




target trough levels of 4–6 mg/L. Induc-
tion was performed with intravenous
daclizumab (Zenapax; Roche, Basel,
Switzerland) at a dosage of 1 mg/kg
infused immediately before islet infusion
and repeatedbiweekly for up tofivedoses.
For the second islet transplantation, a
full daclizumab protocol was started
again, regardless of the time that had
elapsed since the first injection. After
commercial withdrawal of daclizumab
in 2009, basiliximab (Simulect; Novartis,
Basel, Switzerland) was used for induc-
tion at a dosage of 20mg on days 0 and 4
of each islet infusion.

Follow-up
The protocol required a monthly super-
vision of patients by the diabetologist
investigator for the first year after the
first infusion. After year 1, patients were
required to see the diabetologist inves-
tigator every 6 months. For each visit,
fasting plasma glucose level, basal
C-peptide level, exogenous insulin
requirement, glycated hemoglobin
(HbA1c) level, creatinine level, protein-
uria, insulin antibody (insulin binding ca-
pacity of serum threshold .3.5%)
(radioimmunological assay kit; CisBio
International), the number of mild-to-
moderate hypoglycemic events (hypo-
glycemia symptoms or glycemia ,4
mmol/L) experienced during the pre-
ceding week, the number of severe
hypoglycemic events that occurred
since the last follow-up visit (hypoglyce-
mia without possibility of self-treatment),
and the occurrence of adverse events
were assessed and recorded. Severe hy-
poglycemic events were declared pro-
spectively as adverse events. Adverse
events were classified according to their
severity as life threatening, serious,
moderate, or mild. A life-threatening
event was defined as an event in which
the patient was at risk for death at the
time of the event. It does not refer to an
event that hypothetically might have
caused death if it was more severe. A
serious adverse event is defined as any
medical occurrence that results in death,
that is life threatening, that requires in-
patient hospitalization or prolongation
of an existing hospitalization, and results
in persistent or significant disability/in-
capacity, or induces a congenital anom-
aly/birth defect. A moderate adverse
event is an event requiring corrective/
complementary treatment. A mild adverse

event does not require any corrective/
complementary treatment (18).

Islet graft function was assessed by
calculating the b-score developed by
the University of Alberta (Edmonton,
AB, Canada). This previously validated
scoring system is a composite score
that allocates 2 points each for normal
fasting glucose, HbA1c, stimulated
C-peptide levels; and the absence of in-
sulin or oral hypoglycemic agent use. No
point is awarded if the fasting glucose
level was in diabetic range, the HbA1c
level was .6.9% (51.9 mmol/mol),
C-peptide secretion was absent on stim-
ulation, or daily insulin use was in excess
of 0.24 units/kg. One point is given for
intermediate values. The score ranges
between 0 (no graft function) and 8 (ex-
cellent graft function) (19). The b-score
is a simple clinical scoring system that
correlates with physiological measures
of b-cell functions such as postprandial
glycemia (19) and arginine-induced in-
sulin secretion (20). This score repre-
sents an overall assessment of b-cell
transplant functions. It gives a b-cell
transplant evaluation as a continuum
that may be more informative than the
too stringent insulin independence cri-
teria. The b-score is now well correlated
with islet graft outcomes (21,22). Insulin
independence was predefined as the
ability to maintain an HbA1c concen-
tration of ,6.5% (48 mmol/mol), a 2-h
postprandial glucose concentration of
,10 mmol/L, and a mean amplitude of
glycemic excursion index of ,3.33
mmol/L, without exogenous insulin
and with a basal plasma C-peptide con-
centration of $0.5 ng/mL. Complete
graft failure was defined by an unde-
tectable C-peptide level (,0.3 ng/mL).

Statistical Analysis
Islet characteristics are expressed as the
mean 6 SEM. Continuous variables
were expressed as themedian and inter-
quartile range (Q3; Q1) and were com-
pared using repeated-measures ANOVA.
The threshold of significance was set at
5%. All data were processed and ana-
lyzed using XLStat-Pro Software (Addinsoft,
Paris, France).

RESULTS

Recipient Characteristics
This analysis was based on 44 recipients
of allogenic islet transplants performed
between September 2003 and April
2010. ITA was performed in 24 patients

(54.5%), and IAK grafts were performed
in 20 patients (45.5%). Recipient charac-
teristics at baseline are summarized in
Table 1.

Islet Infusion Characteristics
Eighty-four infusions were performed
in 44 patients: 8 patients (18%) re-
ceived one infusion, 32 patients (73%)
received two infusions, and 4 patients
received three infusions (9%). The median
cold ischemia time was 7.2 h (range 3.5–
11.5 h). The total mean IEQ infused was
606,617 6 214,695 IEQ per recipient
(9,715.75 6 3,444.40 IEQ/kg), with a me-
dian stimulation index of 1.9 (Q1;Q3 = 1.2;
2.3) and a viability of 92% (81%; 95%). The
median time frame between the first and
second infusions was 6.35 months (1.9;
12.6 months).

Metabolic Results
A significant and lasting improvement in
median HbA1c levels was observed, as
follows: HbA1c levels were 6.20%
(44 mmol/mol) (Q1;Q3 = 4.60%; 9.60%
[27; 81 mmol/mol]), 6.60% (49 mmol/
mol) (5.50%; 9.40% [37; 79 mmol/
mol]), 6.70% (50 mmol/mol) (5.40;
9.60% [36; 81 mmol/mol]), respectively,
at 12, 48, and 60 months after islet
transplantation vs. 8% (64 mmol/mol)
(7.6%; 9% [60; 75 mmol/mol]) at base-
line (P, 0.05) in the whole cohort (Fig.
1A). No significant difference was ob-
served in the improvement in HbA1c lev-
els between ITA and IAK transplant
patients (Fig. 1B and C). At 12, 48, and
60 months after islet transplantation,
respectively, 84%, 70%, and 59% of the
recipients reached an HbA1c level of
#7% (53 mmol/mol) or exhibited a
drop in HbA1c of $2% (14 mmol/mol)
vs. only 9% before islet infusion (P ,
0.005) (Supplementary Fig. 1E). Median
fasting blood glucose levels improved
significantly and lastingly after islet
transplantation, as follows: 8.19 mmol/L
(1.56; 22.4 mmol/L) at baseline vs.
6.44 mmol/L (4.11; 11.3 mmol/L),
6.57 mmol/L (3.4; 11.8 mmol/L), and
7.28 mmol/L (4.1; 15.1 mmol/L) at 12,
48, and 60 months after islet infusion
in the global population (P , 0.05). Se-
vere hypoglycemia was mainly prevalent
in ITA candidates before transplantation
with 4.31 events/patient/year in ITA can-
didates and 0.29 events/patient/year in
IAK transplant candidates. The number
of severe hypoglycemic events/patient/
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year had fallen to 0.27 in IAT recipients
and 0.02 in IAK transplant recipients
1 year after islet transplantation. This
benefit was lasting and persisted
throughout the 5-year follow-up period
with no hypoglycemic event occurring
in ITA recipients and 0.01 severe hypo-
glycemia/patient/year occurring in IAK
transplant recipients (P, 0.005 vs. pre-
infusion) (Fig. 1D). As an overall evalua-
tion of metabolic results of islet
transplantation, 83%, 67%, and 58% of
the ITA recipients, and 80%, 70%, and
60% at 1, 4, and 5 years reached an
HbA1c level of ,7% (53 mmol/mol)
and were free of severe hypoglycemia,
while none of the ITA recipients and
only 10% of IAK transplant recipients
met this criterion before infusion (Sup-
plementary Fig. 1F).

Graft Function
The median basal C-peptide level was
1.43 ng/mL (Q3; Q1 = 0; 3.95 ng/mL),
1.49 ng/mL (0; 3.14 ng/mL), and
1.54 ng/mL (0; 3.73 ng/mL) 12, 48, and
60 months after islet transplantation
vs. 0.1 ng/mL (0; 0.24 ng/mL) at baseline
(P , 0.005). In the global population,

39 of 44 patients (89%) had a basal
C-peptide level of .0.3 ng/mL (i.e.,
functional islet graft) 12 months after
islet infusion. The decline of islet func-
tion over 5 years of follow-up was
limited as 33 of 44 patients (75%) and
25 of 34 patients (74%) kept a functional
islet graft at 48 and 60 months post-
transplant (Fig. 2A). The median insulin
dose was significantly reduced, as
follows: 0.15 UI/kg (0; 0.47 UI/kg),
0.17 UI/kg (0; 0.7 UI/kg), and 0.18 UI/kg
(0; 0.57 UI/kg) at 12, 48, and 60
months after islet transplantation vs.
0.5 UI/kg (0.42; 0.58 UI/kg) at base-
line (P , 0.05 (Fig. 2B). Among
recipients, 91%, 70%, and 75% ex-
hibited a b-score of $3 at 12, 48, and
60 months post-transplant, with 25%,
14%, and 4% of recipients having an op-
timal b-score of $7 (Fig. 2C). No signifi-
cant differences in b-score were
observed between the IAK transplant
and ITA populations (Supplementary
Fig. 2E and F).

Regarding IAK transplant recipients,
45%, 40%, 40%, 35%, and 31.5% met
the criteria of insulin independence at
12, 24, 36, 48, and 60months, respectively.

Regarding IAT recipients, 37.5%, 45.8%,
37.5%, 25%, and 14% met the criteria
of insulin independence at 12, 24, 36,
48, and 60 months, respectively (P = NS).
In the whole cohort, during the entire
follow-up period, 33 of 44 patients
(75%) experienced an insulin inde-
pendence period with a median dura-
tion of insulin independence of 19.2
months (Q3; Q1 = 2; 58 months). Re-
garding the total islet mass infused, no
significant difference was observed in
terms of insulin independence rate
(Fig. 2D). In ITA recipients, the mean
duration of insulin independence was
20.18 6 14.06 months in recipients
infused with $10,000 IEQ/kg vs. 12 6
17.34 months in recipients infused
with#10,000 IEQ/kg (P = 0.4 [difference
was not significant]). In IAK transplant
recipients, the duration of insulin inde-
pendence was 27.5 6 26.08 months in
recipients infused with $10,000 IEQ/kg
vs. 22.6 6 19.59 months in recipients
infused with #10,000 IEQ/kg (P = 0.3
[difference not significant]). A total of
26% of recipients (9 of 34 recipients)
remained insulin independent at 60
months (Fig. 3).

Table 1—Recipient clinical and biological characteristics at baseline

Recipient clinical and biological characteristics at baseline Global population ITA recipients IAK transplant recipients

Recipients 44 24 (54.5) 20 (45.5)

Age (years) 46 (42–55) 47 (40–56) 46 (43–55)

Male sex 27 (61.4) 11 (45.8) 16 (80)

Weight (kg) 63 (57–68) 61 (55–69) 65 (61–67)

BMI (kg/m2) 23 (20–24) 22 (20–23) 23 (22–24)

Diabetes duration (years) 33 (26–37) 31 (25–36) 35 (31–41)

Multiple daily injection 26 (59.1) 13 (54.1) 13 (65)

Daily insulin requirements (UI/kg) 0.5 (0.42–0.6) 0.47 (0.4–0.59) 0.55 (0.47–0.6)

HbA1c (%) 8.1 (7.5–9.1) 8.1 (7.4–9.10) 7.9 (7.6–8.9)

HbA1c (mmol/mol) 65 (58.5–76) 65 (57.4–9.1) 62.8 (59.6–73.8)

Creatinine (mmol/L) 100 (75–111) 77 (69–93) 108.5 (103–136.2)

IA-2 autoantibody (+) 1 (2.3) 1 (4.2) 0

GAD autoantibody (+) 4 (9.1) 0 4 (20)

Insulin autoantibody 12 (27.3) 7 (29.2) 5 (25)

Hypoglycemia
No occurrence 2 (4.5) 2 (8.3) 0
Awareness 11 (25) 0 11 (55)
Partial unawareness 13 (29.5) 8 (33.3) 5 (25)
Unawareness 13 (29.5) 12 (50) 1 (5)
Unknown 5 (11.4) 2 (8.33) 3 (15)

Severe hypoglycemia
At least one episode of severe hypoglycemia in the

12 months prior to islet grafting 26 (59.1) 20 (83.3) 6 (30)
Number of episodes of severe hypoglycemia in the

12 months prior to islet infusion 5.5 (2–10) 6 (2–10) 2 (2–4.5)

Data are provided as n (%) or median (Q1;Q3).
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Adverse Events and Survival
No deaths related to islet transplanta-
tion occurred in recipients during the
entire post-transplant follow-up period
(two patients died as the result of a car-
diovascular event at 55 and 48 months
post-transplant). With all types of sever-
ity taken together, 29 of 44 recipients
(66%) experienced at least one adverse
event during the 5-year follow-up pe-
riod. Fifty-five adverse events occurred
in these 29 patients, as follows: mild ad-
verse events 14%; moderately adverse
events 9%; serious adverse events
67%; and life-threatening adverse
events 9%. A total of 55% of the adverse
events occurred during the first year
post-transplant. Eighteen of 55 adverse
events (33%) were related to or possibly
related to immunosuppression (Supple-
mentary Table 2). Regarding the islet in-
fusion procedure, 10 of 84 islet infusions
(11.9%) were complicated by an adverse
event (cytolysis 1, abdominal pain 1,

segmental portal vein thrombosis re-
solved after anticoagulation 1, and hem-
orrhages 7; 4 patients required blood
transfusion, 2 patients required laparot-
omy, and 1 patient was treated by inter-
ventional radiology) (Supplementary
Table 3). The length of hospitalization
was not significantly increased in pa-
tients with bleeding (6.3 vs. 5.8 days/
islet infusion/patient in the whole co-
hort). Regarding renal function, creati-
nine levels remained stable over the
follow-up period in the global popula-
tion and ITA recipients: after 5 years of
follow-up, the median creatinine levels
were 102.5 mmol/L (Q1;Q3 = 74.7;
139.25 mmol/L) and 80 mmol/L (72;
104 mmol/L) in the global population
and among ITA recipients, respectively,
vs. 100 mmol/L (75; 111 mmol/L) and
77 mmol/L (69; 93 mmol/L) at baseline,
respectively. After 5 years of follow-up,
themedian clearance creatinine ratewas
83 mL/min (60; 93 mL/min) in ITA

recipients vs. 79.5 mL/min (69; 95 mL/
min) at baseline, respectively (P = NS).
In IAK transplant recipients, we de-
scribed the following nonsignificant
increase in creatinine levels: after 5 years
of follow-up, the median creatinine level
was 140 mmol/L (112.5; 154.5 mmol/L)
vs. 108.5 mmol/L (103; 136.2 mmol/L)
at baseline. In IAK transplant recipients,
creatinine clearance remained stable
over the follow-up period: at study inclu-
sion, the median creatinine clearance
rate was 59.5 mL/min (51.5; 69 mL/min)
vs. 51 mL/min (47; 66 mL/min) after 5
years of follow-up (P = NS).

CONCLUSIONS

This retrospective cohort study showed
that long-term islet graft survival and
significant glycemic improvement have
been achieved after islet transplantation
in most recipients with type 1 diabetes
who underwent transplantation within
the GRAGIL Network. Few data are

Figure 1—Evolution of HbA1c levels after islet transplantation in the global population (A), in IAK transplant recipients (B), and in ITA recipients (C).
D: Percentage of patients experiencing severe hypoglycemia at preinfusion and after islet transplantation in the global population, and in IAK
transplant and ITA recipients. M, month; Pre inf, preinfusion.
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available on 5-year outcomes of islet
transplantation using a typical Edmon-
ton protocol (4,6,23). In our cohort,
1 year and 5 years after undergoing islet
grafting, a good metabolic control
(HbA1c #7% [53 mmol/mol] or a de-
crease in HbA1c of $2% [14 mmol/mol])
was achieved in 84% and 59% of recipi-
ents, respectively, compared with only
9% before islet transplantation. A total
of 89% and 74% of patients kept a func-
tional islet graft 12 and 60 months after
islet infusion. Insulin independence for
at least 1 month was achieved in 33 of
44 patients (75%) and persisted for ame-
dian duration of 19.2 months. This result
was obtained with a significant and last-
ing reduction in insulin requirements
and in the rate of severe hypoglycemia.
Our study is an actual analysis and not
actuarial, as in the study by Ryan et al.
(23), in which only four patients com-
pleted the 5-year follow-up. In our co-
hort, we reported a higher long-term

insulin independence rate and higher in-
sulin independence duration compared
with the study by Ryan et al. (23) (10%
of 5-year insulin independence in Ryan
et al. (23) vs. 29% in our cohort; 15
months of insulin independence dura-
tion in Ryan et al. (23) vs. 19 months in
our cohort). The 5-year islet graft survival
rate reported in our cohort is concordant
with what is described by Ryan et al. (23)
(;80%).

In our cohort, per protocol, transplan-
tation of$10,000 IEQ/kg in up to three
infusions was planned. However, eight
patients (18%) declined the administra-
tion of a second infusion, which is re-
sponsible for the lower total islet mass
infused per recipient that was observed
in our cohort compared with recent
studies (21). If higher numbers of injec-
tions have been associated with better
overall long-term functional results (13),
the high number of infused IEQ per kilo-
gram of body weight seems to be better

correlated with long-term graft survival
and better metabolic control. Indeed,
since the landmark Edmonton Trial,
10,000 IEQ/kg was classically recom-
mended to reach short-term insulin in-
dependence (24,25), but this is less
clear-cut in more extensive cohorts in
which .20% of patients required
15,000 IEQ/kg to achieve insulin inde-
pendence (23). Interestingly, in our co-
hort, the total dose of transplanted
islets did not seem to significantly affect
the rate of insulin independence. Since
islet functionality is heterogeneous and
depends on several factors, importantly
donor factors, it explains why a trans-
planted islet mass is not strictly corre-
lated to graft function (26). In fact,
some studies (27,28) have demonstrated
that human islet function in vivo corre-
lated poorly with transplanted islet num-
bers. In more recent studies, a better
rate of insulin independence (57% at
3 years) was achieved with a rate

Figure 2—Percentage of patients with a C-peptide level of.0.3 ng/mL at preinfusion and after islet transplantation in the global population, in IAK
transplant recipients, and in ITA recipients (A); the evolution of insulin dose (UI/kg/day) after islet transplantation in the global population, in IAK
transplant recipients, and in ITA recipients (B); and the b-score over the follow-up period in the global population (C). D: Percentage of patients
experiencing insulin independence during follow-up in relation to infused islet mass. M, month; Pre inf, preinfusion.
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.10,000 IEQ/kg. In our cohort, probably
due to the lower total mean islet mass
infused per recipient, primary graft func-
tion and graft survival (i.e., insulin inde-
pendence with an HbA1c level ,7%
[53 mmol/mol]) are lower than that de-
scribed in the study by Vantyghem et al.
(21). Nevertheless, despite this lower
level of primary graft function, our cohort
exhibited results that were similar, in
terms of metabolic control (HbA1c, insu-
lin requirement, and reduction in severe
hypoglycemia), at 5 years post-transplant
to those of recent studies.
The criteria defining islet graft success

remain largely a matter of debate. The
Food and Drug Administration, in its
guidance for allogeneic pancreatic islet
cell products (29), defined islet trans-
plantation success as a composite end
point consisting of an HbA1c level in
the normal range or a substantial re-
duction in HbA1c and the elimination
of hypoglycemia, independently of
achievement of insulin independence.
Moreover, we and others argue (12,16)
that, when addressing patients with
unawareness of severe hypoglycemia,
insulin independence should not be
the unique criterion for the assessment
of islet transplantation success. Accord-
ing to these authors, a realistic goal for
islet transplantation should be the

conversion from a state of brittle diabe-
tes to more easily manageable diabetes,
and, more precisely, the achievement of
an HbA1c level of ,7% (53 mmol/mol)
with complete avoidance of severe hy-
poglycemic events (30). This goal is
achievable withminimal endogenous in-
sulin production as even partial graft
function is sufficient to prevent severe
hypoglycemia (22). Taking into account
the scarcity of organs, the morbidity as-
sociated with percutaneous transhe-
patic injection, the waiting lists, and
the potential risks of HLA immunization,
our group defends the view that the
aims of islet transplantation should be
to release patients from hypoglycemia
among those experiencing severe hypo-
glycemia, to improve metabolic control
and prevent chronic complications, and
to improve quality of life. Consequently,
the goal of islet transplantation should
be the achievement of an HbA1c level of
,7% (53 mmol/mol) with complete
avoidance of severe hypoglycemic
events Using these composite criteria,
in our cohort, islet transplantation can
be considered a success, despite the
somewhat low rate of insulin indepen-
dence.

The chronic complications related to
immunosuppressive treatment remain
of major concern in islet transplantation

and must be considered in the light of
the improvement in glucose stability: in
our cohort, one-third of adverse events
were related to immunosuppression
and might counterbalance the clinical
benefit of islet transplantation, particu-
larly recipient quality of life. The main
question to address in this context is
whether the clinical benefit of islet
transplantation is good enough to justify
the risk of immunosuppression. First of
all, it is important to note that IAK trans-
plant recipients benefit from the immu-
nosuppressive treatment for renal
grafts and do not require an additive
immunosuppressive regimen for islet
transplantation, and that no additive
immunosuppression risk exists regard-
ing islet transplantation. Regarding ITA
recipients, it is important to take into
account that severe hypoglycemia is as-
sociated with a 3.2 increased risk of
death (31,32) and that glucose variabil-
ity is associated with a higher risk of
microangiopathy progression (33). In
this context, islet transplantation not
only might restore good glucose control
and glucose stability, but also might re-
duce mortality and complication risks in
this particular population with brittle
type 1 diabetes. Further long-term stud-
ies are needed to rigorously analyze the
balance between the clinical benefits of
islet transplantation and the chronic
complications of immunosuppressive
treatment, collectively addressing the
mortality risk, the microangiopathic
and macroangiopathic complication
risks, renal graft outcomes (for IAK
transplantation), and quality of life.

The risk of death after islet transplan-
tation has been extremely low, with a
3% 1-year mortality rate reported by
the Collaborative Islet Transplant Regis-
try (34), while Gruessner and Gruessner
(35) have described a patient survival
rate for pancreas transplantation of
nearly 80% at 5 years. In our cohort,
no deaths related to islet transplanta-
tion occurred in recipients during the
entire post-transplant follow-up period,
although two patients died as a result of
cardiovascular events at 55 and 48
months of follow-up. Regarding acute
complications, portal vein thrombosis
and peritoneal hemorrhages are two
frequent complications that are related
to islet infusion: the occurrence of por-
tal vein thrombosis has become rare
(3.7% in the study by Kawahara et al.

Figure 3—Graft function over the follow-up period in the global population.
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[36], 2% in our cohort) since the start of
treatment with systemic heparin and
the infusion of a limited islet cell vol-
ume. Interestingly, the rate of intraper-
itoneal bleeding remained relatively
stable (15% in the study by Bucher
et al. [37], 11.3% in the studybyKawahara
et al. [36], and 8.3% in our cohort). The
mean length of hospitalization was 5.8
days/islet infusion/patient. Our group
previously published a 1-year cost analy-
sis of islet transplantation and de-
scribed a mean hospitalization length
of 15.6 days/patient over 1 year with
total costs slightly higher than the costs
of whole-organ pancreas transplanta-
tion (38). During the entire 5 years of
follow-up, mean hospitalization dura-
tion, including all hospitalization stays
for each islet infusion, and eventually
for the occurrence of adverse events,
fell to 7.05 days/patient/year. Even if
an accurate cost analysis has not been
performed in this study, islet transplan-
tation costs might be lower than those
of whole pancreas transplantation in
view of its significant rates of morbidity
and surgical reinterventions. Further
long-term cost analysis studies are nec-
essary to accurately address this ques-
tion and will be performed in a French
national trial to be launched in the
coming months.
In conclusion, islet transplantation

within the multicenter GRAGIL Network
provided important and lasting clinical
benefits to patients with type 1 diabe-
tes, permitting improvement of glucose
variability and preventing the occur-
rence of severe hypoglycemia. The
benefits of islet transplantation are
somewhat tarnished by decreasing
long-term insulin independence and
immunosuppression-related adverse
events. Safer immunosuppression, fur-
ther strategies to promote long-term
islet graft survival or other sources of
islets remain an absolute prerequisite
for improving islet transplantation out-
comes and increasing the availability of
the procedure.
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