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Proliferation of pancreatic b-cells has long been known
to reach its peak in the neonatal stages and decline
during adulthood. However, b-cell proliferation has been
studied under the assumption that all b-cells constitute
a single, homogenous population. It is unknown whether
a subpopulation of b-cells retains the capacity to pro-
liferate at a higher rate and thus contributes dispropor-
tionately to the maintenance of mature b-cell mass in
adults. We therefore assessed the proliferative capacity
and turnover potential of virgin b-cells, a novel popula-
tion of immature b-cells found at the islet periphery. We
demonstrate that virgin b-cells can proliferate but do so
at rates similar to those of mature b-cells from the same
islet under normal and challenged conditions. Virgin
b-cell proliferation rates also conform to the age-
dependent decline previously reported for b-cells at
large. We further show that virgin b-cells represent
a long-lived, stable subpopulation of b-cells with low
turnover into mature b-cells under healthy conditions.
Our observations indicate that virgin b-cells at the islet
periphery can divide but do not contribute dispropor-
tionately to the maintenance of adult b-cell mass.

More than 30 million Americans currently have diabetes,
which results from progressive b-cell loss caused by either
autoimmune attack or lifestyle and genetic factors (1).
Because b-cells are the only cells in the body capable of
secreting insulin, a major therapeutic goal for diabetes has
been to replace b-cells lost during disease. Islet or whole-
pancreas transplantation has had some success in achieve-
ment of insulin independence, but limited donor availability,
immunological complications, and transplant survival make
this process not a viable option for the majority of patients

with diabetes (2). Thus, a great interest continues in strat-
egies that promote the regeneration of b-cells from various
cell sources (3,4). Despite these efforts, clinically meaningful
restoration of b-cell mass has not yet been achieved, illus-
trating the ongoing need for strategies to regenerate b-cells.

During late pancreas development, b-cell mass expands
rapidly by self-replication of young b-cells. Seminal experi-
ments by Dor et al. (5) established, by pulse-chase labeling
of b-cells, that self-replication is the main mechanism to
maintain b-cell mass—a conclusion that is noncontrover-
sial (6,7). However, b-cell proliferation declines rapidly with
age in mice (8–10), with even lower proliferation rates
observed in human islets (11), which complicates the chal-
lenge of restoring b-cell mass secondary to diabetes-
associated b-cell loss. Against this backdrop, numerous
reports of insulin-positive multipotent precursors (12,13),
transdifferentiation of a- and d-cells to b-cells (14–16),
transdifferentiation of exocrine cells to b-cells (17,18), and,
most recently, the existence of a population of protein C
receptor (ProCr)-positive islet-resident stem cells (19) continue
to raise the prospect that alternative paths to generation
of b-cells exist and could be targeted in diabetes.

Adding to these potential alternative b-cell sources, we
recently identified a new population of immature b-cells
that we named virgin b-cells, as lineage-tracing studies
revealed that these cells express insulin but have never
expressed the maturity marker urocortin 3 (Ucn3) (20).
Virgin b-cells occur exclusively near the islet periphery,
which we therefore referred to as the neogenic niche. They
constitute a stable fraction of;1.5% of all b-cells and lack
key maturity markers in addition to Ucn3, such as G6pc2,
MafA, and Ero1lb (20). Virgin b-cells also lack cell-surface
expression of Glut2—a feature that they share with b-cells
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that occur in small clusters outside of conventional islets
(21,22). As virgin b-cells share many of the features of
immature b-cells during late pancreas development, this
raises the possibility that virgin b-cells may possess a rel-
atively high proliferation rate, similar to developing im-
mature b-cells. However, the ability of virgin b-cells to
proliferate, the rate at which they do, and their turnover
potential all remain unknown.

In this study, we examined the proliferation capacity
and the maturation potential of virgin b-cells at the
neogenic niche using DNA synthesis labeling and pulse-
chase lineage-tracing experiments. We hypothesized
virgin b-cells to be more proliferative than mature b-cells
based on their resemblance to immature b-cells during
pancreas development. However, our data demonstrate
that proliferating b-cells do not occur more frequently
near the islet periphery but, instead, occur randomly
across the cross-sectional surface of the islets. Similarly,
when we specifically addressed the proliferation rate of
virgin and mature b-cells, we observed that virgin b-cells
proliferate but do so at rates similar to those of mature
b-cells from the same islets under basal conditions and in
response to metabolic challenges such as pregnancy or
experimentally induced insulin resistance. Overall, it
follows that virgin b-cells in adult islets represent a stable
subset of b-cells that demonstrate limited turnover into
mature b-cells.

RESEARCH DESIGN AND METHODS

Animals
Mice were maintained in group housing on a 12-h light/
12-h dark cycle with free access to water and standard
rodent chow. C57BL/6 mice were purchased from Envigo.
All mouse procedures were approved by the Institutional
Animal Care and Use Committee of University of Cal-
ifornia, Davis (UC Davis), or the Salk Institute for Bi-
ological Studies, and were performed in compliance with
the Animal Welfare Act and the Institute for Laboratory
Animal Research Guide to the Care and Use of Labora-
tory Animals.

Administration of 5-Ethynyl-29-Deoxyuridine and S961
Mice were injected once daily with 5-ethynyl-29-deoxyuridine
(EdU) (Life Technologies) intraperitoneally at 50 mg/kg
body wt dissolved at 10 mg/mL in 0.9% saline as indicated.
EdU was prepared fresh right before administration. S961
(NNC0069-0961) was generously provided by Novo Nordisk
Compound Sharing. Osmotic pumps (Alzet 2001) filled with
10 nmol S961 or PBS only, released at an estimated dose of
0.05 nmol/h, were implanted subcutaneously.

Glucose Tolerance Test
Mice were weighed after an overnight fast and then given
a bolus of 2 g/kg dextrose (D9559; Sigma-Aldrich) via
intraperitoneal injection. Plasma glucose levels were col-
lected over a 2-h time period with use of tail vein blood
with a OneTouch Ultra glucometer.

Islet Isolation
Islets were isolated by injection of 2 mL of 0.8 mg/mL
collagenase P (Invitrogen) dissolved in Hanks’ balanced
salt solution (HBSS) (Roche Diagnostics) into the pancreas
via the common bile duct while the ampulla of Vater was
clamped. The injected pancreas was then collected in an
additional 2 mL collagenase, incubated at 37°C for 11 min,
and dissociated by gentle manual shaking followed by
three washes with cold HBSS containing 5% newborn
calf serum (NCS). The suspension was passed through
a nylon mesh (pore size 425 mm) (Small Parts, Inc.),
and islets were isolated by density gradient centrifugation
on a Histopaque gradient (1.077 g/mL) (Sigma-Aldrich) for
20 min at 1,400g without brake. Islets were collected from
the interface, washed once with cold HBSS containing 5%
NCS, and handpicked several times under a dissecting
microscope prior to culture in RPMI medium (Roche
Diagnostics) containing 5.5 mmol/L glucose, 10% FBS,
and penicillin-streptomycin (Gibco).

Flow Cytometry
mIns1-H2b-mCherry 3 Ucn3-EGFP islets were isolated as
described a day prior to dissociation by incubation in 0.25%
trypsin-EDTA (Gibco) for 2 min complemented by gentle
trituration with a p200 pipette, washed once in HBSS (Roche
Diagnostics) containing 5% NCS, and then stained for EdU
detection with use of a modified Click-iT Plus EdU Flow
Cytometry Assay Kit (C10634; Thermo Fisher Scientific)
following the manufacturer’s guidelines and immediately
processed on the cytometer. All flow data were collected
with the Beckman Coulter CytoFLEX except for the 9-month-
old cohort in Fig. 3C due to unexpected technical issues with
the CytoFLEX; a Beckman Coulter Astrios EQ equivalent to
the CytoFLEX was used for this data collection.

Three-dimensional Imaging of Intact Islets
Islets isolated from mIns1-H2b-mCherry 3 Ucn3-EGFP
mice that received EdU in vivo were cultured on uncoated
no. 1.5 glass-bottom 35-mm culture dishes (MatTek Cor-
poration) in RPMI medium (Roche Diagnostics) containing
10% FBS, 5.5 mmol/L glucose, and penicillin-streptomycin.
Islets were allowed to attach onto the glass bottom for two
nights before fixation with 4% paraformaldehyde (EMD
Millipore) for 15min followed by EdU staining with Click-iT
Plus EdU Cell Proliferation Kit (C10640; Thermo Fisher
Scientific) according to the manufacturer’s guidelines and
then imaged in x, y, and z on a Nikon A1R1 confocal
microscope.

Pulse-Chase of mIns-CreER Mice
mIns-CreER3 lsl-mT/mG mice were treated by oral gavage
with 125 mg/kg body wt tamoxifen (T5648; Sigma-Aldrich)
dissolved at 20 mg/mL in sunflower oil. Pancreata were
collected at euthanasia, fixed with 4% paraformaldehyde for
5 h on ice, protected in 30% sucrose for 24 h at 4°C, embedded
in O.C.T. Compound (Fisher Healthcare), and processed at
14- m thickness with a Leica CM3050 S Cryostat.
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Immunofluorescence
Immunofluorescence was conducted as follows: slides were
washed three times for 5 min each in a potassium-based
phosphate-buffered saline (KPBS) and then incubated with
primary antibodies diluted in donkey block (KPBS supple-
mented with 2% donkey serum and 0.4% Triton X-100) over-
night at 4°C. Slides were thenwashed threemore times in KPBS
and incubated with secondary antibodies (Jackson Immuno-
Research) used at a 1:600 dilution in donkey block for 45min at
room temperature. Slides were washed threemore times before
counterstaining with DAPI where applicable and embedding in
ProLong Gold Antifade (Thermo Fisher Scientific). Images were
captured with a Nikon A1R1 confocal microscope or an
automated Keyence microscope for the data presented in Fig. 1.

Primary antibodies include guinea pig anti-insulin (cat.
no. A0564, 1:500; Dako), rat anti-insulin (MAB1417, 1:500;
R&D Systems), guinea pig anti-Ucn3 (044, 1:1,000) and
rabbit anti-Ucn3 (7218, 1:1,000) (gifts from Dr. Wylie
Vale, Salk Institute for Biological Studies) (23), and rabbit
anti-glucagon (2760S,1:400; Cell Signaling Technology).
Click-iT Plus EdU Cell Proliferation Kit (C10637; Thermo
Fisher Scientific) was used for EdU  detection in pancre-

Cell Counting and Statistical Analysis
Images were analyzed and manually counted with Fiji/
ImageJ. The number of biological replicates (n), measure of
central tendency (average, percentage), error bars, and
statistical analyses performed with GraphPad Prism, ver-
sion 8.0, are explained in the figure legends. Differences
were considered significant when P , 0.05.

Data and Resource Availability
All data generated or analyzed during this study are in-
cluded in aggregate in the published article. The underlying
data sets generated during and/or analyzed during the
current study are available from the corresponding author
upon reasonable request. No applicable resources were
generated or analyzed during the current study.

RESULTS

Proliferating b-Cells Are Randomly Distributed Across
the Islet
Because of the preferential location of virgin b-cells at the
islet periphery combined with their phenotypic similarities
with young b-cells that proliferate relatively fast, we were
interested in assessing the spatial distribution of prolif-
erating b-cells within the islet. To do so, we treated eight
C57BL/6 mice with the thymidine analog EdU at 4 weeks
(n 5 3) and 9 months (n 5 5) for 3 days before collection
(Fig. 1A). The pancreas of each animal was then stained for
EdU and insulin to mark all proliferating b-cells (Fig. 1B
and C). Next, we quantified the relative position of
;22,000 individual b-cells from both age-groups and
normalized for islet size, a method we previously estab-
lished using a custom algorithm we developed for this
purpose (20). The identity of each b-cell was manually
assigned. The normalized cumulative distribution of

EdU-positive and EdU-negative b-cells revealed no pref-
erential distribution of dividing b-cells across the islet
(Fig. 1D and E), suggesting that proliferating b-cells do not
preferentially occur at any particular location within the
islet. The spatial location of individual b-cells does not
influence their ability to proliferate, which builds on pre-
vious observation that all b-cells are homogenous with
respect to their proliferative capacity (24).

Virgin b-Cells Proliferate at Rates Similar to Those of
Mature b-Cells
While our initial EdU experiment did not reveal an accu-
mulation of dividing b-cells at the islet periphery where
virgin b-cells are found, it also did not directly differen-
tiate between mature and virgin b-cells. We therefore
immunostained pancreatic sections of 3-week-old wild-
type mice (n 5 2) treated with EdU for 3 days before
collection. Staining with insulin and Ucn3 allowed us to
distinguish between virgin and mature b-cells. EdU-
positive virgin b-cells, as shown by their lack of Ucn3
expression and location at the islet edge, were readily
detectable in these islets (Fig. 2A). To confirm this inde-
pendently of immunofluorescence and to overcome the
challenges of detecting a relative rare event (b-cell pro-
liferation) in the relatively small virgin b-cell population, we
developed a novel approach to quantify b-cell proliferation
in a rigorous, quantitative, and high-throughput manner
using flow cytometry. Flow cytometry also has the added
benefit of avoiding potential biases in detecting proliferat-
ing b-cells that come with the detection of b-cell prolifer-
ation by immunofluorescence. To achieve this, we crossed
mIns1-H2b-mCherry (25) with Ucn3-EGFP reporter mice
(20). In bitransgenic offspring of this cross, virginb-cells are
detected as mCherry single-positive b-cells at the islet
periphery, while mature b-cells are double positive for
EGFP and mCherry (20). This unique mouse model allowed
us to quantify whether virgin b-cells proliferate at a rate
different from that of mature b-cells from the same islets at
a given age. We treated 22 mIns1-H2b-mCherry 3 Ucn3-
EGFP mice at 4 weeks (n 5 8), 3–4 months (n 5 8), and
9 months (n 5 6) with EdU for 2 weeks before collection
(Fig. 2B). Visualization of whole islets by confocal micros-
copy in three dimensions following EdU detection readily
revealed multiple mCherry single-positive virgin b-cells and
mCherry and EGFP double-positive mature b-cells with
nuclear EdU label (Fig. 2C), demonstrating that EdU de-
tection effectively marks proliferating virgin and mature
b-cells. To quantify the fraction of EdU-positive and EdU-
negative virgin and mature b-cells, we isolated and disso-
ciated the islets at the end of the in vivo EdU labeling,
followed by EdU detection and quantification of all b-cells
from individual mice by flow cytometry (Fig. 3A–C). Our
flow data demonstrated that virgin b-cells proliferate at
rates similar to those of mature b-cells from the same islets
at 4 weeks, 3 months, and 9 months, and at rates that
declined with age (Fig. 3D), in line with previous observa-
tions for b-cell proliferation in general (8–10).
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Virgin b-Cell Proliferation Rates Increase Upon
Metabolic Challenge

We next investigated the proliferation rates of virgin and
mature b-cells under challenged conditions, specifically,

during pregnancy and in face of insulin resistance. These
are conditions where mouse b-cells are known to expand via
self-proliferation (26,27). We wanted to determine whether
virgin b-cells would also increase their proliferation and

Figure 1—Proliferating EdU-positive b-cells are randomly distributed throughout the islet. A: Schematic of EdU injection timeline of C57BL/6
mice. Representative immunofluorescence images of pancreatic tissue sections from 4-week-old (B) and 9-month-old (C) mice stained with
insulin (red), EdU (green), andDAPI (blue). Arrowheads indicate examples of b-cells that are positive for EdU labeling detection.D: Normalized
cumulative distribution of EdU-positive (blue) and EdU-negative (red) b-cells within 4-week-old mouse islets. E: Distribution of EdU-positive
(blue) and EdU-negative (red) b-cells within 9-month-oldmouse islets. For each distribution graph, n$ 3micewith eight to nine islets counted
per animal. neg., negative; pos., positive.
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contribute equally as mature b-cells during these chal-
lenged circumstances in order to meet the increased de-
mand for insulin. Pregnant C57BL/6 mice (n 5 5) were
injected with EdU during gestational days 12–16 and then
collected and sectioned for histological analyses (Fig. 4A).
Proliferating virgin and mature b-cells identified by stain-
ing for insulin, Ucn3, and EdU were detected in higher
numbers in islets of pregnant compared with nonpregnant
mice (Fig. 4B). In addition, the number of EdU-positive
virgin and mature b-cells were not different in pregnant
islets, which suggests that the proliferation rates of these
two b-cell subtypes are similar during pregnancy (Fig. 4C).

Separately, to determine the proliferation rates of virgin
and mature b-cells in the face of acute insulin resistance, we
treated eight mIns1-H2b-mCherry 3 Ucn3-EGFP mice at
6 weeks with either PBS (n 5 4) or S961 (n 5 4), an insulin
receptor antagonist (28), with EdU for 7 days (Fig. 5A). Blood
glucose was higher in S961-treatedmice than in those treated
with PBS after 24 h of S961 infusion as expected (Fig. 5B).
Additionally, a glucose tolerance test 2 days prior to S961
treatment showed no difference in blood glucose (Fig. 5F),
while a glucose tolerance test 2 days before the end of
treatment showed significant difference between PBS- and
S961-treatedmice (Fig. 5G). Flow analysis of dissociated EdU-
positive and EdU-negative virgin and mature b-cells demon-
strated that virgin b-cells significantly increased their daily

proliferation rate in response to S961 compared with PBS-
treated islets—just like mature b-cells. However, the pro-
liferation rates of mature and virgin b-cells did not differ in
response to either treatment (Fig. 5C–E). Altogether, our
findings indicate that virgin b-cells increase their prolifera-
tion rate and, in comparison with mature b-cells, contribute
equally tomeet the heightened demand for insulin created by
pregnancy or insulin resistance in mice.

Virgin b-Cells Are a Stable, Slowly Maturing Subset of
b-Cells
We were next interested in determining the maturation
potential of virgin b-cells. To address this question, we
performed a pulse-chase experiment where we labeled
both mature and virgin b-cells by crossing mIns-CreER
(29) to the lsl-mT/mG reporter mouse (30) that switches from
membrane-tdTomato (mT) (lineage negative) to membrane-
EGFP (mG) (lineage positive) upon inducible Cre expression
with tamoxifen. We treated 14 bitransgenic mIns-CreER 3
lsl-mT/mG mice with tamoxifen once daily for five consec-
utive days at 4 weeks. We purposefully used oral gavage to
administer tamoxifen over intraperitoneal or subcutaneous
injections, as these routes of administration can lead to
depot formation not conducive to pulse-chase studies
(31,32). We collected pancreata for histology 3 days (n5 4)
after the last tamoxifen gavage for the pulse cohort or after

Figure 2—Virgin b-cells can proliferate.A: Two-dimensional representative image of a 3-week-old wild-typemouse islet immunostained with
insulin (red), Ucn3 (white), EdU (green), and DAPI (blue). The cyan arrowhead points to a proliferating EdU-positive mature b-cell that
expresses Ucn3, while the yellow arrowhead points to a proliferating EdU-positive virgin b-cell that lacks Ucn3 expression. B: Schematic of
EdU injection timeline of mIns-H2b-mCherry 3 Ucn3-EGFP mice. C: Three-dimensional representative image of a 1-month-old mIns-H2b-
mCherry 3 Ucn3-EGFP mouse islet stained for EdU (white) detection. Yellow arrowheads indicate mCherry single-positive dividing virgin
b-cells. Cyan arrowheads indicate mCherry and EGFP double-positive dividing mature b-cells.
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Figure 3—Virgin b-cell proliferation declines with age at rates similar to those of mature b-cells from the same islet. Flow cytometry strategy
to identify and distinguish between mCherry and EGFP copositive mature b-cells, mCherry single-positive virgin b-cells, and all other non-b
cells from islets of a representative individual mIns1-H2b-mCherry Ucn3-EGFP mouse after dissociation into single cell suspensions at
1 month (A), 3 months (B), and 9 months (C) with histogram plots of flow data illustrating the percentage of EdU-positive and EdU-negative
virgin and mature b-cells. D: Quantification of the daily proliferation rate of mature (green bars) and virgin (red bars) b-cells across different
time points (n$ 6mice per group). Daily proliferation rate was calculated by division of the percentage of EdU-positivemature or virgin b-cells
by the labeling period (14 days) and expressed as a percentage total per day (formula adapted from 9). Open circles, females; closed circles,
males. Data were analyzed for statistical significance by two-way ANOVA, corrected for multiple comparisons with the Tukey method. Error
bars represent 6SD. ns, not significant.
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3 months (n 5 3), 6 months (n 5 3), and 12 months (n5
4) for the chase cohorts (Fig. 6A). Lineage-positive virgin
and mature b-cells distributed over the islet as previously
reported (20) (Fig. 8C). We hypothesized that if virgin b-cells
turn into mature b-cells over time, the fraction of lineage-
positive virgin b-cells would decrease with time and the
fraction of lineage-negative virgin b-cells would increase as
new virgin b-cells form from non-b progenitors (Fig. 6B,
scenario 1). However, if no maturation occurred within the
12-month chase period, then the fraction of lineage-positive
virgin b-cells would remain constant (Fig. 6B, scenario 2).
Alternatively, this same outcome could also occur with
a scenario where virgin b-cells represent a resident insulin-
positive progenitor that self-renews via asymmetric cell
division (33) (Fig. 6B, scenario 3). Virgin and mature b-cells

were identified based on insulin and Ucn3 expression. Lin-
eage-positive and lineage-negative b-cells were determined
by the expression ofmG andmT, respectively (Fig. 6C). Virgin
b-cells were found at their distinct location near the islet
periphery and at the expected average ratio of 1.5–2.0% of all
b-cells (Fig. 6D). Quantitative comparison between the frac-
tion of lineage-positive virgin b-cells across the pulse and
various chase cohorts showed no differences in the number
of lineage-positive virgin b-cells over time (Fig. 6E). This
result reflects an outcome consistent with scenarios 2 and
3 (Fig. 6B).

Virgin b-Cells Persist in Geriatric Mouse Islets
Our pulse-chase experiment result suggests that virgin
b-cells constitute a long-lived subpopulation of b-cells.

Figure 4—Virgin b-cell proliferation increases similarly to mature b-cell proliferation during pregnancy. A: Schematic of EdU administration
timeline of pregnant C57BL/6 female mice. Representative images of islets from a 12-week-old nonpregnant (Non-P) mouse (B) and a
gestational-day-16 (G16) pregnant mouse (C) immunostained with insulin (white), Ucn3 (red), EdU (green), and DAPI (blue). The cyan arrowheads
point to proliferating EdU-positivematureb-cells, and the yellowarrowheadpoints to a proliferating EdU-positive virginb-cell.D: Quantification
of  the  fraction of virgin b-cells between nonpregnant and G16 pregnant mice (n5 5 per group). Values above each bar indicate the total number of
virgin b-cells counted per group. E: Quantification of the total percentage of EdU-positive mature (green bars) and virgin (red bars) b-cells
between nonpregnant and G16 pregnant mice over 4 days of EdU labeling period (n 5 5 per group). Data were analyzed for statistical
significance by two-way ANOVA, corrected for multiple comparisons with the Tukeymethod. Error bars represent6SD. ***P, 0.001. ns, not
significant.
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Figure 5—Virgin b-cell proliferation increases similarly to mature b-cell proliferation in response to insulin resistance. A: Schematic of EdU
administration timeline of PBS - or  S961 - treatedmIns-H2b-mCherry3Ucn3-EGFPmice. B: Daily blood glucosemeasurement of random-fed
PBS- and S961-treated mice. Dot and histogram plots of flow data illustrating the percentage of EdU-positive and EdU-negative virgin and
mature b-cells of PBS-treated (C) and S961-treated (D) mice. E: Quantification of the daily proliferation rate of mature (green bars) and virgin
(red bars) b-cells between PBS- and S961-treatedmice (n5 4 per group). Open circles, females; closed circles,males. Datawere analyzed by
two-way ANOVA corrected for multiple comparisons with the Tukey method for statistical significance. Glucose tolerance test before S961
treatment (F) and after S961 treatment (G). Data were analyzed byMann-Whitney test for statistical significance. All error bars represent6SD.
**P , 0.01. mins, minutes; ns, not significant.
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Figure 6—Virgin b-cells represent a stable, slowly maturing subpopulation of b-cells. A: Schematic of tamoxifen gavage timeline of mIns-
CreER 3 lsl-mT/mG mice for pulse-chase experiment. B: Graphical hypothesis illustrating three possible outcomes from pulse-chase
experiment with a focus on the changes in the fraction of lineage-labeled virgin b-cells. In scenario 1, the fraction of lineage-positive virgin
b-cells decreases as these cells develop into mature b-cells and the fraction of lineage-negative virgin b-cells increases as new virgin b-cells
form from non-b cells (precursors, a-cells, d-cells, ductal cells, etc.). In scenario 2, virgin b-cells do not mature within the 12-month chase
period and thus the fraction of lineage-labeled virgin b-cells remains the same. In scenario 3, the fraction of lineage-labeled virgin b-cells also
stays the same, as virgin b-cells act stem cell-like and divide asymmetrically, self-renewing the virginb-cell pool while yielding daughter cells
thatmature.C: Representative immunofluorescence imagesof islets from a mouse in the pulse cohort and a mouse in the  12-month chase cohort
stained with insulin (blue) and Ucn3 (white) to discern between virgin and mature b-cells. D: Quantification of the fraction of virgin b-cells

across pulse and chase (3, 6, and
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We were therefore interested in determining how long-
lived virgin b-cells are. Previously, we reported the pres-
ence of virgin b-cells from 3 weeks to 14 months of age in
mice (20). To determine whether virgin b-cells persist in
islets of geriatric mice, we quantified the fraction of virgin
b-cells in wild-type 30-month-old mouse islets (n 5 3).
Pancreatic sections were stained with insulin and Ucn3 to
mark virgin and mature b-cells (Fig. 7A). Ucn3-negative
virgin b-cells were readily detected in these geriatric mouse
islets at a slightly lower fraction (Fig. 7B) compared with
the expected average ratio of 1.5–2.0% of all b-cells in
adult mice,1 year old (Fig. 3A–C) but still localized at the
islet periphery (Fig. 7C). This supports the notion that
virgin b-cells represent a long-lived subset of b-cells that
persists in mice up to 30 months of age.

Virgin b-Cell Number Correlates with Islet Size
We also wanted to assess whether virgin b-cells occurred
equally across all islets or are more prevalent in islets of
a certain size, particularly as smaller islets or clusters of
b-cells have been suggested to arise by neogenesis and
might therefore disproportionally contain younger b-cells
(34,35). To address this, we reanalyzed a previously pub-
lished data set of almost 200 islets from animals of
different age-groups. We categorized all of the islets mea-
sured by total a- and b-cells per cross-sectional area as
small (,50 cells), medium (50–100 cells), and large (.100
cells) and plotted virgin b-cell number against total islet
cell number for each islet. Based on our distribution
analysis, we observed a positive correlation (r 5 0.40;
R2 5 0.1951) between the number of virgin b-cells and
islet size, which reflects the fact that the chance of
observing a virgin b-cell in an islet cross section increases
when the islet is larger (Fig. 7D). However, the relative
fraction of virgin versus mature b-cells is increased in
smaller islets (Fig. 7E). This inverse correlation (r520.39;
R25 0.2925) most likely reflects the fact that smaller islets
have a larger surface-to-volume ratio and therefore contain
a disproportionate fraction of virgin b-cells because of
where these cells are preferentially located across the islet.

Limited Contributions of Non-b Progenitors to the Adult
b-Cell Mass
Lastly, we also analyzed our pulse-chase study (Fig. 6A)
with a focus on the mature b-cell pool without special
regard for virgin b-cells. This enabled us to address the
question of whether non-b progenitors contribute to the
total b-cell pool over time in healthy adult mice. We
reasoned that this was important and valuable, as in
essence, the experiment we conducted to determine the

turnover of virgin b-cells was also a repeat of the seminal
lineage-tracing experiment performed by Dor et al. (5) but
with the important distinction that the 70% lineage-
labeling efficiency of the mIns-CreER (29) driver that we
used is markedly higher than the 30% efficiency of the Rip-
CreER (36) driver used in the original experiment. This
then would have increased power to detect a minor con-
tribution of non-b progenitors to b-cell mass. We hypoth-
esized that in the event of a contribution from non-b cells
to the maintenance of the b-cell pool, the fraction of
lineage-positive mature b-cells would diminish over time
(Fig. 8A, scenario 1), while in the absence of such contri-
bution, the fraction of lineage-positive b-cells would re-
main constant (Fig. 8A, scenario 2). Upon quantitative
comparison between the pulse and chase cohorts, we
observed no dilution of the fraction of lineage-positive
mature b-cells over the 12-month duration of our study
(Fig. 8B and C). This result is consistent with scenario
2 (Fig. 8A) and with the original observations made by Dor
et al. (5) but now repeated with a b-cell–specific CreER
driver with a higher lineage-labeling efficiency.

DISCUSSION

Here, we characterized the proliferation capacity and
maturation potential of virgin b-cells, a novel population
of immature b-cells located at a spatially distinct neogenic
niche near the islet periphery (20). First, we showed that
proliferating b-cells are located randomly across the islets
and do not disproportionately occur at the islet periphery
(Fig. 1). Consistent with these data, we then demonstrated
that virgin b-cells are able to proliferate (Fig. 2) and do so
at rates similar to those of mature b-cells from the same
islet at all of the ages we investigated (Fig. 3). The daily
proliferation rate of virgin b-cells also followed the age-
dependent decline that was previously observed by others
in b-cell proliferation rate (Fig. 3). We also demonstrated
that the proliferation rate of virgin b-cells can be stimu-
lated during pregnancy (Fig. 4) or upon experimentally
induced insulin resistance (Fig. 5) but that their prolifer-
ation rates in any of these conditions remain statistically
indistinguishable from those of mature b-cells.

Next, we showed that the proportion of lineage-positive
virgin b-cells remains constant over a relatively large chase
period of a year (Fig. 6), indicating that virgin b-cells
constitute a stable subpopulation (Fig. 7) that does not
undergo rapid turnover to contribute to the maintenance
of adult b-cell mass (Fig. 6B, scenario 2). However, based
on our lineage-tracing experiment, we cannot rule out
a scenario where virgin b-cells constitute a resident

n $ 3 mice per group). Values above each bar indicate the total number of
virgin b-cells counted per cohort. E:Quantification of the average percentage of lineage-labeled virgin b-cells among pulse and
chase cohorts (n $ 3 mice per group). Open circles, females; closed circles, males. Data were analyzed for statistical significance
by Kruskal-Wallis test, corrected for multiple comparisons with the Dunn test. Error bars represent 6SD. ns, not significant.
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stem-cell like progenitor that contributes and self-renews
through asymmetric cell division (Fig. 6B, scenario 3). In
addition, because our results focused only on physiological
condition with use of healthy mice, we did not account
for the possibility that virgin b-cells might be unable to
mature due to the lack of important transcription factors
such as MafA and the continued presence of other factors
like MafB, although we know that the lack of Ucn3 itself
does not prevent b-cells from maturing (37). Because of
the apparent absence of virgin b-cell maturation over an
extensive chase period, the lineage-positive virgin b-cells
we observed in our chase cohorts were likely already
present during the pulse at 4 weeks and therefore likely
represent a long-lived, stable subpopulation of b-cells
formed in the perinatal period of life. Isotope-labeling
experiments (38) should be able to confirm that virgin
b-cells at the islet periphery of older mice represent long-
lived b-cells that never fully matured.

Although we initially set out to determine the matu-
ration potential of only virgin b-cells, we lineage-labeled
all b-cells using mIns-CreER in our pulse-chase experi-
ment. This thus allowed us to also assess the potential

contribution of non-b cells to the b-cell pool over time. In
doing so, we did not detect a significant dilution of the pool
of lineage-positive mature b-cells (Fig. 8). Our finding is in
line with the study conducted by Dor et al. (5), which
concluded that self-replication is the major mechanism
responsible for the maintenance of b-cell mass, with the
important distinction that the b-cell–specific CreER driver
that we used here has higher efficiency and is therefore
more likely to detect a minor contribution from non-b
progenitors to adult b-cell mass (Fig. 8A, scenario 2). This
observation contrasts with reports of b-cell transdiffer-
entiation and the presence of potential islet-resident
precursors capable of generating new b-cells put forth
by some, including ourselves (14,16,19,20). Some studies
show lack of b-cell regeneration from any source, including
a b or non-b progenitor population after streptozotocin
treatment. In contrast, others demonstrate recovery from
streptozotocin-mediated diabetes in mice upon engraft-
ment with organoids formed from presumed ProCr-pos-
itive islet precursor cells (19). However, our lineage-tracing
data did not detect a contribution of such non-b islet-
resident progenitors to the mature b-cell pool in healthy

Figure 7—Virgin b-cells persist in 30-month-old geriatric mouse islets at their distinct location in the islet periphery and correlate positively
with islet size. A: Two-dimensional representative image of a 30-month-old wild-type mouse islet immunostained with glucagon (green),
insulin (red), Ucn3 (white), and DAPI (blue). The yellow arrowheads point to individual virgin b-cells that lack Ucn3 expression. B:
Quantification of the fraction of virgin b-cells from 30-month-old geriatric mice. Open circles, females; closed circles, males. C: Normalized
cumulative distribution of a-cells (green), virgin b-cells (red), and mature b-cells (pink) within 30-month-old mouse islets (n 5 3 mice with at
least 10 islets counted per animal).D: Scatter plot illustrating the distribution of total virgin b-cells in relation to islet size (measured by total b-
and a-cells). Each dot represents an islet (n5 193). Relationship analyses performed using Spearman correlation and simple linear regression
yielded a positive correlation (r5 0.40, R2 5 0.1951). E: Scatter plot illustrating the distribution of the percentage of virgin b-cells (measured
over total b-cells) in relation to islet size. Each dot represents an islet (n 5 193). Relationship analyses using Spearman correlation and
nonlinear regression yielded an inverse correlation (r 5 20.39; R2 5 0.2925). Islets with no virgin b-cells were excluded from this analysis.
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mice. These discrepancies in observations highlight the
complexity of the cellular cues that may be necessary to
elicit a response from facultative stem cells and progen-
itors under physiological conditions. In conclusion, our
observations support the paradigm that b-cell self-repli-
cation is the primary source of adult b-cells in mice, with
no disproportionate contribution from virgin b-cells. This
leaves open the questions of the importance of this distinct
and readily identifiable virgin b-cell subpopulation to
overall b-cell fate and function and why they locate so
distinctly to the islet periphery.

Limitations of Study
Mindful of the potential confounds, such as increased
b-cell mass due to the presence of a human growth
hormone minigene in the mIns-CreER mouse (39), we

only used mice that were all transgenic for mIns-CreER,
thus eliminating any confounds of the differential pres-
ence of mIns-CreER and its associated transgenic ele-
ments. The ideal method to study the turnover potential
of virgin b-cells would have been to use a virgin b-cell–
specific Cre driver to selectively lineage label only these
cells and follow them over time. However, such a tool
does not currently exist. Instead, we made use of the best
experimental approach available to address this impor-
tant question. Our data lead us to conclude that there is
no detectable contribution from non-b cell progenitors,
including virgin b-cells, to the b-cell mass in adult mice
under physiological conditions. But, because the labeling
of the mIns-CreER driver is 70% efficient, this leaves us
underpowered to definitively rule out a minor contribu-
tion from potential non-b progenitors to the pool of total

Figure 8—No detectable contribution of non-b precursors to the maintenance of mature b-cells in adult mice. A: Graphical hypothesis
illustrating two possible outcomes for the pulse-chase experiment with a focus on the changes in overall (mature) b-cells. In scenario 1, non-b
progenitors contribute to the total pool of b-cells, leading to a gradual increase in the fraction of lineage-negative mature b-cells over time. In
scenario 2, non-b progenitors do not contribute to the total pool of b-cells and thus the fraction of lineage-negative mature b-cells remain the
same. B: Quantification of the percentage of lineage-positive mature b-cells among pulse and chase cohorts (n $ 3 mice per group). C:
Distribution of lineage-positive mature b-cells from each individual mouse in the pulse and chase cohorts (n$ 3mice per group, with at least
15 islets and a total of .20 virgin and 800 mature b-cells counted per animal). Open circles, females; closed circles, males. Data were
analyzed for statistical significance by Kruskal-Wallis test, corrected for multiple comparisons with the Dunn test. Error bars represent6SD.
ns, not significant.
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b-cells. In addition, our study did not distinguish be-
tween virgin and dedifferentiated b-cells, which also lack
Ucn3 expression, although the latter are not restricted to
the islet periphery in contrast to virgin b-cells. A formal
distinction between virgin and dedifferentiated b-cells
would have required a lineage trace using the Ucn3-Cre
driver, which is not compatible with the use of mIns-
CreER in our pulse-chase experiment.
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