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Determination of signaling pathways that regulate beta-cell replica-
tion is critical for beta-cell therapy. Here, we show that blocking
pancreatic macrophage infiltration after pancreatic duct ligation
(PDL) completely inhibits beta-cell proliferation. The TGFβ super-
family signaling inhibitor SMAD7 was significantly up-regulated in
beta cells after PDL. Beta cells failed to proliferate in response to
PDL in beta-cell–specific SMAD7 mutant mice. Forced expression of
SMAD7 in beta cells by itself was sufficient to promote beta-cell
proliferation in vivo. M2, rather than M1 macrophages, seem to be
the inducers of SMAD7-mediated beta-cell proliferation. M2 mac-
rophages not only release TGFβ1 to directly induce up-regulation
of SMAD7 in beta cells but also release EGF to activate EGF re-
ceptor signaling that inhibits TGFβ1-activated SMAD2 nuclear
translocation, resulting in TGFβ signaling inhibition. SMAD7 pro-
motes beta-cell proliferation by increasing CyclinD1 and CyclinD2,
and by inducing nuclear exclusion of p27. Our study thus reveals
a molecular pathway to potentially increase beta-cell mass through
enhanced SMAD7 activity induced by extracellular stimuli.

TGFβ superfamily signaling pathway | epidermal growth factor receptor
signaling pathway

Because exogenous insulin administration does not adequately
replace the functional deficit of pancreatic beta cells in di-

abetes, the cure for diabetes would ideally entail either re-
placement or regeneration of insulin-producing beta cells (1, 2).
In rodents, accumulating data suggest that beta-cell replication,
rather than differentiation from progenitor cells, is the main
contributor to any beta-cell mass increase, both in normal physio-
logic situations and under particular pathological conditions (3–7).
However, the factors that lead to this enhanced beta-cell mass
in these settings have not been well delineated (8).
Transforming growth factor β (TGFβ) superfamily signaling

pathways are essential for proper pancreas development (9–12).
Moreover, modulation of TGFβ superfamily signaling path-
ways can affect proper islet development, function, and beta-cell
replication (13–16). TGFβ superfamily signaling entails phos-
phorylation of intracellular R-SMAD proteins, such as SMAD2
and SMAD3, which form heteromeric complexes with SMAD4.
The activated SMAD complexes translocate to the nucleus,
where they regulate the transcription of target genes (17).
SMAD7 is a general antagonist against all superfamily signaling.
SMAD7 can be induced at the transcriptional level (18), pre-
dominantly after binding of superfamily ligands to a receptor (17,
19). SMAD7 can block R-SMAD phosphorylation (20), degrade
type I receptors (21), and even exert an inhibitory effect in the
nucleus (22). Moreover, SMAD7 expression can be induced by
nonsuperfamily signals such as IFNγ/STAT (17, 23–26) or TNFα/
NF-κB (27). SMAD2 nuclear translocation can similarly be af-
fected by other nonsuperfamily pathways (26). This cross talk
between the TGFβ superfamily and other signaling pathways,
mediated by SMAD2 and SMAD7, adds another layer of com-
plexity and may explain why regulation of superfamily signaling
differs between cell types and among different physiologic con-
ditions (17, 23–27). SMAD7 appears to play an important role

during pancreas development and function (12, 14) and in some
disease processes (28). Nevertheless, its possible involvement
in adult beta-cell replication has only recently been reported (16)
and not yet well characterized.
We have previously compared two experimental models of

beta-cell proliferation, partial pancreatectomy (PPX) and partial
duct ligation (PDL) (7, 15, 16). Beta-cell proliferation after PPX
is robust, presumably resulting from an increased workload de-
mand on the residual beta cells after surgical removal of a sig-
nificant amount of the functional beta-cell mass. However,
inflammation may be the major trigger for beta-cell proliferation
after PDL, because beta cells should not seemingly be directly
affected by ligation of the major pancreatic duct (15). In line with
this view, tissue injury in the PDL pancreas is accompanied by
a substantial infiltration of inflammatory cells, which here we
hypothesized may potentially promote beta-cell proliferation via
secretion of growth factors. Indeed, inflammatory cells, and
macrophages in particular (marked by F4/80 expression), can
regulate reparative processes (29). Besides the classically acti-
vated macrophages (also called M1 macrophages), which re-
spond to inflammatory stimuli and appear early on, there are
also the alternatively activated macrophages (M2 macrophages),
which appear later to mediate humoral immunity and tissue re-
pair (30–32). M2 macrophages are known to secrete a wide range
of chemokines, enzymes, and growth factors to promote neo-
vascularization, fibrosis, and tissue repair (30–33). However,
their effects on pancreatic beta-cell proliferation have not been
investigated.
Here, we found that blocking pancreatic macrophage in-

filtration after PDL completely inhibited PDL-triggered beta-cell
proliferation. SMAD7 was significantly up-regulated in beta cells
after PDL. With a series of in vivo and in vitro gain-of-function
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and loss-of-function experiments, we show that SMAD7 is not
only necessary but also sufficient to mediate M2-macrophage–
triggered beta-cell proliferation. M2 macrophages release high
levels of TGFβ1 and epidermal growth factor (EGF), leading to
up-regulation of SMAD7 in beta cells. Further effects of TGFβ1
and EGF on SMAD2 and other possible SMAD7-related in-
tracellular factors seem to lead to beta-cell proliferation (18).

Results
PDL Is an Inflammation Model with an Increase in Beta-Cell
Proliferation. PDL is a model of complete destruction of exo-
crine acinar cells in the ligated portion of the pancreas, along
with a severe local inflammation, as evident from the significant
local infiltration by CD45+ (panleukocyte marker) cells, and
accumulation of inflammatory factors IL-6, IFN-γ, and tumor
necrosis factor (TNF) (15). We and others have previously
shown that, in C57BL/6 mice, there is no substantial beta-cell
neogenesis (7, 34–41), but an increase in beta-cell proliferation
in the ligated pancreas early after PDL (15, 36, 38, 42). Indeed,
a 7-d continuous labeling with BrdU (15, 43, 44) immediately

after PDL showed a significant increase in beta-cell pro-
liferation. Both insulin and Nkx6.1 were used as beta-cell
markers to precisely define beta cells (Fig. 1 A and B) (45, 46).
Moreover, the increase in beta-cell proliferation after PDL
resulted in a slight but significant increase in beta-cell mass, or
beta-cell number (Fig. 1 C–E and Table S1). Because no beta
cells are surgically removed after PDL, there should not be
a substantial increase in the “per-cell” beta-cell workload, and
therefore the increase in beta-cell proliferation after PDL may
result specifically from local inflammation (15).

Recruited Macrophages in the PDL Pancreas Trigger Beta-Cell
Proliferation. Because inflammatory macrophages have been re-
ported to play an essential role during inflammatory neovasculari-
zation, fibrosis, and tissue remodeling (30–32), we hypothesized
that the recruited macrophages in the ligated pancreas after
PDL may also stimulate beta-cell proliferation. First, we per-
formed immunostaining for F4/80, a specific marker for macro-
phages, on tissue sections from control sham-operated pancreas
(sham), from the unligated head part of the pancreas (PDL-head),
and from the ligated tail part of the pancreas (PDL-tail) 1 wk after

Fig. 1. PDL is an inflammation model with an in-
crease in beta-cell proliferation. (A and B) A 7-d con-
tinuous labeling with BrdU immediately after PDL
was performed. (A) Representative images of BrdU,
insulin (INS), and Nkx6.1 triple immunostaining in
sham-treated pancreas (Sham) and the ligated tail
part of the pancreas after PDL (PDL-tail) are shown.
(B) Both insulin and Nkx6.1 were used as beta-cell
markers to precisely define proliferating beta cells.
Quantification showed a nearly 10-fold increase in
beta-cell proliferation in the PDL-tail, compared with
Sham or the unligated head part of the pancreas
after PDL (PDL-head). (C and D) Quantification of
beta-cell mass (C) and beta-cell number (D) after PDL.
(E) Representative FACS scatter plots for quantifica-
tion of total pancreatic beta-cell number 7 d after
PDL in MIP-GFP mice, based on GFP expression
in beta cells. GFP+ beta cells are in green boxes. *P <
0.05. (Scale bars: 50 μm.)

E1212 | www.pnas.org/cgi/doi/10.1073/pnas.1321347111 Xiao et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321347111/-/DCSupplemental/pnas.201321347SI.pdf?targetid=nameddest=ST1
www.pnas.org/cgi/doi/10.1073/pnas.1321347111


PDL. We found very few F4/80+ cells in either sham or PDL-head
pancreas (no difference), but we found a robust and impressive
increase in F4/80+ cells in the PDL-tail pancreas (Fig. 2 A and B).
Thus, PDL in C57BL/6 mice is indeed an inflammation model
with robust macrophage infiltration and concomitant beta-cell
proliferation.
To explore whether the recruited macrophages may affect

beta-cell proliferation after PDL, we i.v. injected clodronate (47,
48), a myeloid-ablating liposome that induces apoptosis of
macrophages, every other day starting from 1 d before PDL (Fig.
2C). Control mice received injections of control liposome. Im-
mediately after PDL, BrdU was provided in the drinking water
for 7 d, at which point the mice were then harvested. All mice
remained euglycemic and had normal glucose tolerance (Fig. S1).
Our data show a significant reduction in F4/80+ cells in the

spleen in the clodronate-treated mice, compared with controls.
Similarly, the number of F4/80+ cells in PDL-tail dramatically
decreased. We quantified the percentage of F4/80+ cells in
pancreatic digests by FACS and found that it decreased from
14.5 ± 2.3% of the total cells in the control PDL-tail pancreas
(injected with control liposome) to 3.2 ± 0.3% of the total cells
in the clodronate-treated PDL-tail pancreas (Fig. 2D). Hence,
clodronate efficiently reduced the recruitment and/or retention
of inflammatory monocytes/macrophages in the PDL-tail.
Next, we wanted to determine whether this reduction in in-

flammatory macrophages may affect the increase in beta-cell
proliferation after PDL. We found that the percentage of BrdU-

labeled beta cells significantly decreased in the clodronate-
treated PDL-tail (2.4 ± 0.3%) compared with control PDL-tail
pancreas (12.3 ± 1.1%), demonstrating that the decrease in the
local inflammatory macrophages indeed correlated with a de-
crease in beta-cell proliferation (Fig. 2 E and F) (Fig. S2 and
Table S2). These data suggest that infiltrating macrophages are
necessary for the increase in beta-cell proliferation after PDL.

SMAD7 Is Up-Regulated in Beta Cells After PDL. We next tried to
determine the mechanism by which macrophages promote beta-
cell proliferation in the PDL-tail. Therefore, beta cells were
isolated from the PDL-tail, PDL-head, or the sham-operated
pancreas of MIP-GFP mice by FACS (Fig. 3 A and B). The
purity of beta cells was assured by examining markers of various
pancreatic cell types as described before (7, 49). We found
a significant increase in the mRNA for Smad7, and two cell cycle
activators CyclinD1 and CyclinD2, in beta cells from the PDL-tail
pancreas (50–52). Moreover, the increases in Smad7, CyclinD1,
and CyclinD2 were completely inhibited in beta cells isolated
from the clodronate-treated PDL-tail, suggesting that the recruited
macrophages are responsible for the increase in Smad7, CyclinD1,
and CyclinD2 in beta cells (Fig. 3C). The changes in SMAD7
protein were confirmed by Western blot on purified beta cells (Fig.
3D). Moreover, a modest but significant down-regulation of insulin,
Pdx1, NeuroD1, MafA, and Nkx6.1 gene transcripts was also
detected in the beta cells in the PDL-tail (Fig. 3C and Fig. S3),

Fig. 2. Inhibition of macrophage infiltration prevents beta-
cell proliferation after PDL. (A) Representative images of F4/80
immunostaining in tissue sections from Sham and PDL-tail
pancreas 7 d after PDL. (B) F4/80 transcripts were quantified by
RT-qPCR, showing a roughly 150-fold increase in the PDL-tail,
compared with Sham or the PDL-head pancreas. (C) A myeloid-
specific ablating liposome, clodronate, was i.v. injected every
other day starting 1 d before PDL. Control mice received
injections of a control liposome. BrdU was continuously pro-
vided in the drinking water for 7 d after PDL, at which point
the mice were harvested. (D) Representative images of F4/80
immunostaining of the spleen and PDL-tail pancreas and the
quantification by FACS. The percentage of F4/80+ cells de-
creased from 14.5 ± 2.3% of the total cells in control pancreas
(control), to 3.2 ± 0.3% in clodronate-treated pancreas
(Clodronate). (E) Representative images of BrdU, insulin, and
Nkx6.1 triple immunostaining in control and clodronate-treated
pancreas. (F) Quantification showed that BrdU+ beta cells sig-
nificantly decreased in the clodronate-treated pancreas, com-
pared with controls. **P < 0.01. (Scale bars: 50 μm.)
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consistent with our previous findings that some beta cells may
undergo a certain degree of dedifferentiation after PDL (7).

SMAD7 Is Necessary for Macrophage-Induced Beta-Cell Proliferation.
To determine whether macrophages promote beta-cell proliferation
through up-regulation of SMAD7, we generated beta-cell–specific
SMAD7 mutant mice (INS-Cre; Tomato; SMAD7fx/fx) by crossing
SMAD7fx/fx (12); Rosa26CAGTomato and INS-Cre (7) mice.
These mice are euglycemic and have a normal glucose tolerance
(Fig. S1), and the beta cells in these mice are lineage-tagged with
Tomato to allow isolation of beta cells based on red fluorescence
by FACS. Our data showed a roughly 98% labeling efficiency
of beta cells in these mice. INS-Cre; Tomato mice (without
SMAD7fx/fx) were used as a control.
Macrophage infiltration after PDL was unaltered in beta-cell–

specific SMAD7 mutant mice, by F4/80 immunohistochemistry
(Fig. 4A), and by FACS (Fig. 4B). Beta-cell proliferation in beta-
cell-specific SMAD7 mutant mice after PDL was significantly
lower (1.1 ± 0.2%) than control INS-Cre; Tomato mice (11.9 ±
1.6%) (Fig. 4 C and D, and Table S3). Tomato+ beta cells were
isolated from the pancreas by FACS, confirming the complete loss
of Smad7, and a marked decrease of CyclinD1 and CyclinD2 in the
beta cells from beta-cell–specific SMAD7 mutant mice after PDL
(Fig. S4). These data suggest that macrophages promote beta-cell
proliferation through up-regulation of SMAD7 in beta cells.

SMAD7 Is Sufficient to Promote Beta-Cell Proliferation. Next, we
tested whether up-regulation of SMAD7 in beta cells alone, without
PDL and macrophage infiltration, is sufficient to promote beta-cell
proliferation. For this purpose, we generated an adenoassociated
virus (AAV) to express SMAD7 under the control of the rat insulin
promoter (RIP), to specifically express SMAD7 in beta cells (AAV-
RIP-SMAD7) and thus avoid potential off-target effects of SMAD7
overexpression in nonbeta pancreatic cells (53, 54). AAV-RIP-GFP
virus was also generated to be used as a control.
We then used our recently developed intraductal virus delivery

system (34, 55) to efficiently express SMAD7 in beta cells in vivo
(Fig. 5A). C57BL/6 mice that received either AAV-RIP-
SMAD7, or an identical titer of AAV-RIP-GFP as a control,
also received BrdU in the drinking water for a period of 7 d,
starting immediately after viral infusion. GFP+ islets were
readily visualized grossly (Fig. 5B), and in pancreatic sections
(Fig. 5C) 7 d after AAV-RIP-GFP infusion. Quantification
showed a labeling efficiency of 73.4 ± 6.5% for beta cells, with an
extremely high specificity of beta-cell labeling (less than 0.2% of
nonbeta cells expressing GFP). SMAD7 transcripts were further
quantified from isolated whole islets from the AAV-RIP-
SMAD7–infused mice, showing a significant increase compared
with islets from the mice infused with control virus. Moreover,
increases in both CyclinD1 and CyclinD2 transcripts were also
detected in the islets from AAV-RIP-SMAD7–infused mice,

Fig. 3. SMAD7 is up-regulated in beta cells after
PDL. (A) Gross image of PDL in MIP-GFP mice. (B)
Beta cells were FAC sorted from the islets of PDL-tail,
PDL-head, or clodronate-treated PDL-tail pancreas
of MIP-GFP mice. A representative flow cytometry
image is shown. (C) RT-qPCR showed a significant
increase in Smad7, CyclinD1, and CyclinD2 transcripts
and a modest but significant decrease in insulin in
beta cells from PDL-tail, all of which were inhibited
by clodronate treatment. (D) SMAD7 protein was
analyzed by Western blot on purified beta cells.
GAPDH was used as a protein loading control. *P <
0.05. NS, no significance. (Scale bar: 1 mm.)
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suggesting forced expression of SMAD7 in beta cells induced up-
regulation of CyclinD1 and CyclinD2 expression (Fig. 5D). Fur-
ther analysis showed a significant increase in beta-cell pro-
liferation in the mice that received AAV-RIP-SMAD7 (6.4 ±
0.8%) compared with control mice that received AAV-RIP-GFP
(2.1 ± 0.4%) (Fig. 5 E–G, Fig. S5, and Table S4). One month
after AAV infusion, beta-cell mass in mice that received AAV-
RIP-SMAD7 increased by 19.7 ± 1.4% compared with mice that
received AAV-RIP-GFP (Fig. 5H). Because AAV induced little
increase in local inflammation, as evident from immunostaining
for a panleukocyte marker, CD45 (Fig. 5I), our data thus suggest
that AAV-RIP-SMAD7 infusion leads to increased beta-cell
proliferation directly due to expressing SMAD7 in beta cells,
rather than indirectly by increasing local inflammation. This
conclusion is further supported by the fact that there was little
increase in beta-cell proliferation after infusion with the control
AAV-RIP-GFP (Fig. 5 E–G, Fig. S5, and Table S4). These data
suggest that SMAD7 is not only necessary but also sufficient to
mediate the macrophage-triggered beta-cell proliferation.

Recruited Macrophages in the PDL Pancreas Are Mainly M2
Macrophages. We have shown that PDL-recruited macrophages
are associated with up-regulated SMAD7 in beta cells, which in

turn activates the cell cycle activators CyclinD1 and CyclinD2, to
promote beta-cell proliferation. Next, we wanted to determine
which subtype(s) of macrophages may be necessary for beta-cell
proliferation after PDL. Therefore, M2 and M1 macrophages
were separated by using FACS for two different M2 macro-
phages markers, CD163 and CD206 (30–32) in the F4/80+ cell
fraction from the PDL-tail pancreas. Our data showed a similar
percentage of CD206+ (75.2 ± 8.3%) and CD163+ (72.5 ±
5.3%) macrophages (F4/80+) in the PDL-tail (Fig. 6A). We then
isolated CD206+F4/80+ cells (representing M2 macrophages)
and CD206−F4/80+ cells (representing M1 macrophages) from
the PDL-tail, and analyzed their gene expression profiles. The
highly enriched iNOS (M1 macrophage marker) in the M1
macrophage fraction and the highly enriched Arginase (M2
macrophage marker) (30–32) in the M2 macrophage fraction
confirmed the quality of FACS and the purity of the macrophage
subtype fractions (Fig. 6B). These data suggest that the majority
of the recruited macrophages in PDL-tail are M2 macrophages.

M2 Rather than M1 Macrophages Promote Beta-Cell Proliferation. To
find out which type(s) of macrophages may induce beta-cell
proliferation, we cocultured M1 macrophages (CD206−F480+)
or M2 macrophages (CD206+F480+) that were isolated from the
PDL-tail, with purified primary beta cells isolated from un-
treated MIP-GFP mice (7, 49) in a Transwell system (Fig. 6C).
After 72-h culture, BrdU was given for 1 h before beta cells were
sampled and analyzed for their proliferation. Although in-
cubation with M1 macrophages did not affect beta-cell pro-
liferation (0.57 ± 0.08%) compared with control medium (0.54 ±
0.03%), incubation with M2 macrophages significantly increased
the percentage of beta cells that incorporated BrdU (1.43 ±
0.21%) (Fig. 6D), suggesting that M2 macrophages, rather than
M1 macrophages, are able to induce beta-cell proliferation in the
PDL pancreas. The increases in mRNA for Smad7, CyclinD1,
and CyclinD2 were also detected in the beta cells that were
cocultured with M2 macrophages, consistent with the in vivo
findings in PDL (Fig. S6). However, when beta cells from beta-
cell–specific SMAD7KO mice were instead used in the coculture
with M2 macrophages, the absence of SMAD7 in beta cells
resulted in loss of the increase in beta-cell proliferation and
failure to induce CyclinD1 and CyclinD2 in beta cells, sug-
gesting that M2-induced beta-cell replication is SMAD7 dependent
(Fig. S7).

M2 Macrophages Increase Beta-Cell Proliferation Through Interplay
Between TGFβ and EGF Receptor Signaling Pathways. We previously
showed that specific knockout of TGFβ receptor I and II in beta
cells substantially inhibited beta-cell proliferation after PDL
(15), but here we also find that inhibition of the pan-TGFβ su-
perfamily signaling inhibitor, SMAD7, also inhibited beta-cell
proliferation after PDL. These seemingly paradoxical data sug-
gest that signaling pathways other than specifically TGFβ re-
ceptor I and II may also be involved here. Likely candidates
would include BMPs, activins, and non-TGFβ superfamily sig-
naling pathways, which have all been reported to regulate both
SMAD2 and SMAD7 (17, 23–27).
We thus screened for the candidate factors that may be re-

leased from M2 macrophages to affect beta-cell proliferation.
Among the numerous factors tested, we detected a significant
increase in the mRNA levels of TGFβ1 and Egf in the PDL-tail
pancreas (selected genes shown in Fig. S8) and specifically in M2
macrophages (Fig. 6B). Modest increases in TGFβ2, TGFβ3,
Bmp4, and Bmp7 were also detected in the PDL-tail pancreas,
but the recruited macrophages did not seem to be the pre-
dominant source of them (Fig. S8). Notably, activins and other
BMPs did not up-regulate. These data suggest that both TGFβ
and EGF receptor (EGFR) signaling pathways in beta cells may
be directly affected by M2 macrophages in the PDL-pancreas,

Fig. 4. SMAD7 is necessary for macrophage-induced beta-cell proliferation
after PDL. (A and B) Macrophage infiltration after PDL was unchanged in
beta-cell–specific SMAD7 mutant mice by representative F4/80 immuno-
staining (A), and by FACS (B). (C and D) Beta-cell proliferation after PDL
significantly decreased in beta-cell–specific SMAD7 mutant mice, shown
by quantification (C ) and by representative images (D). **P < 0.01. NS, no
significance. (Scale bars: 50 μm.)
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because EGF signals through EGFR, and because both TGFβ
receptor I and II, and EGFR have been reported to be active in
pancreatic beta cells (9–11, 56–58).
Binding of TGFβ1 to type II receptor not only leads to

phosphorylation of the type I receptor, which subsequently
phosphorylates SMAD2 with translocation to the nucleus but
also increases SMAD7 levels as a potential negative feedback to
attenuate SMAD2 signaling (17, 23–26, 59). Thus, we added
a specific TGFβ receptor I inhibitor, SB431542 (60–62), to the
medium of the cocultured beta cells with M2 macrophages, at
a concentration of 10 μM to block the effect from TGFβ1 (Fig.
6C). DMSO, the solvent for SB431542, was added to the control
wells with identical volume, with no effect on beta-cell prolif-
eration. Notably, the increase in beta-cell proliferation induced
by M2 macrophages was completely blocked by SB431542 (Fig.
6D). Here, the increases in SMAD7, CyclinD1, and CyclinD2
mRNA in beta cells cocultured with M2 macrophages were
completely blocked (Fig. S6), suggesting that beta cells may ac-
tivate SMAD7 via TGFβ1/receptors signaling. However, we
failed to detect a significant increase in the nuclear SMAD2
(phosphorylated form) either in the isolated beta cells from the
PDL-tail pancreas, or in the beta cells that were cocultured with
M2 macrophages (Fig. 6E). Because EGF has been reported
to inhibit SMAD2 nuclear translocation (17, 23, 24, 26), we
hypothesized that activation of beta-cell EGFR signaling by
M2-macrophage–derived EGF may prevent SMAD2 nuclear
translocation and thus prevent the known cell cycle inhibitory

effect of SMAD2 on beta cells (26). Thus, we added an EGFR
inhibitor, PD168393 (dissolved in DMSO) (63), to the medium
of the cocultured beta cells with M2 macrophages, at a con-
centration of 0.1 μM (Fig. 6C). Notably, the increase in beta-
cell proliferation induced by M2 macrophages was completely
blocked by PD168393 (Fig. 6D). Here, a significant increase in
nuclear SMAD2 was detected in PD168393-treated, M2-mac-
rophage–cocultured beta cells (Fig. 6E). These data suggest
that inhibition of EGFR signaling was permissive for active
TGFβ superfamily-mediated SMAD2 activity in beta cells,
perhaps due to TGFβ1 release from M2 macrophages, with rees-
tablishment of nuclear translocation of SMAD2. Our data also
suggest that, in the PDL-tail pancreas, a TGFβ1-induced inhibitory
effect on beta-cell proliferation (through SMAD2) is blocked by
a concomitant EGF-induced inhibition of SMAD2 nuclear trans-
location, but still allowing SMAD7 up-regulation, which may lead to
beta-cell proliferation through mechanisms other than SMAD2
inhibition (Fig. 7). These results may explain the seemingly para-
doxical finding that knockout of either TGFβ receptor I and II, or
of the pan-TGFβ superfamily inhibitor SMAD7, can both inhibit
beta-cell proliferation in the PDL-tail pancreas.

SMAD7 Also Increases Beta-Cell Proliferation Through Nuclear
Exclusion of p27. We have shown that SMAD7 expression led to
up-regulated CyclinD1 and CyclinD2 to promote beta-cell pro-
liferation. Because it has been reported that inhibition of TGFβ
signaling reduces the nuclear accumulation of the Cyclin-dependent

Fig. 5. SMAD7 is sufficient to promote beta-cell proliferation. (A) An intraductal virus delivery system is shown. (B and C) Virus-transduced GFP+ islets were
readily visualized grossly (B), and in pancreatic sections (C) 7 d after AAV-RIP-GFP virus infusion. The arrows point to GFP+ islets. (D) Smad7, CyclinD1, and
CyclinD2 transcripts significantly increased in the islets isolated from mice that received AAV-RIP-SMAD7 viral infusion, compared with islets isolated from
mice that received control virus infusion. (E) Quantification of BrdU+ beta cells. (F) Representative images for GFP (direct fluorescence), insulin, and BrdU
staining in mice that received AAV-RIP-GFP virus infusion. The arrow points to a BrdU+INS+ cell. (G) Representative images for insulin and BrdU double
immunostaining in mice that received AAV-RIP-SMAD7 virus infusion. (H) Quantification of beta-cell mass. (I) Representative images for insulin and CD45
double immunostaining in mice that received AAV-RIP-SMAD7 virus infusion. PDL-head and PDL-tail pancreas were used as controls. *P < 0.05. NS, no sig-
nificance. (Scale bars: 50 μm.)
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kinase inhibitor 1β (p27) to promote beta-cell proliferation (64),
we examined whether p27 may play a role in PDL-macrophage–
induced, SMAD7-dependent beta-cell proliferation. We indeed
detected a decrease in nuclear p27 in the beta cells from the PDL-
tail pancreas, beta cells from AAV-RIP-SMAD7–infused pan-
creas, and beta cells cocultured with M2 macrophages (Fig. 6E).

These results suggest that, besides inducing CyclinD1 and
CyclinD2, SMAD7 may also promote beta-cell proliferation
through nuclear exclusion of the cell cycle inhibitor, p27 (Fig. 7).

Discussion
Enhancing beta-cell mass could be an ideal cure for diabetes.
Because accumulating data suggest that beta-cell replication is
the main source of increased beta-cell mass in adults (3–7), de-
termination of signaling pathways that regulate beta-cell repli-
cation are critical. In the current study, we examined the
mechanism underlying PDL-induced beta-cell replication in
C57BL/6 mice (15, 36, 38, 42), which appears to be triggered by
local inflammation (7, 15). Although differences in mouse strain
or surgical technique could affect the outcome of PDL, most
studies do not support beta-cell neogenesis after PDL (7, 15, 34–
41, 65), unless the PDL is combined with a chemical beta-cell
toxin treatment (66, 67). Of note here, the residual beta cells that
survived chemical beta-cell toxin treatment may lose replication
potential (65–67). This toxicity may also explain why beta-cell
regeneration has not been seen after chemical beta-cell toxin
treatment. We only detected a very modest increase (∼10%) in
beta-cell mass 1 wk after PDL, consistent with several previous
reports (35, 37, 38), but in contrast with one report that has
shown a doubling of beta-cell mass within this period (42). The
reason for this discrepancy may result from tissue remodeling
and edema after PDL that have led to an overestimation of beta-
cell mass in some situations, which has been well discussed
previously (35, 37, 38).
Here, we found a substantial infiltration of inflammatory

macrophages into the ligated pancreas after PDL. In a loss-of-
function experiment using clodronate to deplete macrophages,
we showed that macrophage infiltration is necessary for the in-
crease in beta-cell replication after PDL. Further support for the
strength of the link between macrophages and beta-cell pro-
liferation includes the fact that the literature is rife with evidence
of the specificity of clodronate for macrophage depletion, rather
than depletion of other cells. Also, we used liposome vehicle as
a control to further exclude the possibility of nonspecific effects.
Clodronate treatment is essentially a loss-of-function experiment
for macrophages, and thus our in vivo clodronate data strongly
suggest a causative link between macrophages and SMAD7 ac-
tivation in beta cells/beta-cell proliferation. To exclude the
possible effect of an intermediate cell type, the in vitro coculture
system involved only M2 macrophages and purified beta cells.
Therefore, the SMAD7 up-regulation in beta cells in the pres-
ence of only macrophages is likely to result from a direct com-
munication between these two cell types, although the possible

Fig. 6. M2 macrophages promote beta-cell proliferation via interplay of
TGFβ and EGF receptor signaling pathways. (A and B) Recruited macro-
phages in PDL pancreas are mainly M2 macrophages. (A) M1 and M2 mac-
rophages were separated by using FACS for two different M2 macrophages
markers, CD163 or CD206 in the F4/80+ cell fraction from PDL-tail pancreas.
Our data showed a similar percentage of CD206+ (75.2 ± 8.3%) and CD163+

(72.5 ± 5.3%) macrophages in the PDL-tail. (B) Gene expression profiles of
CD206+F4/80+ cells (representing M2 macrophages) and CD206− F4/80+ cells
(representing M1 macrophages) from PDL-tail. The highly enriched iNOS (M1
macrophage marker) in the M1 macrophage fraction and the highly
enriched Arginase (M2 macrophage marker) in the M2 macrophage fraction
confirmed the purity of the macrophage subtype fractions by FACS. M2
macrophages expressed much higher mRNA levels of TGFβ1 and Egf, com-
pared with M1 macrophages. (C) Purified primary beta cells isolated from
untreated MIP-GFP mice were cocultured with M1 macrophages (CD206−F480+)
or M2 macrophages (CD206+F480+) isolated from the PDL-tail, or with control
medium, in a Transwell system. Ten micromolar SB431542 (a specific TGFβ re-
ceptor I inhibitor), or 0.1 μM PD168393 (a specific EGFR inhibitor), with DMSO
alone as a control, was added to the medium of the cocultured beta cells
and M2 macrophages to block TGFβ signaling or EGFR signaling, respectively.
After 72-h culture, BrdU was given for 1 h before beta cells were sampled and
analyzed for their proliferation. (D) Whereas incubation withM1macrophages
did not affect beta-cell proliferation, compared with control medium, in-
cubation withM2macrophages significantly increased the percentages of beta
cells that incorporated BrdU. Notably, the increase in beta-cell proliferation by
M2 macrophages was completely blocked by either SB431542 or PD168393. (E)
Cytoplasmic and nuclear proteins were separated for analysis. Nuclear SMAD2
did not increase in beta cells from either the PDL-tail pancreas, or when cocul-
tured with M2 macrophages, but significantly increased in beta cells cocultured
with M2 macrophages when the EGFR inhibitor PD168393 (PD) was applied.
However, nuclear p27 was significantly decreased in beta cells from AAV-RIP-
SMAD7–infused pancreas, or the PDL-tail pancreas, or when cocultured with M2
macrophages. GAPDH and Lamin b1 were used as loading controls for cyto-
plasmic and nuclear proteins, respectively, and also used as a control for the
purity of the proteins. *P < 0.05. **P < 0.01. NS, no significance.

Fig. 7. Schematic for hypothetical SMAD7-dependent, M2 macrophage-
induced beta-cell proliferation. PDL induces severe local inflammation.
The recruited M2 macrophages release high levels of TGFβ1 and EGF. TGFβ1
induces SMAD7 up-regulation and SMAD2 phosphorylation. The nuclear
translocation of phosphorylated SMAD2 is efficiently inhibited, possibly
through activation of EGFR signaling pathways in response to EGF. Thus,
without the SMAD2-induced inhibitory effect, the increased SMAD7 induces
beta-cell proliferation, possibly by increasing the cell cycle activators CyclinD1
and CyclinD2, and by nuclear exclusion of the cell cycle inhibitor p27.
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involvement of some other intermediate factors or cofactors
cannot be completely excluded.
Next, we examined the possible signaling pathways in beta

cells that may be targeted by macrophage-induced beta-cell
proliferation. We found a significant increase in expression of
the TGFβ superfamily signaling inhibitor SMAD7 in beta cells
after PDL, as well as a significant increase in expression of the
inflammatory cytokines TGFβ1 and EGF, in either the PDL-tail
pancreas, or in isolated macrophages from the PDL-tail pan-
creas. These results are consistent with previous reports that
SMAD7 can be induced by TGFβs, NF-κB, BMPs, and other
inflammatory cytokines (68–72).
Then, we tried to determine whether macrophages promote

beta-cell proliferation through up-regulation of SMAD7. In a
loss-of-function experiment, beta cells failed to proliferate in
response to PDL in beta-cell–specific SMAD7 mutant mice,
confirming a necessary role for SMAD7. Thus, we believe that
SMAD7 is necessary for macrophage-induced beta-cell pro-
liferation. Furthermore, in a gain-of-function experiment, oth-
erwise unperturbed beta cells significantly increased their
proliferation after forced SMAD7 expression in beta cells in
vivo, despite the absence of an influx of macrophages and despite
the absence of PDL. Of note, the degree of inflammation caused
by our intraductal infusion system with AAV seems minimal
compared with PDL. Moreover, the increase in beta-cell pro-
liferation after control viral infusion was not significant in our
study. Taken together, these data suggest that SMAD7 is neces-
sary and sufficient to mediate the macrophage-induced beta-cell
proliferation after PDL.
To study this process more closely, we used an in vitro

Transwell coculture system of macrophages from the PDL-tail
along with beta cells. M2 rather than M1 macrophages were
shown to induce SMAD7 up-regulation and to have a pro-
liferative effect on beta cells. A less potent effect of M2 mac-
rophages on beta-cell replication in vitro compared with in vivo
may have resulted from a suboptimal environment for macro-
phages in the culture system, which may then dampen the release
of growth factors by macrophages, compared with in vivo in the
PDL pancreas. Although M2 macrophages have been extensively
studied for their central role in neovascularization, fibrosis, and
cell growth during tissue repair (30–32), our study provides
strong evidence, which was previously unidentified, that they may
also have a proliferative effect on pancreatic beta cells.
We previously found that the specific deletion of TGFβ re-

ceptor I and II in beta cells substantially inhibited beta-cell
proliferation after PDL (15). Although TGFβ1 binding can ac-
tivate both SMAD2 and SMAD7 (17, 23–26), we failed to detect
an increase in SMAD2 in the nuclei of beta cells after PDL,
suggesting that nuclear translocation of SMAD2 in beta cells
after PDL has actually been inhibited. Although SMAD7 is
considered canonically as a major inhibitor for all TGFβ super-
family pathways, it is also capable of affecting many other
pathways. In turn, both SMAD2 and SMAD7 can be regulated
by other signaling pathways (17, 23–27, 69, 72, 73). This pathway
cross talk mediated by SMAD2 and SMAD7 substantially com-
plicates the interpretation of results in various experimental
models (17, 23–27). EGF has been reported to inhibit SMAD2
nuclear translocation and thus to attenuate some TGFβ signaling
(17, 23, 24, 26). M2 macrophages release high levels of EGF
in addition to TGFβ1. Thus, we found that a potential TGFβ1-
induced inhibitory effect on beta-cell proliferation (through
SMAD2) appeared to be blocked by a concomitant EGF-induced
inhibition of SMAD2 nuclear translocation. The macrophage-
induced SMAD7 up-regulation appeared to then be able to lead
to beta-cell proliferation through mechanisms other than SMAD2
inhibition. These results may explain the seemingly paradoxical
result that knockout of either TGFβ receptor I and II, or of the
major TGFβ inhibitor, SMAD7, can both lead to inhibition of

beta-cell proliferation in the PDL-tail pancreas. However, PPX,
in which the TGFβ signaling pathway is significantly inhibited,
may induce beta-cell proliferation through interplay of other
pathways (15, 16).
Here, we showed that SMAD7 directly up-regulated the cell-

cycle activators CyclinD1 and CyclinD2, and induced nuclear
exclusion of the cell cycle inhibitor p27, to promote beta-cell pro-
liferation, consistent with a previous report (64). Interestingly, in-
sulin transcripts in beta cells showed a modest but significant
decrease in the PDL pancreas. These data are consistent with
previous findings that beta cells may undergo a certain degree
of dedifferentiation during aging (74), under stress (75), after
PPX (16), or specifically after PDL (7).
We have recently reported that up-regulation of SMAD7 in

beta cells after PPX was accompanied by an increase in
SMAD7+PP+ cells that might had derived from transiently dedif-
ferentiated beta cells (16). However, no combined lineage tracing
and loss-of-function experiments were done to define a causal link
between SMAD7 activation and these double-positive cells (16).
Therefore, SMAD7 activation in beta cells does not necessarily lead
to formation of these SMAD7+PP+ cells. Here, we studied beta-
cell replication in a different model—PDL. We detected SMAD7
up-regulation in beta cells after PDL but did not find an in-
crease in the number of SMAD7+PP+ cells. These data suggest
that SMAD7 up-regulation may not be the direct trigger for
formation of SMAD7+PP+ cells.
A previous study by Smart et al. (14) showed that over-

expression of SMAD7 in beta cells led to a loss of beta-cell
identity and function. Compared with this report, in our study,
the degree of increase in SMAD7 expression in beta cells after
PDL, or after AAV-RIP-SMAD7 infection, appears much more
modest. Because SMAD7-induced effects seem to be dose de-
pendent (17), we believe that the modest increase in SMAD7 in
our study may down-regulate TGFβ signaling in beta cells,
resulting in a decrease in hormone production and an increase in
cell cycle activators to allow beta cells to divide. However, the
presumably much higher levels of SMAD7 in beta cells seen in
the study by Smart et al. may cause beta cells to lose their
identity, fully dedifferentiate, resulting in the development of
overt diabetes, as reported (14, 75). If SMAD7 up-regulation
does not persist, beta cells may be able to then redifferentiate,
and diabetes may be reversed (14).
Here, we present a model of SMAD7-dependent M2 macro-

phage-mediated beta-cell proliferation during PDL-induced
pancreatic inflammation (Fig. 7). PDL induces severe local in-
flammation. The recruited M2 macrophages release high levels
of TGFβ1 and EGF. Although TGFβ1 can directly lead to up-
regulation of SMAD7 mRNA and SMAD2 phosphorylation,
nuclear translocation of phosphorylated SMAD2 does not occur,
perhaps due to EGFR signaling activity. Thus, without the in-
hibitory effects of TGFβ-induced SMAD2 activity, increased
SMAD7 may be able to induce beta-cell proliferation, possibly by
increasing the cell cycle activators CyclinD1 and CyclinD2, and
by nuclear exclusion of the cell cycle inhibitor p27.
Our study not only reveals a pathway to regulate beta-cell

proliferation after PDL but also suggests the possibility of using
the SMAD7 pathway to induce endogenous beta-cell proliferation
(through extracellular manipulations) for translation to clinical di-
abetic therapy. Future studies may focus on dissection of the further
downstream pathways in beta cells in response to M2 macrophages
and definition of the exact extracellular signals that lead to the
SMAD7-induced beta-cell trophic effects.

Materials and Methods
Mouse Manipulation. All mouse experiments were approved by the Animal
Research and Care Committee at the Children’s Hospital of Pittsburgh and
the University of Pittsburgh Institutional Animal Care and Use Committee.
BAC transgenic insulin promoter Cre reporter (INS-Cre) mice and MIP-GFP
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mice have been described before (7). C57BL/6 and Rosa26CAGTomato
(Tomato) mice were purchased from The Jackson Laboratory. SMAD7fx/fx
was generated before (12). In total, 98.2 ± 7.3% beta cells from INS-Cre;
Tom; SMAD7fx/fx mouse pancreas were labeled with Tomato. Nonspecific
labeling of other cell types was not detected. All mice used in current
experiments are 10-wk-old males and have a C57BL/6 background. PDL was
performed and quality controlled as described by us previously (7, 15). Two
hundred microliters of clodronate or control liposome (Clodronateliposomes)
was injected in the tail vein of mice every other day, starting 1 d before PDL,
until the end of the experiment. Pancreatic intraductal virus infusion was
performed as described before (34). Briefly, after anesthetizing the animals,
the duodenum was isolated to expose the common bile duct, after which a
microclamp (Roboz; RS-7439) was placed on the common bile duct above the
branching of the pancreatic duct. A 31-gauge blunt-ended catheter (World
Precision Instruments) was then put into the common bile duct through the
sphincter of Oddi in the duodenum, which was then clamped with another
microclamp to prevent backflow. The other end of the catheter is connected
to a microinfusion apparatus, which delivers 150 μL of AAV8 virus (titration of
108) via the catheter at a rate of 10 μL/min. After viral infusion, the hole cre-
ated by the catheter in the duodenum was closed with 6-0 suture. Blood
glucose levels were measured using Accu-119 Chek glucose meter (Roche) as
described before (15). For i.p. glucose tolerance test, mice were fasted for 16 h,
and then were injected with glucose (2 g/kg), as described before (15).

Pancreatic Digestion, Islet Isolation, and FACS. Digestion of the pancreas and
islet and beta-cell isolation from MIP-GFP mice have been described pre-
viously (15, 49). For examining nuclear and cytoplasmic forms of the pro-
teins, mice were perfused with 4% (vol/vol) PFA for 20 min before pancreas
digestion. Isolation of APC-conjugated F4/80 (eBioscience), FITC-conjugated
CD206, and Brilliant Violet 421-conjugated CD163 (BD Bioscience) are used
for analysis and isolation of macrophages or their subtypes. The purity of
sorted cells (beta cells or macrophages or macrophage subtypes) was eval-
uated by analysis of cell type-specific markers by reverse transcription–
quantitative PCR (RT-qPCR) as described before (7, 49).

Virus Production. AAV serotype 8 vectors were generated by transfection of
human embryonic kidney 293 cells as described before (53, 54). ORFs of
mouse SMAD7 gene was amplified from cDNA of E17 pancreas. RIP was
amplified from rat genomic DNA. GFP was amplified from pLVX-IRES-
ZsGreen (Clontech). Purified AAV vectors were filtered and stored at −80 °C.
Titration of viral vectors was determined by Viral P24 ELISA kit (Clontech).

Cell Culture. Primary beta cells were cultured as described previously (7, 49).
Macrophages were cultured in the same medium as the beta cells for the
Transwell coculture system. After 72-h coculture, 1 mM BrdU was added for
1 h before beta cells were harvested and analyzed for their proliferation.
SB431542 is a specific TGFβR1 inhibitor (60–62). PD168393 (Millipore) is
a specific EGFR inhibitor (63). SB431542 or PD168393 was added to the
medium of the cocultured beta cells and M2 macrophages at a concentra-
tion of 10 and 0.1 μM in DMSO, respectively, at the beginning of coculture.
DMSO was added in control.

Western Blot. Total protein was extracted with radioimmunoprecipitation
assay buffer. Nuclear and cytoplasmic proteins were isolated with Nuclear
and Cytoplasmic Extraction Kit (Thermo Scientific). Primary antibodies for
Western blot are rabbit polyclonal anti-GAPDH (loading control for total
protein, or cytoplasmic protein; Cell Signaling), anti-Lamin b1 (load control
for nuclear protein; Cell Signaling), anti-SMAD7 (Santa Cruz), and anti-
SMAD2 and anti-p27 (Cell Signaling). Secondary antibody is HRP-conjugated
anti-rabbit (Jackson Labs).

Isolation of Genomic DNA and PCR for SMAD7 Mutant. Genomic DNA extrac-
tion and conventional PCR have been described previously (15, 49). Primers
for examining SMAD7 mutant are 5′-GGAGCAGGGCATCGATGTGG-3′ (sense)
and 5′-GACAGACTCGACAATGGCAGCG-3′ (antisense), which amplifies a
genomic DNA PCR product of 1.7 kb from wild-type mice, 2.2 kb from

SMAD7floxed knock-in mice, and 0.7 kb from SMAD7floxed knock-in mice
after Cre recombination.

Isolation of RNA and RT-qPCR. RNA extraction and RT-qPCR have been de-
scribed previously (7, 15, 49). Primers were all purchased from Qiagen. They
are CycloA (QT00247709), F4/80 (QT00099617), Smad7 (QT00124607), CyclinD1
(QT00154595), CyclinD2 (QT00170618), Ins (QT00114289), iNOS (QT00100275),
Arginase (QT00134288), TGFβ1 (QT00145250), TGFβ2 (QT00106806), TGFβ3
(QT00166838), Egf (QT00151018), Bmp4 (QT00111174), Bmp7 (QT00096026),
and P27 (QT01058708). RT-qPCR values were normalized against CycloA, which
proved to be stable across the samples. Fold changes to control are shown in
the figures.

Immunohistochemistry. All pancreas samples were fixed and cryoprotected in
30% sucrose overnight before freezing, as described before (7, 15, 49). GFP
and Tomato were detected by direct fluorescence. Primary antibodies for
immunostaining are as follows: guinea pig polyclonal anti-insulin (Dako),
rabbit polyclonal anti-F4/80 (Invitrogen) and anti-Nkx6.1 (a kind gift from
Maike Sander, University of California, San Diego, La Jolla, CA), and rat
polyclonal anti-BrdU (Abcam) and anti-CD45 (BD). Secondary antibodies for
indirect fluorescent staining are Cy2-, Cy3-, or Cy5-conjugated rat, rabbit,
and guinea pig specific (Jackson ImmunoResearch Labs). Nuclear staining is
performed with Hoechst solution (BD). Staining and imaging of sections
were performed as described previously (15). For avidin–biotin complex
staining, incubation with HRP-conjugated secondary antibodies was fol-
lowed by DAB development (Dako).

Quantifications. Quantification of total pancreatic beta-cell number was
performed by first using flow cytometry on 2% of the complete pancreatic
digests fromMIP-GFPmice, and thenmultiplying that beta-cell number by 50.
Total beta-cell number in the PDL-pancreas was determined by adding the
head and tail pancreas beta-cell numbers, whichwere analyzed independently.
Quantification by immunohistochemistry was performed on the basis of at
least five sections that were 100 μm apart for each mouse. Here, quantifi-
cation of beta-cell mass was performed as has been described previously
(49). The pancreata were trimmed of all nonpancreatic tissue, weighed,
fixed, and cryoprotected in 30% sucrose overnight before freezing in a way
to allow longitudinal sections from tail to head of the pancreas to be
obtained. Sections at 100-μm intervals from whole pancreas were immu-
nostained for insulin and analyzed using ImageJ software. The relative cross-
sectional area of beta cells was determined by quantification of the cross-
sectional area occupied by beta cells divided by the cross-sectional area of
total tissue. Each section was analyzed to estimate beta-cell and total tissue
area. The beta-cell mass per pancreas was estimated as the product of the
relative cross-sectional area of beta cells per total tissue and the weight of
the pancreas. The beta-cell mass was calculated by examining pancreata
from five animals for each group. Quantification of beta-cell proliferation
was based on BrdU+ beta cells. Beta cells were determined by insulin, or both
insulin and Nkx6.1 staining. At least 2,000 cells were counted for each
mouse. If the percentage of positive cells was low, counting continued be-
yond 2,000 cells until at least 50 positive cells were counted. Five mice were
analyzed in each experimental condition. All RT-qPCR data were from five
samples for each condition.

Data Analysis. All values are depicted as mean ± SEM. All data were statis-
tically analyzed by two-tailed Student t test. Significance was considered
when P < 0.05.
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