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SUMMARY

Pancreatic islet endocrine cell and endothelial cell (EC) interactions mediated by vascular
endothelial growth factor-A (VEGF-A) signaling are important for islet differentiation and the
formation of highly vascularized islets. To dissect how VEGF-A signaling modulates intra-islet
vasculature, islet microenvironment, and 8 cell mass, we transiently increased VEGF-A
production by B cells. VEGF-A induction dramatically increased the number of intra-islet ECs but
led to B cell loss. After withdrawal of the VEGF-A stimulus, B cell mass, function, and islet
structure normalized as a result of a robust, but transient, burst in proliferation of pre-existing
cells. Bone marrow-derived macrophages (M®s) recruited to the site of B cell injury were crucial
for the B cell proliferation, which was independent of pancreatic location and circulating factors
such as glucose. Identification of the signals responsible for the proliferation of adult, terminally
differentiated p cells will improve strategies aimed at § cell regeneration and expansion.

INTRODUCTION

Pancreatic islets are highly vascularized and contain a structurally and functionally unique
capillary network where each B cell is in cellular proximity to ECs (Brissova et al., 2006;
Nyman et al., 2008). ECs produce instructive signals necessary for early pancreatic
endoderm specification and endocrine cell differentiation (Lammert et al., 2001; Y oshitomi
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and Zaret, 2004), but several recent studies proposed that requirements for blood vessel-
derived signals may differ between early and later stages of pancreas development (Cai et
al., 2012; Magenheim et al., 2011; Sand et al., 2011). VEGF-A produced by islet endocrine
cells is a principal regulator of islet vascular development and vascular homeostasis
(Brissova et al., 2006; Lammert et al., 2003). Inactivation of VEGF-A, either in endocrine
progenitors or differentiated {8 cells, leads to a profound loss of intra-islet capillary density,
vascular permeability and islet function. Though it is clear that altering islet
microvasculature affects insulin delivery into peripheral circulation, the role of intra-islet
ECs and the VEGF-A signaling pathway in regulating adult § cell mass is not fully
understood. Work by Lammert and colleagues suggests that continuous pancreas-wide
overexpression of VEGF-A from early development to adulthood results in pancreatic
hypervascularization, B cell mass expansion and islet hyperplasia (Lammert et al., 2001).
However, a more recent report by Agudo et al. reveals that VEGF-A-stimulated intra-islet
EC expansion in adult islets is associated with reduced p cell mass (Agudo et al., 2012).

B cells of the pancreatic islet have an extremely limited regenerative potential, so there are
major efforts to foster B cell regeneration in type 1 and type 2 diabetes. Recent studies have
identified several systemic factors and signaling pathways implicated in § cell replication
during increased metabolic demand and following injury (Porat et al., 2011; Rieck and
Kaestner, 2010), but the role of local islet molecular and cellular factors in B cell
regeneration, and in particular human B cell regeneration, is unknown.

Increasing evidence suggests that local organ-specific vascular niches are determinant in
organ repair and tumorigenesis where ECs produce tissue-specific paracrine growth factors,
defined as angiocrine factors (Butler et al., 2010a). VEGF-A signaling through its obligatory
VEGFR2 receptor plays a critical role in this process. In addition to this emerging role for
the VEGF-A signaling pathway in organ regeneration via angiocrine signaling, local
increases in VEGF-A production during tissue injury and tumorigenesis leads to homing of
bone marrow-derived cells (BMCs), especially monocytes which express the VEGFR1
receptor (Barleon et al., 1996). While these cells may enhance VEGF-induced
neovascularization, they also actively participate in tissue repair.

To investigate how VEGF-A signaling modulates intra-islet vasculature, islet
microenvironment, and B cell mass, we transiently increased  cell VEGF-A production in
mature mouse islets (BVEGF-A model). This increased production of VEGF-A in B cells
dramatically increases intra-islet EC proliferation, but surprisingly leads to a rapid loss of B
cells. Remarkably, 6 wks after removing the VEGF-A stimulus, islet morphology,
vascularization, mass, and function normalize due to replication of pre-existing p cells.
Using an islet transplantation model with wild type (WT) and BVEGF-A islets transplanted
under contralateral kidney capsules with or without human islets, we demonstrate that this
cell replication is independent of the pancreatic site and circulating factors, and not limited
to murine B cells. Our studies indicate that the local islet microenvironment modulated by
VEGF-A signaling can play an integral role in B cell regeneration. This process depends on
VEGF-A-mediated recruitment of Mds which either directly, or cooperatively with
quiescent intra-islet ECs, induce B cell proliferation.
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RESULTS

Increased B cell VEGF-A production leads to islet EC expansion and B cell loss followed by
B cell regeneration after VEGF-A normalizes

To dissect the role of the VEGF-A signaling pathway in regulating adult g cell mass, we
used a mouse model of doxycycline (Dox)-inducible B cell-specific overexpression of
human VEGF-A1%4 (BVEGF-A) (Efrat et al., 1995; Ohno-Matsui et al., 2002). Islet VEGF-
A production increased rapidly within 24 hours of Dox treatment (Figure S1A) and robust
proliferation of intra-islet ECs was observed 72 hours after VEGF-A induction (Figure
S1B). We found that a transient increase in 8 cell VEGF-A production for 1 wk dramatically
increased the number of intra-islet ECs and led to a substantial loss of B cells (Figures 1A
and 1B). One wk after Dox withdrawal, VEGF-A expression returned to baseline (Figure
1C), and remarkably, islet morphology and vascularization normalized over 6 wks after
removal of the VEGF-A stimulus (Figures 1D-1F and S1D). The inverse relationship
between B cells and intra-islet ECs during the induction and withdrawal of the VEGF-A
stimulus is shown in Figures 1G and 1H.

Six wks after Dox withdrawal, the regenerated BVEGF-A islets were functionally
indistinguishable from No Dox controls (Figure 11). BVEGF-A mice maintained normal
glucose clearance, random blood glucose levels, and body weight during the brief 1-wk Dox
treatment and subsequent 6-wk period of Dox withdrawal (Figures 1J, 1K, S1E and S1F).
This was expected, since 1-wk Dox treatment resulted in a partial (approximately 45%)
cell loss, as indicated by total pancreatic insulin content (Figure 1L) and p cell mass
measurements (Figure S1G) (Peshavaria et al., 2006). This  cell loss occurred through
upregulation of the apoptotic pathway (Figure S2) with an increased number of B cells
positive for gamma-phosphorylated histone H2AX (pH2AX), an apoptotic marker of
double-stranded DNA breaks, 1 wk after Dox (Figures 1M and S2A) (Lu et al., 2006; Ward
et al., 2008). Pancreatic glucagon was unchanged 1 wk after Dox and during the 6-wk period
of Dox withdrawal (Figure S1H). The phenotype of BVEGF-A islets was exacerbated with
prolonged VEGF-A induction (Figures S11-S1L). Dox treatment for 3 wks in BVEGF-A
mice led to glucose intolerance, increased fasting glucose levels, and an 80% reduction in
total pancreatic insulin content, with approximately 60% recovery 8 wks after Dox
withdrawal (Figures S1J-S1L). Prolonged Dox administration (3 wks) alone was not
detrimental to glucose homeostasis, islet or EC morphology (Figures S3C-S3H).

Dox treatment for 1 up to 3 wks resulted in VEGF-A overexpression in approximately 65%
of B cells (Figures 1B and S1M). We did note a very slight elevation in basal VEGF-A
expression in BVEGF-A mice (Figures 1A and S1A), which caused a modest increase in
ECs adjacent to B cells with elevated VEGF-A expression (2-5% B cells). However, glucose
clearance in BVEGF-A mice before Dox administration was identical to both
monotransgenic and WT mice (Figures S1J, S1K, S3G, S3H and data not shown). Although
islet vasculature became greatly disorganized with prolonged VEGF-A induction, blood
vessels in adjacent exocrine tissue remained normal (Figure S1IN), which is consistent with
the short-range effect of heparin-bound VEGF-A164 observed in other vascular beds
(Carmeliet and Tessier-Lavigne, 2005). Intravital labeling with endothelium-binding lectin-
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FITC revealed that even after 3 wks of persistent VEGF-A overexpression, the majority of
intra-islet capillaries were still perfused and functional (Figures SIN and S10) and lined by
a thin layer of laminin+ vascular basement membrane (Figures S3A and S3B). We
conducted the remainder of our studies on B cell loss and regeneration using a 1-wk Dox
administration and 6-wk Dox withdrawal paradigm to avoid any influence of
hyperglycemia.

Withdrawal of the VEGF-A stimulus results in increased proliferation of pre-existing p cells

To define the time course of B cell regeneration in this model, we first followed B cell
proliferation in the BVEGF-A pancreas during the course of induction and withdrawal of the
VEGF-A stimulus. One wk after Dox treatment, intra-islet ECs were highly proliferative,
while B cell proliferation decreased below basal level (Figures 2A, 2B and 2G). This Ki67
labeling pattern was reversed 1 wk after Dox withdrawal when ECs begin to subside and p
cells proliferate (Figures 2C and 2G). The burst in B cell proliferation was transient and
peaked within 2 wks after Dox withdrawal (Figures 2D-2G). The same temporal profile of B
cell replication was seen using BrdU (Figure S3I). Additionally, during 1-wk Dox and 6-wk
recovery phases, the expression pattern of transcription factor Pdx1, known to be expressed
in progenitor cells of the developing pancreas, did not differ from No Dox control (Figure
S4B), monotransgenic, or WT mice (data not shown). The number of B cells expressing the
maturation marker MafA decreased at 1 wk Dox, but gradually recovered during 6 wks of
Dox withdrawal (Figures S4C and S4D).

Previous reports indicated that p cell proliferation in the regenerative phase after STZ-
mediated injury is dependent on re-expression of polycomb group proteins Bmi-1 and Ezh2
that modify chromatin structure at the Ink4a/Arf locus and control p cell growth (Chen et al.,
2009; Dhawan et al., 2009). To determine if a similar mechanism was responsible for f cell
proliferation in BVEGF-A islets, we labeled pancreatic sections for Bmi-1 (Figures 2H-2K).
Although nearly all g cells were Bmi-1+ in No Dox controls at postnatal day 21 (Figure
2H), we did not detect Bmi-1 in B cells of adult BVEGF-A mice 1 or 2 wks after Dox
withdrawal when f cell proliferation reached a maximum (Figures 2J and 2K). This data
suggests that the mechanism of  cell proliferation in regenerating BVEGF-A islets differs
from the STZ injury model.

To further examine the cellular origin of regenerating f cells in this model, we utilized
genetic lineage tracing by introducing Pdx1PB-CreERT™ and R26R!2Z components into the
BVEGEF-A system. B cells were genetically labeled with a B-galactosidase (B-gal) reporter
using 3 x 1mg tamoxifen (Tm) prior to the onset of Dox treatment. We showed previously
that this Tm dose effectively induces Cre-loxP recombination in 30% of B cells without
undesirable long-lasting residual recombination effects following Tm administration
(Reinert et al., 2012). A similar @ cell recombination rate was achieved when the Pdx17B-
CreERTM;R26R!3°Z |ineage tracing system was incorporated into the BVEGF-A background
and was sustained after induction and withdrawal of the VEGF-A stimulus (Figures 3A-3E).
As previously reported, B-gal+Ins- cells were very rare using the Pdx1PB-CreERT™
transgenic line (<1-3% islet non-p cells) (Reinert et al., 2012; Zhang et al., 2005).
Consistent with the B cell recombination rate, approximately 30% of Ki67+ B cells carried
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the B-gal reporter 2 wks after Dox withdrawal (Figures 3F and 3G). Maintaining this steady
proportion of B-gal+ B cells throughout the time course indicates that new B cells in
BVEGF-A mice arise by replication from pre-existing § cells and that the loss of insulin+
cells 1 wk after Dox (Figures 1B and 3B) is the result of B cell death and not the loss of
insulin labeling or B cell dedifferentiation.

B cell replication after VEGF-A normalization is independent of the pancreatic site and
soluble circulating factors and is not limited to murine g cells

We next sought to determine whether B cell proliferation in regenerating BVEGF-A islets
required the pancreatic location and/or was dependent on soluble circulating factor(s). We
also wanted to know whether the factor(s) responsible for this murine p cell proliferation
were capable of inducing proliferation in human p cells. To address these questions we used
an islet transplantation model where handpicked WT and BVEGF-A islets were transplanted
beneath contralateral kidney capsules of BVEGF-A mice or alternatively, mixtures with
equal amounts of human and WT or BVEGF-A islets were transplanted beneath contralateral
kidney capsules of immunodeficient NOD-scid-1L2ry™!! mice (Figure 4A). All human islets
(HI) used in these experiments demonstrated a robust insulin secretory response to glucose
and this response was further augmented by cAMP potentiation (Figure S5H) (Dai et al.,
2012). Transplanted islets were allowed to engraft for 2 wks and then the tissues were
analyzed at baseline without Dox, 1 wk after Dox treatment, and 2 wks after Dox
withdrawal (Figure 4A). After 1 wk of Dox treatment VEGF-A was induced as effectively in
BVEGF-A islet grafts (Figure S5E) as in native BVEGF-A islets (Figure 1B), with both sites
showing an extensive increase in EC mass and B cell loss (Figures S5E and S5J). We noted
that 1 wk after VEGF-A induction, ECs were assembled into multiple layers (Figures 1B,
S5E and S5J). This was followed by a gradual rearrangement in endothelial and islet cells as
ECs transitioned to a more single-layered organization 2 wks after Dox withdrawal (Figures
1D, S5G and S5L). Similar changes in graft morphology were observed in BVEGF-A grafts
both with and without human islets (Figures S5E, S5G, S5J and S5L). Increased VEGF-A
production in BVEGF-A islet grafts and native BVEGF-A islets had no effect on the
vascularization of WT islet grafts in contralateral kidneys (Figures S5D, S5F, S51 and S5K),
or the kidney cortex adjacent to BVEGF-A islet grafts (data not shown), pointing again to
the localized effect of VEGF-A164,

We next measured B cell proliferation rates in WT and BVEGF-A islet grafts at No Dox, 1
wk after Dox treatment, and 2 wks after Dox withdrawal (Figures 4B—4D) when B cell
proliferation was maximal in native BVEGF-A islets (Figure 2G). As expected, the p cell
proliferation rate was similar in WT and BVEGF-A islet grafts at No Dox and 1 wk after
Dox treatment (Figure 4D). This low proliferation rate continued in WT islet grafts 2 wks
after Dox withdrawal (1.3+0.2%), but the B cell replication index in BVEGF-A islet grafts
increased approximately 4 fold (4.2+0.8%) and was comparable to that in native BVEGF-A
islets (6.2+0.7%). Similarly, 2 wks after Dox withdrawal, the proliferation rate of human
cells in BVEGF-A+HI grafts was 3 fold higher (0.95+0.18%) than in WT+HI grafts
(0.35+0.07%) (Figures 4E-4G). Collectively, these data indicate that B cell replication in
regenerating BVEGF-A islets is modulated by the local microenvironment independently of
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the pancreatic site and systemic soluble factors. Furthermore, the factor(s) responsible for B
cell proliferation in BVEGF-A islets also promote significant proliferation of human B cells.

Recruited M®s are crucial for the p cell proliferative response in BVEGF-A islets

Since VEGF-A is known to stimulate the migration of circulating monocytes (Barleon et al.,
1996), and B cell proliferation was modulated by the local microenvironment created by
increased VEGF-A expression, we sought to determine whether circulating monocytes
homed to BVEGF-A islets upon VEGF-A induction and contributed to the § cell
proliferative response.

BVEGF-A mice were transplanted with GFP-labeled bone marrow. After bone marrow
reconstitution, VEGF-A induction stimulated a marked infiltration of BMCs to the site of
cell injury, and they persisted in islet remnants during the B cell regeneration phase (2 wks
after Dox withdrawal) (Figures 5A-5C). Although GFP+ recruited BMCs were adjacent to
cells and ECs, we did not detect any GFP+/Ins+ cells or GFP+/CD31+ cells. Occasional
GFP+ cells were noted around BVEGF-A islets at No Dox (Figures 5A and 5D), but 1 wk
VEGF-A induction increased their infiltration nearly 6 fold (Figure S6A). This high level of
BMC infiltration into BVEGF-A islets was sustained even 2 wks after withdrawing the
VEGF-A stimulus (Figure S6A), the time point when { cell proliferation is at a maximum.
Nearly all GFP+ recruited BMCs expressed the pan-hematopoietic marker CD45 (Figures
5D-5F), and BMC infiltration monitored by CD45 labeling was consistent in mice with or
without bone marrow transplantation (data not shown), indicating that the bone marrow
transplantation alone did not enhance the incidence of recruited BMCs in the pancreas and
islets. This allowed us to use CD45 as a surrogate marker to follow the BMC infiltration.

Flow cytometry analysis of cells from BVEGF-A islets dispersed after 1wk VEGF-A
induction revealed that the vast majority (90%) of CD45+ recruited BMCs were CD11b
+Grl- Mas (Figure 6A). As monocytes develop into mature M®s, they lose Grl expression
and increase expression of mature M® markers CD11b and F4/80 (Sharpe et al., 2006). This
maturation process is evident in the CD45+ BMC population recruited to BVEGF-A islets
where only a few less-mature Mds (CD11b+-C) express F4/80 (3%), while more-mature
Md®s (CD11b+H!) are much more likely to express F4/80 (60%) (Figure 6B). Labeling tissue
sections from mice that received GFP bone marrow transplants with F4/80 confirmed that
nearly all GFP+ recruited BMCs in BVEGF-A islets were M®s (Figures S6B-S6D). GFP+
cells expressing the T cell marker CD3 or the B cell marker B220 were very rare (Figures
S6E-S6J), and chloroacetate esterase staining demonstrated that VEGF-A induction does
not lead to neutrophil accumulation (Figures S6K and S6L).

Together, these data indicate that upon VEGF-A induction, circulating monocytes migrate to
BVEGF-A islets and differentiate into a mature population of recruited Mds that remain in
the islets 2 wks after the VEGF-A stimulus is withdrawn. In contrast, CD45+ cells were
extremely rare in islet remnants after STZ-mediated § cell ablation, and B cell recovery was
limited, as indicated by persistent hyperglycemia 6 wks after STZ treatment (data not
shown).

Cell Metab. Author manuscript; available in PMC 2015 March 04.
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The pattern of CD45 labeling in BVEGF-A islet grafts was similar to native BVEGF-A
islets. VEGF-A induction led to the infiltration of CD45+ cells into BVEGF-A islet grafts
and they persisted within the grafts 2 wks after VEGF-A stimulus withdrawal, while the
population of CD3+ and B220+ cells remained extremely low (data not shown). The
incidence of CD45+ cells within WT islet grafts remained low at all three time points with
the rare presence of T and B cells (data not shown). Some CD45+ cells were detected
around the periphery of islet grafts regardless of the islet genotype and VEGF-A induction,
which could be due to the islet transplantation procedure and engraftment process being
incompletely resolved. Also, VEGF-A production is increased in isolated islets as a result of
hypoxia (Vasir et al., 2001), which alone could stimulate some recruitment of CD45+ cells
even in WT islet grafts. Importantly, the infiltration of CD45+ cells was consistently
observed only in BVEGF-A islets and BVEGF-A islet grafts after VEGF-A induction
(Figure 5, and data not shown). Similar to native BVEGF-A islets, the majority of CD45+
cells in BVEGF-A grafts were F4/80+ Mds (data not shown). In contrast, F4/80+ cells were
rare within WT islet grafts (data not shown).

To determine whether these recruited M®s contribute to the B cell proliferative response
during regeneration, we blocked recruitment of M®s to BVEGF-A islets by partial bone
marrow ablation (5 Gy irradiation). This methodology has been widely used for M®
inactivation (Diamond and Pesek-Diamond, 1991; Ricardo et al., 2008; Wang et al., 2011)
and prior studies have shown that 5 Gy irradiation alone neither inhibits nor promotes {8 cell
proliferation (Nakayama et al., 2008; Urban et al., 2008). Immediately after receiving 5 Gy
irradiation, BVEGF-A mice began 1-wk Dox treatment. The partial bone marrow ablation
significantly reduced infiltration of CD45+ Mds to BVEGF-A overexpressing islets (Figures
6C—6E). In spite of the greatly reduced M® population, intra-islet ECs continued to expand,
resulting in B cell loss (Figure 6F). However, subsequent measurement of the Ki67 labeling
index in B cells 2 wks after Dox withdrawal showed reduced M infiltration into BVEGF-A
islets resulting in an approximately 3-fold decrease in B cell proliferation (Figure 6G). These
results suggest that recruited M®s support p cell proliferation following islet injury.

Both M® and ECs in the BVEGF-A islet microenvironment produce factors that promote
tissue repair/regeneration

Tissue regeneration is a multi-step process that is mediated by complex interactions between
multiple cell types (Nucera et al., 2011). Because recruited M®ds and intra-islet ECs are two
major components of the BVEGF-A islet microenvironment at the onset of p cell
regeneration, we postulated that M®s produce effector molecules that induce B cell
proliferation/regeneration either directly or in concert with intra-islet ECs. To identify the
components and cellular sources of intra-islet signaling at the onset of § cell proliferation,
we performed transcriptome analysis of whole BVEGF-A islets isolated at No Dox and 1 wk
after VEGF-A induction, when both ECs and M®s are most abundant in islets, and
compared their transcriptional profiles to purified islet-derived M®s and ECs (Figures 7A-
7C and S7). Our data revealed that some factors are unique to individual cell types and some
are shared by Mds and ECs. For example, after 1-wk VEGF-A induction, recruited Mds
were highly enriched for transcripts of phagocytosis-related genes (Axl, Fcrls, Cd14),
markers of alternatively activated Mds (M2) (Cd36, Mrcl, Msr1), some markers of
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classically activated M®s (M1) (Ccr7, Cd80, Fcgr3), chemokines (Ccl12, Ccl2, Cxcl 10,
Cxcl2), cytokines (1110, 1110ra, 1l14ra, Tnf), cell adhesion molecules (Icaml, Vcaml),
metalloproteinases (MMPs) involved in tissue repair (Mmp12, Mmp13), and some growth
factors (Hdf, 1gf1, Pdgfb, Tgfbl, Tgfbi) (Figure 7B). In contrast, intra-islet ECs mainly
expressed growth factors (Ctgf, Fgfl, 1gf1, Pdgfb) and matrix-degrading enzymes (Adam12,
Adamts9) that facilitate growth factor release from the extracellular matrix (Figure 7C)
(Apte, 2009; Kveiborg et al., 2008). Additionally, our data indicates that intra-islet ECs
produce factors (Tgfb family; including Tgfbl, Tgfb2) and cell adhesion molecules (Icam2,
Mcam) directly involved in monocyte recruitment and M2 M® activation (Bardin et al.,
2009; Ricardo et al., 2008; Tsunawaki et al., 1988). These data provide strong evidence for a
model of B cell regeneration where factors produced by both recruited M®s and intra-islet
ECs create a microenvironment that promotes B cell proliferation (Figure 7D).

DISCUSSION

VEGF-A is a master regulator of islet vascular patterning, microvascular permeability, and
function, but the role of the VEGF-A signaling pathway and intra-islet ECs in regulating
cell mass is incompletely understood. Here we used a model of inducible and reversible B
cell- specific VEGF-A overexpression to investigate how VEGF-A signaling modulates
intra-islet vasculature, islet microenvironment, and B cell mass. Increasing intra-islet ECs by
transient VEGF-A induction surprisingly led to reduced, not increased, p cell mass.
However, withdrawal of the VEGF-A stimulus created a local microenvironment that
promoted robust B cell proliferation, with restoration of § cell mass, islet architecture, and
vascularization. This proliferation, which was independent of the pancreatic environment or
systemic factors, required recruitment of M®s to the site of islet regeneration. Based on
these findings, we propose a mechanism to induce B cell regeneration, involving recruited
Mas and intra-islet ECs (discussed below).

Transiently increased VEGF-A production in adult g cells in our model resembled recently
described restrictive effects of hypervascularization on pancreatic epithelial branching,
endocrine cell differentiation and p cell mass (Agudo et al., 2012; Cai et al., 2012;
Magenheim et al., 2011; Sand et al., 2011), and contrasted with previously reported islet
hyperplasia in a Pdx1-VEGF-A transgenic model (Lammert et al., 2001). Similar deleterious
effects of VEGF-A- induced neovascularization were observed previously in liver and heart
(Grunewald et al., 2006). In our study, a significant decrease in B cell proliferation and mass
and increased apoptosis were observed when intra-islet ECs became proliferative. It is
possible that activated ECs produce factors causing p cell loss, or p cells regress due to
space constraints and perturbed cell-cell contacts within the islet caused by rapid EC
outgrowth. Although the expanding islet endothelium became disorganized, it is unlikely
that the loss of B cells was caused by lack of blood flow or hemorrhage, since islet
vasculature was perfused as shown by labeling with endothelium-binding lectin (Brissova et
al., 2006). Determining the exact cause(s) of p cell death will require additional
investigation. Taken together, we show that precise control of VEGF-A production in adult
B cells is crucial for islet vascular homeostasis and maintenance of normal B cell mass. This
is important for efforts to utilize ECs in embryonic stem cell-differentiation protocols or to
promote islet survival after islet transplantation.
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Withdrawal of the VEGF-A stimulus in BVEGF-A islets led to a remarkably rapid recovery
of B cells by a transient increase in proliferation. Lineage tracing analysis showed that f cell
proliferation from pre-existing B cells was the main mechanism of {8 cell recovery in the
BVEGF-A model. Furthermore, using a transplantation model with WT and BVEGF-A islets
transplanted under contralateral kidney capsules, we were able to exclude systemic effects of
soluble factors, namely glucose (Porat et al., 2011), and demonstrate conclusively that B cell
proliferation following injury was stimulated by signals derived from the local islet milieu.
Remarkably, these localized signals were also able to significantly increase human g cell
proliferation.

Although B cell proliferation in the BVEGF-A model is independent of systemic soluble
factors, we found that islet vascular expansion and p cell loss were accompanied by a
dramatic infiltration of CD45+CD11b+Gr1- M®s. In addition, our data demonstrates that
recruited M®s infiltrating BVEGF-A islets and islet grafts neither incorporate into islet
vasculature nor differentiate into insulin-producing cells, but instead remain in close
association with B cells and intra-islet ECs. This robust recruitment of M®s is, for example,
very distinct from the STZ-mediated model of B cell injury where transplantation of BMCs
has an extremely limited effect on p cell recovery and BMCs were mostly found around
pancreatic ducts (Hasegawa et al., 2007; Hess et al., 2003). Moreover, when the recruitment
of CD45+CD11b+Gr1- M®s in our model was blocked by partial bone marrow ablation, p
cell proliferation was greatly reduced, suggesting that infiltration of these Mds are crucial
for the B cell proliferative response in regenerating BVEGF-A islets. Depending on the
microenvironment, Mds can acquire distinct functional phenotypes. Two well-established
M® phenotypes are often referred to as classically activated pro-inflammatory Mds (M1)
and alternatively activated M®s (M2) that promote tissue repair/regeneration through
phagocytosis, scar tissue digestion, and growth factor secretion and release from the
extracellular matrix (Sica and Mantovani, 2012). Transcriptome analysis showed that M®s
recruited to BVEGF-A islets express high levels of M2 markers along with MMPs
associated with tissue restoration and remodeling, and lower levels of M1 markers,
indicating that these M®s likely have a unique regenerative phenotype (Ricardo et al., 2008;
Sica and Mantovani, 2012). Very little is known about the role of Mds in adult g cell
maintenance, but during late stages of pancreatic development, mice with severe M®
deficiency had reduced p cell proliferation, p cell mass, and impaired islet morphogenesis
(Banaei-Bouchareb et al., 2004).

While recruited M®s are present in BVEGF-A islets during VEGF-A induction, B cell
proliferation does not begin until 1 wk after Dox withdrawal when intra-islet ECs switch
from proliferative angiogenesis to quiescence, suggesting that quiescent intra-islet ECs
provide permissive or instructive signals for the p cell regenerative process. These islet-
derived ECs produce several modulators of cell proliferation and also secreted factors that
direct M2 M® activation (He et al., 2012; Tsunawaki et al., 1988). Recent work from
several groups suggests that organ-specific vascular niches and VEGF-A-VEGFR2 signaling
are major determinants in organ repair and tumorigenesis where ECs produce tissue-specific
paracrine growth factors, termed angiocrine factors (Butler et al., 2010a). For example,
during liver regeneration sinusoidal ECs provide the vascular niche required to initiate
hepatic proliferation by producing angiocrine factors such as HGF and Wnt2 (Ding et al.,
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2010). In bone marrow, stress-induced expression of Notch ligands by sinusoidal ECs is
necessary for hematopoietic stem cell reconstitution (Butler et al., 2010b). After a partial
lung ablation, pulmonary capillary ECs stimulate proliferation of epithelial progenitor cells
through processes involving VEGFR2 and FGFR1 activation, and production of MMP14
(Ding et al., 2011). Furthermore, production of angiocrine factors by tumor vessels directly
leads to tumor progression (Butler et al., 2010a). In the pancreas, VEGF-A-VEGFR?2
signaling is a principal regulator of islet capillary network formation and maintenance
(Brissova et al., 2006; Lammert et al., 2003). In addition, ECs are critical for induction of
islet endocrine cell differentiation (Lammert et al., 2001; Yoshitomi and Zaret, 2004) and
early loss of ECs in developing islets leads not only to reduced B cell mass at birth but also
reduced basal B cell proliferation in the adult (Reinert et al., 2013). Transcriptional profiling
of intra-islet ECs suggests that they contribute to 8 cell regeneration by facilitating
monocyte recruitment and M2 M® activation, and by producing an array of growth factors
and MMPs that increase growth factor bioavailability.

The main challenge of B cell replacement therapy is determining how to generate a
sufficient quantity of high-quality mature human  cells. Therefore, understanding
mechanisms that modulate B cell regeneration, and fostering this process may help rescue
remaining P cell mass in type 1 and type 2 diabetes. Based on our findings, we propose a
new model of B cell regeneration (Figure 7D) where the local islet microenvironment,
dynamically modulated by VEGF-A, plays an integral part in the p cell regenerative process.
Increased VEGF-A production in adult B cells results in intra-islet EC activation and p cell
loss, which demonstrates the essential role of regulated VEGF-A signaling in maintaining
islet vascular homeostasis and  cell mass. At the same time, however, islet VEGF-A
induction leads to the recruitment of CD45+CD11b+Grl- Mds. After withdrawal of the
VEGF-A stimulus, these recruited M2-like M®s persist in islet remnants and produce
effector molecules that directly, or in concert with quiescent intra-islet ECs, promote {8 cell
proliferation and regeneration independent of the pancreatic site and systemic factors.

It will be important to further characterize the M®s responsible for the § cell proliferative
effect and determine how to promote their recruitment to pancreatic islets. Furthermore,
understanding signals derived from the intra-islet endothelium will allow us to define the
mechanism by which these recruited Mds promote p cell proliferation and develop them as
a potential therapeutic for diabetes.

EXPERIMENTAL PROCEDURES

Mouse models

Bitransgenic mice with Dox-inducible B cell-specific overexpression of human VEGF-A164
were generated by crossing RIP-rtTA male mice and Tet-O-VEGF-A female mice, both on a
C57BL/6 background (Efrat et al., 1995; Ohno-Matsui et al., 2002). Mice for lineage tracing
analysis were generated by crosses of the Pdx1PB-CreERT™ line (Zhang et al., 2005) and
R26R!acZ/1acZ renorter strain (Soriano, 1999) with RIP-rtTA and Tet-O-VEGF-A transgenic
mice. VEGF-A transgene expression was activated in 10-12 wk old mice by Dox
administration (5 mg/mL) in light-protected drinking water containing 1% Splenda® for a
period of 1-3 wks. For lineage tracing analysis, B cells were genetically marked with p-gal
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by s.c. Tm injection 2 wks prior to Dox administration (Reinert et al., 2012). C57BL/6 mice
and GFPC57BL/6-Tg(CAG-EGFP)10sh/J mice were obtained from Jackson Laboratory
(Bar Harbor, ME). Human islets were transplanted into immunodeficient NOD-scid-
IL2ry" mice (King et al., 2008). Genotyping was performed on tail biopsies with primers
previously described (Efrat et al., 1995; Ohno-Matsui et al., 2002; Soriano, 1999; Zhang et
al., 2005). All animal studies were approved by the Institutional Animal Care and Use
Committee at Vanderbilt University Medical Center.

Islet isolation and transplantation

Islets were isolated by intra-ductal infusion of collagenase P as described (Brissova et al.,
2004). WT C57BL/6 and BVEGF-A islets were transplanted under contralateral kidney
capsules into BVEGF-A recipients as described (Brissova et al., 2004). Human islets from
three donors with an average age of 23 years (range 20-28) and average BMI of 28.7 (range
19.0-33.8) were obtained through the Integrated Islet Distribution Program. Mixtures with
equal amounts of human and WT or BVEGF-A islets (100 islet equivalents/per each group)
were transplanted beneath contralateral kidney capsules of immunodeficient NOD-scid-
IL2ry"ull mice.

Bone marrow isolation and transplantation

Bone marrow was harvested from cleaned femurs and tibias of 6 wk old GFPC57BL/6-
Tg(CAG- EGFP)10sb/J donors (Okabe et al., 1997) by flushing them with RPMI-1640
medium containing 2% fetal bovine serum plus heparin (5U/mL). Six wk old BVEGF-A
recipients received a single dose of lethal irradiation (9 Gy) followed by injection of 5x10°
bone marrow cells delivered in 200 uL of RPMI-1640 media via retro-orbital sinus. The
recipients were treated with 100 mg/L neomycin and 10 mg/L polymyxin B sulphate (X-Gen
Pharm) in drinking water beginning 3 days prior to irradiation and continuing for 3 wks after
bone marrow transplantation. Hematopoietic engraftment was assayed 8 wks after
transplantation as well as at 1 wk Dox, and 2 wks after Dox withdrawal by flow cytometry
analysis. All animals achieved high hematopoietic chimerism (>80 %). Partial bone marrow
ablation was achieved with 5 Gy irradiation (Wang et al., 2011).

Flow cytometry

Details of the procedures are available in the Supplemental Experimental Procedures.

Tissue collection and immunocytochemistry

Collection of pancreata or kidneys bearing islet transplants and immunocytochemistry were
performed as described (Brissova et al., 2006). Details of the procedures are available in the
Supplemental Experimental Procedures.

Glucose tolerance testing, islet function, and pancreatic hormone content

Methodologies for glucose tolerance testing, islet function, and pancreatic hormone content
were previously described (Brissova et al., 2006). Details of the procedures are available in
the Supplemental Experimental Procedures.
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RNA sequencing and analysis

Details of the procedures are available in the Supplemental Experimental Procedures.

Statistical Analysis

Unpaired t test and one-way analysis of variance with Newman-Keuls multiple comparison
test were used to compare outcomes in mice of different genotypes. Data were expressed as
mean + standard error of mean.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increasing B cell VEGF-A production increases intra-islet ECs but leads to B cell loss followed by g cell regeneration after
withdrawal of the VEGF-A stimulus

VEGF-A was induced for 1 wk by Dox administration followed by 6 wks of Dox withdrawal (WD). (A—F) Labeling for insulin
(Ins, blue), VEGF-A (red), and EC marker CD31 (green). Scale bar is 50 um and applies to A-F. (G, H) Relationship between
cells (G) and intra-islet ECs (H) upon induction and withdrawal of the VEGF-A stimulus. ***, p<0.001, 1wk Dox, 1wk WD,
2wk WD, or 3wk WD vs. No Dox control; *, p<0.05, 6wk WD vs. No Dox control; n=4 mice/time point. Islet size measured by
pixel area increased slightly but not significantly with intra-islet EC expansion; No Dox, 6545+1687 pixels; 1wk Dox,
10705+1712 pixels, p=0.1939. (1) Islets isolated from No Dox controls and at 6wk WD (n=4 mice/group) were examined in a
cell perifusion system. Both groups had normal basal insulin secretion at 5.6 mM glucose (G 5.6) and the magnitude of the
insulin secretory response was similar when stimulated with either 16.7 mM glucose (G 16.7; 9.6£2.1 vs. 11.3+2.5 ng/100 IEQ,

Cell Metab. Author manuscript; available in PMC 2015 March 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Brissova et al. Page 18

p=0.63) or 16.7 mM glucose + 100 uM IBMX (G 16.7 + IBMX 100; 111+22 vs. 84+13 ng/100 IEQ, p=0.34). Inset shows
enlarged boxed portion of insulin secretory profile. (J, K) Glucose clearance in BVEGF-A mice. **, p<0.01, 1wk Dox (n=10) vs.
No Dox (n=14) or 6wk WD (n=5). (L) Loss in pancreatic insulin content 1 wk after VEGF-A induction was restored over the 6
wks following Dox withdrawal. **, p<0.01, 1wk Dox vs. No Dox; *, p<0.05, 2wk WD vs. No Dox; #, p<0.05, 1wk Dox vs. 6wk
WD; No Dox vs. 6wk WD was not statistically significant; n=6-7 mice/time point. (M) Increased p cell apoptosis 1 wk after
VEGF-A induction; n=4 mice/time point; 100-500 f cells analyzed/mouse. ***, p<0.001, 1wk Dox vs. No Dox.
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Figure 2. Removal of the VEGF-A stimulus results in a transient burst in g cell proliferation
B cell proliferation was monitored during the experimental period outlined; n=4 mice/time point. (A-F) Labeling for insulin

(Ins, blue), Ki67 (red), and CD31 (green). Scale bar is 50 um and applies to A—F. (G) Quantification of B cell proliferation. ##,
p<0.01, 1wk Dox vs. No Dox, 1wk WD, 2wk WD, or 3wk WD. **, p<0.01, 1wk WD or 2wk WD vs. No Dox, 1wk Dox, 3wk
WD, or 6wk WD. No Dox, 1wk Dox, 3wk WD, and 6wk WD comparisons were not statistically significant. (H-K) Increased
cell proliferation was not associated with increased Bmi-1; insulin (Ins, green), Bmi-1 (red), Dapi (blue). Scale bar is 25 um and
applies to H-K.
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Figure 3. New B cells in the BVEGF-A model arise from replication of pre-existing p cells
B cells in RIP-rtTA; Tet-O-VEGF-A;Pdx1PB-CreERT™;R26R1aCZ transgenic mice were genetically labeled by Tm injection 2

wks prior to inducing VEGF-A for 1 wk by Dox administration followed by 6 wks of Dox withdrawal. Expression of p-gal in B
cells was analyzed in 3-4 mice/time point. (A-D) Labeling for insulin (Ins, blue), p-galactosidase (p-Gal, red), and CD31
(green). Scale bar is 50 um and applies to A-D. (E) p-Gal labeling index in B cells was not statistically different at any time
point, p=0.2760. (F) Genetically labeled B cells proliferate. Arrowheads denote p-gal+Ki67+ p cells, progeny of surviving and
proliferating P cells (enlargement in inset). Arrows point to B-gal-Ki67+ B cells. Scale bar is 50 um. (G) One-third of all
proliferating p cells expressed the B-gal genetic mark, which is consistent with genetic labeling in panel E. The B cell
proliferation index at 2wk WD was 6.1+1.0%, consistent with Figure 2G.
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Figure 4. B cell replication is independent of the pancreatic site and soluble circulating factors and is not limited to murine B cells
(A) Islets from BVEGF-A mice and WT controls were transplanted into BVEGF-A recipients or mixed with human islets (HI)

and transplanted into NOD-scid-IL2ry™!! mice. Islets engrafted for 2 wks then grafts were harvested and analyzed at No Dox,
1wk Dox, and 2wk WD time points; n=3-4 mice/time point. (B—C) B cell proliferation at 2wk WD in WT and BVEGF-A islet
grafts; insulin (Ins, green), Ki67 (red), and Dapi (blue). Scale bar is 50 um and applies to B-C. (D) Quantification of p cell
proliferation in WT and BVEGF-A islet grafts. **, p<0.01, 2wk WD vs. No Dox and 1wk Dox across graft types. (E-F) f cell
proliferation at 2wk WD in WT+HI and BVEGF-A+HI grafts; human C-peptide (hC-peptide, green), Ki67 (red), and Dapi
(blue). Scale bar is 50 pm and applies to E-F. (G) Quantification of B cell proliferation in WT+HI and BVEGF-A+HI grafts at
2wk WD. *, p<0.05.
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Figure 5. CD45+ BMCs are recruited to the site of  cell injury upon VEGF-A induction and persist in islet remnants during f cell
regeneration

BVEGF-A mice were transplanted with GFP+ bone marrow, and 8 wks later VEGF-A was induced for 1 wk by Dox
administration followed by 2 wks of Dox withdrawal; n=4—-6 mice/time point. (A—C) Labeling for insulin (Ins, blue), CD31 (red)
and GFP (green). (D-F) Labeling for insulin (Ins, blue), pan-hematopoietic marker CD45 (red) and GFP (green). Boxes in A-F
denote enlargements in A’—F’. Scale bar in A is 50 um and applies to A—F. Scale bar in A" is 50 um and applies to A’-F’.
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Figure 6. Recruitment of M® into BVEGF-A islets upon VEGF-A induction is necessary for the g cell proliferative response
(A-B) Flow cytometry analysis of BVEGF-A islets after 1-wk Dox treatment. (A) The CD45+ BMC population recruited to

BVEGF-A islets was composed of 90% CD11b+ Mds and 3% Grl+ cells. (B) F4/80 expression in subsets of more mature
CD11b+H! (60%) and less mature CD11b+L0 (3%) Mds; n=5 islet preparations (1-2 mice/preparation). (C-G) Partial bone
marrow ablation prior to VEGF-A induction blocks M® recruitment and prevents B cell proliferation. (C, D) Immediately after
sublethal irradiation, VEGF-A expression in BVEGF-A mice was induced for 1 wk by Dox administration and tissues were
examined for the presence of CD45+ Mds at 1wk Dox and compared with non-irradiated controls; n=4 mice/group; insulin (Ins,
blue), CD45 (red) and EC marker caveolin-1 (Cav-1, green). Panel C* and D’ show CD45 (red) and caveolin-1 (green)
labeling. Scale bar is 50 um and applies to C-D’. (E) Sublethal irradiation reduced infiltration of CD45+ Mds, *** p<0.001, 0
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Gy vs. 5 Gy. (F) Sublethal irradiation did not affect intra-islet EC expansion, p=0.5760, 0 Gy vs. 5 Gy. (G) Two wks after Dox
withdrawal, B cell proliferation was significantly reduced in sublethally irradiated BVEGF-A mice vs. non-irradiated controls,
** p<0.01; n=4 mice/group.
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Figure 7. Transcriptome analysis of BVEGF-A islets and purified islet-derived M®s and ECs
(A—C) Gene expression profile of whole BVEGF-A islets, islet-derived Mds, and islet-derived ECs by RNA-Seq; n=3

replicates/each sample set. (A) Differential expression of B cell-, EC-, M®-specific genes, phagocytosis-related genes, M®
phenotype markers (M1, classical; M2, alternative), chemokines, cytokines, cell adhesion molecules, growth factors, and matrix
degrading enzymes between islets at 1wk Dox vs. No Dox, p<0.05 for fold change =2. See also data in Figure S6M. (B) At 1wk
Dox, recruited M®s are highly enriched for transcripts of phagocytosis-related genes, M2 markers, chemokines, cytokines, cell

adhesion molecules, and metalloproteinases involved in tissue repair. (C) Intra-islet ECs mainly express growth factors and
matrix degrading enzymes that facilitate growth factor release from the extracellular matrix. Data in B and C are plotted as mean
+ SEM. (D) New paradigm for the role of M® — EC interactions in p cell regeneration. Upon VEGF-A induction intra-islet ECs
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proliferate and circulating monocytes recruited to islets differentiate into Mds. These CD45+CD11b+Gr1- recruited M®s and
ECs produce effector molecules that either directly or cooperatively induce  cell proliferation and regeneration.
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