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There is mounting evidence that impaired islet revascularization 
could be an independent factor that limits the success rate of islet 
transplantation.17-19 Supporting the potential detrimental effect of 
RAPA on islet survival after transplantation, Zhang et al. reported 
that, in a syngeneic mouse model, RAPA adversely affected islet 
engraftment under the kidney capsule and compromised β-cell 
function, with reduced intragraft insulin content and decreased 
vascular density.6 Cantaluppi et al. reported that RAPA inhibits 
the outgrowth of endothelial cells from human islet and the for-
mation of capillary-like structures in vitro and in vivo after sub-
cutaneous injection into the SCID mouse.10 Finally, Ben et al. 
showed that RAPA affects the viability of islets by inducing islet 
cell apoptosis in vitro.11

While vascularization is likely to be important for long term 
islet function, other factors, such as inflammation at the time of 
transplantation, appear to affect early engraftment.20-23 The pre-
dominant cell types infiltrating the islets after infusion are neutro-
philic granulocytes and monocytes.24 In this context, we reported 
that RAPA affects the survival of these cells and has important 
anti-inflammatory effects.25 In vitro, RAPA induces monocyte 
death and in vivo significantly reduce peripheral monocytes, 
CD14+ and CD33+cells, and platelet counts. A role for RAPA on 
myeloid lineage survival was confirmed also at the bone marrow 

Introduction

The Edmonton protocol was undoubtedly a major step forward in 
the history of islet transplantation.1-3 Its immunosuppression regi-
men was largely based on the mTOR inhibitor rapamycin (RAPA), 
which remains the most frequently used immunosuppressive drug 
in clinical islet transplant protocols. As time reveals the somewhat 
disappointing long-term results of islet transplantation with this 
protocol,2 a number of publications have appeared, addressing a 
possible deleterious role of rapamycin on islet or β-cell engraft-
ment, function, survival and regeneration.4-12

During engraftment, due to its antiangiogenic activities,13 

RAPA could be detrimental for islet survival after transplanta-
tion. Islets are transplanted as single islets or islet clusters that 
are considered avascular after collagenase digestion and isolation. 
Although residual endothelial cells in isolated islets may con-
tribute to islet revascularization,14 adequate intraislet blood flow 
requires the formation of a functional microvascular network that 
links engrafted islets to the surrounding tissues.15 Microvascular 
perfusion to newly transplanted islets does can take up to two 
weeks before a functional microvasculature in islet grafts is rees-
tablished.16-18 A delay in islet revascularization could potentially 
deprive islets of oxygen and nutrients, resulting in islet cell death. 
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 Objective: In this study we examined the effect of rapamycin (RAPA), a key component of the immunosuppressive regi-
men in clinical islet transplantation, on islet engraftment and function in vivo. 

Methods and results: Diabetic C57BL/6 or BALB/C recipient mice were transplanted with 350 syngeneic islets through 
the portal vein (PV-Tx; C57BL/6 n = 60; BALB/C n = 22) and treated with once-daily oral RAPA (1 mg/kg) or vehicle. No dif-
ferences in post-transplant blood glucose concentrations and glucose tolerance were observed between RAPA- and vehicle-
treated mice. The impact of RAPA on human islet engraftment was assessed in 10 patients with type 1 diabetes treated with  
0.1 mg/kg/day rapamycin before islet transplantation. Compared to non pre-treated islet transplant recipents (n = 12), RAPA 
pre-treated patients had increased blood RAPA concentrations (p = 0.006) and fasting C-peptide concentrations (p = 0.005) 
in the two weeks post-transplant. RAPA pre-treatment was associated with a reduction in chemokines CCL2 and CCL3 
concentrations pre-transplant (p < 0.01), and a dampened chemokine response (p = 0.005) post-transplant. Concordantly, in 
vitro RAPA inhibited the secretion of CCL2 and CCL3 by monocytes. 

Conclusion: Rapamycin does not adversely affect intrahepatic islet engraftment in the mouse, and potentially improves 
islet engraftment in humans by an anti-inflammatory mechanism.
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syngeneic islets through the portal vein (PV-Tx; C57BL/6 n = 60; 
BALB/C n=22) and treated with RAPA (1.0 mg/kg) for 14 days 
(Fig. 3). RAPA treatment did not significantly affect the function 
of islets transplanted in the liver through portal vein injection. In 
both C57BL/6 mice and in BALB/C mice, RAPA treatment had no 
effect on post transplant blood glucose profile or glucose tolerance 
post-transplant. Moreover, this was observed in conditions where 
blood glucose concentrations were reduced, but still elevated, con-
ditions similar to those of islet transplantation in man. 

level where myeloid precursors such as CD15+ 
and CD15+/CD16+ were selectively and sig-
nificantly decreased during RAPA treatment.25 
Therefore, we postulated that RAPA could 
have a benefical effect on islet survival after 
transplantation.

The aim of our study was to evaluate the 
effect of RAPA in vivo on islet engraftment 
both in mouse and in man. In mice, we used 
syngeneic models of intraportal islet transplan-
tation. In humans, we examined markers of β 
cell function and inflammation before and after 
transplantation in a unique group of pre-treated 
patients who were pretreated in monotherapy 
with RAPA before islet tranplantation. Our 
data indicate that RAPA does not adversely 
affect intrahepatic islet engraftment in mice and 
improves early islet engraftment in humans by 
dampening inflammatory profiles.

Results

RAPA did not significantly affect glucose 
tolerance in mice. To separate the effect of 
RAPA on islet engraftment from that on glu-
cose metabolism,26 we treated normal (n = 7) 
and diabetic (n = 23) C57BL/6 mice with once 
daily oral administration of RAPA (1 mg/kg). 
Non-fasting glycemia profile was unaffected 
(Fig. 1A). No significant differences in weight, 
glycemia, glucose tolerance after IVGTT, 
HOMA-B and HOMA-IR were observed dur-
ing and after RAPA treatment in normal mice 
(Fig. 1B). In diabetic mice a significant increase 
in fasting glycemia associated with a decrease of 
HOMA-B and glucose tolerance were observed 
during and after treatment with either RAPA 
or vehicle, suggesting that a worsening of β cell 
function is a consequence of the hyperglycaemic 
state itself rather than of RAPA treatment. Since 
after oral administration RAPA is absorbed via 
the portal vein reaching high portal concentra-
tions, we also tested the effect of RAPA on the 
function of islets engrafted in the liver. Diabetic 
C57BL/6 recipients were transplanted with syn-
geneic islets through the portal vein and, after 
three months, the transplanted mice that were 
normoglycaemic (non fasting glycemia 143±25 mg/dl, n = 7) were 
treated with oral RAPA (0.1 mg/kg day 0 to 10; 1.0 mg/kg day 
11 to 20) (Fig. 2). Blood glucose profile, fasting glycemia and glu-
cose tolerance were not significantly affected by RAPA treatment. 
Altogether, these data indicate that short to medium term treat-
ment with RAPA does not affect glucose metabolism in mice. 

RAPA did not impair islet engraftment after portal vein injec-
tion. To specifically study RAPA effect on islet engraftment, dia-
betic C57BL/6 or BALB/C recipients were transplanted with 350 

Figure 1. Effect of RAPA treatment on islet function in vivo. (A) blood glucose profile of nor-
mal (n = 7) or STZ-induced diabetic (n=23) C57BL/6 mice before, during and after RAPA treat-
ment (1 mg/kg). Data are expressed as mean and range. (B) and (C) fasting glycemia, glucose 
tolerance after IVGTT (KG15), β-cell function (hOMA-B) and insulin resistance (hOMA-IR) 
in normal (white boxplots; n = 7) and STZ-diabetic (dark gray boxplots; n = 23) C57BL/6 mice 
before (day 0) during (day +10) and after (day +20) 1 mg/kg RAPA treatment. A group of STZ-
diabetic C57BL/6 mice was treated with vehicle, and are shown as control (light-gray boxplots;  
n = 7).  Statistical analysis was performed by ANOVA with the Dunnett Test. NS=not statistically 
significant;  *p<0.05;  **p<0.01.
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little or no change in CCL3 concentrations (CCL2 dAUC first 
week post-transplant: 406±403 vs –856±570 pg/week/ml, for the 
ED and RP group, respectively; p = 0.05; CCL3 dAUC first week 
post-transplant: -546±1443 vs –9747±3602 pg/week/ml, for the 
ED and RP group, respectively; p = 0.05; Fig. 5B). 

CCL2 and CCL3 are predominantly released by monocytes. 
To test the hypothesis that RAPA could directly modulate the 
release of these two chemokines, human monocytes from healthy 
donors were cultured in the presence of RAPA (0.1–5 ng/mL) 
after LPS-mediated TLR4 activation. A significant (p < 0.01, n = 
6) dose-dependent decrease of CCL2 and CCL3 production was 
detected starting from drug concentrations of 1 ng/mL (Fig 6). 
Other inflammatory cytokines induced by LPS stimulation, such 
as IL-1β and IL-6, were unaffected by RAPA treatment, suggest-
ing a selective rather than a general downregulation of inflamma-
tory mediators. 

Discussion

Successful islet transplantation depends on the infusion of suffi-
ciently large quantities of islets, but only a fraction of transplanted 
islets can survive and become engrafted, and yet the underlying 
mechanism remains partially unclear. In this study, we examined 
the effect of RAPA, a key component of the immunosuppressive 
regimen in clinical islet transplantation, on islet engraftment and 
function in vivo. We demonstrated that RAPA administration to 
normal, diabetic and euglycaemic islet transplanted mice does not 
modify glycaemic control, indicating at most a marginal impact of 

Effect of RAPA on islet engraftment in vivo in human. RAPA 
pre-treatment did not affect HbA1c, fasting C-peptide and kid-
ney function during the pre-transplant period (Table 1). A small 
(19%) but significant (p = 0.03) decrease in exogenous insulin 
requirement (EIR) was observed. RAPA concentrations were 
higher in the RP group than in the ED group at the time of islet 
infusion and throughout the two weeks post-transplant (mean 
RAPA concentration at day 7: 13.8±5 vs 7.8±4 ng/ml, RP and 
ED group, respectively; p = 0.006; Fig. 4B). Target blood RAPA 
concentrations were not reached in the first week after islet trans-
plantation in the ED group. No difference in blood FK506 con-
centrations was observed between the two groups. With respect to 
islet function, fasting C-peptide concentrations were significantly 
higher during the first two weeks after transplantation in the RP 
group than in the ED group (p = 0.005). C-peptide concentra-
tions continued to rise in ED group and reached those in the RP 
group by two weeks post-transplant. 

RAPA pre-treatment is associated with a down regulation of 
the inflammatory markers CCL2/MCP-1 and CCL3/MIP-1α. 
We monitored the concentrations of CCL2/MCP-1 and CCL3/
MIP-1α, two inducible inflammatory chemokines reported to be 
associated with islet survival after transplantation. Treatment with 
RAPA prior to transplantation was associated with a decrease in 
the circulating concentrations of both chemokines after 21 days 
(CCL2: 62.3±14 pg/ml vs 101±14 pg/ml P=0.03; CCL3: 223±67 
pg/ml vs 383±55 pg/ml, p = 0.01; Fig. 5A). Post-transplant, there 
was a further reduction of CCL2 and CCL3 in the RP group, 
whereas in the ED group there was a transient rise in CCL2 and 

Table 1. Recipient, donor and islet characteristics in RP and ED groups

RP group (n = 10) ED group (n = 12)

Recipient:

Age (yr) 36.5 
(32-39)

37 
(29-41.5)

Sex (M/F) 6/4 6/6

Diabetes duration (yr) 24.5 
(19-37) 

20.5 
(14.5-26.5)

Equivalent islet/kg at first infusion 5694 
(4528-6251)

5043 
(3909-5828)

Time 0 Pre RAPA Pre Tx Time 0 Pre Tx

hba1c (%) 8.9 
(7.9-9.7)

8.9 
(8-9.3)

8.7 
(8-9.3)

8.1 
(7.4-8.8)

8 
(7.8-9)

C-pep (ng/ml) 0.02 
(0.02-0.19) 

0.02 
(0.02-0.3)

0.09 
(0.02-0.3)

0.03 
(0.01-0.05)

0.06 
(0.02-0.16)

 

EIR (U/kg/die) 0.64 
(0.58-0.91) 

0.70 
(0.62-0.91)

0.58 
(0.51-0.77) *

0.64 
(0.56-0.82)

0.63 
(0.57-0.69)

Weight (kg) 64  
(55-70)

64 
(55-70)

66 
(56-70)

63.5 
(59-68.5)

63 
(59-68.5)

Crea (ng/ml) 0.79 
(0.63-0.95) 

0.80 
(0.69-0.96)

0.83 
(0.72-0.91)

0.81 
(0.59-0.95)

0.72 
(0.62-082)

Glomerular filtration 
rate (ml/min)

108 
(91-127)

98 
(89-115)

102 
(94-107)

106 
(94-126)

124 
(103-134)

Data are expressed as median with 25th and 75th percentiles in parenthesis.  *p < 0.05 vs pre RAPA

44 Islets Volume 1 Issue 1

D
ow

nl
oa

de
d 

by
 [

11
7.

25
5.

22
5.

9]
 a

t 2
2:

33
 0

5 
N

ov
em

be
r 

20
15

 



www.landesbioscience.com Islets 45

system, but affect different physiopathological 
processes involved in tissue repair and neo-
vasculogenesis. Recent reports suggest that 
RAPA may not be optimal for the survival 
and revascularization of newly transplanted 
islets. In contrast to our findings, Zhang et 
al. reported that RAPA adversely affects islet 
engraftment in mouse and compromises β-cell 
function, with reduced intragraft insulin con-
tent and decreased vascular density.6 Similarly 
Cantaluppi et al. reported the anti-angiogenic 
activity of RAPA as particularly detrimental in 
the early engraftment phase of islet in mouse.10 
Of note is that the site of islet implantation in 
the study of Zhang was the kidney capsule and 
in the study of Cantaluppi was the subcutane-
ous tissue. In most rodent models, islets are 
transplanted under the kidney capsule, whereas 
islet transplantation in man is performed by 
percutaneous intrahepatic infusion through 
the portal vein.29 Intrahepatic islet infusion is 
associated with an immediate blood-mediated 
inflammatory reaction, thrombosis and hepatic 
tissue ischemia.20,30-41 Kidney subcapsular trans-
plantation or subcutaneous implantation are 
not intravascular and are, therefore, devoided 
of these complications. Thus, the mechanism 
of engraftment and islet survival are different 
and, although transplantation under the kidney 
capsule may be a useful model to study mecha-
nisms of immune tolerance or neovasculogen-
esis, unlikely provides information relevant to 
islet engraftment in man.

As we recently reported RAPA plays a role in 
the physiology and survival of monocyte/myel-
oid lineage cells.25 This could have a benefical 
effect on islet engraftment, since neutrophilic 
granulocytes and monocytes are the predomi-

nant cell types infiltrating the islets after transplantation,24 exert-
ing direct and indirect cytotoxic effects.20,21 Furthermore, our 
study suggests a new mechanism by which RAPA can improve 
islet survival after transplantation, i.e., the inhibition of CCL2/
MCP-1 and CCL3/MIP-1α secretion. CCL2/MCP-1 is a pro-
totypic inflammatory chemokine, which targets monocytes, 
T lymphocytes and other cells expressing the C-C chemokine 
receptor (CCR2).42 Remarkably, CCL2/MCP-1 not only pro-
vides chemotactic cues for the recruitment of monocytes from 
the bloodstream to the inflamed tissue, but it is also responsible 
for monocyte activation and induction of the respiratory burst.42 
CCL2/MCP-1 has been implicated in the development of acute 
or chronic inflammation in different scenarios, and our group 
has previously described a detrimental effect on human islet sur-
vival.23 An involvement of CCL3/MIP-1α in islet survival after 
transplantation was also previously suggested.43, 44 CCL3/MIP-1α 
is crucial for T-cell chemotaxis from the circulation to inflamed 
tissue and also plays an important role in the regulation of 

the drug on glucose metabolism in this model. This first observa-
tion allow us studying the effect of RAPA on islet engraftment. By 
using a syngeneic islet transplantation model, we demonstrated 
that RAPA does not affect islet engraftment after portal vein injec-
tion in mice. Finally, in a unique group of patients with type 1 
who were treated with RAPA as monotherapy before islet trans-
plantation, we confirmed that RAPA does not impair islet engraft-
ment and was associated with increased C-peptide concentrations 
in the first two weeks after islet infusion. These findings, together 
with a blunted inflammatory profile, suggest that pre-treatment 
with RAPA could improve islet engraftment.

The immunosuppressive mechanism of RAPA is based on the 
selective blockade of the mammalian target of RAPA activation 
(mTOR), a molecule known to play a pivotal role in cell cycle 
progression from late G

1
 into S phase in response to T-cell growth 

factor stimulation.27, 28

Considering the ubiquitous expression of mTOR in different 
cell types, the effects of RAPA are not restricted to the immune 

Figure 2. Effect of RAPA treatment on already engrafted islet in vivo. (A) Blood glucose profile 
of engrafted islet during RAPA treatment. Diabetic C57BL/6 recipients were transplanted with 
350 syngeneic islets through the portal vein. Three months post-transplantation, normoglycaemic 
transplanted mice (non-fasting glycemia 143±25 mg/dl, n = 7) were treated with once daily 
oral administration of RAPA at 0.1 mg/kg for 10 days and then 1.0 mg/kg for additional 10 days. 
Data are expressed as mean and range. (B) Fasting glycemia and glucose tolerance after IVGTT 
(KG15) in C57BL/6 mice with engrafted islet before (day 0) during (day +10 0.1mg/kg;  
day +20 1mg/kg) and after (day +30) RAPA treatment. Blood glucose data are expressed as mean 
±SE; glucose tolerance data are expressed as KG15 box plot.  NT = not tested. Statistical analy-
sis was performed by ANOVA with the Dunnett Test. NS = not significant. *p < 0.05;  **p < 0.01. 
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is associated with a blunted inflammatory reaction. Thus RAPA 
treatment appears to be not solely beneficial in controlling lym-
phocyte responses, but also as an anti-inflammatory therapy at the 
time of early islet engraftment. 

Material and Methods

Islet function in normal and diabetic mice. To address the effect of 
RAPA on islet function in vivo we treated normal (n = 7) or dia-
betic (STZ induced, n = 23) C57BL/6 mice with once daily oral 
administration of RAPA at the dose of 1.0 mg/kg for 10 days. As 
control, one group of diabetic C57BL/6 mice (n = 7) was treated 
with vehicle. Non-fasting glycemia, fasting glycemia, glucose tol-
erance after IVGTT (KG

15
), serum insulin levels, insulin resis-

tance and β cell function (calculated by HOMA) and weight were 
evaluated at day 0 (before RAPA treatment), at day 10 (last day of 
RAPA treatment) and at day 20 (ten days after withdrawing RAPA 
treatment). IVGTT was performed after a 16-hour fast; mice in 
each experimental group were given glucose (0.5 g/kg) by tail vein 
bolus injection. Blood samples were obtained at 0, 1, 5, 10, 15, 
20, 30 and 60 minutes after glucose injection and were used to 
measure glucose concentrations. Glucose tolerance was quantified 
from the glucose elimination constant (KG; expressed as percent 
elimination of glucose per minute) as the reduction in circulating 
glucose between 1 and 15 min (KG

15
) after logarithmic transfor-

mation of plasma glucose values.46 Serum insulin was determined 
by radiobinding assay (INSIK-5 RIA Kit, Linco Research, St. 
Charles, MO). The minimal modeling of insulin and glucose data 
from non-fasting blood sample was used to assess the β-cell func-
tion. HOMA provided equations for estimating β-cell function 
and insulin resistance.47

Islet transplantation in mice. Islet isolation and culture. 
Pancreatic islets were isolated from C57BL/6 or BALB/c mice (nine 
weeks old, 20–22 g; Charles River, Calco, Italy) by a collagenase 
digestion method. Briefly, 2 ml of cold Hank’s buffer/collagenase 
type V solution (1 mg/ml; Sigma, St. Louis, MO) was infused into 
the pancreatic duct in situ, and the removed pancreas was digested 
at 37°C for 15 min. Islets were purified on a discontinuous Ficoll 
gradient (Sigma). The islets (250 islet/ml) were cultured free-
floating (37 °C, 5% CO

2
) in medium RPMI 1640 (BioWhittaker, 

Walkersville, MD) supplemented with L-glutamine (Sigma), peni-
cillin-streptomycin (1000 U/ml-10 mg/ml; Sigma) and 10% (vol/
vol) fetal calf serum (HyClone, Celbio, Logan, UT) for 20–24 h 
before the transplant. Islet purity was >90%. 

Recipient mice. Male C57BL/6 or male BALB/c mice (9-week- 
old, 20–22 g; both from Charles River) were used as recipients. 
Mice were made diabetic (non-fasting blood glucose levels between 
400 and 600 mg/dl) with intravenous STZ injection (175 to 200 
mg/kg; Sigma) one to two weeks prior to transplantation. Blood 
glucose measurements were performed using a Glucometer Elite 
(Bayer Canada, Toronto, Ontario, Canada). The animals had 
free access to tap water and pelleted food throughout the course 
of the study. The local animal ethics committee approved all 
experiments. 

Islet transplantation via the portal vein route.48 The recipi-
ent mice were anesthetized with isoflurane (Forane 1–2%; Abbott 

transendothelial migration of monocytes and dendritic cells and 
other cells expressing the C-C chemokine receptors CCR1 and 
CCR5.45

A limitation of our study is the short term follow up data 
in clinical islet transplant. In fact, the association we report in 
the present work is between RAPA pre-treatment and increased 
C-peptide concentrations in the first two weeks after islet infu-
sion. Even if we have evidence that the RP group has maintained 
a better performance over time (data not shown), some confound-
ing factors do not allow to definitively conclude for a positive role 
of the RAPA pre-treatment on long-term islet function. In fact 
RAPA blood level starting from two weeks after the first islet infu-
sion did not differ between RP and ED groups and since many 
patients in both groups were subsequently reinfused in the pres-
ence of RAPA, the direct contribution of first islet infusion on 
overall function can not be dissected. 

In summary, this study indicates that RAPA does not adversely 
affect intrahepatic islet engraftment in mouse. The lack of det-
rimental effect of RAPA in animal models permitted us to plan 
a clinical study with RAPA pre-treatment in human islet recipi-
ents showing that RAPA improves islet engraftment in man and 

Figure 3 Effect or RAPA on islet engraftment in mice. Diabetic C57BL/6 
or BALB/C recipients were transplanted with 350 syngeneic islets through 
the portal vein (PV-Tx; C57BL/6 n = 60; BALB/C n = 22) After islet trans-
plantation, recipient mice were treated with once-daily oral RAPA at 1.0 
mg/kg or vehicle (Ctrl) for 14 days.  Blood glucose profile (mean±SE) and 
two weeks glucose tolerance after IVGTT (KG15) are reported. Compari-
sons between groups were performed by Mann Whittney test. 
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until all bleeding stopped. The peritoneal cavity was closed. Three-
hundred-fifty islets were injected. 

Immunosuppression. Recipient mice were treated as previ-
ously described.49 The treatment of the transplanted mice began 
the day before transplant. Rapamycin (Rapamune; Wyeth-Ayerst, 
Pearl River, NY) was diluted in peanut oil (Sigma) and adminis-
tered once daily for 14 consecutive days at a dose of 1 mg/kg by 
gavage.

Evaluation of graft function. Blood sugar levels were measured 
15, 30 and 60 minutes after the end of surgical procedure, daily 
for the first week and then every second day post-transplantation. 
Surgical death was defined as death within the first seven days after 
transplantation. In syngeneic models, recipient mice were classi-
fied as having full function if non-fasting blood glucose concen-
trations were less than 50% of pre-transplant concentration for at 
least one week. An intravenous glucose tolerance test (IVGTT) 
was performed 2 weeks after transplantation to demonstrate the 
function of the grafted islets. 

Islet transplants in patients with type 1 diabetes. From 
January 2001 to March 2005, 22 patients with type 1 diabetes 
received islet transplantation and were immunosuppressed by 
either the Edmonton protocol (ED, n = 12) or a protocol that 
included RAPA administration before the first islet infusion (RP; 

Figure 5  RAPA modulated CCL2/MCP-1 and CCL3/MIP-1α secretion in 
vivo (A) Blood CCL2/MCP-1 and CCL3/MIP-1α concentrations before 
and 21 days after RAPA (0.1 mg/kg/day) monotherapy treament in nine 
patients with type 1 diabetes. The value for each patient are shown and 
the mean before and after RAPA treatment were compared using the 
Mann-Whitney test. * p<0.05. ** p<0.01(B) CCL2/MCP-1 and CCL3/MIP-
1α blood concentration after first islet infusion. Data are expressed as 
mean+SE. Statistical analysis was performed by  using mixed-effect models.

Laboratories, Toronto, Canada) and then prepared for abdomi-
nal surgery. A 2 cm midline incision was made slightly below the 
xyphoid. The intestines were gently reflected leftward from the 
peritoneal cavity onto dampened gauze and the portal vein was 
exposed. The islets were suspended in 0.3–0.5 ml RPMI media 
aspirated from a 1.5 ml plastic tube into a heparinized plastic  
1ml syringe with a 29-gauge 12.5 mm needle. The needle was 
then inserted into the exposed portal vein and the plunger was 
gently advanced to expel the islets into the portal vein. A small 
piece of gelform was placed directly over the hole as the needle was 
being removed from the portal vein and then pressure was applied 

Figure 4. Effect of RAPA treatment on islet engraftment in human. 
(A) Schematic representation of clinical islet transplantation proto-
cols. Patients received immunosuppression according to the Edmonton 
protocol (ED group, n = 12) or a preconditioning therapy with rapamycin 
pre-transplant followed by immunosuppression according to the Edmon-
ton protocol (RP group, n = 10). In the RP cohort, RAPA was given at a 
dose of 0.1 mg/kg/day for a mean period of 112±56 days. At the time of 
transplant, both RP and ED groups received: αCD25 as induction therapy 
(1 mg/kg intravenously, and then every 2 weeks for a total of five doses); 
FK506 (given orally at an initial dose of 1 mg/Kg, then to maintain serum 
levels of 3–6 ng/mL); RAPA (given orally at a loading dose of 0.2 mg/kg, fol-
lowed by a dose of 0.1 mg/kg to achieve a range level of 12–15 ng/mL for 
the first 90 days, and 7–10 ng/mL thereafter). (B) RAPA blood concentra-
tion, FK506 blood concentration, fasting C peptide and EIR in RP and ED 
groups during 14 days post-islet Tx. Data are expressed as mean±SE and 
boxplots. Statistical analysis was performed by using mixed-effect models.
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Figure 6  RAPA modulated CCL2/MCP-1 and CCL3/MIP-1α secretion in vitro CCL2/
MCP-1, CCL3/MIP-1α, IL-1β and IL-6 secretion by freshly isolated monocytes after 
TLR4 stimulation. human monocyte cells were isolated by Ficoll/Percoll gradients and 
adherence. Freshly isolated monocytes (1x106/ml CD14+/CD68 ) were cultured with 
RAPA (0–5 ng/ml) in the presence of LPS for 24 h. CCL2/MCP-1, CCL3/MIP-1α, IL-1β 
and IL-6 concentration were analyzed in the supernatants. Results are expressed as 
mean ± SD (n = 6). Statistical analysis was performed by ANOVA with the Dunnett 
Test. *p < 0.05;  **p < 0.01

n = 10). All patients had reduced awareness of hypoglycemia, 
brittle diabetes or progressive complications, despite optimiza-
tion of insulin therapy. Patients in the RP group received RAPA 
(Rapamune, Wyeth-Ayerst) orally at least one month prior to the 
transplant, at a dose of 0.1 mg/kg/day. At the time of transplant, 
both RP and ED groups received Daclizumab (Zenapax, Roche; 
1 mg/kg intravenously) as induction therapy, which was repeated 
every 2 weeks for a total of 5 doses; FK506 (Prograf, Fujisawa, 
Japan) was given orally at an initial dose of 1 mg/kg, then to main-
tain serum levels of 3–6 ng/ml; RAPA was given orally at a loading 
dose of 0.2 mg/kg, followed by a dose of 0.1 mg/kg to achieve 
levels within the range of 12–15 ng/ml for the first 90 days, and 
7–10 ng/ml thereafter. Patients in the ED and RP groups were 
similar with respect to age, gender, weight, duration of diabetes, 

number of islet infusions received, and number of islet 
equivalents per kg of body weight received (Table 1). 
The ethical committee of the Scientific Institute San 
Raffaele approved the protocol, and all patients signed 
an informed consent before entering the study.

Monocyte culture. Highly enriched monocytes 
(>95% CD14+) were obtained from buffy coats of blood 
donors (through the courtesy of Centro Trasfusionale, 
Ospedale San Raffaele, Milan, Italy) using Ficoll and 
Percoll gradients and purified by adherence. Monocytes 
were cultured at 106/mL in six-well multiwell tissue cul-
ture plates (Falcon, Becton Dickinson, Somerville, NJ, 
USA) in RPMI (Biochrom, Berlin, Germany) 10% FCS 
(Hyclone, Logan, UT) with or without RAPA. For Toll-
Like Receptor 4 (TLR4) activation, LPS 10 ng/mL was 
added for 24 hr of culture. All cultures were tested for the 
presence of endotoxin (<0.03 U/mL; Lymulus Test).

Chemokine and cytokine assays. Chemokines 
and cytokines were measured by SearchLight Human 
Proteoma Array (Pierce Endogen, Woburn, MA) accord-
ing to the manufacturer’s instructions.

Statistical analysis. General characteristics of study 
participants were described using summary statistics. 
Comparison between two groups was conducted using 
paired or unpaired Student t-test, Mann-Whitney test, 
as appropriate. Comparisons between more than two 
groups was conducted using analysis of variance or 
Kruskall-Wallis test, as appropriate.

Longitudinal data such as rapamycin, FK506, fast-
ing C-peptide and cytokines levels overtime were analyzed using 
mixed-effect models. Treatment group and time were included in 
the models and the interaction between treatment and time also 
was assessed. For all analyses, a two-tailed P value of 0.05 was con-
sidered significant. Statistical analyses were performed using Stata, 
version 10 (Stata Corporation, College Station, TX).
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