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Abstract
Aims/hypothesis In adult human islets, insulin and glucagon
production is largely restricted to individual cell populations.
The production of these hormones is less segregated during
development and during the differentiation of human plurip-
otent stem cells towards pancreatic lineages. We therefore
sought to characterise the transcription factor profile of these
cells that co-produce insulin and glucagon in the developing
human pancreas, and thus to gain insight into their potential
fate during normal pancreas development.
Methods An immunohistochemical analysis was performed
on human pancreas sections from fetal donors aged 9 to
21 weeks and from adult donors between the ages of 17 and
55 years.
Results Endocrine cells were observed within the pancreas
at all ages examined, with cells co-producing insulin and
glucagon observed as early as 9 weeks of fetal age. The

population of cells that co-produce insulin and glucagon
generally decreased in prevalence with age, with negligible
numbers in adult pancreas. From 9 to 16 weeks, the
population of glucagon-only cells increased, while the
insulin-only cells decreased in abundance. Cells that co-
produced insulin and glucagon also produced the alpha cell
transcription factor, aristaless related homeobox (ARX),
and lacked the beta cell transcription factors pancreatic and
duodenal homeobox 1 (PDX1), NK6 homeobox 1
(NKX6.1) and v-maf musculoaponeurotic fibrosarcoma
oncogene homologue A (MAFA).
Conclusions/interpretation Our results indicate that cells
co-producing insulin and glucagon in the developing
human pancreas share a transcription factor profile that is
similar to that of mature alpha cells and suggest that some
maturing alpha cells briefly exhibit ectopic insulin expres-
sion. Thus cells that co-produce insulin and glucagon may
represent a transient cell population, which gives rise to
mature alpha cells.
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ARX Aristaless related homeobox
E Embryonic day
MAF v-Maf musculoaponeurotic fibrosarcoma

oncogene homologue
NKX2.2 NK2 homeobox 2
NKX6.1 NK6 homeobox 1
PAX Paired box
PCNA Proliferating cell nuclear antigen
PDX1 Pancreatic and duodenal homeobox 1
PP Pancreatic polypeptide
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Introduction

The successful implementation of a human pluripotent stem
cell-based therapy for the treatment of type 1 diabetes will
require a differentiation protocol that promotes the efficient
and stable production of mature insulin-producing beta
cells. Understanding the developmental pathways that
regulate the formation of the pancreas has significantly
advanced stem cell differentiation protocols, but the exact
mechanisms leading to mature beta cell formation in
humans are not yet known. Much of our current under-
standing of the pathways involved in pancreatic organo-
genesis comes from genetic studies in mice; however,
immunohistochemical studies of human fetal pancreases
have yielded some insightful results. The human pancreas
forms as separate dorsal and ventral protrusions that arise
from the foregut endoderm, around 26 days post-
conception [1]. Insulin-positive cells appear first near
7 weeks of fetal age, followed 1 week later by cells
producing glucagon, somatostatin or pancreatic polypeptide
(PP) [1]. During the development of these endocrine cells, a
specific temporal pattern of transcription factor production
is required to achieve the appropriate cell fate. In early
stages, the developing endocrine cells share production of
key transcription factors, including neurogenin 3 (NGN3)
and paired box (PAX)6. These factors are thought to
delineate the endocrine precursor cell population from
which all islet endocrine cells are formed. As these
immature endocrine cells develop, each cell type adopts a
unique transcription factor profile. For example, mature
alpha cells produce aristaless related homeobox (ARX), but
not PAX4 or pancreatic and duodenal homeobox 1 (PDX1)
[2, 3]. Conversely, beta cells produce PDX1, NK6
homeobox 1 (NKX6.1) and v-maf musculoaponeurotic
fibrosarcoma oncogene homologue (MAF)A, but not
ARX [3]. Several studies have reported the existence of a
transient population of developing endocrine cells that co-
produce insulin and glucagon [4, 5]. Electron microscopic
analysis of mid-gestational human fetal pancreas revealed
the presence of insulin and glucagon protein within the
same secretory granules in immature endocrine cells [4]. In
addition, double in situ hybridisation experiments in the
human fetal pancreas have demonstrated the co-expression
of insulin and glucagon mRNA within the same cells [5].

The ultimate fate of cells co-producing insulin and
glucagon in the adult mouse and human islet is not known.
Using Cre-mediated lineage tracing techniques, Herrera
suggested that insulin or glucagon promoter activity was
not previously active in mature alpha or beta cells,
respectively [6]. In contrast, previous studies had suggested
that the population of cells co-producing insulin and
glucagon may be precursors to mature endocrine cell types
[7, 8]. Expression of diphtheria toxin A chain driven by the

insulin promoter resulted in a slight decrease in mature
alpha cell number in the developing pancreas, suggesting
that insulin promoter activity was active in at least a subset
of glucagon-producing cells [7]. Furthermore, Alpert and
colleagues demonstrated that the insulin promoter was
active at low levels in all glucagon-positive cells in the
early mouse pancreas [8]. In the current study, we
performed a comprehensive immunohistochemical analysis
of the developing human pancreas. We focused on the
transcription factor profile of cells co-producing insulin and
glucagon, in order to clarify their potential role in the
development of mature islets.

Methods

Human tissues Human fetal pancreases were collected
according to protocols approved by the Health Sciences
Research Ethics Board at the University of Western Ontario.
Human adult pancreases were provided by the Irving K.
Barber Human Islet Isolation Laboratory (Vancouver, BC,
Canada) with consent to use for research purposes.

Immunofluorescence Human fetal (9–21 weeks) and human
adult pancreas tissues were fixed in 4% (wt/vol.) parafor-
maldehyde, embedded in paraffin and sectioned (Wax-it
Histology Services, Vancouver, BC, Canada). Immunoflu-
orescence staining was performed as previously described
[9]. Non-commercial antibodies towards PDX1 were
graciously provided by J. Habener (Massachusetts General
Hospital, Boston, MA, USA) and C. Wright (Vanderbilt
University, Nashville, TN, USA). The antibody towards
ARX was a kind gift from P. Colombat (Inserm, University
of Nice, Nice, France). The NK2 homeobox 2 (NKX2.2)
antibody developed by T. Jessel (Department of Biochemistry
and Molecular Biophysics, Columbia University, New York,
NY, USA) was obtained from Developmental Studies
Hybridoma Bank developed under the auspices of the
National Institute of Child Health and Human Development
(NICHD) and maintained by The University of Iowa,
Department of Biological Sciences, Iowa City, IA, USA.
Antibodies towards NKX6.1 andMAFAwere kindly provided
by A. Rezania (BetaLogics Venture, Skillman, NJ, USA).
Primary antibodies are listed in Electronic supplementary
material (ESM) Table 1. Primary antibody staining was
visualised by secondary staining with Alexafluor 350, 488,
555, 594 or 647 dyes (Invitrogen, Carlsbad, CA, USA).

Image acquisition and analysis Images were collected
using either (1) a microscope (Axiovert 200; Carl Zeiss,
Toronto, ON, Canada) connected to a digital camera
(Retiga 2000R; QImaging, Surrey, BC, Canada) controlled
with Openlab 5.2 software (Perkin Elmer, Waltham, MA,
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USA) or (2) an automated imaging system (ImageXpress
Micro Imaging System). Images were analysed using
MetaXpress (Molecular Devices, Sunnyvale, CA, USA).

Quantification analysis To quantify the number of cells
producing glucagon or insulin, or both proteins, pancreas
sections (n=3–6 for each group) were co-immunostained
with antibodies directed against insulin and glucagon.
Nuclei were labelled with DAPI. Automated image acqui-
sition captured the entire pancreas section using emission
filters for FITC (536/40), Texas Red (624/40) and DAPI
(447/60). Separate filter cubes were used for each acquisition
to minimise effects of spectral overlap. Individual images
were combined using MetaXpress to recreate the entire
pancreas section. The Multi Wavelength Cell Scoring module
in MetaXpress was used to identify all nuclei and assess for
production of glucagon or insulin, or both hormones (ESM
Fig. 1). Data are expressed as the percentage of hormone-
producing cells (defined here as cells producing insulin or
glucagon, or both hormones) among total pancreatic cells as
defined by DAPI nuclear staining, or as the percentage of
cells producing or co-producing insulin and/or glucagon
relative to the total of hormone-producing cells in each
pancreas section.

Statistical analysis Quantification data are expressed as
mean±SE. Asterisks in bar graphs indicate significance
at p<0.05 by unpaired Student’s t test.

Results

Quantification of cells co-producing insulin and glucagon
during human pancreas development To characterise the
production of insulin and glucagon during human pancreas
development, we performed a detailed quantitative analysis
of insulin and glucagon immunoreactivity in the fetal
pancreas between 9 and 21 weeks, and in the adult pancreas
(Figs 1 and 2; ESM Figs 1 and 2, ESM Table 2). During
this critical window of development, the pattern of insulin
and glucagon staining in the pancreas evolves from a
smattering of insulin-producing cells to cohesive islet
structures similar to those found in the adult organ. Despite
a gross morphological change, the proportion of cells
producing insulin and/or glucagon remained relatively
constant throughout this period of development. At 9 to
10 weeks, these endocrine cells accounted for 1.31±0.31%
of the total pancreatic cell population; at 21 weeks, this
population was 2.69±0.88% (Fig. 2a). In the adult
pancreas, 1.38±0.31% of cells within the pancreas were
immunoreactive for insulin and/or glucagon (Fig. 2a).

To further examine the composition of the insulin- and
glucagon-producing cell populations, we expressed their

frequency relative to the total population of cells producing
insulin and/or glucagon (Fig. 2b). Cells producing both
insulin and glucagon were observed at all fetal ages
examined, as well as in the adult pancreas. While this cell
population comprised only 1.34±0.6% of all insulin- and/or
glucagon-producing cells in the adult organ, it was much
larger during fetal development. At 11 to 13 weeks of fetal
development, this population was at its largest, comprising
28.79±5.60% of all cells producing insulin and/or gluca-
gon. While the changes in the relative size of each
quantified cell population were small between adjacent
age ranges, a significant decrease in insulin-producing cells
between 9 and 10 weeks, and 14 and 16 weeks was
accompanied by a significant increase in the glucagon-
producing cell population (Fig. 2b). At 21 weeks, the
composition of these distinct cell populations resembled
that of the adult pancreas (Fig. 2b).

Additional islet hormones are observed in some cells
co-producing insulin and glucagon Given that early
endocrine cells are capable of producing more than a single
hormone, we investigated the possibility that cells co-
producing insulin and glucagon also produce other islet

Fig. 1 Insulin- and/or glucagon-producing cells during human
pancreas development. Double immunofluorescence staining for
insulin (red) and glucagon (green) in human fetal (age in weeks [w]
as indicated) and adult pancreas sections. Representative merged
images are shown for each age; co-localisation of insulin and
glucagon is in yellow. White asterisks (*) denote regions enlarged
(×4) in the upper-right corner. Scale bars, 100 μm
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hormones. Somatostatin and PP were detected in cells co-
producing insulin and glucagon. At 9 weeks, the frequency
of these triple-positive cells was <1 in 1,000 (Fig. 3, ESM
Fig. 3, ESM Fig. 4). By 15 weeks, somatostatin and PP
production was restricted to separate cell populations, thus
resembling the pattern in adult islets. In contrast, ghrelin
immunoreactivity did not co-localise with insulin and/or
glucagon immunoreactivity at any of the examined devel-
opmental time points (Fig. 3, ESM Fig. 5), suggesting a
separate cell ancestry for this rare islet cell type.

Consistent with observations made over 30 years ago
[10], we observed two distinct islet architectures with
respect to PP production in the developing human pancreas
(ESM Fig. 6). Thus while PP production was limited to a
few cells in the majority of islets, some fetal islets were
comprised almost entirely of PP-producing cells that did
not co-produce insulin or glucagon (ESM Fig. 6).

Transcription factor profiling of cells co-producing insulin
and glucagon To further characterise the molecular identity
of the cells co-producing insulin and glucagon, we analysed
the abundance of key transcription factors in this cell
population during human pancreas development. In the
developing mouse pancreas, PAX6 production is observed
throughout the pancreatic epithelium as early as embryonic

day(E)9, prior to the production of insulin or glucagon. By
E9.5, some PAX6-positive cells begin to produce glucagon,
while insulin-positive cells arise from the PAX6-producing
population at E12.5. Whereas PAX6 production is not
absolutely required for endocrine cell development, absence
of this protein in the developing mouse pancreas results in a
significant reduction of endocrine cell numbers [11, 12] and
hormone levels [13]. In the 9-week-old developing fetal
human pancreas, we observed PAX6 production in all
insulin- and/or glucagon-producing cells (Fig. 4). This
pattern appears to be maintained throughout fetal develop-
ment and into the adult pancreas, where PAX6 is produced
in mature alpha and beta cells (Fig. 4).

MAFA and MAFB are basic leucine zipper transcription
factor family members produced in the developing pancre-
as. Production of MAFA in the developing mouse pancreas
is first observed at E13.5 in the NKX6.1+/insulin+ cell
population [14]. While MAFA production is not required
for beta cell formation, it regulates insulin gene transcrip-
tion and may play a role in the maintenance of normal
function in the mature beta cell [15, 16]. MAFB production
in the developing mouse pancreas is observed earlier than
MAFA in immature alpha and beta cells [17]. In the adult
mouse, MAFB is restricted to mature alpha cells and is
absent from mature beta cells [18]. In the human pancreas,
the production patterns of MAFA and MAFB are less well
characterised. Sarkar and colleagues reported that MAFA
mRNA levels remained low throughout pancreas develop-
ment, but were significantly upregulated in adult islets [19].
We observed MAFA production throughout the developing
pancreatic epithelium at 9 weeks (Fig. 4). Two distinct
levels of production were detectable, with strong nuclear
immunoreactivity observed in cells producing insulin, and
weaker immunoreactivity observed in the remaining pan-
creatic epithelium. Cells that produced both insulin and
glucagon exhibited either weak or no nuclear MAFA
immunoreactivity. In some cells co-producing insulin and
glucagon, MAFA immunoreactivity was detected in the
cytoplasm, but not in the nucleus (data not shown),
suggesting that the protein may be inactive in these cells.
Interestingly, we observed changes in location and intensity
of MAFA immunoreactivity as the pancreas developed. At
13 weeks, nuclear MAFA immunoreactivity was faint in
most cells producing insulin only and absent from all cells
producing glucagon with or without insulin. Weak cyto-
plasmic MAFA immunoreactivity was observed in some
cells producing one or both hormones. At 15 weeks,
nuclear MAFA immunoreactivity was only rarely observed,
while most insulin- and/or glucagon-producing cells
exhibited weak cytoplasmic MAFA production (Fig. 4).
At 21 weeks, MAFA immunoreactivity was not observed.
In agreement with observations in the mouse, beta cell-
specific nuclear localised MAFA immunoreactivity was

Fig. 2 Quantification of insulin and glucagon immunoreactivity in
developing and adult human pancreas. a Quantification of pancreatic
cells that produce insulin and/or glucagon as a percentage of the total
number of cells in each examined pancreas section. White circles,
individual data points for each analysed section. b Percentage of
insulin-only (dark grey), glucagon-only (light grey) or double-positive
(white) cells, relative to the total population of cells producing insulin
and/or glucagon. Data are mean±SEM; n=3–6 sections per group;
*p<0.05 between indicated groups
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observed in adult human islets (Fig. 4). In contrast, MAFB
production in the adult human pancreas differs from that
observed in the mouse, with immunoreactivity observed in

mature alpha and beta cells (Fig. 5). This is in agreement
with a recent report indicating that adult human beta cells
are enriched inMAFB mRNA [20]. MAFB immunoreactivity
was also observed in cells co-producing insulin and glucagon
at all developmental ages examined (Fig. 5).

In the developing mouse pancreas, the NK homeodo-
main protein NKX2.2 is first produced in the developing
pancreatic epithelium at E9.5, subsequently becoming
restricted to the NGN3-positive endocrine progenitor pool
[21]. In the adult mouse pancreas, NKX2.2 is produced in
alpha and beta cells [22]. Lyttle and colleagues have
previously shown that at 10, 14 and 21 weeks, NKX2.2
production can be observed in insulin-positive and
glucagon-positive cells [23]. In agreement with these
results, we observed NKX2.2 production in all cells
producing insulin and/or glucagon, regardless of the age
examined (Fig. 6, ESM Fig. 7)

NKX6.1 also plays a significant role in the developing
endocrine pancreas. In the mouse, NKX6.1 is widespread in
the early developing pancreatic epithelium. A lack of
NKX6.1-positive cells in the Pdx1-null mouse [24] sug-
gests that production of NKX6.1 is activated downstream
of PDX1 in the developing pancreas. NKX6.1 production
becomes increasingly restricted to the beta cell compart-
ment in the wild-type mouse and is maintained in adult
islets [25]. In human pancreases, we observed a similar
pattern of ubiquitous epithelial production of NKX6.1 at
9 weeks, at a time when PDX1 production is also
widespread (Fig. 7). At 13 weeks, production of NKX6.1

Fig. 4 Transcription factors PAX6 and MAFA in cells producing
insulin and/or glucagon during human pancreas development. Triple
immunofluorescence staining for insulin (red), glucagon (blue), and
PAX6 (green) or MAFA (green) in human fetal (age in weeks [w] as
indicated) and adult pancreas sections. White asterisks (*) denote
regions enlarged (×4) in the upper-right corner of each image. Scale
bars, 100 μm

Fig. 3 Other islet hormones in
cells producing insulin and/or
glucagon during human pancre-
as development. Triple immu-
nofluorescence staining for
insulin (red), glucagon (blue),
and somatostatin (SST) (green),
PP (green) or ghrelin (GHR)
(green) in human fetal (age in
weeks [w] as indicated) and
adult pancreas sections. White
asterisks (*) denote regions
enlarged (×4) in the upper-right
corner of each image. Scale
bars, 100 μm
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remained high in cells producing insulin only, and was
weaker in other cell types (Fig. 6, ESM Fig. 8). In the adult
pancreas, NKX6.1 production was limited to cells producing
insulin only (Fig. 6, ESM Fig. 8). Interestingly, cells that co-
produced insulin and glucagon lacked NKX6.1 immunore-
activity throughout development.

Although PDX1 plays a critical role in the initial
budding of the pancreas from the foregut in early
development, it also plays a role in maintaining the survival
and mature phenotype in beta cells [26, 27]. Conversely,
ARX is required to maintain the mature alpha cell phenotype,
possibly by opposing the beta cell-differentiating properties of
PAX4 [2, 28]. As observed in adult mouse islets, PDX1 and
ARX exhibit opposite production profiles in adult human
islets, with PDX1 production largely limited to beta cells and
ARX production limited to alpha cells (Fig. 8, ESM Fig. 9).
At 9 weeks, PDX1 production was observed throughout the
developing pancreatic epithelium (Fig. 7). As expected, all
cells positive for insulin only produced PDX1, but cells co-
producing insulin and glucagon were PDX1-negative (Fig. 8,
ESM Fig. 9). Lack of PDX1 production in cells positive for
both insulin and glucagon was observed throughout the
developing pancreas (Fig. 8, ESM Fig. 9). By 14 weeks,

levels of PDX1 were decreased in insulin-negative cells,
while robust production was maintained in the maturing beta

Fig. 7 Widespread co-production of transcription factors PDX1 and
NKX6.1 in pancreatic epithelial cells at 9 weeks of human fetal
pancreas development. Double immunofluorescence staining for
PDX1 (green) and NKX6.1 (red) in human fetal pancreas sections at
9 weeks, with merged images (DAPI, blue). Triple-labelled nuclei
appear white. White asterisks (*) denote regions enlarged (×4) in the
upper-right corner of each image. Scale bar 300 μm

Fig. 6 Transcription factors NKX2.2 and NKX6.1 in cells producing
insulin and/or glucagon during human pancreas development. Triple
immunofluorescence staining for insulin (red), glucagon (blue), and
NKX2.2 (green) or NKX6.1 (green) in human fetal (age in weeks [w]
as indicated) and adult pancreas sections. White asterisks (*) denote
regions enlarged (×4) in the upper-right corner of each image. Scale
bars, 100 μm

Fig. 5 Transcription factor MAFB in cells producing insulin and/or
glucagon during human pancreas development. Triple immunofluo-
rescence staining for insulin (red), glucagon (blue) and MAFB (green)
in human fetal (age in weeks [w] as indicated) and adult pancreas
sections. White asterisks (*) denote regions enlarged in the right
column. Nuclei stained with DAPI are shown in cyan. Scale bars,
50 μm
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cells (Fig. 8, ESM Fig. 9). While PDX1 remained detectable
in the nuclei of adult human beta cells, the levels appeared to
be dramatically reduced compared with those in the early
developing pancreas (Fig. 8, ESM Fig. 9).

The production pattern of ARX in the developing mouse
pancreas is less well characterised. Ngn3−/− (also known as
Neurog3−/−) mice lack ARX-positive cells, suggesting that
the production of ARX is initiated after production of
NGN3 [2]. In adult mouse islets, ARX production is
restricted to alpha cells. In the human pancreas, ARX
production was detected at 9 weeks (Fig. 8, ESM Fig. 10).
ARX production was observed in all cells producing both
insulin and glucagon, while an additional population of
ARX-producing cells was immunoreactive for neither of
these hormones. By 13 to 14 weeks, ARX production was
observed in all cells producing glucagon alone and in all
cells co-producing glucagon and insulin (Fig. 8, ESM
Fig. 10). In the adult islet, ARX production was restricted
to the nucleus of alpha cells (Fig. 8, ESM Fig. 10). Thus it
appears that during human fetal pancreas development,
cells producing insulin alone or glucagon alone exhibit

transcription factor profiles similar to those observed in the
adult islet. Cells that co-produce both hormones appear to
exhibit a transcription factor profile that mimics that of the
mature alpha cell.

Characterisation of proliferation and apoptosis in cells co-
producing insulin and glucagon The developing mouse
pancreas exhibits a wave of proliferation and differentiation
that occurs near E14 [29]. It is during this ‘secondary
transition’ that the majority of fully differentiated endocrine
cells appear. Subsequently, the endocrine cells begin to
amass into organised structures that will become the mature
islets. In the developing human pancreas, a similar wave of
proliferation has not been described. Instead, it appears that
the percentage of proliferating cells within the developing
pancreatic epithelium begins high (∼50%), then decreases
to about 8% to 12% of the total cell population in the first
10 weeks post-conception, with less than 1% of insulin-
positive cells exhibiting Ki67 immunoreactivity at this time
[1]. Jeon and colleagues have suggested that insulin-
positive cells exhibit little proliferative potential, while
glucagon-positive cells are more proliferative during the
period between 8 and 21 weeks of gestational age [30]. We
observed widespread pancreatic epithelial proliferation at
9 weeks as indicated by proliferating cell nuclear antigen
(PCNA) immunoreactivity (Fig. 9). The vast majority of
insulin-positive cells observed at this age were not
proliferating (Fig. 9). In contrast to the observations of
Jeon and colleagues, we observed extensive proliferation of
the pancreatic epithelium between 9 and 13 weeks, which
then diminished dramatically by 15 weeks and remained
low for the duration of development (Fig. 9). In agreement
with a previous study [31], we found that the appearance of
hormone production correlates with a loss of proliferative
potential as assessed by PCNA immunoreactivity. This
observation holds well for cells producing insulin and/or
glucagon.

There is evidence to suggest that a transient wave of beta
cell apoptosis occurs in the pancreas of neonatal rodents
[32] and that this remodelling may play a role in generating
mature islets. To our knowledge, such a wave of beta cell
apoptosis has not been described in the developing human
pancreas, nor is it known whether alpha cells or cells
producing both insulin and glucagon undergo significant
apoptosis during fetal development. To address this
question, we characterised the production of cleaved
caspase-3 in the developing pancreas (Fig. 9). Insulin-
producing cells were rarely observed undergoing apoptosis.
While we did find evidence of cleaved caspase-3 produc-
tion in cells producing glucagon with or without insulin,
these cells were rare in number (Fig. 9). In addition, the
percentage of cells co-producing insulin and glucagon, and
also staining positive for cleaved caspase-3 never exceeded

Fig. 8 Transcription factors PDX1 and ARX in cells producing
insulin and/or glucagon during human pancreas development. Triple
immunofluorescence staining for insulin (red), glucagon (blue), and
PDX1 (green) or ARX (green) in human fetal (age in weeks [w] as
indicated) and adult pancreas sections. White asterisks (*) denote
regions enlarged (×4) in the upper-right corner of each image. Scale
bars, 100 μm
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0.85% of the total population of cells co-producing insulin
and glucagon. Therefore, it is unlikely that these double-
positive cells undergo significant apoptosis at any point
prior to 21 weeks.

Discussion

The hormone and transcription factor profiles of mature
human alpha and beta cells differ significantly. While
glucagon-producing alpha cells are characterised by the
production of ARX and brain-specific homeobox 4 (BRN4)
adult beta cells produce PDX1, NKX6.1 and MAFA. Many
of these proteins exhibit a more promiscuous production
pattern during fetal pancreas development. For example, we
show here that PDX1 and NKX6.1 are produced through-
out the developing pancreatic epithelium in early stages, but
become restricted to their adult compartments between 13
and 15 weeks. In contrast, we found that production of
ARX, PAX6 and NKX2.2 is highly restricted as early as
9 weeks. Hormone production is not restricted to individual
separate cell populations during development, and the
observation that endocrine cells within the developing
pancreas produce several hormones has led to speculation

that endocrine cells arise from a common precursor cell [33,
34]. The existence of cells that co-produce insulin and
glucagon has been observed in humans and other mamma-
lian species [4, 5, 35]. While the existence of such cells
during human pancreas development has been well docu-
mented, their ultimate fate remains to be determined.
Earlier lineage tracing studies in mice suggested that these
double-positive cells were not capable of contributing to the
adult endocrine cell population [6]; however, there has been
no evidence to suggest that these cells undergo extensive
apoptosis. In the current study, we performed an immuno-
histochemical analysis of transcription factor production in
these cells that co-produce insulin and glucagon, in order to
gain insights into their developmental path.

As the fetus develops, the pancreas undergoes a several-
fold increase in overall size. A detailed morphometric
analysis of whole human pancreas has been performed
previously, showing a 15-fold increase in organ weight
between 8 and 16 weeks of gestation, and a 35-fold
increase in weight by 21 weeks [23]. During this organ
growth, the endocrine and exocrine compartments increase
in size through a combination of proliferation and differen-
tiation. Throughout fetal development and into adulthood,
the relative size of the insulin- and glucagon-producing
endocrine cell compartment remains stable, measuring
between 1.5% and 3% of all pancreatic cells in our study.
This suggests that the endocrine and exocrine compartment
growth rates are similar. During this massive expansion of
the endocrine compartment, the percentage of cells that
produce insulin or glucagon, or both hormones varies.
Between 9 and 16 weeks the insulin-only cell population
decreases relative to the total endocrine cell pool, while
glucagon-only cells increase in prevalence. Proliferation of
existing alpha cells cannot account for the relative increase
in the alpha cell population, as we observed little PNCA
immunoreactivity in any hormone-producing cell popula-
tions. Interestingly, despite the 50% decrease in overall
prevalence of cells co-producing insulin and glucagon
between 9 and 21 weeks, we did not observe significant
apoptosis in this cell population, suggesting that these
cells ‘transition’ out of the dual hormone-producing
state. On the basis of their transcription factor profile
(ARX+PDX1−NKX6.1−NKX2.2+PAX6+MAFA−MAFB+),
we speculate that these dual-positive cells are precursors
of mature alpha cells.

The findings of the present study may inform the
processes of differentiating human pluripotent stem cells
towards pancreatic endocrine cell types, including beta
cells. We and others have observed extensive co-
localisation of insulin and glucagon within differentiating
cultures, and typically describe these cells as immature or
fetal-like endocrine cells [36–38]. Lineage tracing of these
polyhormonal intermediates has not been performed.

Fig. 9 Characterisation of apoptosis and proliferation among cells
producing insulin and/or glucagon during human pancreas develop-
ment. Triple immunofluorescence staining for insulin (red), glucagon
(blue), and cleaved caspase-3 (green) or PCNA (green) in human fetal
(age in weeks [w] as indicated) and adult pancreas sections. DAPI is
shown in cyan. Scale bars, 50 μm
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Interestingly, however, cells that are derived from
human embryonic stem cells and co-produce insulin
and glucagon appear to mature into glucagon-only cells
[38, 39]. In contrast, a pancreatic endoderm enriched
fraction of PDX1+/NKX6.1+ cells gave rise to all
pancreatic lineages, including functional insulin-
producing cells [39]. These findings on differentiation of
human embryonic stem cells support our speculation that
the cells observed in fetal human pancreas that are co-
positive for insulin and glucagon may represent immature
alpha cells.

Several recent studies have suggested that mature alpha
cells in the rodent exhibit significant plasticity and can be
transformed into insulin-producing beta cells following
genetic or environmental manipulations [40–43]. In each
of these studies, alpha cells passed through a transient state
where they co-produced insulin and glucagon. Chung and
colleagues observed induction of PDX1 and NKX6.1
production in alpha cells following pancreatic duct ligation
and alloxan treatment, a development that resulted in the
ectopic activation of insulin production [43]. Similarly,
diphtheria toxin-mediated beta cell destruction resulted in
insulin production in existing alpha cells [41]. Furthermore,
glucagon promoter-driven PAX4 production resulted in
alpha-to-beta cell transformation through a transient
double-positive state [40]. The fact that alpha-to-beta cell
conversion was capable of reversing diabetes in at least one
model of hyperglycaemia [40] suggests that these newly
formed beta cells can exhibit some functional insulin
secretion. The apparent plasticity of endocrine cells in the
adult rodent islet might duplicate aspects of the developing
pancreas that transcend species. Coupling genetic line-
age tracing with model transplant systems such as
engrafting of human fetal pancreas under the kidney
capsule [31, 44, 45] or into the anterior chamber of the
eye [46, 47] may help determine the ultimate fate of cells
that co-produce insulin and glucagon during human
pancreas development.
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