information is beneficial for the development of efficient protocols that will
allow guided in vitro differentiation of hES cells into insulin-producing cells.

(J Histochem Cytochem 57:811–824, 2009)
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THE PROSPECT of successful cell replacement therapies
for treatment of diabetes will require: (1) the develop-
ment of improved strategies for immune tolerance in
the recipients, and (2) efficient and stable in vitro dif-
ferentiation protocols that reproducibly will allow the
generation of functional, insulin-producing b cells
from human embryonic stem (hES) cells. To achieve
the latter, a detailed knowledge about the factors that
at different levels control pancreatic cell specification,
differentiation, and proliferation, and the formation
of mature islets, including the morphological process
and interactions among the different endocrine cells,
is likely to be critical. Our current molecular under-
standing of pancreatic development originates, how-
ever, predominantly from studies of mouse pancreatic
development, where genetic approaches have identified
both intrinsic and extrinsic factors that operate at dif-
ferent levels of pancreatic development (Edlund 2002;

Bonal and Herrera 2008; Oliver-Krasinski and Stoffers
2008). These data have frequently been extrapolated to
human pancreatic development. Human pancreatic de-
velopmental processes may, however, differ from those
of the mouse. Although the basic developmental pro-
grammay be similar, the identity and/or timing of activ-
ity of some factors may be critically different. Detailed
characterization of human fetal pancreatic develop-
ment will provide information regarding the spatio-
temporal expression of intrinsic and extrinsic factors
that are likely to govern important aspects of human
pancreatic development.

During fetal development, the human pancreas
forms from a dorsal and a ventral protrusion of the
primitive gut epithelium. On day 26, the dorsal pan-
creatic bud grows into the dorsal mesentery and over
the next few days, the ventral bud sprouts into the ven-
tral mesentery. Late in the sixth week, the pancreatic
buds fuse to form the definitive pancreas, and their
ductal systems become interconnected. On a molecular
and cellular level, the formation of the mouse endocrine
pancreas is divided into several steps, including: pan-
creatic fate specification, characterized by the coexpres-
sion of Ipf1 and Ptf1a; proliferation of the pancreatic
progenitor cells, which is controlled in part byNOTCH,
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fibroblast growth factor (FGF), and epidermal growth
factor (EGF) signaling; endocrine cell fate determina-
tion as a result of transient expression of Ngn3 in the
proendocrine cells; and differentiation and maturation
of the endocrine progenitor cells into functional endo-
crine cells, including glucose-responsive b cells, as a re-
sult of the expression of distinct transcription factors
such asArx, Pax4, Ipf1,Nkx2-2,Nkx6-1,Mafa,Mafb,
Neurod1, Pax6, and Isl1 (reviewed in Edlund 1998,
1999,2002; Bonal and Herrera 2008; Oliver-Krasinski
and Stoffers 2008).

Although previous studies have described the ex-
pression of some endocrine hormones and transcription
factors during human fetal pancreas development (Polak
et al. 2000; Piper et al. 2004; Lyttle et al. 2008; Sarkar
et al. 2008), a detailed and longitudinal expression pro-
file of the main endocrine markers, combined with a
thorough morphological study of islet formation, may
expand our understanding of human endocrine pan-
creas formation. In the present study, we present data
on the morphological pattern by which islet-like struc-
tures form during human pancreatic development. We
also analyze, by quantitative real-time (qRT)-PCR,
in situ hybridization, and immunohistochemistry,
the gene expression profile of selected candidate in-
trinsic and extrinsic factors in human fetal pancreas
from 7 to 22 weeks of gestational age. We herein de-
scribe the temporal expression profiles of these factors.
The results presented here may help to determine the
sequential activity of the key developmental factors
behind the morphological changes occurring during
islet clustering.

Materials and Methods

Human Tissue

Human fetal pancreases were collected from fetal tis-
sue fragments immediately after elective termination
of pregnancy performed by aspiration between 7 to
21 weeks of development, in compliance with US leg-
islation and the guidelines of our institution. Gesta-
tional age was determined on the basis of time since
the last menstrual period and the measured crown–
rump length and biparietal diameter by ultrasonography.
The isolated tissues were processed directly after extrac-
tion, with less than 8 hr of cold ischemia time. Tissues
were transferred in ice-cold PBS, pH 7.4, for immu-
nohistochemical analysis, or in RNAlater solution
(Ambion; Austin, TX) for RT-PCR analysis. Human

pancreas tissue from two adults, ages 53 and 54 years
(obtained from the human islet cell processing facility
at the Diabetes Research Institute, University ofMiami),
were also used. The numbers of cases for each experi-
ment are listed in Table 1.

Immunostaining

Tissues were fixed in 4% paraformaldehyde (w/v) at 4C
for 15 hr, followed by PBS washing for 1 min, and then
stabilized in 30% sucrose (w/v) in PBS at 4C overnight.
The tissues were mounted in Tissue-Tek OCT com-
pound (Sakura Finetek; Torrance, CA) and stored at
280C. Five-mm sections were cut, air-dried on pre-
cleaned superfrost microslides (VWR Scientific; West
Chester, PA), and used immediately or stored at 280C.
The frozen slides were thawed at room temperature for
30 min and washed in 0.1% (v/v) Triton X-100 (USB;
Cleveland, OH)-TBS (Santa Cruz Biotechnology, Inc.;
Santa Cruz, CA) (TBS-T) three times for 5 min each. Sec-
tions were blocked in 10% (v/v) fetal bovine serum (FBS)
in TBS-T at room temperature for 20 min. Primary and
secondary antibodies were diluted in 10% FBS in TBS-T.
Primary antibodies were incubated at 4C overnight or at
room temperature for 1 hr (anti-hormone antibodies)
and secondary antibodies at 4C or room temperature
for 1 hr. The following primary antibodies and dilutions
were used: mouse anti-insulin (1:1000; Sigma, St. Louis,
MO); guinea pig anti-glucagon (1:1000; Linco Research
Inc., St. Charles, MO); rabbit anti-IPF1 (1:8000; gen-
erated against a keyhole limpet hemocyanin (KLH)-
conjugated peptide of human IPF1 by Agrisera Ab,
Vännäs, Sweden); rabbit anti-Isl1 (1:250; generated
against a KLH-conjugated peptide of human Isl1 by
Agrisera Ab); mouse anti-human E-cadherin (10 mg/ml;
Zymed, South San Francisco, CA); mouse anti-human
nestin (1:200; Chemicon, Billerica, MA); rabbit anti-
somatostatin (1:500; Dako, Carpinteria, CA); rabbit
anti-pancreatic polypeptide (1:1000; Dako); and rabbit
anti-Ki67 (1:50; Zymed). Secondary antibodies used
were: Alexa Fluor 488–conjugated goat anti-rabbit
(1:400; Molecular Probes, Carlsbad, CA); Alexa Fluor
568–conjugated goat anti–guinea pig (1:400;Molecular
Probes); and Alexa Fluor 647–conjugated goat anti-
mouse (1:400; Molecular Probes). 4,6-Diamidino-2-
phenylindole, dihydrochloride (12.5 mg/ml; Invitrogen,
Carlsbad, CA)was used as nuclear counterstaining. Image
acquisitionwasperformedusing aZeiss LSM510confocal
microscope (Carl Zeiss; Jena, Germany). Negative con-
trol assays were performed without primary antibodies.

Table 1 Summary of cases

Gestational age (weeks)

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 Total

No. of cases for PCR analysis 1 3 3 3 3 3 3 3 2 1 2 4 1 1 3 0 36
No. of cases for immunostaining 0 4 3 3 4 4 4 4 2 1 2 3 1 1 3 1 40
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Immunohistochemical Analyses

To quantify images, the optical thicknesses of the two
channels were equalized prior to image acquisition.
Raw confocal images (1024 3 1024 pixels, 12-bit data
depth) were sequentially obtained with a Zeiss LSM510
with a 203, 0.5NA, plan-neofluar objective (Carl-Zeiss).
Colocalization analysis was performed on 17 randomly
selected raw confocal images of each case using a co-
localization routine mode of the Zeiss LSM510 software
(version 3.2). The colocalization coefficient, which is the
ratio between the number of colocalizing pixels and the
total number of pixels above the threshold, was used as a
quantitative parameter, where 1 indicates the colocaliza-
tion of all pixels, and 0 indicates no colocalization. The
intensity of the pixels does not affect the calculation. First,
the intensity background levels of images were automati-
cally obtained by measuring the mean intensity of each
local background stain outside the cells, using the image
regions-of-interest mode. Second, the whole-image back-
ground thresholds were determined by subtracting the
average local background intensity plus 23 standard
deviation of each channel, and finally the software calcu-
lated a colocalization coefficient and the area/colocalized
area for each channel. Quantification of images was re-
peated three times independently. The average values of
all of the colocalization coefficients and the area of dif-
ferent samples were plotted.

To count a and b cells, four tissue sections per case
(n53)were randomly selected from pancreases at 9- and
10 weeks’ gestational age. The numbers of insulin-
expressing, glucagon-expressing, and coexpressing cells
were manually counted through a fluorescent micro-
scope. Average values of three independent experiments
were plotted.

To measure the diameter of islet-like clusters, those
bigger than 70 mm in diameter were selected for quanti-
fication in the 243 confocal images used. The size was
manually measured by averaging the maximum and
minimum diameters of each cluster containingmore than
ten cells expressing insulin, glucagon, or both, using the
ruler toolbar in the Zeiss LSM510 software. Average val-
ues of three independent experiments were plotted. To
analyze the percentage of separated clusters containing
only glucagon- or insulin-expressing cells, we quantified
only those aggregates bigger than 70mmbetween 16 and
21 weeks, two or three cases per age, as described above.

To define the spatial distribution of islet-like clusters,
all the tissue sections of pancreas tissues (n539) used for
the quantification of colocalization were analyzed using
a Zeiss Axiovert 200 fluorescent microscope, and the
243 confocal images obtained were reviewed.

qRT-PCR

Total RNA was isolated from the sample tissues using
the RNeasy Mini kit (Qiagen; Valencia, CA) according

to the manufacturer’s directions. Of total RNA, 0.5 mg
was used for reverse transcription using the first-strand
cDNA synthesis kit (Roche; Indianapolis, IN). PCR re-
actions were run using Taqman gene expression assays
according to the manufacturer’s directions (Applied
Biosystems; Foster City, CA) in a 7900HT fast real-time
PCR system (Applied Biosystems). We used low-density
array cards (Applied Biosystems), designed in our lab-
oratory, containing 48 genes. The primers used in this
article are listed in Table 2; a complete list of the primers
contained in the cards is available upon request. Rela-
tive quantification (RQ) of the gene expression was cal-
culated based on the equationRQ5 22DCt, whereDCt is
the difference between the Ct value (number of cycles at
which amplification for a gene reaches a threshold) of
the target gene and the Ct value of the ubiquitous house-
keeping gene 18S. The data represent the mean 6 SEM
of one to three specimens (see Table 1).

In Situ Hybridization

In situ hybridization using a digoxigenin (DIG)-labeled
NGN3 probe was performed essentially as described
(Obernosterer et al. 2007). A total of 30 ng of DIG-
labeled NGN3 probe was diluted in 150 ml of hybrid-
ization buffer, applied to the slides, and allowed to
hybridize at 70C overnight. Slides were then washed
for 1 hr in 0.2 3 150 mM sodium chloride and 15 mM
sodium citrate buffer solution (Ambion-Applied Bio-
systems) and incubated with alkaline phosphatase-
conjugated sheep anti-DIG antibody (1:2500; Roche)
overnight at 4C. Alkaline phosphatase reaction was
carried out in polyvinyl alcohol with 200 ml of MgCl2
1 M and 140 ml of nitroblue tetrazolium chloride/5-
bromo-4-chloro-3-indolyl phosphate, toluidine salt
stock (Roche) for 1–3 days. Hybridization with sense
DIG-labeled NGN3 probe was used as control.

Statistical Analysis

All data are presented as mean 6 SEM.

Results

Ontogeny of Pancreatic Endocrine Cells in the
Developing Human Pancreas

The appearance of endocrine cells in the developing
human pancreas was determined by immunohisto-
chemical analyses. At week 8, a few insulin-expressing
cells, but not glucagon-expressing cells, were detectable
(data not shown). At week 9, the first glucagon-positive
cells emerged, although insulin-expressing cells were
more abundant at this stage, and, in addition, occa-
sional insulin/glucagon double-positive cells were ob-
served (Figure 1A). A few somatostatin-expressing
cells, but not pancreatic polypeptide (PP)-expressing
cells, were observed at week 10 (data not shown), and
by week 17, somatostatin-expressing cells were inter-
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spersed with glucagon-expressing cells at the periphery
of the forming islet cell clusters. By week 17, a few PP
cells were also observed at the periphery of the islet cell
clusters (Figure 1B).

Betweenweeks 8 and 11, the distribution of endocrine
cells was scattered, but by week 12, insulin and/or gluca-
gon cells started to form small clusters; by week 14, these
clusters were more prominent, with a core of insulin-
positive cells surrounded by glucagon-positive cells
(Figure 1A). By weeks 16–17, glucagon cells no longer
formed a distinct ring of cells surrounding the insulin
cells; instead, insulin and glucagon cells appeared to pre-
dominantly self-aggregate, and by week 18, distinct,
albeit juxtaposed, insulin and glucagon cell clusters
had formed. The analysis of these homotypic clusters re-
vealed that they constitute 10% of the total clusters big-
ger than 70mmatweek 17, 62.5%atweek 18, 33.3%at
week 19, 33.3% at week 20, and 13.3% at week 21.
This type of cluster was not detected before week 17.

By week 21, a few glucagon cells were detected
within the clusters of insulin cells and vice versa. The
clusters of insulin-positive cells contained fewer repli-
cating cells, as revealed by Ki67 immunostaining, than
the group of glucagon cells (Figure 1A). During develop-
ment, the size of the islet-like structures increased to reach
the maximum average diameter at 14 weeks, although
occasional huge clusters of cells, some even bigger than
adult islets, were observed (Figures 1A and 1C).

We next quantified the number of cells expressing
glucagon and/or insulin-positive cells at 9 and 10weeks,
and the total area of glucagon- and insulin-positive cells
in tissue sections from 8 to 21weeks. At 9 and 10weeks,
most of the glucagon-positive cells coexpressed insulin
(Figure 2B), although distinct insulin-only cells were
clearly detectable at these stages (Figures 1A and 2A).
Cells coexpressing insulin and glucagon were observed
during the whole period studied (9 to 21 weeks), but
they represented merely a small fraction of the total

Table 2 Summary of primers

Gene abbreviation Gene name ABI Taqman assay no.

18S Eukaryotic 18S rRNA Hs99999901_s1
AMY Amylase Hs00420710_g1
ARX Aristaless-related homeobox Hs00292465_m1
BMP4 Bone morphogenetic protein 4 Hs00370078_m1
BMPR1A Bone morphogenetic protein receptor, type IA Hs01034909_g1
CA2 Carbonic anhydrase II Hs00163869_m1
DLK1 Delta-like 1 homolog (Drosophila) Hs00171584_m1
EGFR Epidermal growth factor receptor Hs00193306_m1
FGFR2 Fibroblast growth factor receptor 2 Hs00240796_m1
FOXA2 Forkhead box A2 Hs00232764_m1
FOXD3 Forkhead box D3 Hs00255287_s1
GCG Glucagon Hs00174967_m1
GCK Glucokinase Hs00175951_m1
GHRL Ghrelin/obestatin preprohormone Hs00175082_m1
HES1 Hairy and enhancer of split 1, (Drosophila) Hs00172878_m1
HES5 Hairy and enhancer of split 5 (Drosophila) Hs01387463_g1
HEY1 Hairy/enhancer-of-split related with YRPW motif 1 Hs00232618_m1
HLXB9 Homeobox HB9 Hs00232128_m1
IAPP Islet amyloid polypeptide Hs00169095_m1
ID2 Inhibitor of DNA binding 2, dominant negative helix-loop-helix protein Hs00747379_m1
INS Insulin Hs02741908_m1
INSM1 Insulinoma-associated 1 Hs00357871_s1
IPF1 Insulin promoter factor 1, homeodomain transcription factor Hs00426216_m1
ISL1 ISL1 transcription factor, LIM/homeodomain, (islet-1) Hs00158126_m1
MAFB V-maf musculoaponeurotic fibrosarcoma oncogene homolog B Hs00534343_s1
NEUROD1 Neurogenic differentiation 1 Hs00159598_m1
NEUROG3 Neurogenin 3 Hs00360700_g1
NKX2-2 NK2 transcription factor related, locus 2 (Drosophila) Hs00159616_m1
NKX6-1 NK6 transcription factor related, locus 1 (Drosophila) Hs00232355_m1
NOTCH1 Notch homolog 1, translocation-associated (Drosophila) Hs00413187_m1
ONECUT1 One cut domain, family member 1 Hs00413554_m1
PAX4 Paired box gene 4 Hs00173014_m1
PCSK1 Proprotein convertase subtilisin/kexin type 1 Hs00175619_m1
PCSK2 Proprotein convertase subtilisin/kexin type 2 Hs00159922_m1
PTF1A Pancreas specific transcription factor, 1a Hs00603586_g1
SST Somatostatin Hs00356144_m1
TCF2 Transcription factor 2 Hs00172123_m1
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insulin- and glucagon-expressing cells (Figures 2C and
2D). When determining the colocalization index, i.e.,
the ratio between the double-positive cells and the total
cells positive for glucagon or insulin, where 0 indicates
only single-hormone expression and 1 complete co-
expression, a fair proportion of the glucagon cells were
shown to coexpress insulin until week 14 (Figure 2C).

After week 15, the percentage of double-positive cells
is similar among the glucagon- or insulin-expressing
cells (Figure 2C). Interestingly, the cells coexpressing in-
sulin and glucagon after week 14 are mainly found in
small aggregates and not in the big clusters (Figure 2A).
The total area of insulin-positive cells increased rap-

idly from 8 to 14 weeks (Figure 2D). The total area of
glucagon-positive cells also increased during this
period, and from ?16 weeks, the areas of glucagon
and insulin were similar (Figure 2D). These data show
that although insulin-positive cells emerge slightly ear-
lier than glucagon-positive cells during human pan-
creatic development, a near 1:1 ratio resembling that
observed in adult human islets (Cabrera et al. 2006)
is already observed at mid-gestation.

Next, we analyzed the spatial appearance of the islet-
forming structures in the developing pancreas by screen-
ing for insulin and glucagon aggregates in the central
and peripheral regions of the pancreas (Figure 3A).

Figure 1 Endocrine cells clustering during human pancreas development. (A) Immunostaining of human fetal and adult pancreas with
anti-insulin (green), anti-glucagon (red), and anti-Ki67 (blue) antibodies. Numbers in the image indicate the gestational age in weeks (wks).
(B) Seventeen-week fetal pancreas immunostained with anti-insulin (green), anti-glucagon (red), and anti-somatostatin (blue) or pancreatic
polypeptide (PP) (blue). INS, insulin; GCG, glucagon; SST, somatostatin. (C) Diameter measurement of islet-like clusters. Clusters $ 70 mm were
counted, and the size values were plotted. The lines indicate the mean 6 SEM of the average diameter of the clusters. Bar 5 50 mm.Th
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Figure 2 Coexpression of insulin and glucagon during human pancreas development. (A) Immunostaining of human fetal pancreas with
anti-insulin (green) and anti-glucagon (red) antibodies. Cells coexpressing insulin and glucagon appear in yellow. Tissue sections were obtained
from the central or peripheral areas of the fetal pancreas as indicated. Numbers indicate the gestational age in weeks (wks). Bar 5 50 mm.
(B) Quantification of the insulin, glucagon, or double-positive cells (as detected by immunostaining) in 9- and 10-week fetal pancreas. (C) Co-
localization index for insulin and glucagon. Images of immunostained fetal pancreas, using anti-insulin and anti-glucagon antibodies, were
analyzed. Values indicate the ratio between double- and single-stained cells. (D) Total area of insulin- or glucagon-expressing cells.
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The clustering of insulin and glucagon cells appeared
to begin in the central region of the pancreas and then
to spread to the periphery. At week 20, the insulin-
and glucagon-positive cells thus appeared less aggre-
gated in the periphery than in the center, even compared
with earlier stages (Figure 3A). We must stress that at
any given stage, the morphology of the endocrine cell
clusters is a compilation of all the previous stages, co-
existing single cells and small and big aggregates.

Clustering of Endocrine Cells Occurs Concomitantly
With Increased Hormonal Expression

To determine the expression of transcription factors,
we performed expression analyses using qRT-PCR,
in situ hybridization, and immunostaining of human
fetal pancreas between 7 and 21 weeks of gestational
age. In mouse, the transcription factors Ipf1 (also known

as Pdx1), Ptf1a, and Hlxb9 are expressed in early pan-
creatic progenitors, and their function is critical for
pancreatic development (Jonsson et al. 1994; Offield
et al. 1996; Edlund 1999,2001; Harrison et al. 1999;
Li et al. 1999). All these genes have additional late
functions; Ipf1/Pdx1 andHlxb9 are expressed in b cells
as they appear and are important for the expression of
key b-cell genes (Ohlsson et al. 1993; Harrison et al.
1999; Li et al. 1999), whereas Ptf1a becomes restricted
to differentiated acinar cells, where it regulates the ex-
pression of acinar enzymes (Krapp et al. 1996,1998;
Li et al. 1999). qRT-pCR analyses revealed the expres-
sion of IPF1, HLXB9, and PTF1A in the developing
human pancreas from 7 to 21 weeks (Figure 4A).

Immunohistochemical analyses showed that IPF1 is
expressed in the epithelial progenitor cells throughout
the period from 7 to 21 weeks as well as in insulin-
expressing cells as they appear (Figure 4B). IPF1 expres-

Figure 3 Spatial distributionof clusteringendocrine cells. (A) Tissue sectionswere obtained from the center and theperipheryof 9-, 11-, 14-, 18-,
and 20-week gestational-age human pancreas and immunostained using anti-insulin (green) and anti-glucagon (red) antibodies. (B) Schematic
drawing showing the different morphological phases during islet-like cluster formation. Bar 5 50 mm.
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Figure 4 Expression of transcription factors in human fetal pancreas betweenweeks 7 and 21. (A) Expression analysis by quantitative real-time
(qRT)-PCR of HLXB9, IPF1, PTF1A, PAX4, ARX, NGN3, INSM1, ISL1, NEUROD1, NKX6-1, NKX2-2, MAFB TCF2, FOXA2, FOXD3, and ONECUT1.
(B) Immunostaining of 9-, 14-, and 21-week fetal pancreas using anti-insulin (green), anti-glucagon (red), and anti-IPF1 (blue) antibodies.
Inserts show a higher magnification. (C) In situ hybridization analysis of the NGN3 spatial expression in 10-, 15-, and 22-week human fetal
pancreas. Bar 5 50 mm.
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sion could also be observed in occasional glucagon-
expressing cells at early but not at later stages of
development (data not shown). The expression of
IPF1 in glucagon-expressing cells appeared, however,
weaker than that observed in pancreatic progenitor
cells or insulin-expressing cells (Figure 4B). Although
other studies have described a cytoplasmic localization
of IPF1 in human fetal pancreas (Piper et al. 2004;
Sarkar et al. 2008), we consistently observed a nuclear
localization of IPF1 in all of the tissues and stages ana-
lyzed (Figure 4B).

The relative expression of the proendocrine gene
NGN3 (Gasa et al. 2004) was low prior to 9 weeks,
but from 9 weeks onward, the expression increased
sharply and remained high until 17 weeks, after which
the expression declined (Figure 4A). In situ hybridization
analysis further demonstrated that NGN3-expressing
cells were present at all stages analyzed (Figure 4C).
As expected, the relative expression of the differentiated
endocrine cell markers ISL1, NEUROD1, and INSM1
(Ahlgren et al. 1997; Naya et al. 1997; Gierl et al. 2006)
was initially low but increased from week 15 onward
(Figure 4A). Thus, as in mouse, the expression of the
proendocrine geneNGN3 precedes that of transcription
factors linked to terminal endocrine cell differentia-
tion (Gradwohl et al. 2000; Gu et al. 2002; Johansson
et al. 2007). Similar to that observed in the mouse,
Isl1 is expressed both in differentiated endocrine cells
(Figure 5 and data not shown) aswell as early pancreatic
mesenchymal cells (Figure 5).

The expression of PAX4, which in mouse initially
marks endocrine progenitors (Greenwood et al. 2007)
and later b-cell progenitors (Collombat et al. 2003,
2005), and ARX, which in mouse marks a-cell pro-
genitors (Collombat et al. 2003,2005), were virtually
undetectable at 7 and 8 weeks (Figure 4A). By 9 weeks
onward, PAX4 expression was prominent, whereas
ARX expression started to increase first after 11 weeks
(Figure 4A). NKX2.2 and NKX6.1 expression was
detectable at 7 weeks, and the expression of both tran-
scription factors increased throughout the developmen-
tal stages analyzed (Figure 4A). MAFB expression also
increased from 7 to 21 weeks, whereas the expression
of MAFA, a marker for mature b cells, was virtually
undetectable at all stages analyzed (Figure 4A and data
not shown). Other factors linked to pancreatic cell spec-
ification and/or differentiation, such as the MODY5
gene TCF2 (also known asHNF1b), FOXA2, FOXD3,
and ONECUT/HNF6, were relatively highly expressed
from week 7 until week 21 (Figure 4A).

Expression of Signaling Molecules and Growth
Factors in the Developing Human Pancreas

We next analyzed the expression of genes encoding
growth factors and signaling molecules involved in pan-

creatic progenitor cell proliferation and differentiation.
First, we analyzed by qRT-PCR the expression of EGF
receptor (EGFR) and FGF receptor 2 (FGFR2). The
EGF and FGF signaling pathways are implicated in the
growth and proliferation of pancreatic progenitor cells;
FGFR2B (Revest et al. 2001) and FGF10 (an FGFR2b
high-affinity ligand) (Ohuchi et al. 2000; Bhushan et al.
2001) knockout mice show pancreatic hypoplasia.
EGFR mutant mice show a pancreatic epithelial cell
proliferation defect, a delay in b-cell generation, and
perturbed islet cell migration (Miettinen et al. 2000).
In the developinghumanpancreas, the expressionof both
receptors is high at 7 weeks but declines and is low from
11 weeks onward (Figure 6A).

During mouse pancreatic development, NOTCH
signaling controls pancreatic cell differentiation
(Apelqvist et al. 1999; Jensen et al. 2000), and qRT-PCR
analyses revealed the expression of several NOTCH sig-
naling components in the developing human pancreas.
NOTCH1 expression was high at 7 weeks but then de-
clined, whereas the expression of DELTA-LIKE-1
(DLLK1) was low until 11 weeks and then increased
(Figure 6A). During the 7- to 21-week period, HES1,
but not HES5 or HEY1, was prominently expressed,
although the expression levels gradually decreased
from 7 to 21 weeks (Figure 6A).

Bone morphogenetic protein (BMP) 4 has been im-
plicated in pancreatic endocrine progenitor cell expan-
sion and inhibition of differentiation through ID2 (Hua
et al. 2006). Moreover, BMP4 appears to be required
for the acquisition and/or maintenance of b-cell func-
tion (Goulley et al. 2007). In the human fetal pancreas,
BMP4 and its type 1 receptor, BMPR1A, were ex-
pressed between 7 and 21 weeks (Figure 6A); the ex-
pression levels decreased sharply from 7 to 11 weeks
and increased slightly from 11 to 21 weeks. Interest-
ingly, BMP4 and ID2 showed similar expression profiles
between 7 and 13 weeks, but whereas ID2 expression
remained low until 21 weeks, BMP4 expression in-
creased (Figure 6A).

Expression of Differentiated Endocrine
and Exocrine Genes

qRT-PCR and immunostaining were performed to de-
termine the expression profiles of markers for differen-
tiated pancreatic endocrine cells. qRT-PCR analysis
showed that upon an exponential-like increase in the
expression of the endocrine hormones (Figure 6B),
GLUCAGON (GCG), INSULIN (INS), and SOMA-
TOSTATIN (SST) expression had increased 13,000,
7300 and 840-fold, respectively, at 18 weeks, as com-
pared with that observed at 7 weeks. GHRELIN
(GHRL) expression was considerably lower at all stages
analyzed (Figure 6B). The expression of the islet amyloid
polypeptide (IAPP) was virtually undetectable until
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week 17, but then increased dramatically, and the ex-
pression of GLUCOKINASE (GCK), the rate-limiting
enzyme in glucose metabolism, increased 150-fold from
7 to 21 weeks, whereas glucose transporter type 2
(GLUT2 or SLC2A2) expression was barely detectable
at all stages analyzed (data not shown). The expres-
sion of the prohormone convertases PCSK1 and PCSK2
was initially low but increased 100- and 10-fold, respec-

tively, from 11 weeks onward (Figure 6B). Finally, we
analyzed the expression of ductal and acinar mark-
ers in the human fetal pancreas. The expression of
carbonic anhydrase 2 (CA2), a marker for ductal cells,
decreased 10-fold between 7 and 11 weeks, but then
increased 13-fold between weeks 13 to 21 (Figure 6B).
The expression of the acinar enzyme AMYLASE (AMY)
was low throughout the period from 7 to 21 weeks

Figure 5 Isl1 expression during human pancreas development. Immunostaining of 10-, 15-, 21-, and 22-week fetal human pancreas using
anti-Isl1 (red) and E-cadherin (green) (upper images), anti-Isl1 (red) and nestin (green) (middle images), and anti-Isl1 (blue), insulin (green),
and glucagon (red) (lower images) antibodies. Bar 5 50 mm.
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Figure 6 Expression of signalingmolecules, growth factors, and endocrine markers in human fetal pancreas between weeks 7 and 21. Expression
analysis by qRT-PCR of (A) EGFR, FGFR2, DLLK1, NOTCH1, HES1, HES5, HEY1, BMP4, BMPR1A, and ID2, and (B) INS, GCG, SST, GHRL, GCK, IAPP,
PCSK1, PCSK2, CA2, and AMY in human fetal pancreas between 7 and 21 weeks of gestational age. Expression values are normalized with 18S.
Each data point is the mean 6 SEM of one to three different specimens.
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(Figure 6B) and undetectable by immunohistochemistry
(data not shown).

Discussion
One of the most promising approaches to alleviating the
lackof pancreatic donors needed for cell transplantation–
based therapy is the generation of new insulin-producing
cells, either from hES cells or embryonic pancreatic pro-
genitor cells. Human stem cells represent a promising al-
ternative source of insulin-producing cells, and recent
reports by Baetge and coworkers (D’Amour et al.
2006; Kroon et al. 2008) have described encouraging
protocols aiming to generate b cells in vitro from hES
cells. These protocols failed, however, to produce fully
mature b cells in vitro and resulted in the generation
of cells equivalent to immature, fetal islet or pancreatic
progenitor cells that required further development in
vivo to generate glucose-responsive, insulin-producing
cells capable of reversing diabetes in streptozotocin-
treated mice (Kroon et al. 2008). Hence, increased
knowledge regarding molecular mechanisms regulating
the generation and maturation of human islets during
normal development is critical for further improvements
of these in vitro differentiation protocols. Animal mod-
els, in particular mouse, have been extensively used to
study pancreatic developmental processes, and the re-
sults obtained are frequently extrapolated to the human
pancreas. Recent studies (Brissova et al. 2005; Cabrera
et al. 2006) have, however, demonstrated that differ-
ences between human and mouse islet cytoarchitecture
have functional implications, stressing the necessity of
fully deciphering human fetal islet development.

In this study, we have performed immunohisto-
chemical analyses, examined the morphology of the
forming islets, and analyzed the coexpression of insulin
and glucagon during the period of hormone expression
and islet clustering. Our study also includes sequential
gene expression profile analyses of 36 human fetal pan-
creases, from 7 to 21 weeks, thus linking gene expres-
sion to organogenesis. The immunohistochemical
analyses show that insulin- and glucagon-positive cells
initially appear scattered within the pancreas, but by
week 14, a characteristic structure with the insulin-
positive cells in the center and the glucagon-positive
cells in the periphery was apparent (Figure 1A). Next,
the ring of glucagon-positive cells surrounding the core
of insulin-positive cells appeared to “open up,” and
later, insulin- and glucagon-positive cells had expanded
and now formed insulin cell and glucagon cell homoge-
neous clusters, respectively. Figure 1 shows images
representative of the most advanced cell clusters, but
at each stage, it is possible to find less-aggregated and
single cells, mostly dependent on their intra-organ
localization (Figure 3A). Figure 3B shows a schematic
summary of the islet-like cluster formation that we ob-

served through our immunohistochemical analyses of
the fetal pancreas. The complete determination of the
sequence of events that ultimately results in the forma-
tion of the typical adult human islet with intermingled
insulin and glucagon cells would, however, require the
analyses of fetal stages beyond weeks 21–22. Our re-
sults imply, however, that the process leading to the
formation of mature human islets with intermingled
b and a cells (Figure 1A) (Cabrera et al. 2006) occurs
after 21 weeks of gestation. The mechanism and fac-
tors involved in the final organization of human islets
remain unknown but are expected to involve cell mi-
gration events. Studies on the expression of various
adhesion molecules during this period are likely to pro-
vide further insight into the process involved in the for-
mation of mature human islets.

In agreement with previous observations (Bocian-
Sobkowska et al. 1999), our immunohistochemical
analyses revealed occasional insulin and glucagon double-
positive cells, predominantly at early stages (Figure 2A).
We also quantified the relative and absolute values of
glucagon and insulin coexpression in human fetal pan-
creas from 8 to 21 weeks of gestational age (Figures 2B–
2D). Themethod used to quantify the double expression
of insulin and glucagon, i.e., the Zeiss LSM510 software
(version 3.2), is based not on the visual observation of
the change in color (i.e., from green and red to yellow),
but on the measurement of light emission at different
wavelengths within the same point, which makes the re-
sults more accurate and reproducible. The low number
of cells coexpressing insulin and glucagon is constant
from 10 to 21 weeks, although the relative number de-
creases. These results suggest that in the human develop-
ing pancreas, a small subfraction of immature endocrine
cells may express more than one hormone, at least until
week 21. At all stages analyzed, cells coexpressing insu-
lin and glucagon are mainly restricted to small aggre-
gates, suggesting that they represent newly formed
endocrine cells.

Another interesting observation is that islet cell
aggregation is heterogeneous within the developing
pancreas; thus, it appears to initiate at the center of the
tissue and then spread toward the periphery (Figure 3A),
confirming previous studies (Polak et al. 2000). This
observation suggests that endocrine cells are formed at
the central region of the developing pancreas and mi-
grate toward the periphery of the organ, where they start
to cluster or, alternatively, that endocrine cells are con-
tinuously generated from progenitor cells present in the
expanding ductal epithelium.

IPF1/Pdx1 plays an important role both during
early pancreatic development and in adultb cells of both
mice and men (Ohlsson et al. 1993; Jonsson et al. 1994;
Offield et al. 1996; Stoffers et al. 1997a,b; Edlund
2001). Consistent with this dual role for IPF1, and
in agreement with that seen during mouse pancreatic
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development, we observed strong nuclear IPF1 expres-
sion in both early pancreatic progenitor cells and emerg-
ing b cells of human fetal pancreas. Although some
studies have described a cytoplasmic location of IPF1
(Piper et al. 2004; Sarkar et al. 2008) and attributed a
regulatory function to a presumed shuttling from the nu-
cleus to the cytoplasm (Piper et al. 2004), we consistently
observe a nuclear localization for IPF1 at all analyzed
stages of human and mouse pancreatic development.
From our experience, the procedure of fixation is critical
in this respect because poor fixation leads to leakage of
nuclear factors, including IPF1, to the cytoplasm.

The period of islet cell differentiation and cluster-
ing coincides with the expression of NGN3. In fact,
the appearance of endocrine cell aggregates occurs si-
multaneously with the exponential increase in the ex-
pression of insulin and other hormones. At this point,
our results differ from those reported by Lyttle et al.
(2008). Thus, whereas they showed the NGN3 expres-
sion level slightly declining from 8 to 21weeks, we show
a Gaussian distribution-like gene expression profile
of NGN3. The fact that we performed our qRT-PCR
analyses using samples from each individual gestational
week from 8 to 21, whereas they pooled their sam-
ples in three groups (8–10 weeks, 14–16 weeks, and
19–21 weeks) may explain this difference. Our results
suggest that similar to mouse and as hypothesized by
others (Sarkar et al. 2008), a secondary transition that
lasts for weeks, rather than days, occurs also during
human pancreatic development.

In the developing mouse pancreas, Isl1 is required
independently for the formation of the dorsal pancre-
atic mesenchyme, and hence, dorsal pancreatic growth,
as well as for islet cell differentiation (Ahlgren et al.
1997). Here we show that Isl1 is abundantly expressed
in both early pancreatic mesenchymal cells and differen-
tiated endocrine cells as they appear also in the human
developing pancreas. This expression pattern suggests
that Isl1 function is conserved from mice to humans.

The expression of PAX4 and ARX, that defines the
b- and a-cell fate, respectively (Collombat et al. 2003,
2005) is evident already at 7 weeks, but whereas PAX4
expression increases rapidly between 7 and 13 weeks,
ARX expression increases first after week 13. This
differential expression of PAX4 and ARX may in part
explain why, in contrast to mouse pancreatic devel-
opment, insulin-expressing cells appear earlier than
glucagon-expressing cells during human pancreatic de-
velopment, and why insulin-positive cells initially out-
number glucagon-positive cells. The developmental
significance, if any, of the earlier appearance of insulin-
positive cells in the developing human pancreas, as com-
pared with mouse pancreas, is unclear. The expression
of the retinoic acid–synthesizing enzyme RALDH1
coincides, however, with the appearance of insulin-
positive cells in both mouse and humans, and retinoic

acid has been shown to positively influence b-cell dif-
ferentiation from mouse pancreatic progenitor cells
(Ostrom et al. 2008).

Previous studies have shown that fetal b cells are
non-functional, i.e., they do not respond to glucose
(Hoffman et al. 1982; Tuch et al. 1990). In agreement
with those studies, the insulin-positive cells formed
during the period analyzed do not express the mature
b-cell marker MAFA (Nishimura et al. 2006), although
other b-cell markers, such as GCK, IAPP, PCSK1, and
PCSK2 are expressed. The homotypic nature of the
endocrine cell clusters at 18–21 weeks of gestation
further strengthens the notion that the islet cells are
immature at this stage.

In summary, we present here a detailed analysis of
the morphological changes that occur during human
pancreatic islet formation and the concomitant gene
expression profiles of key markers during endocrine
pancreas ontogeny. The data presented here may con-
tribute to a better understanding of human islet for-
mation and thus to the design of protocols aimed at
generating insulin-producing cells, or islets, fromhuman
stem or progenitor cells for cell replacement therapies.
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