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Endogenous pancreatic multipotent progenitors (PMPs)
are ideal candidates for regenerative approaches to
compensate for B-cell loss since their B-cell-producing
capacities as well as strategic location would eliminate
unnecessary invasive manipulations. However, little is
known about the status and potentials of PMPs under
diabetic conditions. Here we show that B-cell metabolic
stress and hyperglycemia enhance the proliferation
capacities of adult PMP cells and bias their production
of progeny toward B-cells in mouse and human. These
effects are dynamic and correlate with functional p-cell
regeneration when conditions allow.

It is important to understand postnatal mechanisms of
B-cell maintenance since (-cell dysfunction and loss are
characteristics of both type 1 and type 2 diabetes (T1D
and T2D) (1,2). Detection of B-cell regeneration under
physiologic conditions such as pregnancy or diabetes
predisposition is a relatively old concept (3,4), but the
mechanisms involved, such as self-replication of pre-
existing [B-cells or participation of a stem-like cell
population, are still the topic of ongoing debates. Nev-
ertheless, the presence and contribution of adult pan-
creatic multipotent progenitor (PMP) populations in
B-cell maintenance, particularly in injured pancreas,
have been documented (5-7).

We reported a multipotent subpopulation of adult
mouse and human islet cells that gives rise to cells of the

endocrine, exocrine, as well as neuronal lineages (8).
These PMPs are the developmental progeny of a Pdx1™"
cell population and express insulin in adult tissue (9).
Indeed, these PMP cells resemble immature (-cells with
low granularity and low to zero expression of B-cell-
specific glucose transporter, Glut2 (8,9). These single
insulin*Glut2'°" cells can be expanded clonally in vitro
to form sphere colonies that consist of hundreds to thou-
sands of cells. Transplantation of adult mouse and human
PMP colonies under the kidney capsule of diabetic mice
was able to ameliorate hyperglycemia (9). Their ability to
produce insulin may be the main reason that these cells
were ignored in most lineage tracing studies as well as in
studies that suggested B-cell replication as the main source
of regeneration and where insulin was used as a designated
marker for mature B-cells (10-12).

The presence of such a potent cell population in normal
adult pancreas prompted us to address their status and
function under diabetic conditions. Here we used mouse
models of diabetes in order to study the dramatic changes
in the PMP population and their responses to various
mechanisms of 3-cell loss and stress. Our findings in mouse
systems were also validated in diabetic human samples.

RESEARCH DESIGN AND METHODS

Animals, Tissue, and Cell Preparations
All studies were approved by the Office of Research Ethics
at the University of Toronto. Mice used in these studies
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included MIP-GFP transgenic CD1/Tg(Ins1-EGFP/GH1)
14Hara; wild-type and InsII-RFP transgenic C57BL/6 (The
Jackson Laboratory); nonobese resistant (NOR), NOD,
and NOD.Scid (The Jackson Laboratory); as well as
Ins-rtTA;TET-DTA mice (supplied by the laboratory of
Dr. Yuval Dor, The Hebrew University of Jerusalem). Ani-
mals were anesthetized using sodium pentobarbital prior
to terminal procedures. Collagenase type IX (Sigma-
Aldrich) perfusion through bile duct was used in order
to digest pancreatic tissues.

For nuclear BrdU incorporation experiments, mice were
treated with BrdU in their drinking water (0.2 mg/mL) for
specified durations. Paraformaldehyde-perfused frozen
pancreas of each mouse was sectioned at five levels.
Insulin® cells with nuclear BrdU labeling within all islets
from each level (per mouse) were quantified.

PMP Sphere Assay

For the clonal sphere formation assay, the mouse islets
were handpicked after ficoll gradient selection of digested
pancreas tissue (8). Similarly, human islets were hand-
picked from islet-enriched fractions that were provided
by Alberta Diabetes Center. Islets were dissociated to sin-
gle cells by trypsin incubation followed by manual tritu-
ration with siliconized small-borehole glass pipettes.
Viable cells were counted using Trypan blue exclusion and
plated at 10,000 or 5,000 cells in a volume of 1 mL (clonal
density) within each well of a 24-well plate (each well
having a surface area of 2 cm?). Cells were cultured in
defined serum-free medium (SFM) (13) containing B27
(Gibco-BRL), 10 ng/mL FGF2 (Sigma-Aldrich), 2 pg/mL
heparin (Sigma-Aldrich), and 20 ng/mL EGF (Sigma-
Aldrich) for 14 days in uncoated 24-well plates (BD Fal-
con). Clonality of PMP spheres was tested previously by
culturing single dissociated cells of the islets (one cell per
well) (8). Mouse and human colonies were categorized
based on their diameters. Resultant spheres were differ-
entiated by transferring individual spheres to wells coated
with Matrigel basement membrane matrix (15.1 mg/mL
stock diluted 1:25 in SFM; BD) in SFM containing 1% FBS
for 7-14 days. The size distributions and proportions of
spheres are consistent within the same strain but vary
among different mouse strains and between mice and
humans. There is not a significant difference in the pro-
portion of differentiated progenies among the different
size spheres of the same experimental group. However, to
maintain consistency, always similar size spheres (and
usually the largest sizes) from compared groups were se-
lected for differentiation assays. The following assump-
tions were applied to the interpretation of sphere
formation data: 1) number of PMP colonies (large and
small together) = number of PMP cells within the primary
tissue, 2) increased number of total colonies = expanded
number of PMP cells in primary tissue, 3) larger single
PMP colonies = single PMP cells with enhanced pro-
liferation capacity, 4) increased number of large PMP
colonies = enhanced proliferation of PMP cells, and 5) small
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single PMP colonies = single PMP cells with less proliferation
capacity. Samples in the sphere formation and differentia-
tion assays were blinded to the experimenters.

Diabetes Induction

Diabetes was induced either by streptozocin (STZ) (Sigma-
Aldrich) injection to wild-type, MIP-GFP, and Ins-RFP
C57BL/6 male mice (The Jackson Laboratory) or by admin-
istration of doxycycline (Dexon; Sigma-Aldrich) in drinking
water of Ins-rtTA;TET-DTA transgenic mice (shared by
Dr. Yuval Dor). Blood glucose levels were monitored using
the OneTouch Ultra Blood Glucose Meter (LifeScan, Inc.,
Milpitas, CA).

STZ was dissolved freshly in citrate buffer prior to
injection, and a single dose of 200 mg/kg was injected
intraperitoneally in 4-6-week-old male mice using 27-gauge
needles. Daily monitoring of the blood glucose started
4 days after the injection. Diabetic animals were killed for
further in vitro experiments.

Doxycycline (Dexon) was administered in the drinking
water (200 pg/mL doxycycline, 2% weight for volume
sucrose) of Ins-rtTA;TET-DTA mice. The water mixture
was changed every 4 days. Fasting and nonfasting blood
glucose levels were monitored weekly. Doxycycline-treated
diabetic mice were kept in the absence of doxycycline for
3-5 months or killed for immediate experiments.

Flow Cytometry
Pancreatic cells were isolated as described, and cells were
sorted with an EPICS Elite Cell Sorter (Beckman Coulter) or
a FACSAria System (BD Biosciences). Glut2 sorting was
performed after immunostaining of live cells (from Ins-RFP
or MIP-GFP mice) or fixed cells (from Ins-rtTA;TET-DTA
mice) with a primary anti-Glut2 rabbit antibody (IgG)
(1:400; Chemicon and Santa Cruz Biotechnology, Dallas,
TX), followed by staining with an Alexa 488 or Alexa 647
goat anti-rabbit secondary antibody (Santa Cruz Biotech-
nology). Pancreatic cells from Ins-rtTA;TET-DTA were fixed
and stained for insulin using a primary monoclonal mouse
antibody (IgG) (1:500; Sigma-Aldrich) and an Alexa 488-
conjugated goat antibody. All cells from transgenic mice
were sorted into positive and negative cell fractions on
the basis of propidium iodide and fluorescein isothiocya-
nate fluorescence.

Insulin® cells from MIP-RFP and MIP-GFP transgenic
mice were sorted to low and high Glut-expressing frac-
tions for RNA extraction and sequencing analysis.

Immunocytochemistry and Histology
Immunostaining was performed on differentiated sphere
colonies or pancreas frozen sections (8 wm). Samples were
fixed in 4% paraformaldehyde and blocked using normal
goat serum (10:100 PBS; BD Biosciences) for 1 h. For BrdU
staining, an acid hydrolysis procedure using HCL (2 N) at
37°C for 30 min was performed prior to the blocking step.
Incubation with primary antibodies was at 4°C overnight.
The primary antibodies used included anti-insulin mouse
monoclonal (IgG) (1:500; Sigma-Aldrich), anti-insulin guinea
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pig antibody polyclonal (IgG) (1:100; Abcam), antiglucagon
mouse antibody monoclonal (IgG) (1:500; Sigma-Aldrich),
and anti-BrdU rat monoclonal (IgG) (1:200; Abcam). Sam-
ples were then washed and incubated with Alexa-conjugated
goat secondary antibodies (1:400, BD Biosciences) at room
temperature for 1 h. Cell nuclei were counterstained with
the nuclear dye Hoechst 33258 and colored blue.

RNA Sequencing Procedure and Data Analysis

Sorted insulin*Glut2™®" and insulin*Glut2'®" cells from
control and STZ-treated MIP-GFP transgenic mice were
collected separately. Total RNA extraction was performed
on each sample using Norgen Biotek total RNA extraction
kit (Thorold, Ontario, Canada). Total random sequencing
was done using Illumina HiSeq2500 sequencer with V1
reagent and HiSeq Ribo-Zero depletion RNA protocol.
Two lanes were used for each sample. Reads were mapped
to the GRCm38 assembly of the mouse genome (mm10),
using TopHat2 (14), guided by gene annotations from
Ensembl (15). Duplicate reads, which are often artifacts
of PCR amplification during library preparation, were
then removed using SAMtools (16), and gene differential
expression between samples was quantified using Cuffdiff
(17), based on Ensembl gene annotations and with frag-
ment bias correction (18).

Up/downregulated pathways were identified using
Wilcoxon rank-sum test based on the logarithm of fold
change of expression between pairs of samples, using pathway
annotations from KEGG (19) and REACTOME (20), and sig-
nificant enrichments were identified at Benjamini-corrected
false discovery rate <0.05. The leading-edge set of genes
for significant pathways, i.e., genes with the highest up-
or downregulation, were then identified as described
previously (21).

Statistics

Statistical analysis was performed using Prism software
(GraphPad Software, La Jolla, CA) or R analysis platform
(http://www.r-project.org/). Data are expressed as means
* SEMs, unless specified otherwise. Statistical compari-
sons between two groups were performed with a Student
t test where appropriate, or by ANOVAs with Bonferroni
or Tukey posttests for comparisons between groups. For
nonparametric comparisons, Mann Whitney U test or
Kruskal-Wallis test followed by Dunn multiple comparison
test was performed depending on the number of samples.
Data were considered significant when P < 0.05.

RESULTS

PMP Cells Are Hyperactive Under Acute p-Cell Stress

B-Cell function can be affected by direct cytotoxic insults as
well as indirect physiologic changes such as hyperglycemia
due to insulin resistance, all of which lead to B-cell stress
defined by secretory and/or proliferative hyperactivity (22—
24). Investigating the direct consequences of [-cell stress
on PMP cells is limited due to the lack of a definitive
marker for these cells. However, our previous data showed
the enrichment of the insulin*Glut2'®" fraction of islet cells
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for the PMP population. In order to establish a baseline
status for PMP cell gene expression, we performed
a transcriptome analysis on both insulin*Glut2'®" and
insulin*Glut2"®" sorted fractions of mature MIP-GFP
transgenic islets using RNA sequencing. Gene ontology
and transcriptome analysis of both fractions showed
a significant enrichment for regulation of B-cell devel-
opment and B-cell gene expression pathways in the
insulin"Glut2'®" cell population (log, false discovery
rate >4, P < 0.05) (Supplementary Table 1). Numerous
genes that are essential for B-cell development were upreg-
ulated in the insulin®Glut2'®” cell fraction (Fig. 1A).
Curiously, the insulin*Glut2'®" cell fraction contained more
Glut2 RNA transcripts. However, low expression of MGAT4A
could explain the discrepancy in Glut2 mRNA and Glut2
protein expression in PMPs containing insulin*Glut2'°"
cells (Fig. 1A). MGAT4A encodes GNT-4A glycosyltrans-
ferase, a Golgi-resident enzyme that prevents Glut?2 degra-
dation via N-glycosylation and is essential for consequent
localization of Glut2 in the plasma membrane (25,26).

We then used sterptozocin (STZ)-induced diabetes as
an acute B-cell stress and disease model with specific loss
of mature B-cells that express the STZ-transporting mol-
ecule Glut2 (27-29). STZ enters B-cells through the
B-cell-specific Glut2 channel and destroys the cells by
induction of oxidative stress, which consequently leads
to diabetes (29). The scarcity or lack of Glut2 presence
on PMPs (9) permitted the prediction that these cells
would be spared after STZ treatment. Thus, STZ-induced
diabetes is a particularly suitable model to specifically
address the reaction of PMP cells to hyperglycemia and
B-cell loss. Single diabetogenic doses (200 mg/kg) of STZ
were injected in 6-8-week-old CJ57BL/6 or MIP-GFP
transgenic male mice (30). On day 4 or 5 postinjection,
the STZ-injected mice showed elevated fasting blood glu-
cose levels (Fig. 1B). These mice also exhibited typical
symptoms of diabetes, such as dehydration, discolored
urine, and elevated nonfasting blood glucose (Supple-
mentary Fig. 1A4). Transcriptome analysis of sorted
insulin*Glut2™" and insulin*Glut2'®” cell fractions
from both control and STZ-treated diabetic islets
revealed significant upregulation of 88 genes associated
with cell cycle and DNA elongation pathways (P < 0.05)
in diabetic insulin*Glut2'" cells (Fig. 1C, D, and E and
Supplementary Fig. 1B and Supplementary Table 2). This
finding suggested that the proliferation capacities of di-
abetic PMPs should be enhanced.

We next performed PMP clonal sphere assays on the
STZ- and vehicle-injected mice. As it was described for
neurosphere formation assay previously (13), in the clonal
sphere assay, the numbers and sizes (diameters) of spheres
reflect the starting number of the PMP cells in islet tissue
and their proliferative capabilities, respectively. The total
number of clonal PMP spheres was elevated significantly in
all STZ-injected mice, and these PMP cells also gave rise to
more proliferating precursors that produced significantly
larger (>200 wm) size spheres (Fig. 1F).
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Figure 1—PMPs survive STZ cytotoxicity and produce larger colonies with a higher yield of insulin® progeny. A: Log, fold expression
change (at P < 0.05) of genes involved in B-cell development pathway in insulin*Glut2'¥ vs. insulin*Glut2"" cells. B: Results of glucose
tolerance tests performed on day 4 after STZ injection. Repeated-measures ANOVA comparing the two groups showed a significant effect
of STZ/vehicle treatment (Fj; g; = 6.04, P = 0.045, n = 5 mice/group). C: Scatterplot of measured FPKM (fragments per kilobase of transcript
per million fragments) for insulin*Glut2"9" and insulin*Glut2'°" cells from control mice (CTRL). Only genes with FPKM >0 in both samples
are shown. D: Differential gene expression in insulin*Glut2'®" cells of STZ-treated mice in comparison with control mice. Cell cycle
genes, defined based on REACTOME annotations, are shown in E, with red bars corresponding to the “leading-edge” set of cell cycle
genes. Cell cycle genes are significantly upregulated in insulin*Glut2'®" cells of STZ-treated mice relative to control mice (Wilcoxon rank
sum test, P < 0.002). E: Expression of the leading-edge set of cell cycle genes across different samples. The majority of these genes are
specifically expressed in Glut2'®" cells of STZ-treated mice. F: Frequencies and diameter measures of PMP spheres from STZ-induced
diabetic and control islets. Two-way ANOVA revealed a significant interaction of STZ-induced diabetes/vehicle treatment and the diameter
of spheres (Fj1,11; = 22.5, P = 0.006), with a main effect of STZ/vehicle treatment (F[1 gy = 6.04, P = 0.045). Bonferroni posttest showed
a significant increase of large spheres in the STZ-treated group (P < 0.05, n = 5 mice/group). G: Immunofluorescent images of clonal
differentiated PMP colonies derived from diabetic and control pancreata showing the insulin-expressing cells (red). Scale bar, 20 pm.
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PMP clonal spheres were then transferred to serum-
containing media for differentiation. Similar size clonal
spheres from diabetic and nondiabetic groups were selected
for comparing the progeny production by respective PMPs.
Upon differentiation, diabetic spheres produced consider-
ably higher numbers of insulin® cells compared with con-
trol (Fig. 1G and H), consistent with the elevated RNA
levels of genes associated with (-cell development in di-
abetic insulin"Glu2'" cells (Fig. 1I). The capacity of PMPs
for producing non—@-cell pancreatic progeny was evaluated
by quantifying glucagon® cells in differentiated colonies.
Although the effect on the production of glucagon® prog-
eny seems large, the bigger error bars prevented signifi-
cance (Fig. 1H).

These data indicate that the PMP containing
insulin*Glut2'®" cell population is resistant to STZ treat-
ment in vivo. Moreover, the in vivo PMP population
expands in STZ-induced diabetic islets and is more prone
to insulin® cell production upon differentiation in vitro.
Also, the consistency between the gene expression status
of diabetic insulin*Glut2'°" cells and the status of diabetic
PMP colonies supports the representation of PMP
changes in vivo by sphere formation and differentiation
assays in vitro.

Chronic p-Cell Stress Enhances the Proliferation
Capacities of PMP Cells and Their g-Cell Production
In order to study the effects of ongoing chronic B-cell
stress, we used NOD mice that spontaneously develop
autoimmune diabetes with many similarities to T1D in
humans (31,32). Various genetic abnormalities have
been associated with NOD diabetes, some of which are
B-cell dependent and autoimmune independent, such as
B-cell stress. Previous studies have reported inherent ab-
normalities in NOD islet development with an augmented
increase in islet size and (3-cell mass around weaning time
(4 weeks) followed by an accelerated turnover of B-cells
and their consequent death (33). This chronic B-cell stress
phenomenon is independent of the autoimmune attack
since it is also seen in the NOD.Scid background that lacks
immune system components (31,34,35). Thus, to dissect
PMP properties under an inherent chronic B-cell stress,
we also used NOD.Scid mice to avoid the complexities that
are accompanied by autoimmune reactions.

To address the changes in the PMP population during
postnatal islet development, adult pancreatic clonal
sphere assays were performed on individual NOD.Scid
mice at 4, 8, 12, and 15 weeks of age. The age-related
kinetics in the NOD.Scid sphere assay data mimic the
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reported B-cell mass kinetics in vivo (33), with an increase
in the number and size of the PMP colonies up until 8
weeks and a sharp decrease around 12 weeks (Fig. 24A).
Comparing the numbers and sizes of NOD.Scid PMP col-
onies with its genetically closest “normal nondiabetic”
strain, NOR mice that lack the B-cell stress (32), showed
that the increased numbers and sizes of PMP spheres
at 4-8 weeks (postnatal) is specific to NOD.Scid mice
(Fig. 2B, left side). This situation reverses at 12-15 weeks
of age when NOD.Scid islets seem to have less active pro-
genitor cells than NOR (Fig. 2B, right side), possibly due
to the proliferative exhaustion of the PMP cell pool dur-
ing earlier stages of development.

In prediabetic NOD islets (4—6 weeks old), when the
active autoimmune attack starts targeting insulin® cells,
a decline in the total number of sphere-forming cells was
observed when compared with nondiabetic NOR and
C57BL/6 age-matched islets (Fig. 2C and D). At this stage,
the observed decrease in NOD PMP population is absent
in NOD.Scid and presumably reflects the loss of insulin®
cells due to autoimmune attack.

Upon differentiation in serum-containing media,
clonal NOD.Scid and NOD PMP spheres formed twice as
many insulin® cells as NOR spheres. However, formation
of glucagon” cells was not significantly different among
the compared strains (Fig. 2E).

These findings demonstrate that in the NOD.Scid back-
ground, chronic (-cell stress is associated with an expan-
sion of the PMP pool with enhanced ability to produce
insulin® progeny. These capacities seem to be compro-
mised in the presence of autoimmune attack, such as
seen in NOD mice.

Enhanced Proliferation and Insulin* Cell Production
Capacities of Diabetic Human PMP Cells
Similar to mouse, adult PMPs also have been identified
in human pancreas (9). In order to verify the relevance
of our findings in the context of human disease, we in-
vestigated the status of adult PMPs in the islet tissues
obtained from diabetic and healthy human donors. Due
to the scarcity of human diabetic donor tissue, we were
able to obtain only three T1D samples over a period of
6 months. The islet-enriched fraction of each sample was
received from the Alberta Diabetes Institute. Islets were
handpicked and dissociated and were used for clonal
sphere formation and differentiation assays as described
previously (8).

All diabetic samples produced remarkably higher
numbers of primary spheres compared with healthy

H: Frequencies of insulin® and glucagon® progeny produced by differentiated clonal PMP spheres from STZ-induced diabetic islets and
controls. Two-way ANOVA indicated the significant interaction of diabetes and hormone* cell production (Fj1 2g; = 7.19, P = 0.0121), with
Bonferroni posttest showing increased number of insulin* cells in differentiated diabetic PMP colonies (P < 0.05, n = 20 spheres/group).
Changes in glucagon® cell production were nonsignificant. /: FPKM of genes involved in B-cell development pathway are compared be-
tween insulin*Glut2"9" and insulin*Glut2'°" cells from diabetic and control islets. Values are means + SEMs where error bars are shown.

FDR, false discovery rate.
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Figure 2—B-Cell stress in NOD mouse affects the pancreatic PMP cells. A: Frequencies and diameters of PMP sphere colonies derived
from NOD.Scid islets at different ages. Two-way ANOVA revealed a significant interaction of age and sphere size (Fjg36g) = 13.83, P <
0.0001) with a main effect of age (Fi3 3e5) = 12.41, P < 0.0001). Bonferroni posttest comparing >300 um and =100 wm size spheres showed
a significant increase in the proportion of >300 p.m spheres at 8 and 12 weeks of age (P < 0.01) when no small-size colonies (=100 pm)
were detectable, and a significant decrease in >300 wm spheres at 15 weeks of age (P < 0.01) when large spheres were no longer
detectable (n = 4 mice/group). B: The frequencies and the diameters of PMP colonies from NOD.Scid and NOR pancreata at 6-8 and 12-15
weeks of age. Three-way ANOVA comparing age, strain, and sphere diameter showed a significant interaction of age and strain (Fj1 1) =
10.005, P = 0.0017), as well as strain and the diameter of spheres (Fj1 5 = 34.3750, P < 0.0001). The frequencies and diameter sizes of
NOD.Scid PMP colonies at postweaning age of 6-8 weeks are greater than age-matched NOR spheres but decline to lower levels at 13-15
weeks (n = 4 mice/group). Frequencies of sphere-forming PMPs in 4-6-week-old female NOD mice and age-matched female mice
from nondiabetic strains: C57BL/6 (t = 5.527, df = 10, P < 0.0001) (C) and NOR (t = 6.847, df = 10, P < 0.0001) (D); n = 5 or 6 mice/group.
E: The frequencies of hormone-producing cells (insulin or glucagon) from differentiated PMP colonies. Size-matched spheres from
NOD, NOD.Scid, B6, and NOR background were differentiated in serum-containing media and were separately stained for insulin or
glucagon. Two-way ANOVA showed significant interaction of strain and hormone* cell production (Fj3sg = 23.32, P < 0.0001), with
Bonferroni posttest showing significant increases in insulin® cell production by NOD and NOD.Scid PMP colonies (P < 0.05, n = 10-15
spheres/group). No significant difference in glucagon™ cell production was observed. The values are means + SEMs. W, weeks.

controls (Fig. 3A). This trend was maintained after the Upon differentiation in the presence of 1% serum for
primary spheres were passaged to form secondary and 2 weeks, the clonal spheres from human diabetic samples
tertiary spheres (Supplementary Fig. 24 and B). The num- produced significantly higher percentages of insulin® and
ber of larger secondary spheres was expanded significantly  glucagon” cells compared with healthy controls (Fig. 3B, C,
in the diabetic samples (Supplementary Fig. 24), confirm- and D). Whereas the enhanced production of insulin®
ing the enhanced proliferation capacity of T1D PMPs. progeny was consistent in all individual diabetic samples
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nondiabetic control human donors. C and D: Frequencies of insulin* (C) and glucagon* (D) cells produced from individual human PMP
colonies. Single clonal spheres produced from three diabetic and two control human pancreatic islets were differentiated in serum-
containing media for 2 weeks and were stained for insulin or glucagon expression. Data in both experiments were combined for each
group (control and diabetic). Clonal spheres from diabetic samples produced greater numbers of insulin* cells (Mann-Whitney U test = 151,
P < 0.0001) as well as greater numbers of glucagon® cells (Mann-Whitney U test = 278.5, P < 0.012). Number of analyzed spherical

colonies in B and C is 20-40 per group. Values indicate mean = SEMs. Scale bars, 50 pm.

(Supplementary Fig. 34), the production of glucagon” cell
progeny by diabetic spheres did not follow a steady pat-
tern (Supplementary Fig. 3B).

Consistent with the data above from mouse diabetic
models, these findings suggest that the adult human PMP
population expands under diabetic conditions and pos-
sesses a larger capacity to produce B-cell-like cells.

PMP Status Reflects p-Cell Regeneration During
Diabetic Recovery

To investigate the involvement of adult PMPs in diabetes-
induced B-cell regeneration, we used a reversible diabetic
mouse model. The double-transgenic Ins-rtTA;TET-DTA
mice specifically express diphtheria toxin subunit A
(DTA) in B-cells upon doxycycline administration, which
leads to diabetes (36). These mice develop diabetes after

DTA activation, and then a few weeks after the DTA ex-
pression has ended, they become euglycemic due to B-cell
regeneration (36). The confounding factors of other mod-
els of diabetes, such as polygenetic background contribu-
tions, autoimmune destruction of newly formed B-cells,
and the nonspecific toxicity or universal pancreas injury
of chemically induced diabetes, have been minimized in
these transgenic mice (36).

We used these mice as an established model of B-cell
regeneration to investigate the status of PMPs through-
out the diabetes and recovery processes. Doxycycline was
administered through the drinking water to 6-8-week-old
transgenic mice for 7-10 days. Mice that developed di-
abetes either were killed at the onset of hyperglycemia for
PMP sphere assays or were maintained without further
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doxycycline exposure, and their blood glucose levels were
monitored weekly until euglycemia was achieved. The
clonal pancreatic sphere assays were performed on these
mice at weeks 8 and 14 after doxycycline treatment.

As previously reported, fasting and nonfasting blood
glucose levels were elevated in doxycycline-treated Ins-
rtTA;TET-DTA mice, and the glucose tolerance tests
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The diabetic mice regained normoglycemia after 4-8
weeks postdoxycycline treatment, and their normal blood
glucose level was maintained throughout the remainder of
the experiment (Fig. 4B). At the onset of diabetes (10-14
days postdoxycycline treatment), the clonal sphere assay
showed a significant decrease in the number of clonal
PMP colonies in diabetic pancreata (Fig. 4C). The numbers

revealed their disturbed glucose homeostasis (Fig. 44). of pancreatic sphere colonies reached control levels by the
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Figure 4—In vivo behavior of PMPs reflects the kinetics of postdiabetic 3-cell regeneration. A: Results of glucose tolerance test performed
on 4-6-week-old Ins-rtTA;TET-DTA transgenic mice after treatment = doxycycline (DOX) in the drinking water for 2 weeks. Repeated-
measures ANOVA comparing the two groups showed a main effect of doxycycline treatment (Fj1 g; = 12.83, P = 0.0231, n = 5-10 mice/
group). CTRL, control. B: Changes of blood glucose levels in diabetic Ins-rtTA;TET-DTA mice following termination of doxycycline treat-
ment (n = 10 mice/groups). Repeated-measures ANOVA comparing the two groups indicated a significant interaction of blood glucose level
and time (Fs 24 = 11.96, P < 0.0001), with Bonferroni multiple comparison test showing a significant blood glucose difference only at
2 weeks (P < 0.0001, n = 5 mice/group). C: Frequencies and diameters of clonal spheres derived from pancreatic islet cells of doxycycline-
treated diabetic Ins-rtTA;TET-DTA mice vs. vehicle-treated controls. Two-way ANOVA indicated a main effect of doxycycline-induced
diabetes/vehicle treatment (Fj; 91; = 142.07, P < 0.0001), showing a significant reduction in the number of PMP colonies of diabetic mice
(n = 5 pancreas/group). D: Frequencies of PMP colonies from doxycycline-treated diabetic Ins-rtTA; TET-DTA mice and their vehicle-treated
controls at different time points after termination of doxycycline/vehicle treatment. Sphere assays were performed on recovering mice at 2,
4, and 14 weeks from the start of doxycycline/vehicle treatment. The first bar on the left (2 weeks) corresponds to the time of doxycycline/
vehicle withdrawal. Two-way ANOVA revealed a significant interaction of doxycycline-induced diabetes/vehicle treatment and time
(Fo,118) = 6.27, P = 0.0026, n = 5 mice/group). E and F: The frequencies of insulin® (E) and glucagon® (F) cell progeny developed by single
PMP spheres derived from diabetic Ins-rtTA;TET-DTA pancreata compared with their corresponding controls throughout the recovery
period. Two-way ANOVA showed a main effect of doxycycline-induced diabetes/vehicle treatment (Finsyiinf1,29) = 11.8, P = 0.0023, and
Fgiucagon1,21] = 4, P = 0.0389, n = 6-10 spheres/group), with Bonferroni posttest showing significant expansion of both progenies at week 4
(P < 0.01) that declined over time with insulin® cell production returning to control levels. Values are means = SEMs, except for panel C
where the values for the small-size spheres (60-100 wm) are indicated as means minus SEMs for clarity. W, weeks.
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4th week after doxycycline treatment and close to the
time of normoglycemic restoration (Fig. 4D). At the onset
of diabetes, the diabetic clonal spheres produced compa-
rable numbers of differentiated insulin® cells and gluca-
gon’ cells to controls (Fig. 4E and F, 2-week groups).
However, the PMP colonies of recovering islets produced
more than twice as many insulin” cells and glucagon” cells
as differentiated control colonies (Fig. 4E and F, 4-week
groups). The increased production of insulin® cells by di-
abetic colonies decreased back to control level after 6
more weeks (or 14 weeks postdoxycycline treatment)
(Fig. 4E and F, 14-week groups).

These data document the dynamic changes of adult
PMP cells throughout the -cell restoration process, with
increases in proliferation and the production of hormone”
cell progeny, that later decline as the diabetic condition
reverses and blood glucose levels normalize.

In Vivo Changes in PMP Population Under Diabetic
Condition

The lack of definitive markers for adult PMPs is a major
obstacle for investigating the normal physiologic or
diabetes-induced changes at the cellular level in vivo.
Nevertheless, this adult PMP population expresses insulin
and minimal or undetectable levels of Glut2 (9), which could
be used to probe the status of these cells in freshly isolated
tissue. We measured the number of insulin*Glut2'*" cells in
the pancreata of diabetic mice by flow cytometry in order
to assess the in vivo changes in the PMP population.

InsII-RFP transgenic mice that express red fluorescent
protein under the control of insulin promoter were
rendered diabetic following injection of a single diabeto-
genic (200 mg/kg) dose of STZ, and their islets were
dissected and dissociated as previously described (8,30).
Dissociated live islet cells were stained for Glut2 expres-
sion (Fig. 5A). Analysis of FACS data revealed a significant
increase of about twofold in the proportion of the
insulin*Glut2'°" population within diabetic islets, along
with a total decrease in the number of RFP* cells (pre-
sumably dying mature B-cells) (Fig. 5B). This finding is
consistent with the diabetogenic effects of STZ, which
destroy the mature Glut2-expressing B-cells and spare
the Glut21°w—expressing PMP population.

In order to test the possible change in the PMP
population throughout normoglycemia recovery, we used
the transgenic Ins-rtTA;TET-DTA mouse model. Doxycycline
was added to drinking water of Ins-rtTA;TET-DTA mice
for 2 weeks, and blood glucose was measured to detect
diabetic mice. In parallel, other Ins-rtTA;TET-DTA mice
(rendered diabetic previously) were weaned off doxycy-
cline for 1-2 weeks. The end point was the same for all
experiments that had different starting points, in order to
have consistent experimental conditions, and the treat-
ment was blinded to the experimenter. The dissociated
islet cells were fixed, permeabilized, and stained for in-
sulin as well as Glut2 expression. FACS analyses revealed
a significant decrease in the insulin*Glut2'®” population
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of doxycycline-treated diabetic islets immediately after
doxycycline treatment (Fig. 5C and D, 2 week), which
reflects the global loss of many insulin® cells due to
DTA activation. However, the insulin*Glut2'°" cell popu-
lation reached control levels 2 weeks postdoxycycline
withdrawal (Fig. 5D, 4 week), which mirrors the activa-
tion of the PMP population observed in the sphere assay
experiment.

In another experiment, we added BrdU to the drinking
water of Ins-rtTA;TET-DTA mice either at the start of
doxycycline treatment or at the 4th week postdoxycycline
treatment. Mice that received BrdU at the beginning of
doxycycline treatment were killed in week 4 posttreat-
ment, and the other group was killed in week 14.
Quantification of insulin'BrdU" cells per islet showed
a significant increase in the number of divided cells at 4
weeks, which was reduced after this time (Fig. 5E-H).

These findings show that changes in the activities of
diabetic PMPs depend on the mechanism of B-cell loss or
regeneration and that the in vivo changes match the
changes seen in the in vitro sphere assay in these same
cell populations. Moreover, the data suggest that the po-
tential contribution of PMP cells to (-cell regeneration
continues until the normoglycemia is achieved.

DISCUSSION

Previously, we detected a small insulin*Glut2'®” PMP cell
population that contributes to endocrine, exocrine, and
neuronal components of islet tissue under normal condi-
tions (8,9). However, it was unclear whether or not islet
insult prompts these cells to a more active state that
would compensate for the B-cell loss. Since a definitive
marker for these PMP cells has not been characterized,
and because the sorted insulin*Glut2'® fraction of islet
cells is enriched for the colony-forming PMP cells, we
applied their insulin*Glut2'®” expression characteristic to
study their status during diabetes and recovery process.
Collectively our data demonstrate that (-cell stress and
hyperglycemia increase the numbers of PMPs in vivo, their
proliferation capacity, and induce a bias toward production
of more insulin” differentiated cell progeny by these cells.

To our knowledge, this is the first report that adult
PMPs attempt to compensate (and successfully so under
certain conditions) for B-cell loss in human and mouse pan-
creas. Several previous studies indicate that self-replication
of preexisting (-cells is the main mechanism of B-cell re-
generation elicited by (-cell loss. This mechanism essen-
tially represents acceleration of an otherwise slow-paced
self-replicating process that occurs under normal condi-
tions (36-38). In contrast, acute insults such as pancrea-
tectomy or ductal ligation provoke neogenesis as opposed
to self-replication as the major mechanism of B-cell re-
generation (7,39-41). In these studies, neogenesis was in-
duced due to major physical or genetic manipulations of
the tissue in order to detect B-cell regeneration (pan-
createctomy, ductal ligation, and genetic manipulation)
(7,29-33). The neogenesis was carried out by precursor-like
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Figure 5—Status of PMP containing insulin*Glut2'°¥ cell population reflects the in vivo changes in B-cell (and B-cell regeneration) during
diabetes and recovery process. A: FACS analysis of pancreatic islet cells from control and STZ-induced InsllI-RFP diabetic mice for
insulin*Glut2'°" cell populations. Low to zero expression of Glut2 was defined using live unstained RFP* population of islet cells. B:
Comparison of Glut2°¥ cell percentage of insulin* cells from STZ-induced diabetic and control (CTRL) islets (t = 5.492, df = 7, n = 4
mice, 1-2 X 10* counts/sample, P = 0.0015). C: FACS analysis of insulin*Glut2'®" cell populations of doxycycline- and vehicle-treated
Ins-rtTA;TET-DTA transgenic mice. Fixed and permeabilized islet cells were stained for both insulin and Glut2. Low to zero expression of
Glut2 was defined using an insulin-expressing (fluorescein isothiocyanate® [FITC*]) population of Ins-tTA;TET-DTA islet cells in the
absence of Glut2 staining. D: Percentages of insulin*Glut2'®" cell population from Ins-rtTA;TET-DTA diabetic pancreata compared with
control after doxycycline withdrawal. 2W indicates the termination of doxycycline treatment. Analyzing the data using Kruskal-Wallis test as
well as Dunn multiple comparison test showed significant reduction of insulin*Glut2'¥ cells at 2 weeks (P = 0.0372, n = 3-6 mice/group).
E-H: BrdU labeling of proliferating islet cells of Ins-rtTA;TET-DTA mice. BrdU was added (0.2 mg/mL) to drinking water of mice either
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cells that either resided in the ductal epithelium or were
spontaneously produced by trans differentiation or de-
differentiation of acinar or ductal cells (39,42,43). In an-
other study, cytokine treatment of overtly diabetic mice
induced trans differentiation of acinar cells to B-cell-like
cells (44). Our findings suggest that preexisting progenitor-
like cells can contribute to B-cell compensation elicited by
naturally occurring B-cell stress such as that observed in
NOD/NOD.Scid mice, as well as in human diabetic samples.

Moreover, the temporal changes in adult PMP and their
differentiated progenies during the recovery from diabetes
in Ins-rtTA;TET-DTA mice (Supplementary Fig. 4) provide
evidence for the contribution of adult PMPs to functional
B-cell recovery. A previous study on B-cell regeneration
used these same transgenic mice and reported (-cell repli-
cation as the main mechanism for B-cell compensation
(36). However, in that study, insulin was considered as
a marker for only mature 3-cells and not potential progen-
itors. Another study (45) used a similar transgenic line, but
reported that near total loss of B-cells induced a-cell con-
version to B-cells. Thorel et al. (45) used a pulse-chase
strategy to label a-cells in a glucagon-rtTA-R26-YEP
transgenic mouse line harboring doxycycline-inducible
RIP-DTR transgene prior to induction of diabetes. Their
tetracycline pulse labeled 90% of all a-cells with yellow
fluorescent protein (YFP) expression, but only 65% of
the regenerated [-cells were YFP labeled. No signifi-
cant change in the a-cell mass and up to 44-fold increase
in B-cell mass during recovery were reported (45). Al-
though this evidence supported the potential conversion
of some glucagon” cells to insulin® cells, no explanation
was provided regarding the possible source(s) for the rest
of the regenerated YFP™ [3-cells. Therefore, involvement
of preexisting double hormone® (insulin’glucagon®) as
well as glucagon™ YFP ™ cell populations that may contain
PMPs cannot be excluded in this regeneration process.
Total or near-total abrogation of a-cells, as described pre-
viously by the same investigators (46), prior to induction
of diabetes and the consequent recovery would have dif-
ferentiated the presence of non-a-cell origin of regener-
ated B-cells.

Unlike the increased production of differentiated in-
sulin® progeny from PMPs in all of the diabetic models, we
did not observe a consistent pattern for the production of
differentiated glucagon” progeny. Nevertheless, single di-
abetic PMP colonies produced a smaller proportion of
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noninsulin® cells that contained glucagon® progeny than
nondiabetic PMPs. This phenotype suggests the impact of
diabetes and [-cell stress on PMPs to selectively act toward
compensating for lost B-cells. Enhanced cell cycle pathway
and upregulated (-cell development genes such as PDX1,
MAFA1, and NKX2.2 (47) in the diabetic insulin*Glut2"*"
cell population support this conclusion (Fig. 1I). However,
investigating the mechanisms by which diabetes elicits
such effects is hampered by the lack of more specific in
vivo markers for PMP cells.

Increased B-cell mass due to hyperglycemia has been
associated with cell-autonomous molecular mechanisms
that increase B-cell proliferation such as cell cycle regula-
tors (cycline D family) (48,49), systemic factors such as
hormones (insulin and prolactin) (4), and glucose (50). In
a mouse model of insulin resistance, it was shown that
betatrophin, a newly discovered molecule produced by
hepatocytes, could increase B-cell proliferation and nor-
malize blood glucose levels (51). These mechanisms could
also underlie the activation process of cell cycle pathways
as well as B-cell development pathways that we found to
be enriched in PMP containing insulin*Glut2'®" cells un-
der diabetic conditions. Nonetheless, the robust presence
of hyperactive adult PMP cells with enhanced potential
for B-cell production within the diabetic islets of mice and
humans opens up new possibilities for regenerative appli-
cations in diabetes.

Current regenerative approaches for treating human
diabetes has concentrated almost entirely on the pro-
duction of new B-cells from human pluripotent stem cell
systems (52-55). Moreover, most evidence for the pres-
ence of stem/progenitor cell-like populations in nondis-
sociated adult human pancreatic tissue has been limited
to detecting equivocal stem cell marker expression in var-
ious pancreatic cell types (53,55-57). Here for the first
time, we report that B-cell stress/hyperglycemia stimulates
an adult tissue progenitor cell population within human
islets to proliferate and produce more insulin® progeny.
Interestingly, PMPs from aged, nondiabetic human islets
showed similar trends (Supplementary Fig. 4). Perhaps ex-
pansion of PMPs in these islets is associated with (3-cell
stress due to aging (58,59).

Our findings suggest that in T1D, efficient control of
recurring autoimmune reactions to insulin® cells could
facilitate B-cell restoration by PMPs. Examples such as par-
tial recovery of NOD mice from diabetes after blocking the

throughout the doxycycline/vehicle treatment period (2 weeks) or in week 4 after the start of doxycycline treatment. Mice that received
BrdU at the start of doxycycline treatment were killed at 4 weeks, and the other group was killed at 14 weeks. Pancreas sections were
stained for insulin (red) and BrdU (green), and insulin*BrdU" cells were counted in each islet. E: Number of insulin*BrdU* cells per islets in
doxycycline-treated mice after 4 and 14 weeks compared with vehicle-treated controls at 14 weeks. One-way ANOVA indicated a significant
difference in the number of insulin“BrdU* cells among experimental groups (Fj2,200) = 6.742, P = 0.0041), with Tukey multiple comparison
test showing significant increases in insulinBrdU™ cells in the doxycycline-treated group at 4 and 14 weeks (P < 0.0001, n = 3 mice/group,
15-30 islets/mouse). F—-H: Representative micrographs for control and doxycycline-treated islets. Arrowheads indicate insulin*BrdU* cells.
F: The highest observed number of nuclear insulin*BrdU* cells in a control islet. G: Nuclear BrdU labeling of insulin* cells in a recovering
islet at 4 weeks. H: Nuclear BrdU* doublets showing the newly divided insulin® cells at 4 weeks. Values are means = SEMs. Scale bar, 20

pm. W, weeks.
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autoimmune reaction with anti-CD8 antibodies (60) sup-
port the efficiency of such approaches. A clear future goal
is to promote the mechanisms that positively control this
potent endogenous regeneration process within the context
of B-cell loss and to minimize the opposing factors.
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