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Abstract

Examination of human fetal pancreatic endocrine cell development can provide further insight in, defining the
developmental patterns of endocrine cells and identifying 3-cell progenitors. In this study we performed a comprehensive
immunohistochemical analysis of human fetal pancreatic sections aged from 7.7 to 38 weeks post conception (wpc),
as well as 10 weeks post natal (wpn), and adult sections. We examined expression and co-expression of insulin,
glucagon, cytokeratin19 (CK19), vimentin as well as the transcription factors PDX1, SOX17 and NGN3. Insulin and
glucagon expression significantly increased in the first (1-12 wpc) and second (13-24 wpc) trimesters and formed
islet-like clusters which resembled adult human islets in the third (24-38 wpc) trimester. Insulin and glucagon co-
expressing cells were observed from 8.4 to 23 wpc and peaked during the first trimester. PDX1 expression was
observed predominantly in duct-like structures prior to 15 wpc, then, was localized to islet structures in the second
trimester at 17 wpc. Co-localization of PDX1 and insulin was observed throughout fetal development and in most
insulin cells. SOX17 expressing cells were in spatial proximity to the glucagon expressing cells late in the first and
second trimesters and did not co-express either insulin or glucagon. NGN3 was detected from 7.7 to 14.4 wpc within
the pancreatic mesenchyme. Expression peaked between 10.6-12.1 wpc and was not detected past 15 wpc. NGN3
cells co-expressed vimentin but did not co-express insulin or CK19. We present a unique qualitative assessment of
insulin, glucagon, PDX1, SOX17 and NGN3 expression and co-expression patterns, during human fetal pancreatic
development. In combination with in vifro human embryonic stem cell isolation studies, in vivo characterization of
B-cell progenitors during fetal development, will improve progenitor cell isolation and differentiation of viable 3-cell
progenitors destined for transplantation.
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Immunofluorescence and Piper et al. [5]. Recently Riedel et al. [19] suggested that these
co-expressing insulin and glucagon cells give rise to mature a-cells,
since these cells also produce the a-cell transcription factor, aristaless
related homeobox (ARX) and lack specific $-cell transcription factors.
Pancreatic duodenal homeobox factor-1 (PDX1) is a key transcription
Introduction factor necessary in pancreatic development and is initially expressed in
pancreatic progenitor cells and is later restricted to mature B-cells [20].

Understanding the normal developmental biology associated Piper et al. [5] and Lyttle et al. [21] found that cells expressing PDX1
with pancreatic endocrine cell ontogeny is key to identifying -cell are, initially located within the primitive ductal epithelium and later
progenitors and refining in vitro differentiation of these stem cells. In transition to the islet. Sex-determining region Y box 17 (SOX17) is a
transgenic mouse models [1-3], several differences between human transcription factor with a functional role in lineage specification and is
and rodent islet biology have been noted [4] including; the timing expressed early in endoderm development [22-26] and gastrointestinal
of developmental stages [5], the sequence of key developmental ..o derm [22,27] including the pancreas [24-27]. The transcription
events [6,7], composition and organization of islet cell clusters [8-10] factor Neurogenin3 (NGN3) belonging to the basic helix-loop-

including a lower proportion of B-cells in human islets compared to helix (bHLH) class of transcription factors is crucial for mammalian
mouse islets [10], nerve innervation [11] and insulin gene number (2

in mice and 1 in humans) [12]. Therefore, examination of human fetal
pancreatic endocrine cell development can provide further insight in
defining the developmental patterns of endocrine cells.

Abbreviations: WPC: Weeks Post-conception; WPN: Weeks
Post-natal; PDX1: Pancreatic Duodenal Homeobox 1; SOX17: Sex
Determining Region Y Box-17; NGN3: Neurogenin3
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endocrine pancreas development [28-32]. It is expressed early in
pancreatic progenitor cells and regulates other transcription factor
expression in endocrine progenitor cells. Mouse knock-out studies of
NGN3 [28-30] have demonstrated that mice deficient for NGN3 fail to
develop islets and lack all endocrine cells.

In this study we performed immunohistochemical analysis
of human fetal pancreatic sections aged from 7.7 to 38 weeks
post conception (wpc), as well as 10 weeks post natal (wpn), and
adult sections. We examined the expression of insulin, glucagon,
cytokeratinl9 (CK19), vimentin as well as the transcription factors
PDX1, SOX17 and NGN3. The purpose of this study was to examine
the expression and co-expression relationships of these factors, and
the changing islet morphology throughout human fetal development.
This study confirms previous findings [22-24] and presents new
observations of the transcription factor SOX17 as well as NGN3 during
human endocrine pancreas development. A detailed knowledge of
developing islet morphology, maturation of P-cells, and expression
of key hormones and transcription factors may aid in differentiating
functional p-cells in therapeutic numbers for islet transplantation.

Materials and Methods
Human sections

Human fetal pancreatic tissue sections ranging in age from 7.7 to
14.4 weeks post conception (wpc) were obtained from the Birth Defects
Research Laboratory at the University of Washington in compliance
with US State and Federal regulations. Specimens were collected within
12 h post-mortem, and fixed with formalin (Richard-Allan Scientific,
Kalamazoo, MI, USA). Human fetal pancreatic tissue sections ranging
in age from 15 weeks to 38 wpc were also obtained from Alberta Health
Services. The 10 weeks post natal (wpn) sample was obtained from
the Alberta Diabetes Institute (ADI) IsletCore. The adult pancreatic
samples were obtained from the Edmonton Clinical Islet Transplant
Program and protocols were approved by the U of A Research Ethics
Office. All samples were embedded in paraffin, cut into 5um sections,
and mounted on histobond slides (Fischer Scientific, Ontario, and
Canada).

Immunofluorescent staining

Paraffin sections were rehydrated, and immersed in Tris EDTA
for antigen retrieval in a Sanyo Model-F301 1260W microwave for 15
minutes at 80%, and let cool for 20-25 minutes. Sections were rinsed
with phosphate buffered saline (PBS), and blocked with 20% normal
goat serum (NGS) in PBS for 1 h. If biotinylated primary antibodies
were used, and avidin/biotin (Vector Laboratories Inc., Burlingame,
CA, USA) blocking step was performed prior to the first primary
antibody, and sections were rinsed two times with 5% NGS. To
prevent cross reactivity and non-specific binding during double and
triple fluorescence staining mouse IgG Fab Fragment (1/10, Jackson
Labs, West Grove PA, USA) block for 1-2 hours was included after
the addition of the first primary antibody. Primary antibodies were
diluted in 5% NGS at the following concentrations: 1:1000 guinea pig
anti-porcine insulin (DAKO, Carpinteria, CA, USA), 1:5000 mouse
monoclonal anti-glucagon (Sigma, Saint Louis, MO, USA), 1:1000
rabbit polyclonal to PDX1 (Abcam, Cambridge, MA, USA), 1:100
mouse anti-human CK19 (DAKO), 1:100 mouse anti-human vimentin
(DAKO), 1:200 mouse anti-human/mouse NGN3 (DSHB, University
of Iowa, Iowa City, IA, USA) and 1: 50 biotinylated anti-human SOX17
antibody (R&D Systems, Minneapolis, MN, USA), and incubated for
1h, then washed two times with 5% NGS. The appropriate species-

specific secondary antibody of goat anti guinea pig IgG Alexa Fluor
488, goat anti mouse IgG Alexa Fluor 488, goat anti rabbit IgG Alexa
Fluor 594, or Streptavidin Alexa Fluor 594 were diluted 1:200 in 5%
NGS, and goat anti mouse IgG Alexa Fluor 350 was diluted 1:100 in 5%
NGS (Invitrogen Molecular Probes, Eugene, OR, USA) and applied for
30 minutes in the dark. Prior to application of second and following
third rounds of primary antibody application, sections were washed
twice in 5% NGS. Negative controls were sections from each age point
incubated without primary antibodies; all control slides yielded no
labeling. Positive controls were adult human pancreatic sections. Slides
were coverslipped with ProLong Gold anti-fade reagent with DAPI to
counter stain nuclei or ProLong Gold antifade reagent without DAPI
in the case of an AlexaFluor 350 secondary (Invitrogen) to preserve
fluorescence. All slides were visualized with a Zeiss Axioscope II
equipped with AxioCam MRc camera and analyzed with Axiovision
4.6 (Carl Zeiss Microlmaging GmbH, Géttingen, Germany).

Image analysis

Images collected from the fetal human pancreatic sections were
separated into the three trimesters of human development. The
following groupings were made: first trimester (1-12 wpc, n=5),
second trimester (13-24 wpc, n=14), and third trimester (24- 38 wpc,
n=>5) [27]. Furthermore, a 10 wpn and an adult sample were grouped
with the third trimester results providing a representation of a mature
pancreas. To quantify the number of cells producing insulin, glucagon,
or both insulin and glucagon, representative images (n=2-3 from each
pancreatic section) were manually counted using Image] software [33].
Data is expressed as the percentage of insulin or glucagon expressing
cells as a percentage of the total number of insulin and/or glucagon
expressing cells.

Statistical analysis

Quantification Data Is Expressed As Mean + Sem. Statistical
Comparisons Were Performed Using The Mann-Whitney Test,
Assuming Representative Sampling And Independence. Given The
Small Sample Size, This Test Is Used Since It Does Not Assume A
Normal Distribution. The Acceptable Level Of Significance Was
Considered P<0.05.

Results
Analysis of insulin and glucagon expression

To characterize endocrine hormone expression and islet
morphology during human pancreatic development we performed a
qualitative immunohistochemical analysis of insulin and glucagon
expression in fetal pancreas between 7.7 and 38 wpc, 10 wpn, and in
the adult pancreas as well as a quantitative analysis of the proportion
of insulin and/or glucagon expression as a percent of total insulin
and/or glucagon expressing cells. During the fetal period of human
development, evolving islet morphology is observed from the initiation
of endocrine hormone expression in scattered cells, to the clustering
of those cells into islet-like structures, and further remodeling of those
structures to acquire the adult islet phenotype.

Insulin and glucagon expression was absent at the beginning of the
fetal period (7.7 wpc, not shown). At 8.4 wpc, insulin and glucagon
expression was observed in the form of isolated single cells. Insulin and
glucagon expression increased from 8.6 wpcand the firstisletlike clusters
were observed at 10.6 wpc (Figure 1). These clusters consisted mostly of
insulin positive cells with a few cells also co-expressing glucagon at the
periphery of the positive structures (Figure 1). In addition, the size of
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the islet structures increased at 12.1 wpc. To examine the composition
of the insulin- and glucagon-expressing populations, we expressed
their frequency relative to the total population of cells producing
insulin and/or glucagon (Figure 2). Throughout the first trimester the
percentage of insulin expressing cells (36.4 + 6.3%) was higher than
those expressing glucagon (11.3 + 2.2%, p<0.025), whereas there were
52.3 + 7.6% insulin/glucagon positive cells.

During the second trimester, the percentage of glucagon expressing
cells (59.7 + 2.5%) was greater than those expressing insulin (25.58 +
1.5%, p<0.25) and, by 15 wpc, the islet cluster size increased (Figure
1). The islet morphology in the second trimester was similar to rodent
islets [29]. During the second trimester, a few co-expressing insulin and
glucagon cells (14.7 + 3.9%) of hormone expressing cells were located
in the margin between the self-aggregated endocrine cells (Figure 1), in
addition, amongst these islets there were smaller islet clusters similar
to those of the first trimester with higher levels of co-expressing insulin
and glucagon. The heterogeneous nature of islet morphology in the
second trimester is indicative of a transitioning morphology into a
more mature form.

B4 wpe

10.6wpc

17 wpe 15wpc 121 wpe

20 wpe

In the third trimester (Figure 3), the percentage of glucagon
expressing cells (44.5 + 5.9%) is equivalent to insulin hormone
expression (53.7 = 5.2%, p>0.05) and the islet morphology is similar
to the adult human pancreas. Insulin and glucagon expressing cells
become intermixed within the islet structures, and islet size becomes
more homogeneous across the tissue sample. The islet morphology at
10 wpn is similar to other samples of the third trimester as well as that
of the adult human islet demonstrating that mature islet morphology is
acquired during the third trimester.

Co-expression of insulin and glucagon was observed from
8.4wpc up to and including 23 wpc (23 wpc data not shown). As a
percentage of total endocrine cells (Figure 2), the greatest amount of
cells co-expressing of insulin and glucagon is observed during the first
trimester (52.23 + 7.6) compared to the second (14.7 + 3.9%, p<0.025)
and third (1.88 + 0.68%, p<0.025) trimesters, and post natal (1.22 +
0.12%, p<0.025). In the first trimester, most glucagon cells co-expressed
insulin while cells only positive for insulin were located at the center
of the islet-like clusters (Figure 1). Negligible co-expression of insulin
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Figure 1: Insulin (green) and glucagon (red) expression during the first and second trimester of human fetal development (1- 24 wpc), as demonstrated by samples 8.4,
10.6, 12.1, 15, 17, and 20 wpc. Arrows demonstrate examples of coexpressing insulin and glucagon cells. Prior to 8.4 weeks there is no positive insulin or glucagon
staining. At 8.4 wpc insulin and glucagon expression is observed in scattered cells. By 10.6 wpc insulin and glucagon expression has significantly increased, and the first
islet-like clusters are visible, consisting mostly of insulin positive cells, while a few insulin and glucagon co-expressing cells are observed on the periphery of the clusters.
Islet size continues to increase between 10.6 and 12.1 wpc. During the second trimester, islet size continues to increase and glucagon expression is greater than insulin
expression. In the second trimester, the majority of insulin and glucagon expressing cells are localized to islet structures rather than as isolated cells and self-aggregate.
DAPI nuclear counterstain (blue). Areas denoted by a box are shown at higher magnificiation (inset). Higher magnification images of 12.1 and 17 wpc are shown without

DAPI. Scale bars are 50 and 10 uM respectively.
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Figure 2: Quantification of insulin and glucagon expressing cells in the fetal and post natal pancreas. Percentage of total insulin expressing (black), co-expressing insulin
and glucagon (white), and total glucagon expressing cells (cross hatch) relative to the total population of cells producing insulin and/or glucagon. Data is expressed mean
+ SEM, "p<0.025 within the same trimester and #p<0.025 for co-expression vs. other time points.
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Figure 3: Insulin (green) and glucagon (red) expression during the third trimester of human fetal development (24 wpc-birth(38 wpc)) as demonstrated by samples 29
and 37 wpc, as well as 10 wpn, and adult. In the third trimester, the proportion of insulin and glucagon expressing cells are equivalent. Similar to the post natal samples,
insulin and glucagon expressing cells are intermixed within the islets. In the third trimester and post natal samples, islet size is more homogeneous across the tissue
section. No co-expression of insulin and glucagon was observed. DAPI nuclear counterstain (blue). Area denoted by a box is shown at higher magnification (inset). Scale
bars are 50 and 10 uM respectively.

J Stem Cell Res Ther

ISSN:2157-7633 JSCRT, an open access journal Volume 3 « Issue 4 - 1000148



Citation: Anderson SJ, Seeberger KL, Ellis CE, Eshpetzer A, Korbutt GS (2013) Immunohistochemical Characterization of Insulin, Glucagon, PDX1,
S0X17 and NGN3 Expression in Human Fetal Pancreatic Development. J Stem Cell Res Ther 3: 148. doi:10.4172/2157-7633.1000148

Page 5 of 10

and glucagon is observed amongst hormone positive cells in the third
trimester and post natal samples (Figure 3).

Analysis of PDX1 and insulin expressions

In the first trimester (Figure 4), PDX1 expression is located in
numerous duct-like structures, and is also co-expressed in all insulin
cells. At 8.4 wpc scattered insulin expressing cells were located amongst
the PDX1 positive cells. In the second trimester (Figure 4) a transition
of PDX1 expression can be distinctly observed. Between 14.4 and 15
wpc (14.4 wpc data not shown), as islets increase in size and PDX1
association with the ductal structures is diminished, and increased in
the insulin expressing cell clusters. In addition to PDX1 expression in
all insulin positive cells, PDX1 is most pronounced in cells surrounding
the insulin expressing cells. As maturation proceeds into the third
trimester (Figure 5), PDX1 is minimally detected in the duct-like
structures and decreased in those cells bordering the insulin positive
cells. The first non-PDXlstaining insulin cells are observed in the
37wpc sample. The late third trimester expression pattern resembled
that of the adult pattern where PDX1 has less co-expression in the

17 wpe 15 wpc 121wpe 106 wpe B4 wpe

20 wpe

insulin positive cells and there are still a few expressing PDX1 cells at
the periphery of the insulin expressing cells of the islets. As such it is
assumed that islets are approaching maturity near the end of the fetal
period in the third trimester.

Expression of SOX17 and its co-localization with insulin and
glucagon expression

In the first trimester (Figure 6) SOX17 only expressing cells are
initially scattered non-specifically amongst the insulin and glucagon
expressing cells at 8.4 and 10.6 wpc. Occasional SOX17 and insulin co-
expressing cells were observed in the 8.4 through 14.4 wpc samples.
From 13 through 29 wpc (Figures 6 and 7), the SOX17 expressing
cells are spatially associated with the glucagon expressing cells and
emphasized in the second trimester samples, where the insulin and
glucagon cells have self-aggregated, and the SOX17 expressing cells are
found in the glucagon cell clusters. Between 29 and 38 wpc in the third
trimester (Figure 7), the insulin, glucagon, and SOX17 expressing cells
disperse amongst the entire islet to acquire the adult phenotype.
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Figure 4: Insulin (green) and PDX1 (red) expression during the first and second trimester of human fetal development (1- 24 wpc), as demonstrated by samples 8.4, 10.6,
12.1, 15, 17, and 20 wpc. Arrows demonstrate examples of co-expressing insulin and PDX1 cells. In the first trimester, PDX1 expressing cells are located in numerous
duct-like structures, and insulin expressing cells co-express PDX1. At 8.4 wpc, scattered insulin expressing cells are located amongst the duct-like PDX1 expressing
cells. As more insulin expressing cells aggregate at 10.6 and 12.1 wpc, the islet-like structures seem to bud off from the PDX1 expressing duct-like structures. In the
second trimester, PDX1 expression is localized mainly to islet structures, and PDX1 expression is most pronounced in cells surrounding the insulin expressing cells.
All insulin expressing cells co-express PDX1. The islet structures have less spatial association to the duct-like PDX1 expressing structures. DAPI nuclear counterstain
(blue). Areas denoted by a box are shown at higher magnificiation (inset). Higher magnification images of 12.1, 15 and 17 wpc are shown without DAPI. Scale bars are

50 and 10 uM respectively.
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Figure 5: Insulin (green) and PDX1 (red) expression during the third trimester of human fetal development (24wpc-birth (38wpc)) as demonstrated by samples 29 and 37
wpc, as well as 10 wpn, and adult. Arrows demonstrate examples of coexpressing insulin and PDX1 cells. In the third trimester, PDX1 expression is minimally detected in
duct-like structures, and expression is also proportionatally less compared to the second trimester in the islet structures. The third trimester expression pattern is similar
to the post natal and adult, where less PDX1 is co-expressed in insulin cells, and a few PDX1 alone cells are located at the periphery of the insulin cells. The first insulin
alone expressing cell is observed at 37 wpc. DAPI nuclear counterstain (blue). Areas denoted by a box are shown at higher magification (inset) without DAPI. Scale bars

are 50 and 10 uM.

Analysis of NGN3 expression

NGN3 positive cells were observed in the first trimester up until 14.4
wpc and at 10 wpn but absent in the second and third trimesters (15-
38 wpc) as well as the adult pancreas (not shown). At 7.7 wpc, NGN3
cells were located at the edge of a lumen (Figure 8). At this time point
the entire developing pancreas stained positive for vimentin indicating
mesenchymal tissue and all NGN3 positive cells co-expressed vimentin
(Figure 8). Neither CK19 cells indicating ductal epithelium nor insulin
positive cells were detected at 7.7 wpc (not shown). At 8.4 wpc when
scattered insulin positive cells are apparent within the mesenchyme, the
ductal epithelium has formed and CK19 positive cells line these early
ducts that are branched (Figure 8). NGN3 positive cells that co-express
vimentin are in elongated cell clusters (Figure 9) and scattered in the
mesenchyme around the CK19 positive ductal tree (Figure 8). At 10.6
wpc, NGN3 positive cells are concentrated around the forming islet-
like cell clusters (Figure 9). The CK19 positive ducts condense and less
branching of CK19 positive cells is observed (not shown). The number
of NGN3 positive cells peak between 10.6-12.1 wpc, and as the islet
and duct structures form the number vimentin positive cells decline.
At 12.1 and 14.4 wpc, the numbers of vimentin positive cells have

decreased (Figure 8), the ductal epithelium resembles mature ducts
(Figure 8) as seen in the adult and NGN3 positive cells still surround
the developing islet and also infiltrate the islet at this time point (Figure
9). Less NGN3 positive cells are observed at 14.4 and are undetectable
past 15 wpc (not shown). Post natal (10 wpn), a few NGN3 positive
cells are detected scattered throughout the pancreas (Figure 8) and
within the islet (Figure 9). NGN3 positive cells co-expressed vimentin
throughout fetal pancreas development and did not co-express insulin
or CK19.

Discussion

There are significant differences between human and rodent
biology, islet composition, and development [4-12]. For instance, the
timing of corresponding initial insulin expression is not equivalent;
mice begin expressing insulin positive cells at E11, projected to human
development, expression would be expected at 33 days post conception
(4.7 wpc) [5]. However, in this study we did not observe insulin positive
cells until 8.4 wpc (Figure 1). Morphological studies indicate that
mouse islets are properly formed within a few days of birth following
a secondary wave of p-cell differentiation [7] where as human islets
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Figure 6: Insulin (green), glucagon (red) and SOX17 (blue) expression during the first and second trimester of human fetal development (1- 24 wpc), as
demonstrated by samples 8.4, 10.6, 12.1, 15, 17, and 20 wpc. In the first trimester, SOX17 expressing cells are scattered non-specifically amongst the insulin
and glucagon expressing cells. Upon islet-like cluster formation at 10.6 wpc SOX17 expressing cells are also found in the islet-like clusters. SOX17 is not
co-expressed in glucagon expressing cells, however select insulin expressing cells appear to co-express SOX17. In the second trimester, SOX17 expressing
cells are spatially associated with glucagon expressing cells within the islet structures. At 15, 17, and 20 wpc SOX17 is not coexpressed in insulin or glucagon
expressing cells. Areas surrounded by a box are shown at higher magnification (inset). Scale bars are 50 and 10 uM respectively.
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Figure 7: Insulin (green), glucagon (red) and SOX17 (blue) expression during the third trimester of human fetal development (24wpc-birth(38wpc)) as
demonstrated by samples 29 and 38 wpc, as well as 10 wpn, and adult. In the third trimester, SOX17 expressing cells are initially associated with glucagon
expressing cells at 29 wpc, however as the insulin and glucagon expressing cells become intermixed by 37 wpc and post natally, the SOX17 expressing cells
also are intermixed with other cell types within the islets. SOX17 is not co-expressed in insulin or glucagon expressing cells in the third trimester or post natally.
Areas surrounded by a box are shown at higher magnification (inset). Scale bars are 50 and 10 uM respectively.
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Figure 8: Vimentin (green), CK19 (green), and NGN3 (red) expression during the first trimester (7.7, 8.4, 14.4) and post natal (10 wpn). At 7.7 wpc the pancreas
is composed of vimentin positive cells (mesenchyme). NGN3 positive cells are lining a lumen and all the NGN3 positive cells co-express vimentin (inset). At 14.4
wpc, there are less vimentin positive cells and the NGN3 positive cells surround cell clusters (forming islets). All the NGN3 positive cells co-express vimentin and
are also visible within the islet structure. NGN3 cells at 10 wpn are scattered throughout the pancreas and within the islet, these cells co-express vimentin. At 8.4
wpc the ductal tree that has formed is comprised of CK19 positive cells. NGN3 positive cells are scattered in and amongst the spaces around the ductal tree. At 14.4
wpc as the ducts are condensing and mature ducts are forming, the NGN3 positive cells are closely associated with the forming islets and are found around and
within the forming islet. At 10 wpn the NGN3 positive cells are scattered throughout the section and do not appear to be associated with the mature ducts (CK19).
Areas denoted by a box are shown at higher magnification (inset). Scale bars are 50 and 10 pM respectively.
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Figure 9: Insulin (green) and neurogenin3 (NGN3, red) expression during the first trimester (8.4, 10.6, 12.1, 14.4) and post natal (10 wpn). At 8.4 wpc NGN3 cells are
filamentous, elongated and are scattered throughout the section and arranged in branch-like formations. The NGN3 positive cells are not associated with the scattered
insulin positive cells. At 10.6 wpc, NGN3 cells surround the first islet-like cell clusters in a wave-like pattern and the number of NGN3 positive cells appears to peak at this
time point. At 12.1 and 14.4 wpc, while the NGN3 cell number decreases these cells are more closely associated with the forming islets and are found around and within
the forming islet. Post natal (10 wpn), a few NGN3 cells are evident near and in the islet as well as scattered throughout the pancreas section. There is no evidence of
insulin and NGN3 co-expression at any of these time points. Areas denoted by a box are shown at higher magnification (inset). Scale bars are 50 and 10 uM respectively.
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initially appear in the first trimester and attain a mature form during
the third trimester (Figures 1 and 3). Several studies have demonstrated
that human endocrine pancreas formation is unlike the mouse as there
is no evidence of a primary [26] or secondary transition [15] in human
endocrine pancreas development.

As studies using human fetal pancreatic tissue are relatively new
in the field of developmental research, the timing and developmental
staging of the human fetal pancreas amongst studies is not always
consistent [14,15,21,26,33]. For instance, several studies observe
endocrine hormone expression as early as 9 wpc [4,14,19], while others
have noted a few insulin positive cells at 6 wpc [4] and we observed
that insulin and glucagon expression initiates between 7.4 and 8.4
wpc. By assessing human embryonic tissue as early as 22-26 days post-
conception (dpc) Jennings et al. [26] noted infrequent insulin positive
cells as early as 47-52 dpc which is close to 7 wpc. Early endocrine
cells that co-express both insulin and glucagon that later mature to
mono-hormonal cell (17, 5, 20) were also observed in our study from
8.4-23 wpc however, Sarker et al. [15] observed only single hormone
cells through 9-23 wpc. These observations can be attributed to the
limited availability of human fetal pancreatic tissue for study thus,
the advantage of our study was that we were able to observe the entire
period of fetal development and visualize islet development from the
initiation of endocrine expression through to the formation of mature
islets. Our observations are consistent with Bocian-Sobkowska et al.
[14] who described the four stages of human islet development: first,
scattered polyhormonal (9-10 wpc), second, immature polyhormonal
islet stage (11-15 wpc), third, insulin monohormonal core islet stage
(16-29 wpc) and finally polymorphic islet stage (30 wpc onward).

In transcription factor studies of the 8 to 21 wpc fetal pancreatic
samples Lyttle et al. [21] noted initial PDX1 expression in CK19
positive cells, following this the PDX1 and CK19 co-expression
decreased with a simultaneous increase in PDX1 and insulin co-
expressing cells. According to Piper et al. [5] in early fetal development,
CK19 marks pancreatic epithelial cells. In our study, we also note that
PDX1 expression is initially localized to duct-like structures, and later
in development it shifts to be islet associated.

SOX17 is expressed early in murine endoderm development
and specifies cell lineage (22-27). Recently Wang et al. [25] and
Fishman et al. [27] utilizing similar lineage tracing strategies revealed,
by isolating SOX17 expressing human embryonic stem cells that
human gastrointestinal lineages including the pancreas are derived
from SOX17 positive cells. Jennings et al. [26] when assessing post
implantation embryos observed SOX17 at 25-27 dpc prior to PDX1
expression in the foregut of the developing human embryo. Though
their study extended to 10 wpc, SOX17 was not detected in later
stages of the duodenum or pancreas past 30-33 dpc. Our observations
revealed that SOX17 is present during early islet formation (8.4-14.4
wpc) and is closely associated with glucagon cells during the second
trimester. However, in the third trimester SOX17 cells dispersed among
the islet field. Together, this may suggest that SOX17 may exhibit a
temporal expression pattern where it is expressed early in embryonic
development, then disappears and is later re-expressed commencing
around 8 wpc.

There have been extensive reports detailing the pattern of NGN3
expression during mouse endocrine pancreas development [28-32].
During the temporal development of the mouse pancreas NGN3 is
expressed during the primary and secondary transitions, peaking during
the secondary transition and is diminished at the tertiary transition and

post natal [34]. This pattern has been described as biphasic expression
[35]. To date there is no evidence to suggest that these transitions
occur during human endocrine pancreas development or that NGN3
is temporally expressed [15,26]. However, reports describing NGN3
expression during human endocrine pancreas development are
inconsistent.

Our NGN3 observations were unique. At 7.7 wpc when insulin,
glucagon and CK19 cells are not yet detectable and the pancreas consists
entirely of mesenchyme NGN3 cells that co-expressed vimentin were
observed surrounding a lumen (Figure 8). The NGN3 cells remained
in the mesenchyme that surrounded the developing epithelium and
endocrine tissue (Figures 8 and 9). At 10.6-12.1 wpc NGN3 cells
peaked and were closely associated with the forming islets. By 12.1 and
14.4 in addition to surrounding new islets NGN3 cells infiltrated the
islet. NGN3 was not detected in sections 15-38 wpc but did reappear
post natal as cells scattered throughout the pancreas and in the islet.
Similar findings have been reported. Sarker et al. [15] described NGN3
positive cells scattered among epithelial clusters and detected NGN3
in 9-13 wpc, as well as mRNA for NGN3 up to 23 weeks. Hanley et al.
[33] also reported no co-localising of insulin or PDX1 in NGN3 cells
as did Jennings et al. [26]. Jennings et al. [26] did quantify and report
a significant increase in NGN3 cells at 9-10 wpc that coincided with
the increase of insulin cells. The lack of co-expression with endocrine
hormones, PDX1 and ductal epithelium correlates with mouse studies
where NGN3 is extinguished when hormone positive cells appear
[28,30]. Only Lyttle et al. [21] have reported co-expression of NGN3
with insulin, glucagon and PDX1, and they were also able to detect
NGN3 as late as 21 weeks.

Human developmental studies are inherently difficult due to the
procurement of human fetal tissue. As such the numbers of samples
per age point are limited. The main strength of this study lies in that we
were able to obtain a reasonable number of samples across the entire
fetal development period. This provided a better overview of the entire
process of endocrine cell clustering to form mature islets. However,
despite a limited pool of samples, the results attained do illustrate
a progressive picture of human islet development. Overall, this
study was able to present a unique qualitative assessment of insulin,
glucagon, PDX1, SOX17 and NGN3 expression and co-expression
patterns, during human fetal pancreatic development. Comprehensive
morphologic changes during the formation and development of human
fetal islets were observed especially with respect to SOX17 and NGN3.
In combination with in vitro human embryonic stem cell isolation
studies [24,25,27], in vivo characterization of P-cell progenitors
during fetal development, will improve progenitor cell isolation and
differentiation of viable B-cell progenitors destined for transplantation.
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