Rapamycin Impairs In Vivo Proliferation
of Islet Beta-Cells
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Background. Progressive graft dysfunction is commonly observed in recipients of islet allografts treated with high doses
of rapamycin. This study aimed at evaluating the effect of rapamycin on pancreatic islet cell proliferation in vivo.
Methods. The murine pregnancy model was utilized, since a high rate of B-cell proliferation occurs in a well-defined
time frame. Rapamycin (0.2 mg/kg/day) was given to C57BL/6 mice for 5-7 days starting on day 7.5 of pregnancy. Cell
proliferation was evaluated by detection of bromodeoxyuridine incorporation by immunohistochemistry.

Results. Pregnancy led to increased 3-cell proliferation and islet yield with skewing in islet size distribution as well as
higher pancreatic insulin content, when compared to that of nonpregnant females. These effects of pregnancy on -cell
proliferation and mass were significantly blunted by rapamycin treatment. Minimal effect of rapamycin was observed
on islet function both in vivo and in vitro. Rapamycin treatment of islets in vitro resulted in reduced p70s6k phosphor-
ylation, which was paralleled by increased ERK1/2 phosphorylation.

Conclusions. Rapamycin treatment reduces the rate of 3-cell proliferation in vivo. This phenomenon may contribute
to impair 3-cell renewal in transplanted patients and to the progressive dysfunction observed in islet graft recipients.
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Rapamycin is an immunosuppressive drug commonly
used for the treatment of allogeneic transplant patients,
including recipients of islets of Langerhans (I, 2). After the
success of the Edmonton Protocol of immunosuppression
(i.e., high target trough levels of rapamycin and low doses of
tacrolimus) (1, 2), rapamycin has become part of the standard
treatment in islet transplantation (2). Its effectiveness in pre-
venting allorejection and autoimmunity (3) and the potential
for promoting transplantation tolerance and regulatory
T-lymphocyte survival (4, 5) have all contributed to its cur-
rent widespread use.

Recent reports show that patients treated with the Ed-
monton Protocol suffer gradual deterioration of metabolic
profile requiring reintroduction of exogenous insulin (albeit
at lower doses than pretransplant) (6, 7). While the causes
leading to progressive graft dysfunction are not yet fully un-
derstood, it is conceivable that toxicity of immunosuppres-
sive drugs may play an important role to it (8).
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The effects of calcineurin inhibitors on islet function
and proliferation have been recognized (9, 10), while in-
creasing data suggests that rapamycin alone (11-13) or in
combination with tacrolimus (14) may impair islet cell
function and survival. Furthermore, the antiangiogenic
and antiproliferative properties of rapamycin (15, 16) may
prevent vascularization of transplanted islets, thereby re-
ducing the mass of islets engrafting and surviving after
transplantation (15).

Rapamycin exerts its immunosuppressive effects by in-
hibiting the molecular target of rapamycin (mTOR), a path-
way that is involved in lymphocyte proliferation (17, 18).
Rapamycin exerts antiproliferative effects on multiple cell
types (17) including pancreatic ductal cells (PDC) (19) and
endothelial cells in vitro (15). Additionally, islets are cur-
rently implanted in the hepatic portal system where they are
exposed to levels of immunosuppressants higher than the
ones targeted systemically (8), which may amplify unwanted
effects. It is therefore conceivable that rapamycin may impair
B-cell renewal after transplantation.

Cell proliferation is most probably required for the re-
newal of the 3-cell pool (20, 21). This may occur by proliferation
of existing B-cells (22) and/or of pancreatic ductal epithelium
(23). Increased B-cell proliferation occurs during pregnancy
(24-27), but also after subtotal pancreatectomy (23) and sud-
den body weight increase (28). In order to explore the impact
of rapamycin administration on (3-cell proliferation, we uti-
lized the murine pregnancy model where -cell proliferation
occurs at a high rate, to allow for meaningful observations in
a reasonably short time frame. The increased metabolic de-
mand that takes place during pregnancy leads to the prolifer-
ation of islet B-cells (24—27, 29-32). Thus, this model seemed
well suited to define the potential effects of rapamycin on
B-cell proliferation. Our data indicates that treatment with
rapamycin leads to a significant reduction in 3-cell prolifer-
ation in vivo.
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MATERIALS AND METHODS

Animals

Animal procedures were performed under protocols
approved by local Institutional Animal Care and Use Com-
mittee. Seven- to eight-week-old C57BL/6 (B6) mice (Jackson
Laboratories; Bar Harbor, ME) were housed in virus antibody-
free rooms. Mating was performed by housing two females
with one male in microisolated cages. The time of vaginal
plug detection after mating was considered as day 0.5 of ges-
tation and the female was separated from the male.

Treatment Groups

Animals received 1 mg/mL bromodeoxyuridine (BrdU;
Sigma, St. Louis, MO) freshly prepared and added to the
drinking water (protected from light) and rapamycin (0.2
mg/kg IP daily; Rapamune, Wyeth, Philadelphia, PA) for 5-8
days, starting at day 7.5 of gestation. Rapamycin dose was
chosen based on efficacy as an immunosuppressant in mice
(4, 33) where it reaches serum levels comparable to those
effective in humans (19). Control animals received no treat-
ment. Animals were humanely sacrificed by exsanguination un-
der general anesthesia between day 12.5 and 15.5 of pregnancy.

Immunohistochemistry of the Pancreas

At day 12.5 of pregnancy, animals were sacrificed
and pancreata formalin-fixed and paraffin embedded. Af-
ter deparaffinization, antigen retrieval was achieved using a
decloaking chamber and citrate buffer pH 6.0 (Biocare Med-
ical, Concord, CA). Unspecific antibody binding was reduced
by applying a protein block (BioGenex, San Ramon, CA).
Slides were immunostained with the following antibodies:
chicken anti-insulin (1:500; Abcam, Cambridge, MA), guinea
pig anti-insulin (1:100; Dako, Carpinteria, CA), rabbit anti-
glucagon (1:100; BioGenex), mouse anticytokeratin (1:300;
Accurate), and rat anti-BrdU (1:50; Accurate, Westbury,
NY). The secondary goat antibodies (1:200) were antichicken
immunoglobulin (Ig) G 568, antirabbit IgG 350, antirat IgG
488, and antiguinea pig IgG 647 and antimouse IgG 568 (Mo-
lecular Probes, Eugene, OR). Islet cells were counted and the
proportion of BrdU+ - and non-B-cells in islets was deter-
mined. An average of 393+55.8 islet cells were counted for
each animal (n=>5 per group). Immunostained sections were
assessed at the Imaging Core at the Diabetes Research Insti-
tute using a fluorescence confocal laser scanning microscope
(Zeiss LSM-510, Thornwood, NY).

Islet Isolation and Dissociation

Islets were isolated from B6 donors by enzymatic (Col-
lagenase type V; Sigma-Aldrich, St. Louis, MO) digestion of
harvested pancreata, followed by purification on Euroficoll
gradients (Mediatech, Herndon, VA), as previously described
(33). Islet yield was assessed by scoring size and expressing the
recovery in total number of islets (IN) as well as islet equivalents
(IEQ). Culture was done in CMRL-1066 medium (Gibco, Long
Island, NY) supplemented with 10% fetal calf serum (FCS;
Hyclone, Logan, UT), 2 mmol/L L-glutamine, 100 U/mL pen-
icillin, 100 wg/mL streptomycin, and 25 mmol/L HEPES
buffer (Mediatech) (33).
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FIGURE 1. Assessment of proliferating (-cells in the

pancreas of pregnant mice. (A) Proliferation of 3-cells (anti-
insulin antibody, red fluorescence) was assessed by immu-
nofluorescence using anti-BrdU (green fluorescence) in the
pancreas of pregnant mice (gestation day 12.5) receiving
no treatment (left panel) or rapamycin (Rapa) starting on
day 7.5 (central panel) as well as of nonpregnant, age-
matched control female mice (right panel; 40X). Nuclei
were stained with DAPI (blue fluorescence). (B) Quantifica-
tion of islet cell proliferation (%) within total islet cells is
shown (black bars=f-cell; gray bars=other islet cells).
Data is expressed as mean*=SEM of five individual animals
per group (ANOVA Tukey: *P=0.017; **P<0.002).

Laser Scanning Cytometric Analysis

Islets were dissociated into single cells with Accutase
(Innovative Cell Technologies, San Diego, CA) and the re-
sulting cell suspension was fixed on glass slides using 2.5%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA), as previously described (34). After antigen retrieval, slides
were immunostained with rabbit anti-C-peptide (GeneTex, San
Antonio, TX) and rat anti-BrdU antibodies, as well as with
4',6-diamidino-2-phenylindoledihydrochloride (DAPI) and
7-aminoactinomycin-D (7-AAD, both from Molecular Probes).
The secondary antibodies were goat anti-rabbit IgG 647 and
goat anti-rat IgG 488. Data acquisition and analysis were per-
formed using a Laser Scanning Cytometer (LSC) or the iCys
Research Imaging Cytometer (CompuCyte, Cambridge, MA)
(34) to determine the percentage of C-peptide- and BrdU-
positive cells using automated fluorescence-based quantita-
tive measurements (Olympus BX50; Melville, NY). Slides
were scanned at 40X, and the nuclei were contoured by DAPI
or 7-AAD staining using argon laser and blue or red detector.
BrdU and C-peptide-positive events were recorded using the
argon or HeNe laser and green or far-red detector. Single cells
were identified and gated according to the 7-AAD or DAPI
staining area. Fluorescence intensity of each computed event
was recorded on a histogram. Cells from every subpopulation
were visualized directly in the LSC or iCys by relocalization to
confirm regular morphology (Fig. 2). The percentage of
proliferating -cells was calculated as BrdU+ signal in the
C-peptide+ population. A minimum of 2000 cells were
acquired and analyzed for each sample.
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FIGURE 2. Automated quantification of 3-cell prolifera-

tion in isolated islets. Islets were isolated from control and
pregnant females treated or not with rapamycin (Rapa). Sin-
gle islet cell suspensions were obtained from each experi-
mental group and immunostained using specific antibodies
for C-peptide (B-cells, red) and BrdU (green, nuclei); and
counterstained with DAPI (blue). (A) Data was acquired us-
ing the iCys Research Imaging Cytometer after gating on
C-peptide-positive cells. The percent of BrdU-positive cells
in the C-peptide-positive subset in each group is shown in
the four histograms of (A). Percentages for each group
were calculated and are expressed numerically in this rep-
resentative experiment. (B) Quantification of proliferating
B-cells in the indicated experimental groups. Data is ex-
pressed as mean*=SEM of at least three independent isola-
tions per experimental group (ANOVA Tukey: *P=0.016;
**P<0.003; ***P<0.0003).

Insulin Extraction

Mice were sacrificed at day 12.5 after overnight fasting and
harvested pancreata were frozen at —80°C. Pancreata were ho-
mogenized in 100% ethanol and insulin extracted by two cycles
of incubation with 80% phosphoric acid (Mallinckrodt, Paris,
KY) at pH of 1.8 to 2.0. Supernatants were collected and kept at
—80°C until assay. Insulin content was measured by enzyme-
linked immunosorbent assay (ELISA; Mercodia, Winston Sa-
lem, NC). The tissue pellet was washed in phosphate-buffered
saline and then kept in 0.1 M NaOH. Total proteins were mea-
sured using the BCA protein assay kit (Pierce, Rockford, IL).
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Glucose Tolerance Test

After overnight fasting, mice received an intraperito-
neal (IP) glucose bolus (2g/kg bw). Glycemic values were
monitored in conscious animals on whole blood (obtained by
tail vein puncture) using portable glucometers (OneTouch
Ultra 2, LifeScan, Milpitas, CA) at selected time points for 90
min to assess glucose clearance in control and rapamycin-treated
animals. Glucose disposal was measured by comparing the
area under the curve (AUC) of control and experimental an-
imals during glucose tolerance test.

Perifusion

Three independent experiments were performed where
islets from pregnant mice (either untreated or rapamycin-
treated) were isolated on the same day and maintained under
the same culture conditions in order to minimize interexperi-

Pl b T AR ITED
‘were performed using a custom-built apparatus (Biorep
e [ s <t aliquots (100 IEQ per condi-

tion) were loaded into Perspex microcolumns containing
acrylamide-based microbead slurry (Bio-Gel P-4, Bio-Rad).
Krebs’ buffer with selected glucose or KCI concentrations was
circulated through the columns at a rate of 100 wl/min. Serial
100 pl fractions of perifusate were collected every minute.
Insulin was measured by ELISA (Mercodia). Ramping peri-
fusion was performed by intermittently exposing each col-
umn to basal (3 mM) and increasing glucose concentrations
(6,9, and 11 mM).

Evaluation of Kinase Phosphorylation

Islets were isolated from control, nonpregnant B6 mice
and cultured overnight. After counting, islets were trans-
ferred to CMRL-1066 supplemented with 10% horse serum
(ATCC, Manassas, VA). Rapamycin (30 ng/mL) or vehicle
was added to the culture media for 50 min. At the end of the
incubation, islets were washed in phosphate buffered saline,
resuspended in cell lysis buffer (BioRad, Hercules, CA) and
frozen at —80°C until protein extraction. Total protein con-
centrations were determined on islet cell lysates by BioRad
DC protein assay. Assessment of the phosphorylation of pro-
tein kinases was performed by fluorescence-based quantita-
tive measurement on a BioPlex platform (BioRad). Data was
expressed as ratio of phosphoprotein to total protein and/or
ratio to control islets (35).

Statistics

Data was analyzed using SigmaPlot 9.0 (SystatSoftware,
San Jose, CA), Microsoft Excel and Statistica 6.0 (StatSoft
Inc.; Tulsa, OK) and presented as mean*standard error of
the mean (SEM). Comparisons between two samples were
done using two-tailed paired Student’s ¢ test. Analysis of vari-
ance (ANOVA) was used for the comparison of multiple con-
ditions using Tukey post-hoc test. Statistical significance was
considered for P<<0.05.

RESULTS

Rapamycin Reduces Pregnancy-Driven 3-Cell
Proliferation in Mice

Islet cell proliferation during pregnancy was assessed by
the means of BrdU incorporation in pancreatic sections after
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five-to-seven days of treatment (starting at day 7.5 of gesta-
tion). Proliferation of selected endocrine cell subsets was enu-
merated by scoring BrdU+ cells within each endocrine subset
(Fig. 1A). Analysis of pancreata of pregnant mice showed that
22.8+3.1% of B-cells underwent at least one cycle of prolif-
eration during the 5 days of BrdU administration, as demon-
strated by nuclear BrdU localization in insulin-positive cells
(Fig. 1B). The proportion of proliferating 3-cells in rapamycin-
treated pregnant animals was significantly reduced to
11.7%+2.2% (P=0.017), while was 7.4+1.3% in age-matched,
nonpregnant females (Fig. 1B). The proportion of BrdU+
nuclei in non-f cell subsets within islets did not differ sig-
nificantly among experimental groups (Fig. 1B). Further-
more, BrdU incorporation in pancreatic ductal cells was
11.9%1.82% in control nonpregnant animals (n=6). A sim-
ilar proportion of PDC proliferation was observed in preg-
nant mice treated or not with rapamycin (10.2+2.16 and
12.7%1.15%, respectively; n=5 per group; P=NS).

We further extended our analysis to evaluate the pro-
liferation of islet B-cells using LSC on dissociated islet cells
(Fig. 2A). This approach allows for the automated acquisition
of a large number of events expressing selected fluorescent
markers thereby increasing the power of analysis and reduc-
ing potential operator-dependent errors (34). The analysis by
LSC of the proportion of BrdU+ B-cells (C-peptide positive)
in dissociated islets confirmed the data obtained in the pan-
creatic sections and showed a significant reduction of prolif-
erating B-cells in the rapamycin-treated pregnant animals,
when compared to untreated pregnant mice (14.8+2.3% and
28.4%+1.7%, respectively, P=0.002), while control females re-
ceiving or not rapamycin presented lower rates of proliferat-
ing cells (4.6%£0.7%, and 7.6+1.2%, respectively; Fig. 2B).
Statistically significant differences in intra-islet 8-cell prolif-
eration were observed between pregnant animals when com-
pared to controls treated or not with rapamycin (P<<0.0003),
as well as between the two groups receiving rapamycin (preg-
nant vs. nonpregnant; P=0.016).

Effects of Rapamycin on Islet Mass

We then asked whether the observed differences in
B-cell proliferation would result in significant differences in
B-cell mass in experimental and control groups. Islet recovery
on a per mouse basis was not different between groups when
considering the IN obtained. In contrast, islet yield (IEQ/
mouse) from pregnant animals treated with rapamycin was
lower than untreated pregnant donors (277*26.9 vs.
441+31.8 IEQ/mouse, respectively; P=0.050; Fig. 3A). In ad-
dition, islet yield from pregnant mice was consistently higher
than that of age-matched control mice (256*+59.7 IEQ/
mouse, P=0.008) and of rapamycin-treated mice (215*+34.2
IEQ/mouse, P=0.039; Fig. 3A). The discrepancy between IN
and [EQ indicates that the average islet size of pregnant mice
was higher than that of other groups. This was further con-
firmed by comparing islet size distribution between experi-
mental groups, which showed that pregnant mice yielded a
higher proportion of large size islets, when compared to all
other groups (Fig. 3B).

Assessment of total insulin extracted from the pancreas
is considered a surrogate marker of islet 3-cell content. Insu-
lin content from total pancreas extracts of control mice was
5,573.9+481.8 ng (n=4) and was significantly higher in preg-
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FIGURE 3. Recovery and size distribution of isolated is-

lets. After pancreas digestion and purification, islets ob-
tained from pregnant or control animals treated or not with
rapamycin were counted and scored by size. Islet recovery
is expressed as IEQ and IN per donor mouse (A). Statisti-
cally significant differences between groups are indicated
(ANOVA Tukey: *P=0.050; **P=0.008; ***P=0.039). (B) Is-
let size distribution in percentage is summarized. Data is
representative of 7-12 individual samples from 4-11 indi-
vidual islet isolations per group.
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FIGURE 4. Insulin content in pancreatic tissue. Pancre-

ata obtained from pregnant (day 12.5) and control donors
treated or not with rapamycin (Rapa) were collected after
overnight fasting. Insulin was extracted from whole pancreas
using phosphoric acid and assessed by enzyme-linked immu-
nosorbent assay. Data is expressed as nanograms of insulin
per pancreas and presented as mean*SEM from 4 -6 pancre-
ata per experimental group (ANOVA Tukey: *P<0.002;
*%P<0.0009).
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nant mice (12,674.2+1027.0 ng; n=6; P<<0.0008; Fig. 4).
Rapamycin treatment significantly reduced (by approxi-
mately 40%) total insulin content in the pancreas of pregnant
animals (7,407.3+528.8 ng; n=6; P=0.0017), approaching
the levels observed in nonpregnant controls (Fig. 4). Insulin
content in nonpregnant animals receiving rapamycin was
6,367.1+1,159.3 ng (n=5; P=0.008 vs. untreated pregnant
mice).

Rapamycin Does Not Grossly Affect In Vivo and
In Vitro Islet Function

Assessment of fasting glycemia levels showed reduced
values in untreated pregnant mice (79.7*=4.1 mg/dL, n=14),
when compared to nonpregnant controls (106.7=3.0 mg/dL,
n=11; P<0.02) or rapamycin-treated nonpregnant controls
(127.0+3.0 mg/dL, n=3; P=0.005), while was not signifi-
cantly different from rapamycin-treated pregnant mice
(90.4*+2.8 mg/dL, n=17).

The effects of rapamycin treatment on the islet meta-
bolic response to in vivo stimulation were assessed during a
glucose tolerance test (IPGTT). Glucose clearance of control
and rapamycin-treated animals in the pregnant and nonpreg-
nant groups was comparable during the metabolic test (Fig.
5A), and no significant differences in the glycemia area under
the curve (AUC) were observed between groups (Fig. 5B).

The effects of rapamycin on islet potency and glucose sen-
sitivity were assessed on islets isolated from either rapamycin-
treated or untreated pregnant donors. For each independent
experiment (n=3), islets from both experimental groups
were isolated on the same day and kept under the same con-
ditions. After overnight culture, islet aliquots were exposed
intermittently to 3 mM and to increasing glucose concentra-
tions (6, 9, and 11 mM; Fig. 5C). Both islets from treated and
untreated pregnant mice showed good response to glucose,
with only a small reduction in insulin output observed in
islets from rapamycin-treated mice (Fig. 5C). Perifusion pro-
files did not differ in the two groups (data not shown).

Rapamycin Treatment of Islets Results in
Reduced Phosphorylation of p70s6k and
Increased Phosphorylation of ERK

In order to assess the direct effects of rapamycin on islet
cells, we studied the phosphorylation of p70s6k, the down-
stream effector of mTOR, as well as other signal transduction
pathways involved in cellular survival and proliferation.
Treatment of isolated islets with rapamycin in vitro led to the
reduction of p70s6k phosphorylation (P=0.02; Fig. 6), demon-
strating that rapamycin indeed exerts a direct effect on islets. In
rapamycin-treated islets, phosphorylation of the extracellular-
signal regulated kinase 1/2 (ERK) was increased when compared
to control, untreated islets (P=0.01; Fig. 6). No differences
were observed in the phosphorylation of AKT (Fig. 6) as well
as of other kinases (i.e. p38 and IRS1), when comparing con-
trol and rapamycin-treated islets (not shown).

DISCUSSION

The main goal of the present study was to evaluate the
antiproliferative effects of rapamycin on S-cells in vivo. The
underlying hypothesis was that preventing physiological
turnover of islet B-cells in transplanted patients by the ad-
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FIGURE 5. Metabolic function. (A and B) In vivo intra-
peritoneal glucose tolerance test. A glucose bolus (2 g/kg)
was administered after overnight fasting to pregnant and
control animals treated or not with rapamycin (Rapa). Glu-
cose clearance was monitored as a function of time over a
2-hour period. Glycemic profiles (A) and area under the
curve (AUC; B) for glucose from 4-6 animals per group are
shown as means*SEM. (B) Dynamic glucose stimulated in-
sulin release in vitro. Islets isolated from pregnant mice
treated (solid line) or not (broken line) with rapamycin
(Rapa) were stimulated in vitro (100 IEQ aliquots) with the
indicated increasing glucose concentrations (indicated on
top). Maximal stimulation was obtained by KCI. Insulin out-
put was normalized to DNA content. A representative pro-
file of three independent experiments is shown.

ministration of immunosuppressive drugs that block their
proliferation may contribute to graft dysfunction. The occur-
rence of low rate 3-cell proliferation under physiological con-
ditions has been described for both rodents (22) and humans
(21, 36); it is therefore conceivable that it may also take place
in the context of islet grafts although there is no data yet
available on whether proliferation in such an ectopic site is
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FIGURE 6. Kinase phosphorylation. Isolated islets were

stimulated or not in vitro with rapamycin for 50 min. Phos-
phorylation of p70s6k, ERK, and AKT was assessed by
BioPlex on protein extracts. Data is expressed as ratio to
phosphorylation on control untreated islets of four inde-
pendent islet preparations. Horizontal lines indicate the
mean of the group (paired t test: *P<<0.03 vs. control islets).

qualitatively and quantitatively identical to that occurring in
the native pancreas. While indirect evidence of an increased
islet mass occurring after transplantation in the absence of
drug toxicity has been suggested by our observation in pri-
mates (37), direct testing of this hypothesis in patients is un-
feasible due to the lack of reliable noninvasive tests to assess
and monitor islet mass (i.e., metabolic and imaging), and
therefore we sought to obtain valuable albeit indirect infor-
mation by establishing an experimental model in small ani-
mals. Pregnancy leads to enhanced B-cell proliferation at
well-defined times and appeared therefore as a suitable model
to address, in a reasonable time frame, some of the questions
that we wanted to pose. Even if the proliferation of B-cells
occurs at a lower rate in the transplant setting, graft dysfunc-
tion is observed over a period of years, where the contribution
of an even very low rate of spontaneous proliferation to 3-cell
mass would be revealed.

Proliferation during pregnancy has been associated
with the effect of lactogenic hormones on the 3-cells via pro-
lactin (PRL) receptors (PRL-R) (26, 27, 31, 38, 39). Pregnancy
hormones such as placental lactogen (PL), PRL, and growth
hormone (GH) can induce proliferation of B-cells (40, 41) via
the Jak-2 /STAT-5 pathway (31, 38). Additional signal trans-
duction pathways may participate to 3-cell proliferation. In
particular, phosphorylation of IRS-1 and 2, Sarc homology
collagen (SHC), ERK1/2, AKT, and p70s6k are increased in
rodent islets during pregnancy (30). Furthermore, treatment
of pregnant rodent islets with PRL-R antisense oligonucleo-
tides results in the reduction of p70s6k phosphorylation (30).

We directly investigated the effect of rapamycin treat-
ment on in vivo islet cell proliferation. We administered
BrdU over a 5-day period in order to acquire cumulative data
on proliferation events occurring during the treatment pe-
riod. Our data indicates that in control, nonpregnant ani-
mals, ~7.5% of pancreatic 3-cells incorporated BrdU. This is
in agreement with previous reports in which exposure to
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BrdU for 2—4 hr showed B-cell proliferation rates of 0.2—
0.3% in rodents (42, 43).

Also, in keeping with previous reports, high islet 8-cell
proliferation (>20%) was observed during pregnancy in
mice (24-27, 32). A short-course treatment with rapamycin
resulted in a highly significant reduction of B-cell prolifera-
tion measured as lower numbers of BrdU-labeled nuclei in
pancreatic sections by immunohistochemistry that was con-
firmed by more sophisticated and quantitative LSC tech-
niques on dissociated islet cells.

Pregnancy also resulted in increased pancreatic insulin
content that was paralleled by higher islet recovery and larger
size distribution after isolation, when compared to control
animals. While the overall islet yield did not significantly dif-
fer between experimental groups when IN was calculated, the
IEQ counts (which take in account both islet size and num-
ber) showed a significantly higher recovery from untreated
pregnant donor pancreata, when compared to all other groups.
This observation points to the presence of larger islets in the
preparations that was indeed confirmed by the size distribu-
tion obtained in the counting samples.

Rapamycin treatment in pregnant mice resulted in a sig-
nificant decrease in pancreatic insulin content and reduction in
isolated islet yield and size, when compared to that of untreated
pregnant mice. In contrast, rapamycin treatment did not signif-
icantly affect 3-cell proliferation, pancreatic insulin content, or
islet yield in control nonpregnant females. This can be attributed
to the relatively low rate of proliferation of islet cells in basal
conditions and to the short-course of rapamycin treatment in
our study. Thus, the model of pregnancy offers a unique tool for
the study of high 3-cell proliferation under physiological condi-
tions in a well-defined time frame.

Rapamycin acts by forming a complex with FK Binding
Protein-12 (FKBP12) that binds to mTOR, thereby inhibiting
its activity (17, 18, 44). The mTOR-p70s6k complex has been
implicated in the control of cell proliferation, growth, and
metabolism and is activated by environmental stimuli such as
nutrients (i.e., amino acids and glucose), growth factors, and
cellular energy status in multiple cell types (17, 44—46), in-
cluding islet cells (45, 47). Activation of mTOR results in phos-
phorylation activation of the ribosomal-S6 kinase (p70s6k)
leading to protein synthesis and S-cell hypertrophy (44, 45,
48, 49), while deficiency of S6K1 is associated with hypoinsu-
linemia and glucose intolerance (49).

The increased B-cell proliferation and mass in pregnant
pancreata (measured as insulin content) was associated with
significantly lower fasting glycemic values than in control ani-
mals. Conversely, glucose clearance during IPGTT was compa-
rable between the experimental groups (pregnant and controls
treated or not with rapamycin). Increased metabolic demand
and insulin resistance in pregnant mice are considered im-
portant triggers to the wave of B-cell proliferation (24-27). It
is conceivable that an increased 3-cell mass during pregnancy
may compensate for this demand by maintaining normal gly-
cemic control. Conversely, rapamycin can improve insulin
sensitivity in peripheral tissues (46), an effect that may have
contributed to the observed comparable glucose clearance
between experimental groups in our study. Additionally,
rapamycin treatment may result in improved metabolic re-
sponses in vivo and in vitro (50).
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While B-cell proliferation dramatically decreased after
rapamycin treatment, little effect was observed on in vitro
function and metabolic response to glucose. In contrast with
our observation, rapamycin has been reported to affect islet
function both in vitro (11) and in vivo (19), as well as induc-
ing insulin resistance (14). The discrepancies between previ-
ous reports and our results may be due to the substantial
differences in the experimental models utilized. In particular,
our in vivo treatment was relatively short (5-7 days) and it is
possible that an extended rapamycin treatment would result
in a measurable functional impairment in islet cells and of
metabolic pathways that contribute to glucose homeostasis.

Prevention of islet B-cell proliferation by rapamycin
could be explained by a direct effect on B-cells or by an indi-
rect effect mediated via prevention of pregnancy progression
or alteration of embryogenesis. This in turn may lead to re-
duction in pregnancy-driven 3-cell proliferation. There have
been reports that the administration of rapamycin in preg-
nancy leads to abnormal embryo development and decreased
size of fetuses through a putative inhibition of the mTOR
signal transduction cascade (51). Notably, this was observed
with much higher rapamycin doses (>20-fold) administered
starting earlier in pregnancy than what was used in our pro-
tocol (51). Our experimental design included initiation of
rapamycin treatment on day 7 of pregnancy (when implan-
tation has already occurred) and recovery of pancreatic
glands after 1 week of treatment. Although in some cases
smaller pups were observed in rapamycin-treated animals, no
statistical differences were detected in the number of pups on
a per litter basis, the size of the fetuses, and the uterus weight
normalized by the number of fetuses in pregnant females
treated or not with rapamycin (not shown). We therefore
would like to propose that direct effects of rapamycin on islet
B-cell proliferation are likely to contribute to our findings. To
this regard, the observation of the reduced phosphorylation
of p70s6k in islets treated in vitro with rapamycin concentra-
tions comparable to those reached in vivo in animals and
patients demonstrates a direct effect of rapamycin on islet
proliferation. Rapamycin treatment of islets in vitro also re-
sulted in a significant increase in phosphorylation of ERK1/2,
while no differences in AKT phosphorylation were observed,
when compared to control islets. The ERK1/2 is a subfamily
of the mitogen-activated protein kinases (MAPK) involved in
the intracellular signaling associated with cell survival that
can also lead to phosphorylation of p70s6k (46). Blockade of
mTOR in umbilical vascular endothelial cells results in an
increased ERK1/2 phosphorylation in response to stimula-
tion with amino acids and insulin, which suggests a putative
inhibitory action of mTOR on this signal transduction path-
way (46). Our finding of increased ERK1/2 phosphorylation
in islet cells exposed to rapamycin suggests that a similar
mechanism may be operational in our setting. These data
point to the likely involvement of the p70s6k pathway in
B-cell proliferation.

The observation that 3-cell turnover occurs in physio-
logical conditions (20-22) clearly suggests that the use of
drugs that prevent B-cell proliferation will result, in time, in
the reduction of the B-cell mass that survives. Since trans-
planted patients receive a mass of islets that often is likely of
suboptimal size, it appears conceivable that 3-cell mass attri-
tion due to reduced proliferative capacity in the presence of
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rapamycin therapy will manifest itself during the course of
the follow up, as it is commonly observed in the ongoing
clinical trials of islet transplantation based on the Edmonton
protocol of immunosuppression (2, 6). Even postulating that
alow level of proliferation occurs in the implanted islets, mass
attrition can contribute to the overall function of the graft,
since patients are followed for years after implant. The occur-
rence of B-cell attrition may well represent a key mechanism
of graft failure, together with the potential metabolic effects of
chronic immunosuppressive treatment and immune-mediated
islet loss.

ACKNOWLEDGMENTS

The authors are grateful to Drs. Alessia Fornoni, Ricardo
L. Pastori, Alejandro Caicedo, M. Carolina Jacques-Silva, and
Daniel Mintz for thorough discussion and suggestions on this
work and for the outstanding assistance to Yelena Gadea and
Irayme Labrada for animal care, as well as to Kevin Johnson and
Brigitte Shaw for histopathology and microscopy. Thanks to the
Diabetes Research Institute shared resources (Preclinical Cell
Processing and Translational Models and Imaging Cores), to the
Division of Veterinary Resources and to the Institutional Ani-
mal Care Committee of the University of Miami Miller School of
Medicine.

REFERENCES

1. Shapiro AM, Lakey JR, Ryan EA, et al. Islet transplantation in seven
patients with type 1 diabetes mellitus using a glucocorticoid-free im-
munosuppressive regimen. N Engl ] Med 2000; 343: 230.

2. Shapiro AM, Ricordi C, Hering B]J, et al. International trial of the Ed-
monton protocol for islet transplantation. N Engl ] Med 2006; 355:
1318.

3. Hering BJ, Wijkstrom M. Sirolimus and islet transplants. Transplant
Proc 2003; 35: 1878S.

4. LiY,LiXC, Zheng XX, etal. Blocking both signal 1 and signal 2 of T-cell
activation prevents apoptosis of alloreactive T cells and induction of
peripheral allograft tolerance. Nat Med 1999; 5: 1298.

5. Battaglia M, Stabilini A, Draghici E, et al. Induction of tolerance in type
1 diabetes via both CD4+CD25+ T regulatory cells and T regulatory
type 1 cells. Diabetes 2006; 55: 1571.

6. Ryan EA, Paty BW, Senior PA, et al. Five-year follow-up after clinical
islet transplantation. Diabetes 2005; 54: 2060.

7. Froud T, Ricordi C, Baidal DA, et al. Islet transplantation in type 1
diabetes mellitus using cultured islets and steroid-free immunosup-
pression: Miami experience. Am J Transplant 2005; 5: 2037.

8. Desai NM, Goss JA, Deng S, et al. Elevated portal vein drug levels of
sirolimus and tacrolimus in islet transplant recipients: Local immuno-
suppression or islet toxicity? Transplantation 2003; 76: 1623.

9. RicordiC, Zeng YJ, Alejandro R, et al. In vivo effect of FK506 on human
pancreatic islets. Transplantation 1991; 52: 519.

10. Heit JJ, Apelqvist AA, Gu X, et al. Calcineurin/NFAT signalling regu-
lates pancreatic beta-cell growth and function. Nature 2006; 443: 345.

11.  Zhang N, Su D, Qu S, et al. Sirolimus is associated with reduced islet
engraftment and impaired beta-cell function. Diabetes 2006; 55: 2429.

12.  Bell E, Cao X, Moibi JA, et al. Rapamycin has a deleterious effect on
MIN-6 cells and rat and human islets. Diabetes 2003; 52: 2731.

13.  Laugharne M, Cross S, Richards S, et al. Sirolimus toxicity and vascular
endothelial growth factor release from islet and renal cell lines. Trans-
plantation 2007; 83: 1635.

14. Lopez-Talavera JC, Garcia-Ocana A, Sipula I, et al. Hepatocyte growth
factor gene therapy for pancreatic islets in diabetes: Reducing the min-
imal islet transplant mass required in a glucocorticoid-free rat model of
allogeneic portal vein islet transplantation. Endocrinology 2004; 145:
467.

15. Cantaluppi V, Biancone L, Romanazzi GM, et al. Antiangiogenic and
immunomodulatory effects of rapamycin on islet endothelium: Rele-
vance for islet transplantation. Am J Transplant 2006; 6: 2601.



© 2007 Lippincott Williams & Wilkins

20.
21.
22.
23.
24.
25.
26.
27.

28.

29.

30.

31.

32.

33.

34.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Miriuka SG, Rao V, Peterson M, et al. mTOR inhibition induces endo-
thelial progenitor cell death. Am J Transplant 2006; 6: 2069.
Waullschleger S, Loewith R, Hall MN. TOR signaling in growth and
metabolism. Cell 2006; 124: 471.

Terada N, Lucas JJ, Szepesi A, et al. Rapamycin blocks cell cycle pro-
gression of activated T cells prior to events characteristic of the middle
to late G1 phase of the cycle. ] Cell Physiol 1993; 154: 7.

Bussiere CT, Lakey JR, Shapiro AM, Korbutt GS. The impact of the
mTOR inhibitor sirolimus on the proliferation and function of pancre-
atic islets and ductal cells. Diabetologia 2006; 49: 2341.

Meier JJ, Bhushan A, Butler AE, et al. Sustained beta cell apoptosis in
patients with long-standing type 1 diabetes: Indirect evidence for islet
regeneration? Diabetologia 2005; 48: 2221.

Meier JJ, Lin JC, Butler AE, et al. Direct evidence of attempted beta cell
regeneration in an 89-year-old patient with recent-onset type 1 diabe-
tes. Diabetologia 2006; 49: 1838.

Dor Y, Brown J, Martinez OI, Melton DA. Adult pancreatic beta-cells
are formed by self-duplication rather than stem-cell differentiation.
Nature 2004; 429: 41.

Bonner-Weir S, Baxter LA, Schuppin GT, Smith FE. A second pathway
for regeneration of adult exocrine and endocrine pancreas. A possible
recapitulation of embryonic development. Diabetes 1993; 42: 1715.
Kawai M, Kishi K. In vitro studies of the stimulation of insulin secretion
and B-cell proliferation by rat placental lactogen-II during pregnancy
in rats. ] Reprod Fertil 1997; 109: 145.

Nieuwenhuizen AG, Schuiling GA, Moes H, Koiter TR. Role of in-
creased insulin demand in the adaptation of the endocrine pancreas to
pregnancy. Acta Physiol Scand 1997; 159: 303.

Sorenson RL, Brelje TC. Adaptation of islets of Langerhans to preg-
nancy: Beta-cell growth, enhanced insulin secretion and the role of
lactogenic hormones. Horm Metab Res 1997; 29: 301.

Kawai M, Kishi K. Adaptation of pancreatic islet B-cells during the last
third of pregnancy: regulation of B-cell function and proliferation by
lactogenic hormones in rats. Eur J Endocrinol 1999; 141: 419.

Heit JJ, Karnik SK, Kim SK. Intrinsic regulators of pancreatic beta-cell
proliferation. Annu Rev Cell Dev Biol 2006; 22: 311.

Freemark M, Avril I, Fleenor D, et al. Targeted deletion of the PRL
receptor: effects on islet development, insulin production, and glucose
tolerance. Endocrinology 2002; 143: 1378.

Amaral ME, Cunha DA, Anhe GF, et al. Participation of prolactin re-
ceptors and phosphatidylinositol 3-kinase and MAP kinase pathways
in the increase in pancreatic islet mass and sensitivity to glucose during
pregnancy. ] Endocrinol 2004; 183: 469.

Brelje TC, Stout LE, Bhagroo NV, Sorenson RL. Distinctive roles for
prolactin and growth hormone in the activation of signal transducer
and activator of transcription 5 in pancreatic islets of langerhans. En-
docrinology 2004; 145: 4162.

Parsons JA, Brelje TC, Sorenson RL. Adaptation of islets of Langerhans
to pregnancy: Increased islet cell proliferation and insulin secretion
correlates with the onset of placental lactogen secretion. Endocrinology
1992; 130: 1459.

Molano RD, Pileggi A, Berney T, et al. Long-term islet allograft survival
in nonobese diabetic mice treated with tacrolimus, rapamycin, and
anti-interleukin-2 antibody. Transplantation 2003; 75: 1812.

Ichii H, Inverardi L, Pileggi A, et al. A novel method for the assessment

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Zahr et al. 1583

of cellular composition and Beta-cell viability in human islet prepara-
tions. Am J Transplant 2005; 5: 1635.

Fornoni A, Cobianchi L, Sanabria NY, et al. The l-isoform but not
d-isoforms of a JNK inhibitory peptide protects pancreatic beta-cells.
Biochem Biophys Res Commun 2007; 354: 227.

Meier JJ, Butler AE, Galasso R, et al. Increased islet beta cell replication
adjacent to intrapancreatic gastrinomas in humans. Diabetologia 2006;
49: 2689.

Kenyon NS, Chatzipetrou M, Masetti M, et al. Long-term survival and
function of intrahepatic islet allografts in rhesus monkeys treated with
humanized anti-CD154. Proc Natl Acad Sci U S A 1999; 96: 8132.
Brelje TC, Svensson AM, Stout LE, et al. An immunohistochemical
approach to monitor the prolactin-induced activation of the JAK2/
STATS5 pathway in pancreatic islets of Langerhans. J Histochem Cyto-
chem 2002; 50: 365.

Nielsen JH, Svensson C, Galsgaard ED, et al. Beta cell proliferation and
growth factors. ] Mol Med 1999; 77: 62.

Friedrichsen BN, Galsgaard ED, Nielsen JH, Moldrup A. Growth
hormone- and prolactin-induced proliferation of insulinoma cells,
INS-1, depends on activation of STATS5 (signal transducer and activa-
tor of transcription 5). Mol Endocrinol 2001; 15: 136.

Brelje TC, Scharp DW, Lacy PE, et al. Effect of homologous placental
lactogens, prolactins, and growth hormones on islet B-cell division and
insulin secretion in rat, mouse, and human islets: implication for pla-
cental lactogen regulation of islet function during pregnancy. Endocri-
nology 1993; 132: 879.

Guiot Y, Henquin JC, Rahier J. Effects of glibenclamide on pancreatic
beta-cell proliferation in vivo. Eur J Pharmacol 1994; 261: 157.
Hussain MA, Porras DL, Rowe MH, et al. Increased pancreatic beta-cell
proliferation mediated by CREB binding protein gene activation. Mol
Cell Biol 2006; 26: 7747.

Inoki K, Ouyang H, Li Y, Guan KL. Signaling by target of rapamycin
proteins in cell growth control. Microbiol Mol Biol Rev 2005; 69: 79.
Kwon G, Marshall CA, Pappan KL, et al. Signaling elements involved in
the metabolic regulation of mTOR by nutrients, incretins, and growth
factors in islets. Diabetes 2004; 53 Suppl 3: S225.

Pellegatta F, Catapano AL, Luzi L, Terruzzi I. In human endothelial
cells amino acids inhibit insulin-induced Akt and ERK1/2 phosphory-
lation by an mTOR-dependent mechanism. | Cardiovasc Pharmacol
2006; 47: 643.

Kwon G, Marshall CA, Liu H, et al. Glucose-stimulated DNA synthesis
through mammalian target of rapamycin (mTOR) is regulated by
KATP channels: Effects on cell cycle progression in rodent islets. J Biol
Chem 2006; 281: 3261.

Inoki K, Guan KL. Complexity of the TOR signaling network. Trends
Cell Biol 2006; 16: 206.

Pende M, Kozma SC, Jaquet M, et al. Hypoinsulinaemia, glucose intol-
erance and diminished beta-cell size in S6K1-deficient mice. Nature
2000; 408: 994.

Marcelli-Tourvieille S, Hubert T, Moerman E, et al. In vivo and in vitro
effect of sirolimus on insulin secretion. Transplantation 2007; 83: 532.
Hentges KE, Sirry B, Gingeras AC, et al. FRAP/mTOR is required for
proliferation and patterning during embryonic development in the
mouse. Proc Natl Acad Sci U S A 2001; 98: 13796.



