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B Cells are formed in embryonic life by differentiation of endocrine progenitors and expand by
replication during neonatal life, followed by transition into functional maturity. In this study, we
addressed the potential contribution of neuropeptide Y (NPY) in pancreatic p cell development and
maturation. We show that NPY expression is restricted from the progenitor populations during
pancreatic development and marks functionally immature p cells in fetal and neonatal mice and
humans. NPY expression is epigenetically downregulated in p cells upon maturation. Neonatal

B cells that express NPY are more replicative, and knockdown of NPY expression in neonatal
mouse islets reduces replication and enhances insulin secretion in response to high glucose. These
data show that NPY expression likely promotes replication and contributes to impaired glucose
responsiveness in neonatal p cells. We show that NPY expression reemerges in f cells in mice

fed with high-fat diet as well as in diabetes in mice and humans, establishing a potential new
mechanism to explain impaired f§ cell maturity in diabetes. Together, these studies highlight the
contribution of NPY in the regulation of p cell differentiation and have potential applications for 8
cell supplementation for diabetes therapy.

Introduction

Most of our current understanding of the early steps of  cell formation and functional maturation has
been shaped by studies using rodent models, with few studies investigating human islet development (1).
Neuronal input is an important regulatory contributor in islet development and function (2—4). Neurons
and islet endocrine cells have many features in common, including shared developmental pathways and
expression of several neuronal peptides that regulate islet function (5-8). It has been proposed that islet
intrinsic expression of such neuronal peptides is required for the modulation of islet function, intraislet
coordination, and energy homeostasis.

Neuropeptide Y (NPY) is one such neuronal peptide, which, besides being localized to the islet sympa-
thetic nerve termini, is also expressed in the endocrine pancreas (2, 7, 8). NPY is a small peptide (36 amino
acids) from the pancreatic polypeptide (PP) family, which includes PP and peptide YY (PYY) (9). NPY is
an orexigenic agent that reduces energy expenditure and inhibits insulin secretion (2, 10). NPY-knockout
mice show increased insulin secretion (10), while overexpression of NPY in f cells results in impaired insu-
lin secretion in the context of obesity (11). NPY promotes proliferation in the postnatal neuronal precur-
sors (12), and treatment of mouse islets with NPY induces B cell replication (13). The proliferative action
of NPY is mediated via the ERK1/2 pathway (13), a well-characterized proreplicative pathway in mouse
and human f cells (14). Previous studies have examined NPY expression in pancreatic development (7, 8).
However, the relevance of NPY expression in the developing human pancreas has not been established. In
addition, while NPY is known to be expressed in neonatal islets (15, 16), its role in postnatal § cell func-
tional maturation and expansion is unclear.

In this study, we sought to understand the involvement of NPY in islet biogenesis and maturation,
focusing also on establishing the human complement. Here, we show that NPY expression characterizes
nascent 3 cells during differentiation in mice and humans but is absent from pancreatic and endocrine
progenitors. We demonstrate that NPY expression marks a more replicative, functionally immature sub-
type of neonatal B cells and declines with postnatal  cell maturation. We also show that islet endogenous
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Figure 1. NPY marks nascent § cells and is restricted
from pancreatic and endocrine progenitors. (A)
Immunostaining of a representative pancreatic
section from wild-type mouse embryos at E12.5
showing immunostaining for pancreatic progenitor
marker Pdx1 and neuropeptide Y (NPY) or the same
section overlaid with glucagon (Pdx1: cyan; NPY:

red; glucagon: green), showing exclusion of NPY
from pancreatic progenitors. (B) Immunostaining of
representative pancreatic sections from Ngn3-EGFP
(EGFP expression driven by Neurogenin3 promoter
to mark endocrine progenitors) embryos at E15.5,
showing NPY (red), GFP (green), insulin (Ins; cyan)
and overlay with DAPI (to counterstain the nuclei;
blue). Arrows indicate cells with high GFP expression
defining endocrine progenitors. (C) Immunostaining
for NPY (red), glucagon (Glu; green), and insulin
(cyan), with DAPI (blue) in fetal mouse (E17.5) and
human (16 weeks pc/gestation) pancreatic sections.
Larger arrows mark overlap of NPY with insulin,
while smaller arrows mark overlap of NPY with glu-
cagon. Scale bar: 50 um. For A and B and mouse data
in C, n =4 animals.

NPY directly contributes to the characteristic
lack of glucose responsiveness in neonatal 3
cells. B Cell dysfunction in diabetes is driven in
part by loss of mature B cell identity (17, 18).
Our data show that NPY expression reemerges
in B cells in diabetes, as a reflection of impaired
functional maturity. Together, our study high-
lights a role for NPY in islet differentiation and
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maturation, with important ramifications for
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deriving functional human B cells from stem
cells as well as for improving our understanding
of B cell failure in diabetes.

Results

NPY is expressed in nascent f3 cells and restricted from progenitors during pancreatic development. NPY is expressed
in pancreatic islets in the embryonic and adult mouse, but the timing and endocrine lineage-specific dis-
tribution of NPY expression has not been resolved. Additionally, little is known about NPY expression
during islet development in humans. Given the need to better understand steps in islet development to
generate functionally mature islets from stem cells, we first sought to establish the pattern and timing of
NPY expression in mouse 3 cell development and then examine how this pattern compares in humans.
Given the homology of NPY and PYY, we used an anti-NPY antibody reported to specifically detect
NPY in B cells (19). We first asked if NPY is expressed in the pancreatic and endocrine progenitors. At
E12.5, NPY was mostly excluded from pancreatic progenitors marked by Pdx1 and colocalized with
glucagon (Figure 1A and Supplemental Figure 1D; supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.94005DS1). Next, we used the Ngn3-EGFP direct reporter
to determine if NPY is present in the Ngn3* endocrine progenitors. In the heterozygous Ngn3-EGFP
embryos, the progenitors are marked by bright EGFP fluorescence. The reporter expression ceases upon
progenitor differentiation, with dim residual fluorescence lingering due to EGFP stability. Coimmu-
nostaining of EGFP with NPY and insulin or glucagon at E15.5 revealed that NPY was mostly absent
from bright EGFP* cells and was instead restricted to differentiated endocrine cells (Figure 1B and Sup-
plemental Figure 1E) and not the endocrine progenitors. NPY immunoreactivity was detectable in the
majority of B cells (~70%—-90%) as well as a and y cells in the E18.5 embryonic mouse pancreata (Fig-
ure 1C and Supplemental Figure 1F). Analysis of pancreatic NPY expression during early (16 weeks)
and late (39 weeks) human fetal development showed NPY immunoreactivity in most (~95%) B cells
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and a few a and vy cells (Figure 1C
and Supplemental Figure 1G).
These data reveal a conservation
of NPY expression during murine
and human f cell development.
NPY marks neonatal f cells in
mice and humans. We next sought
to establish the pattern of NPY
expression during postnatal
cell maturation. NPY marked a
large subset of the neonatal (P5)

Ngn3-Cre: Rosa26 mTmG W

murine f cells but was absent in
adult B cells (Figure 2A). NPY*
B cells did not express the canon-
ical neuronal marker Tujl (Figure

RIP-Cre: Rosa26 YFP

2A), which was also absent in the

embryonic NPY* cells (Supple-

Human (6 weeks) 7 mental Figure 2A). The postnatal
timeline and endocrine identity
of the NPY-expressing B cells
was further confirmed by using
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Figure 2. NPY expression declines in postnatal § cell maturation. (A) Immunostaining of representative
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and P cell-specific (RIP-Cre:Y-
FP) fluorescent lineage-tracing
mice (Figure 2B). Neonatal (P5)

21 30

pancreatic sections from neonatal and adult mice (top) or humans (bottom) for NPY (red), Tuj1 or glucagon (Tuj1 pancreata from both lineage-trac-
or Glu; green), and insulin (Ins; cyan), with nuclei labeled by DAPI in blue. Neonatal mouse (P5), adult mouse (2 ing models showed several GFP/
months), neonatal human (6 weeks; Mayo repository), adult human (6004, nPOD) samples are presented. (B) YFP* cells that expressed NPY,

Representative pancreatic sections from Ngn3-Cre:Rosa26 mTmG (top) or RIP-Cre:Rosa26 YFP (bottom) mice
at P5 (neonatal) and 2 months (adult) of age, stained for NPY (red) and YFP (green), overlaid with DAPI in blue.

while very few adult GFP/YFP*

(€) Quantification of NPY expression in B cells shown as a percentage of f cells expressing NPY at different cells expressed NPY (Figure 2B).
postnatal stages, namely PO, P7, P14, P21, and P30. P values shown mark the statistical significance of each Morphometric analysis of mouse
sample compared with PO. (D) Immunostaining for insulin (green) and NPY (red) in neonatal human pancreatic ~ pancreata at PO, P7, P14, P21, and

section (6 weeks; Mayo repository), along with an image at higher magnification (original magnification, x2.5).
Scale bar: 50 um. For A and B, n = 4 animals; for C, n = 5 animals. Error bars represent SEM of the mean. **P <
0.01, ***P < 0.005, 1-way ANOVA followed by Fisher’s LSD post-hoc test.
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P30 showed a progressive decline
of NPY expression in postnatal f
cell development in mice (48% *
5.8% at PO to 3.5% + 1.1% at P30;
Figure 2C), coinciding with func-
tional B cell maturation (Supplemental Figure 2B). The pattern and timeline of NPY expression was
conserved in humans, with a major proportion of neonatal 3 cells expressing NPY (Figure 2, A and D)
and only a small number (~1%) of adult B cells marked by NPY (Supplemental Figure 2D). In mice,
NPY immunoreactivity was also seen in a small proportion (~1%) of neonatal a cells (and was also seen
in subsets of PP* and ghrelin® cells) but was absent in adults (Figure 2A and Supplemental Figure 2C).
In humans, NPY immunoreactivity was absent in both neonatal and adult a cells (Figure 2A). NPY
immunoreactivity was present in the majority of y cells in neonatal humans and mice and was retained
through adult life in both species (Supplemental Figure 2, C-E). Taken together, the postnatal pattern for
NPY expression is conserved between mice and humans in B cells, and NPY marks immature neonatal
but not adult B cells.

Fetal and neonatal [ cells expressing NPY display immature f cell identity. We next asked if the fetal and
neonatal B cells expressing NPY in mice and humans distinguish themselves from non-NPY-expressing
B cells in terms of B cell identity markers. The B cell transcription factors Nkx6.1 and Pdx1 were compa-
rably expressed in NPY* and NPY" B cell subpopulations in embryonic and neonatal mouse pancreata,
with similar observations for Nkx6.1 expression in human tissue (Figure 3A and Supplemental Figure
3, A and B). Transcription factor MafA marks fully differentiated f cells and is lost in B cells undergoing
dedifferentiation (17, 18, 20). To establish if the NPY™ § cells represent partially differentiated B cells, we
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A

Figure 3. NPY* B cells represent functionally immature cells. (A) Immu-
nostaining of representative pancreatic sections from embryonic mice
(E17.5) and humans (16 weeks gestation sample: USC repository) for NPY
(red), B cell transcription factor Nkx6.1 (green), and insulin (Ins; cyan). DAPI
(blue) marks the nuclei. Scale bar: 50 um. Insets show high-magnification
images of the boxed regions (original magnification, x2). (B) Immunos-
taining of a representative pancreatic section from wild-type neonatal
mice at P1showing NPY (green), B cell transcription factor MafA (red), and
an overlay with DAPI (to counterstain the nuclei; blue). Scale bar: 40 um.
(C) A representative pancreatic section from a P5 NPY-GFP reporter mouse,
showing humanized Renilla reniformis GFP (hrGFP) expression driven

by the NPY promoter. hrGFP expression is shown in green, with DAPI in
blue. Scale bar: 40 um. (D) Transcript levels for indicated genes in the
NPY-expressing, GFP* (P5 NPY-GFP*) and NPY-non-expressing, GFP- (P5
NPY-GFP-) cell fractions sorted from neonatal (P5) NPY-GFP islets, in com-
parison with f cells sorted from P21 MIP-GFP* mice. In the MIP-GFP mice
GFP expression is driven by mouse insulin promoter (MIP) to label B cells.
P values shown mark the statistical significance of each sample compared
with neonatal NPY-expressing B cells (P5 NPY-GFP*). n = 4 animals. The
error bars represent SEM of the mean. *P < 0.05, 1-way ANOVA followed
by Bonferroni’s post-hoc test.

Mouse

Human

Mouse

u P5 NPY-GFP+

c D o P5 NPY-GFP- examined the expression of MafA and NPY in neonatal (P1) pan-
i 2 ALE] MIP-OFPy i creata. The majority of the NPY™ cells displayed very little MafA,
g 'f ;l' likely indicating partial B cell differentiation (Figure 3B). To further
_:;‘11 ° 'L: .L: establish if the NPY™ B cells represent an immature phenotype, we
% 1 {, -} us {_ ‘I‘ used the NPY-GFP direct reporter mice (Figure 3C). Islets were
= = o e e ] isolated from neonatal (P5) NPY-GFP mice and sorted into GFP*
-%u.fr B '_'B_cé i fg' _} (NPY-expressing) and control, GFP~ (NPY") cell fractions. These
o o E5* 5 . 5 &  two fractions were compared with mature j cells obtained from P21

Npy ~ Ucn3 MafA  MafB  MIP-GFP* mice for the maturity markers Ucn3 and MafA, as well
as MafB, which is restricted to immature f cells. The NPY* neona-
tal islets cells had very modest Ucn3 and MafA expression and were

enriched for MafB, in contrast to the NPY" islet cells and the mature  cells (Figure 3D). Overall these data

imply that NPY™ B cells are a subpopulation of the committed 8 cell lineage that likely represents one of
the final steps in f cell maturation.

Epigenetically regulated expression of NPY during [ cell maturation modulates 3 cell function and replication. To
determine the mechanism by which NPY is regulated during B cell maturation, we examined the chroma-
tin structure of the Npy promoter. We performed ChIP for enrichment of various histone modifications in 3
cells sorted from MIP-GFP mice at P5 and P30, representing immature and mature 3 cells, respectively. We
observed an enrichment of the repressive histone H3-lysine 9 trimethylation (H3K9me3) marks and loss of
activating H3-lysine 9 acetylation (H3K9Ac) marks at the Npy promoter upon f cell maturation (Figure 4,
A-C), coincident with reduced recruitment of histone acetyltransferase CBP and increased recruitment of his-
tone deacetylase HDAC2. The repressive chromatin structure of the Npy locus reflected reduced NPY expres-
sion in mature P cells (Figure 4D). Thus, NPY expression is repressed epigenetically during 3 cell maturation.

During neonatal life, B cells rapidly expand by replication to establish B cell mass (21-23), becoming
quiescent upon maturation (24, 25). We questioned whether the NPY* and NPY~ f cells differed in their
replicative capacity. We performed morphometric analyses at P5 and P14 to quantify the NPY* and NPY~
B cells positive for replication markers Ki67 or Mcm2. NPY™* f cells displayed higher replication compared
with the NPY~ subset in both stages (Figure 4, E and F, and Supplemental Figure 4, A and B). No cell death
was detected in either subset of f cells (0.2% + 0.05% TUNEL in NPY™* cells vs. 0.2% * 0.06% in NPY™
cells; Supplemental Figure 4C). In vitro knockdown of Npy using a specific siRNA in neonatal (P5) islets
led to reduced replication (Figure 4, G-I). The inhibitory action of NPY on insulin secretion (10, 26, 27)
led us to ask if the postnatal decline in NPY expression contributes to the establishment of glucose-stimu-
lated insulin secretion (GSIS) during f cell maturation. Knockdown of Npy expression in immature, neona-
tal islets led to increased insulin secretion at 16.7 mM glucose (P = 0.036), while no effect was seen at basal
glucose levels (2.8 mM) (Figure 4J) in a static incubation GSIS assay. Npy knockdown had no significant
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Figure 4. NPY expression is epigenetically regulated and modulates B cell maturation. (A-C) ChIP analysis showing the enrichment of histone modifi-
cations (A) H3K9me3 (histone H3-lysine 9 trimethylation; repressive) and H3K9Ac (histone H3 lysine 9 acetylation; activating), (B) histone acetyl trans-
ferase CBP (CREB-binding protein) and histone deacteylase HDAC2, (C) along with control rabbit and mouse 1gGs, to the Npy promoter region in 3 cells
sorted from MIP-GFP mice at P5 and P30. These data show the epigenetic repression of the Npy promoter as a function of maturation. (D) Npy mRNA
expression levels, normalized to the housekeeping gene CyclophilinA in 3 cells sorted from MIP-GFP mice, in which GFP expression is driven by insulin
promoter at P5 and P30, showing reduced expression as a function of maturation. (E) A representative pancreatic section from wild-type, neonatal (P5)
mice showing immunostaining for NPY (green), insulin (Ins; red), and Ki67 (cyan). Arrows mark replicating NPY* B cells. (F) Quantification of replication
marker Ki67 in the NPY* and NPY- subpopulations of B cells in wild-type neonatal mice at P5 and P14. (G) Immunochistochemistry and (H) quantifica-
tion for replication of B cells in islets isolated from neonatal (P5) mice treated with an siRNA targeting Npy or a control, scrambled siRNA. Immunos-
taining for replication marker Ki67 (red) and B cell marker Pdx1 (green) was used to measure 3 cell replication. Arrows mark Ki67 Pdx1 double-positive
cells. (I-K) Npy mRNA levels and static incubation glucose-stimulated insulin secretion (GSIS) assay in islets from (I) wild-type, (J) P5 pups, or (K) adult
(2.5-month-old) mice, treated either with an siRNA targeting Npy or a scrambled (Scr) siRNA. Insulin secretion was measured at 2.8 mM glucose (bas-
al) and 16.7 mM (stimulated) glucose and reported as a percentage of insulin content. Scale bar: 50 um. For A-D, average of n = 3 independent sorts;
each sort had 6-8 pups at P5 and 4 mice at P30. For E and F, n = 4 animals. For G-K, n = 3 independent experiments, with each replicate representing

a pool of islets from 6-8 pups. The error bars represent SEM of the mean. *P < 0.05, **P < 0.01, ***P < 0.005. A 2-tailed Student’s t test was used for
A-D, H, and I to determine statistical significance. For F, }, and K (which involved repeat measures), statistical significance was determined by 1-way
ANOVA followed by Bonferroni's post-hoc test.
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effect on either basal or GSIS in adult islets (Figure 4K). These data indicate that NPY expression in neo-
natal f cells likely promotes f cell replication and constrains glucose responsiveness.

NPY is reexpressed in [ cells in diabetes. Given the present interest in the role of impaired f cell matu-
rity in relationship to B cell failure in diabetes (17, 18), we asked if NPY expression reemerges in 3 cells
upon high-fat diet-induced (HFD-induced) stress and diabetes. We first compared NPY expression in adult
(2-month-old) NPY-GFP mice fed with HFD (55% fat) or control diet for 8 weeks. The few GFP* cells
present in islets of the adult NPY-GFP mice coexpressed insulin (Supplemental Figure 5A). HFD resulted
in reduced insulin sensitivity (Supplemental Figure 5B) and an approximately 3-fold increase in  cell mass
in these mice, compared with control diet (Figure 5A). The fasting blood glucose levels were similar in
both groups, and the HFD group returned to baseline by 120 minutes in a glucose tolerance test (Figure
5B). While the NPY-GFP mice fed with control diet had very few GFP* islets cells as expected, mice fed
with HFD had multiple islets with abundant GFP* cells (~2% vs. ~15% islet cells, P = 0.0011, control vs.
HFD), resembling a profile similar to neonatal NPY-GFP islets (Figure 5C and Supplemental Figure 5C).
Next, we tested pancreata from the leptin receptor—deficient db/db mice (type 2 diabetes [T2D] model)
and NOD mice (type 1 diabetes [T1D] model) for NPY expression. A larger number of f§ cells in 6-week-
old prediabetic db/db mice (fasting blood glucose 85.0 £ 5.2 mg/dl) expressed NPY, compared with age-
matched controls (Figure 6, A and B). Similarly, pancreata from 8-week-old prediabetic NOD mice (fasting
blood glucose 75.8 = 5.7 mg/dl) revealed an increase in f§ cells marked by NPY expression, compared with
age-matched controls (Figure 6, C and D). Islets with visible 3 cell loss in the NOD pancreata showed an
overlap of NPY immunoreactivity with somatostatin (Supplemental Figure 6A). Based on these data, we
hypothesized that cellular stress-induced NPY expression, preceding hyperglycemia. This was supported
by increased Npy mRNA expression in islets from wild-type adult (2.5-month-old) mice treated for 12
hours with 5 uM H,O,, which induces oxidative stress (Figure 6E). ChIP analyses of Npy promoter in islets
from the db/db and NOD mice revealed an enrichment of the activating histone H3K9Ac, and loss of the
repressive H3K9me3 modifications, compared with age- and background-matched controls (Figure 6F and
Supplemental Figure 6B). The changes in Npy chromatin reflected the changes in gene expression in islets
from diabetic mice, reminiscent of immature  cells. To examine if NPY expression in the db/db islets had
any physiological significance, we measured GSIS after treating the islets from prediabetic (6-week-old)
db/db mice with an siRNA targeting Npy. Knockdown of Npy in db/db islets resulted in increased insulin
secretion at 16.7 mM glucose in a static incubation GSIS assay. However, there was no significant change
in the basal insulin secretion upon knocking down Npy (Figure 6G and Supplemental Figure 6D). These
data indicate that the reemergence of NPY in db/db islets potentially contributes to loss of glucose respon-
siveness preceding diabetes.

We next analyzed NPY expression in pancreatic tissue from human donor subjects with T1D and T2D
and nondiabetic control subjects. Immunostaining showed an increase in f3 cells marked by NPY expression
in T2D subjects as well as in pancreatic tissue from T1D subjects, with detectable residual  cells (Figure 7
and Supplemental Figure 7, A and B). In T1D subjects with no apparent insulin staining, scattered NPY*
cells were observed in the islets, with an occasional NPY cell coexpressing somatostatin (Supplemental Fig-
ure 7C). In either category of T1D pancreatic tissue, occasional clusters of NPY single-positive cells were
observed, with interspersed o and vy cells (Supplemental Figure 7D). Together, these data show that NPY is
reexpressed in a subset of B cells in both T1D and T2D.

Discussion

In this study, we show the temporal expression and epigenetic regulation of the neuronal peptide NPY in
B cell development and functional maturation in rodents and humans, advancing previous studies on NPY
expression in immature f cells (19, 28, 29). In addition, we establish that NPY expression reemerges in
B cells as a component of altered B cell identity in diabetes. These data suggest that NPY is an indicator
of immature 3 cell phenotype. However, NPY may not just be a mere marker of  cell immaturity during
development and in metabolic stress. Our data suggest that NPY may serve a physiological role in § cell
development and a potential proximal role in altered 3 cell function that precedes and contributes to diabe-
tes onset. We show that NPY marks subsets of the newly derived B cells during embryonic development in
mice and humans, while being restricted from progenitors. Our findings suggest that the establishment of
endocrine identity in pancreatic development involves a progressive refinement of NPY expression toward
terminal differentiation. We show that NPY is expressed in the majority of neonatal B cells in mice and
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humans and is downregulated epigenetically as [ cells become functionally mature and quiescent. We
report occasional NPY™* B cells in the adult human pancreas, concordant with the recent work on f cell
diversity in humans, which described adult NPY-expressing B cell subpopulations (30). Neuronal peptides
in islets are thought to play a regulatory role in coordinating the interaction of different islet endocrine cell
types (2), making it likely that the islet endogenous expression of NPY may contribute to interislet- and
islet-neuron communication to regulate islet development and function, especially given the importance of
sympathetic innervation in these processes (2, 3).

Our data suggest that NPY expression in neonatal [ cells inhibits glucose-sensitive insulin secretion and
promotes replication, corroborating its proliferative effect on B cells (13) and postnatal neuronal precursors
(12). These observations argue that NPY downregulation is critical for 3 cell maturation and entry into quies-
cence. However, given the large-scale regulatory molecular changes that accompany 3 cell maturation, includ-
ing changes in insulin signaling, the transcription factor profile, and epigenetic landscape, the observed decline
in NPY expression may alternatively be an outcome rather than a driver of maturation. The functional sig-
nificance of NPY expression in islets gains support from models of NPY loss and gain of function. Genetic
loss of NPY, or its neutralization by antibodies, enhances GSIS in rodent islets (10, 31), revealing that NPY
regulates B cell function.  Cell-specific ectopic expression of NPY leads to impaired GSIS in the setting of
obesity (11), and reexpression of NPY in 3 cells in rats treated with glucocorticoids partly drives the increased
plasma insulin (31-33), highlighting a direct role for islet NPY in regulation of insulin secretion. Our experi-
ments on the knockdown of Npy in isolated neonatal islets further suggest a direct role for NPY in regulating
B cell replication and GSIS during maturation. However, these studies do not rule out the contribution of
NPY expression in non—f islet cells, such as the o and y cells. It is possible that loss of NPY in a and y cells
alters glucagon and somatostatin secretion, thus indirectly affecting GSIS. While NPY expression is repressed
in adult B cells, it persists in the adult y cells. Given that the knockdown of Npy in adult islets does not have a
significant effect on GSIS, the contribution of non—f cell NPY in the regulation of GSIS is likely restricted to
neonatal islets. Future work involving f cell-specific loss of NPY will be critical in elucidating a direct role of
NPY in the establishment of f cell function and mass in neonatal life.

NPY is reexpressed in adult § cells in several rodent models of f cell functional impairment and dedifferen-
tiation. Adult f cells lacking NeuroD1 reexpress NPY, coincident with altered metabolic and insulin secretion
profiles that resemble immature B cells (15). NPY also marks a highly proliferative insulin™ cell-type derived
from B cells that contributes to compensatory 3 cell expansion upon partial pancreatectomy (34). Impairment
of B cell maturity contributes to B cell dysfunction in diabetes (17, 18, 35). Increased NPY in f§ cells upon
diet-induced expansion and preceding diabetes onset in the rodent models suggests that cellular stress rather
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Figure 6. NPY is reexpressed in the [ cells preceding disease onset in mouse models of diabetes. (A-D) Immunostaining and quantification of NPY
expression in pancreatic sections from db/db (age: 6 weeks; A and B) and NOD (age: 8 weeks; C and D) mice, with age-matched controls. Representative
pancreatic sections stained for NPY (red), somatostatin (SS; green), and insulin (Ins; cyan) are shown, with DAPI marking nuclei in blue. (E) Transcript
levels for Npy in islets from wild-type adult (2.5-month-old) mice treated with H,0, or vehicle control. (F) ChIP analysis showing the levels of histone
modifications H3K9me3 (histone H3-lysine 9 trimethylation; repressive) and H3K9Ac (histone H3 lysine 9 acetylation; activating) at the Npy promoter
region in islets from db/db (age = 6 weeks; left) and NOD (age: 8 weeks; right) mice compared with age-matched controls, showing that the Npy pro-
moter is active in these diabetic models. (G) Static incubation glucose-stimulated insulin secretion (GSIS) assay in islets from 6-week-old db/db mice,
treated either with an siRNA targeting Npy or a control scrambled (Scr) siRNA. Insulin secretion was measured at 2.8 mM glucose (basal) and 16.7 mM
(stimulated) glucose and is reported as a percentage of insulin content. These data show an improvement of GSIS in islets from prediabetic db/db mice
upon treatment with Npy siRNA. Scale bar: 50 um. For A-D, n = 4 animals per group. For E-G, n = 3 independent experiments, with each replicate repre-
senting a pool of islets from 3 mice. The error bars represent SEM of the mean. *P < 0.05, **P < 0.01. A 2-tailed Student’s t test was used to determine
the statistical significance of the data in B, D, E, and F, while 1-way ANOVA followed by Bonferroni’s post-hoc test was used to determine statistical
significance of the datain G. *P < 0.05, **P < 0.01, ***P < 0.005.

insight.jci.org

than hyperglycemia induces loss of 3 cell maturity. This is supported by studies showing inactivation of f cell
transcription factors under conditions of oxidative stress (17). Reemergence of NPY in diabetic islets is con-
cordant with increased plasma NPY reported in T2D (36, 37). The relevance of NPY reexpression in diabetes
pathogenesis is underscored by an increased risk for T2D associated with a SNP in the human NPY locus (38,
39) and a reported role for NPY as a minor autoantigen in T1D (40, 41).
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Figure 7. NPY expression reemerges in f cells in humans with type
1and type 2 diabetes. (A) Pancreatic sections were immunostained
from a human donor subject with type 2 diabetes (T2D; LT2-11, Mayo;
~60% B cells positive for NPY) and an age- and BMI-matched control
human subject (LND-20, Mayo; ~12%  cells positive for NPY) for
NPY (red), somatostatin (SS; green), and insulin (Ins; cyan), along
with nuclear counterstaining with DAPI (blue). (B) Immunostaining
for NPY (red), somatostatin (green), and insulin (cyan), with DAPI in
blue, in pancreatic sections from a donor subject with type 1 diabetes
(T1D; 6051, nPOD; ~80% P cells positive for NPY) displaying residual
B cells, and an age- and BMI-matched control donor human subject
(6057, nPOD; ~14% B cells positive for NPY). Scale bar: 50 pm.

Several studies have documented the reexpression of ear-
ly developmental features and/or markers of related cell types
(such as o cells) in diabetic B cells as a function of oxidative
and ER stress (17, 18, 20). Our study provides another example
of altered P cell identity in the context of diabetes and cellu-
lar stress. The reemergence of NPY expression in adult f§ cells
undergoing cellular stress not only exemplifies reprogramming
to resemble fetal B cell-like characteristics, but is also remi-
niscent of an evolutionary proximity of pancreatic endocrine
cells to neurons. Diet-induced ER stress has also been shown
to directly increase NPY expression in rat amygdala (42).
Stress-induced changes in transcription factor profiles and loss
of glucose responsiveness have also been documented in trans-
planted islets (43). Mutations in the ER stress—protective WFS!
gene cause Wolfram syndrome, a genetic disorder characterized by diabetes. Similarly, loss of WfI in
mouse 3 cells leads to ER stress, loss of GSIS, and eventual cell death (44, 45). Recent work on the expres-
sion of fetal hormone gastrin in diabetic B cells shows that unlike fetal development, gastrin reexpression
in diabetes does not involve Neurogenin3 (46). Thus, while metabolic stress can alter adult B cell identity,
such that these cells express fetal-like features, the molecular pathways utilized may be different from fetal
development. Studies examining human 3 cell identity in the context of fetal development and in diabetes
have important implications in improving stem cell differentiation protocols and providing mechanistic
insights into diabetes pathogenesis. Future studies are warranted to identify specific pathways that regulate
B cell identity in different developmental and metabolic contexts and will benefit from the development of
time-sensitive lineage-tracing models.

Methods

Human subjects. Pancreatic sections from subjects with T2D and age- and BMI-matched nondiabetic sub-
jects (n = 2 per group) as well as neonatal human pancreatic sections were obtained from the Mayo Clinic
autopsy archives. Sections from late-gestation human fetal pancreas (n = 2) as well as pancreatic tissue from
the T1D and age- and BMI-matched nondiabetic donors (# = 3 per group) were procured from brain-dead
organ donors by the JDRF Network for Pancreatic Organ Donors with Diabetes (nPOD), coordinated
by the University of Florida at Gainesville (47). Human fetal pancreas (n = 1; 16 weeks pc) was obtained
through the Terminal Tissue Bank at the USC. 4-um sections of pancreas from the selected case subjects
were obtained and made available to UCLA investigators by each entity in a manner coded to conceal the
personal identity of the subjects. The case characteristics for each subject are described in Tables 1 and 2.
Animal maintenance and physiology. Wild-type animals were maintained by mating males and females
on C57BL/6J background. Ngn3-Cre (48) and RIP-Cre (49) mice were used to indelibly mark endocrine
progenitor and 3 cell lineages in combination with the Rosa26R-YFP or Rosa26R-mTmG mice (The Jack-
son Laboratory) (50). Transgenic mice expressing GFP under the control of NPY (NPY-GFP; ref. 51) or
mouse insulin 1 promoter (MIP-GFP; ref. 52) were used to sort NPY-expressing and insulin-expressing
cells. Heterozygotic Ngn3-EGFP mouse embryos, where the coding region of Neurogenin3 is replaced by
EGFP (53), were used for marking endocrine progenitors. The db/db (JAX 000642; KsJ background) and

https://doi.org/10.1172/jci.insight.94005 9
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Table 1. Clinical characteristics of human donor subjects (autopsy samples)

Status Age Sex BMI FPG (mg/dl) Treatment
Nondiabetic fetus 16 weeks pc - = = =
Nondiabetic neonate 2 days M 14 - -
Nondiabetic neonate 3 weeks F 16.1 80 -
Nondiabetic neonate 6 weeks F 171 135 -
Nondiabetic adult, LND-20 61years F 24.8 96 =
Nondiabetic adult, LND-14 70 years M 20.8 88 -

Type 2 diabetic adult, LT2-11 69 years F 25.0 84 Glyburide

Type 2 diabetic adult, 0T2-18 64 years F 38.3 166 Metformin and glipizide
Type 2 diabetic adult, 0T2-17 69 years M 40.7 126 Insulin

FPG, fasting plasma glucose; M, male; F, female.

NOD (JAX 001976) mice were purchased from The Jackson Laboratory. Mice were fed ad libitum and
kept under a 12-hour-light/dark cycle. Glucose and insulin tolerance tests were performed as previously
described (54). For HFD studies, 1.5-month-old male NPY-GFP mice were fed with control diet (4.4%
calories from fat; Envigo) or HFD (55% calories from fat, Envigo TD.93075) for 8 weeks.

Immunostaining and morphometric analyses. Standard immunofluorescence protocol was used for the
detection of various proteins in pancreatic sections as previously described (54). Primary antibodies were
diluted in the blocking solution at the following dilutions: rabbit anti-NPY (1:2,000, Peninsula Laborato-
ries T-4070); rabbit anti-PYY (1:5,000; Abcam ab131246); mouse anti-glucagon (1:1,000, Sigma-Aldrich
G2654-.2ML); rabbit anti-glucagon (1:500, Immunostar 20076); guinea pig anti-insulin (1:200, Dako
A0564); rat anti-somatostatin (1:300, EMD Millipore MAB354); goat anti-PP (1:150, Everest Biotech
EB06805); rat anti-ghrelin (1:50, R&D Systems MAB8200); mouse anti-Nkx6.1 (1:50, Developmental
Studies Hybridoma Bank F55A1-0S); mouse anti-Pdx1(1:200, Developmental Studies Hybridoma Bank
F109-D12-S); rabbit anti-MafA (1:500, Bethyl Laboratories A300-611A); mouse anti-Ki67 (1:50, BD Bio-
sciences 550609); Mcm2 (1:500, BD Biosciences 610701); and chicken anti-GFP (1:250, Aves Labs Inc.
1020). Donkey- and goat-derived secondary antibodies conjugated to FITC, Cy3, Cy5, Alexa 448, and
Alexa 647 were diluted 1:200 (Jackson ImmunoResearch). MafA and NPY coimmunostaining was per-
formed by using a protocol for using two antibodies raised in the same species (55).

Slides were viewed using a Leica DM6000 microscope (Leica Microsystems), and images were acquired
using Openlab software (Improvision). To measure NPY™ f cells, all islets were imaged across pancreatic
sections immunostained for insulin and NPY. The total number of insulin* and NPY™* cells was manually
counted, along with cells positive for both NPY and insulin. The data are expressed as the percentage of
total B cells. Ki67 and Mcm?2 were used as markers of replication in NPY* and NPY™ f cells. Pancreatic
sections immunostained for insulin, NPY, and Ki67 or Mcm2 were imaged (3—5 animals per group; 3 sec-
tions per animal; all f§ cells counted). The number of f cells positive or negative for NPY expression was
quantified. The number of Ki67* or Mcm2* and Ki67- or Mcm2- cells in both these B cell subpopulations

Table 2. Clinical characteristics of human donor subjects (organ donors)

Status

Nondiabetic fetus, nPOD 6349
Nondiabetic adult, nPOD 6057
Nondiabetic adult, nPOD 6003
Nondiabetic adult, nPOD 6004
Type 1diabetic adult, nPOD 6051
Type 1diabetic adult, nPOD 6069
Type 1diabetic adult, nPOD 6036
Type 1diabetic adult, nPOD 6138

Age Sex BMI C-peptide (ng/ml)
39 weeks pc F - -
22 years M 26 16.23
23 years F 29.3 Not available
33 years M Not known Not available
20 years M 22.7 <0.05
23 years M 28.8 Not available
49 years 7 25,5 <0.05
49 years F 33.7 <0.05

Fasting plasma glucose was not available; C-peptide levels are shown. M, male; F, female.

insight.jci.org  https://doi.org/10.1172/jci.insight.94005 10
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was then determined by manually counting. The data for NPY*Ins*Ki67* or Mcm2* and NPY Ins*Ki67*
or Mcm2* cells was expressed as a percentage of NPY* and NPY™ f§ cells, respectively. B Cell mass was
measured according to published protocols (54).

Islet isolation, cell sorting, and GSIS. Islets were isolated from mouse pancreata using perfusion with the Lib-
erase enzyme blend (Roche Diagnostics) as described previously (54). For isolation of islets from the neonatal
mice, pancreata were collected from 5-8 pups at appropriate stages without perfusion through the bile duct
and pooled and processed for islet isolation as above. For B cell sorting, islets from the MIP-GFP- or NPY-
GFP-transgenic mice at appropriate developmental stages were digested into single cells and sorted for GFP by
FACS to an average percentage purity of 85%-95%. Cells from wild-type islets were used as a negative control
for FACS gating. GSIS was assessed using a static incubation assay as previously described (25).

siRNA knockdown and expression analysis. Knockdown of Npy in neonatal islets was performed by trans-
fection with a pool of specific targeting small inhibitory RNAs (siRNAs) or scrambled controls (Dharmacon
GE HealthCare). Transfections were performed in OPTI-MEM medium using Lipofectamine-RNAIMAX
(ThermoFisher), according to the manufacturer’s instructions. Islets were transfected with appropriate tar-
geting or scrambled siRNAs in suspension culture and harvested 2 days after transfection for subsequent
applications. RNA was isolated from islets using the RNeasyPlus Micro Kit (Qiagen) and digested with
RNase-free DNase (Fermentas) to eliminate DNA. 0.5-1.0 ug RNA was used for preparation of cDNA
using Superscript III Reverse Transcriptase (Life Technologies) using oligodT priming. Real-time RT-PCRs
were performed using the 1X FastSybrGreen Mix (Applied Biosystems) in the QuantStudio6 Flex system
(Applied Biosystems). The expression of each transcript was normalized to Cyclophilin. RT-PCR primers
are listed in Supplemental Table 1.

ChIP. ChIP analyses on sorted f cells and islets were carried out using a modified micro-ChIP pro-
tocol as described before (25). The following antibodies were used: H3K9me3 (EMD Millipore 07-442),
H3K9Ac (Abcam AB12179), CBP (Diagenode C15410224-25), HDAC2 (Abcam AB12169), and control
mouse and rabbit IgGs (Diagenode; KCH-819-015 and KCH-504-250, respectively). The primers used to
amplify the Npy locus are listed in Supplemental Table 2.

Statistics. All data are expressed as mean * SEM. Mean and SEM values were calculated from
triplicates, at least, of a representative experiment. The statistical significance of differences was mea-
sured by unpaired, 2-tailed Student’s ¢ test for experiments with two groups and a continuous outcome
or using 1-way ANOVA for studies with repeat measures, with Bonferroni or Fisher’s LSD post-hoc
tests. A P value of less than 0.05 indicated statistical significance.

Study approval. Mayo Clinic autopsy archive samples were obtained with IRB permission (IRB
15-004992) from both the Mayo Clinic and UCLA. Samples obtained from nPOD were procured in accor-
dance with federal guidelines for organ donation and the University of Florida IRB. Samples obtained
from the Terminal Tissue Bank at the USC were procured according to the protocols approved by the USC
and CHLA IRBs (IRB CHLA-15-00344). All animal experiments were performed in accordance with NITH
policies on the use of laboratory animals and approved by the Animal Research Committee of the Office
for the Protection of Research Subjects at UCLA.
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