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The Second Phase of Insulin Secretion in Nondiabetic
Islet-Grafted Recipients Is Altered and Can Predict
Graft Outcome
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Context: Islet transplantation (IT) can treat patients with severely unstable type 1 diabetes. Prehepatic
kinetics of insulin secretion (ISec) in two phases can be calculated by C-peptide levels during meal tests.
We proposed to describe the ISec profile after a mixed-meal tolerance test (MMTT) in IT recipients and
to determine whether the calculated ISec indexes can predict graft outcome.

Methods: We analyzed 34 MMTT among 11 patients who underwent IT between 2011 and 2016 and
compared them with healthy controls and patients with type 2 diabetes (T2D). ISec indexes and
insulin sensitivity were calculated from models of Van Cauter, Breda, and Mari after MMTT. Graft
success was defined by total insulin independence without any criteria for diabetes.

Results: In patients with successful IT, the first- and second-phase I1Sec indexes were lower than those
of controls (P < 0.001) and did not differ from those of the T2D group. Nevertheless, insulin
sensitivity of IT recipients was similar to that of the control group and higher than that of the T2D
group. The index of the second phase of ISec ¢S was correlated with total infused islet equivalents
(IEQs), was a good predictor of diabetes (re)occurrence, and allowed us to calculate 9500 IEQ/kg as
the minimum needed to reach insulin independence.

Conclusion: We showed that indexes from the first and second phases of ISec are altered in insulin-
independent IT recipients. Higher sensitivity distinguishes them from patients with T2D. Even in
insulin-independent patients, IT remains a marginal mass model. Moreover, ¢S can estimate
transplanted islet mass and predict IT recipient outcomes.

Abbreviations: AIR, acute insulin response; BCS, B cell glucose sensitivity; BMI, body
mass index; DIR, diabetic islet recipient; GPAIS, glucose potentiation of arginine-induced
secretion test; HbA1c, hemoglobin Alc; IEQ, islet equivalent; IQR, interquartile range;
ISec, insulin secretion; ISR, insulin secretion rate; IT, islet transplantation; IVGTT, in-
travenous glucose tolerance test; MMT, mixed-meal test, MMTT, mixed-meal
tolerance test; NDIR, nondiabetic islet recipient; OAD, oral antidiabetic drug; T2D, type
2 diabetes.

0202 YOJE |} U0 1senB AQ LE6Z6.7/0LEL/F/E0 1 A0EIISqE-0]o1E/WDI/W0d dNO"0IWepED.)/:Sdy WOl papeojumoq


https://academic.oup.com/jcem
http://dx.doi.org/10.1210/jc.2017-01342

slet transplantation (IT) is an interesting and effec-
Itive clinical strategy to treat patients with severely
unstable type 1 diabetes. In contrast to pancreas trans-
plantation, it is a minimally invasive approach to re-
store a B cell function.

Since the Edmonton protocol (1), the islet mass
transplanted has been known to be a strong predictor of
insulin independence. However, recent studies do not
highlight this correlation (2, 3) and suggest exploring 8
cell function. Actually, during the process of islet iso-
lation and IT, successive losses of functional 8 cell mass
occur: the isolation procedure with enzymatic de-
struction harms the islets’ support and vasculariza-
tion, leading to a lack of engraftment (4), the instant
blood-mediated inflammatory reaction leads to the
destruction of islets =80% by an inflammatory and
coagulation response in the early hepatic transplanta-
tion phase (5), and later, graft rejection or immuno-
suppressive drug toxicity acts directly on 8 cell functional
mass (6). Therefore, monitoring the functional 8 cell
mass after transplantation becomes a priority for IT
recipients; it could predict the success and strength of
insulin independence. In clinical practice, this evaluation
would be helpful in determining the best time to perform
an additional graft or to adjust antidiabetic or immu-
nosuppressive treatment.

Islet graft secretion can be challenged by several tests,
most performed in physiology departments. The in-
travenous glucose tolerance test (IVGTT), arginine test,
glucose potentiation of arginine-induced secretion test
(GPAIS), oral glucose tolerance test, and mixed-meal
test (MMT) are the most frequently performed tests. In
response to intravenous glucose stimulation, it is well
known that the first phase of insulin response is an early
marker of 8 cell dysfunction in type 2 diabetes (T2D) (7)
and type 1 diabetes (8). Recent studies (9, 10) have
demonstrated that IT can restore to the normal range the
first phase of insulin secretion (ISec) [acute insulin re-
sponse (AIR)] in response to glucose and arginine. 3 cell
secretory capacity derived from GPAIS thus appears to
be a strong predictor of the functional 8 cell mass in the
context of autograft and allograft (3, 11) Other studies
(12,13) showed an impaired first-phase insulin response
to MMTs in these patients. In both islet autografts and
allografts, AIR to intravenous arginine is well correlated
to islet mass, whereas AIR to intravenous glucose is the
best predictor of glycemic control in allograft recipients
(3, 14, 15).

Current model-derived calculations of ISec based on
C-peptide kinetics during a meal test allow us to measure
the two phases of ISec and insulin sensitivity (16-19). In
these conditions, the models of Breda et al. (17) and

Mari et al. (19) are well accepted and reproducible. The
second phase, expressed as B cell glucose sensitivity
(BCS), has been shown to be a strong predictor of di-
abetes progression (20), and recent studies also suggest
that it is closely related to the pancreatic 8 cell mass (21)
in a partial pancreatectomy model. However, the de-
scription of the two phases of ISec according to these
models has not been performed in the IT context.

We therefore suggest using this mathematical model
analysis to study IT recipients. We chose to perform a
mixed-meal tolerance test (MMTT) using our model of
standardized breakfast test (22) to more physiologically
stimulate the B cells. The aim of this study was to describe
IT recipient ISec and to compare their data with those of
nondiabetic controls and patients with T2D available in
our department. We also wanted to assess whether the
results of these tests could predict transplanted islet mass
and clinical outcome in these patients.

Patients and Methods

Patients and transplantations

Islet-allografted patients were recruited from the cohort of
the Groupe de Recherche Rhin Rhjne Alpes Genéve pour la
Transplantation d’Ilots de Langerhans 1cand 2 (n =4) and Trial
Comparing Metabolic Efficiency of Islet Graft to Intensive
Insulin Therapy for Type 1 Diabetes’s Treatment (n = 7) clinical
trials (23, 24). They underwent IT in the Hospital of Montpellier
under standard inclusion and exclusion criteria according to
previously reported procedures (25) and immunosuppression as
recommended by each clinical trial. Eight patients underwent I'T
alone, and three underwent IT after kidney transplantation.
Each transplant protocol allowed patients follow up through
regular metabolic testing; our center chose MMTT as the
stimulation test. Islet mass was estimated by the sum of known
islet equivalents (IEQs) per kilogram received during each in-
fusion, and our analysis was limited to the tests carried out
within 2 years of the first transplant for reliable estimation of
IEQ (the hepatic survival of islets over time remains unclear).
Results of MMTT from our database were used to compare IT
recipients. We thus present four different metabolic profiles for
analysis: healthy nondiabetic control subjects, patients with
T2D, and IT recipients with full success [nondiabetic islet re-
cipients (NDIRs)] or still diabetic [diabetic islet recipients
(DIRs)].

Success definition

Islet graft full success was defined according to the following
criteria: insulin independence, no oral antidiabetic drug (OAD),
hemoglobin Alc (HbA1c) <6.5%, positive C-peptide (>0.5 ng/L),
and plasma glucose level <7 mmol/L under fasting conditions
and <11.1 mmol/L 2 hours after MMTT. In our analysis, islet-
grafted patients who met all these criteria were included in the
NDIR group. The others were in the DIR group.

MMTTs

All tests were performed at Montpellier University Hospital.
Subjects fasted overnight before being tested. Insulin-dependent
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subjects suspended long-acting insulin for 24 hours and short-
acting insulin for 12 hours before being tested. They had a
standardized breakfast test meal within 15 minutes that con-
tained 465 kcal including 76 g of carbohydrates (63.4% car-
bohydrates, 27.5% lipids, and 9.1% proteins with bread,
butter, sugar, and coffee). Blood samples were collected at TO
and then at 15, 30, 60, 90, 120, 150, 180, and 210 minutes after
ingestion to measure plasma glucose, C-peptide, and insulin.

Mathematical analysis

Calculation of ISec

The C-peptide kinetic response to the MMTT enables de-
termination of the insulin secretion rate (ISR), as described by
the two-compartment model originally proposed by Eaton et al.
(26) and further improved by Van Cauter et al. (27), in which
the model parameters were individually adjusted to the subject’s
anthropometric data. This B cell response was then quantified
by two most widely accepted models available in the literature:
Breda’s and Mari’s (17, 19). We analyzed the first phase of ISec
by using the rate sensitivity k1 (pmol/m?*/mmol), according to
Mari, which is the dynamic dependence of ISec on the rate of
change of the glucose concentration. The second phase of ISec
was estimated by BCS, described by Mari and calculated as the
slope (pmol/min/m?) of the relationship between ISR and glu-
cose concentration, and by the ¢S index, described by Breda,
including the insulin second-phase response to the meal test
challenge. ¢S is defined as the basal average static phase ISec per
unit over basal average glucose concentration (18).

Insulin sensitivity

Insulin sensitivity was calculated with the oral minimal
model described by Caumo et al. (16) and validated by our team
(22). This widely validated procedure extends to standard meal
and oral glucose tolerance tests the classic Bergman minimal
model initially developed for IVGTT (28) and based on the
analysis of changes in plasma glucose and insulin concentration
after glucose challenge. A disposition index was also calculated,
by analogy with Bergman ez al. (28), by multiplying total ISec by
insulin sensitivity.

Statistical analysis

Patient characteristics (n = 11) and islet graft results were
expressed as the median and interquartile range (IQR) (Q1;
Q3). Data from meal tests were expressed as the mean *
standard deviation. Data from two groups (NDIR and DIR)
were analyzed by unpaired # tests, and multiple groups (con-
trols, T2D, NDIR, and DIR) were compared with the Kruskal-
Wallis test. Because the success or failure of islet graft was
evaluated several times for each patient, we modelized the as-
sociation between each score and the success as defined
according to a generalized linear mixed-effects model for re-
peated measures. The threshold of significance was set at 5%.

Results

Subject characteristics

Before islet graft, the median age of the 11 patients was
49 years (IQR 43.5; 56), with a median HbA1c¢ of 8.1%
(IQR 7.95; 8.65) while taking 0.45 (IQR 0.33; 0.54) U/kg

insulin per day. Between 2001 and 2016 they underwent
2 (n = 6) or 3 (n = 35) islet infusions, corresponding to
14,070 + 3084 IEQ/kg body weight infused. Recipient
characteristics at baseline, IT data, and patient data at 6,
12, and 24 months after transplantation are available in
the Supplemental Data. All 10 subjects studied at
12 months had an HbAlc =7% (median: 6%, IQR 5.6;
6.2) with a positive C-peptide. Two recipients still needed
insulin therapy (one acute rejection and one incomplete
graft) even though they experienced reduced insulin re-
quirements, improvement in HbAlc, and elimination of
severe hypoglycemic events. During follow-up, 20%
resumed insulin therapy or OADs 2 years postgraft.
Before islet graft, the glomerular filtration rate was higher
in patients undergoing IT alone than in patients under-
going IT after kidney transplantation (median: 97.5 and
66 mL/min, respectively). Creatinine clearance decreased
at the beginning of immunosuppressive treatments in
the IT alone group and then remained stable during the
2 years of follow-up. During the MMTT, immunosup-
pression consisted of tacrolimus with a target trough
levels of 6 to 10 ng/mL for all patients except one, as-
sociated with either mycophenolate mofetil (3 DIR and 5
NDIR) or sirolimus (1 DIR and 2 NDIR). No patients
underwent steroid therapy except one in the NDIR.

Demographic data for IT recipients with success
(NDIR) or failure (DIR) of the graft and comparators
[healthy nondiabetic controls (n = 127), patients with T2D
(n=47)] were comparable in sex and age (Table 1). Thirty-
four MMTTs were performed in the 11 islet-grafted pa-
tients; 19 were analyzed as conditions previously defined
as successful. The control group had significantly lower
fasting plasma glucose than the DIR, NDIR, and T2D
groups (P < 0.0001). No difference in body mass index
(BMI) was observed between healthy controls and islet-
grafted patients. In islet-grafted patients, the NDIR group
was significantly younger than the DIR group during
MMTT (P = 0.0004) and received a significantly larger
quantity of islet (IEQ/kg, P = 0.042) (Table 1).

Plasma profiles after MMTT

The glucose, crude insulin, C-peptide, and calculated
ISR profiles are shown in Fig. 1. As previously described
for successful transplants, the plasma glucose profile of
the NDIR group remained <11.1 mmol/L after MMTT
but significantly higher compared with controls: blood
glucose increased to 10.0 = 2.3 mmol/L vs 6.2 * 1.6
mmol/L at 90 minutes in healthy controls (P < 0.001).
Blood glucose profiles showed obvious diabetes in the
case of T2D and DIR, with a fasting value of 8.5 =
2.9 mmol/L and 8.8 = 3.8 mmol/L, increasing to 14.6 =
3.5 mmol/L (T90) and 18.0 = 8.2 mmol/L (T210), re-
spectively. Crude C-peptide profiles showed significantly
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Table 1. MMTs: Characteristics of Patients and Comparators
NDIRs DIRs T2D Controls
MMTT, n (male/female) 19 (1/18) 15 (11/4) 47 (22/25) 127 (30/97)
Patients
Age, y 459 £ 6.0 55.6 = 8.3 56.7 = 15.1 453 = 14.6
Weight, k% 66.8 + 9.4 64.1 = 6.3 91.6 = 29.2 68.1 = 115
BMI, kg/m 246 = 35 23.0 £ 2.1 328 9.2 248 + 3.2
Fasting blood glucose, mmol/L 5.4 + 0.4° 8.8 + 3.8 85+29 48 + 0.5
HbATc, % 59+03° 72 +09
Islet grafts
Infusion number/MMTT 2.37 2.13
Insulin before graft, U/kg/d 0.51 = 0.13 0.45 + 0.14
Delay after 1st graft, d 663 + 94 802 = 691

I[EQ/kg transplant 14,027 + 1764°

11,767 = 4052

Data are expressed as mean * standard deviation. Results of MMTT were compared between IT recipients with (DIR) or without (NDIR) diabetes and

patients with T2D and healthy subjects (controls).
9P < 0.05.
bp < 0.001 for statistical analysis of DIR vs NDIR.

lower values in the NDIR group compared with the
control group at every time after MMTT. Despite insulin
independence, the peak insulin and C-peptide responses
were significantly delayed in the NDIR group compared
with healthy controls, as was also observed in patients
with T2D. In the DIR group, biological assays of insulin
and C-peptide were even lower than C-peptide levels in
the T2D group but were nonzero and responded par-
tially and variably to MMTT stimulation (C-peptide at
TO0=1.2 = 1.4 ng/L and peak at T210 = 2.9 * 3.0 ng/L).

ISec and insulin sensitivity analysis

The ISR profile, calculated from the kinetics of C-peptide,
is shown in Fig. 1D. In healthy control subjects, we con-
firmed two ISec phases, with a first part up to 60 minutes
after MMTT and a second part from T60 to T120. In both
the T2D and NDIR groups, ISR increased progressively,
and the maximum value appeared at T120. A clear loss in
the first phase of ISR was observed in these two groups. It
was quantified by the k1 index, according to Mari’s model,
which was lower in the NDIR (179 + 38 pMol/m*/mmol)
and T2D groups (209 * 35 pMol/m*/mmol) compared
with the control group (1025 *+ 96 pMol/m*/mmol,
P < 0.001). First-phase ISec islet-grafted patients without
diabetes was about 17.5% of that in the control group.

A significant decrease in second-phase ISec indexes
was also seen in IT recipients. It was quantified by ¢S
(Breda’s model), which separated controls from the
NDIR group, showing lower values (98.5 + 64.9 X 10~
vs 26.4 + 18.8 X 107 respectively, P < 0.001) and the
DIR group (4.1 = 3.7 X 10~°, P < 0.001) (Fig. 2A). BCS,
another way to quantify the second phase of ISec, was
logically also lower in the NDIR group (63.3 *+ 84.6
pMol/min/m?) compared with controls (177.8 + 90.7
pMol/min/m?, P < 0.001) and much lower in the DIR

group (13.4 + 12.4 pMol/min/m?) than in the NDIR
group (P < 0.001, Fig. 2B). Indeed, for the NDIR group,
second-phase of ISec was only 26.8% of the ¢S and
35.8% of the BCS of healthy controls. This decrease was
comparable to the T2D group, in which second-phase of
ISec was 26.9% and 36.1% of that of controls, according
to the model chosen (Mari or Breda). Insulin sensitivity
was no different between the NDIR, DIR, and control
groups even if DIR patients tended have higher values. In
T2D patients, insulin sensitivity was significantly lower
than in the control and NDIR groups (4.4 = 5.8 X
10~* wU/mL per minute vs 11.1 + 8 X 10 *and 9.3 +
9.3 X 10~ * wU/mL per minute, P < 0.001) (Fig. 2C). This
decrease was also found with the disposition index in
patients with T2D (93 *= 160) as compared with the
control (1163.6 = 1372, P < 0.01) and NDIR groups
(224.2 + 211, P < 0.01) (Fig. 2D).

Correlation of index from the second phase of ISR to
islet-grafted mass and function

We analyzed the relationship between islet-grafted mass
and the markers of the second phase of ISec (¢S and BCS)
in 22 MMTTs within 2 years of the first transplant.
These relationships are shown in Fig. 3. Both ¢S and BCS
are strongly and significantly correlated to TEQ/kg in-
fused, with a higher correlation coefficient for ¢S (r = 0.78,
P < 0.0001) than BCS (r = 0.705, P = 0.0002). The scat-
terplots of ¢S for patient follow-up after first transplant are
shown in Fig. 4. We confirmed the relationship to islet mass
by highlighting an increase in ¢S after an additional infusion
of islets. We noted a gradual decrease in ¢S from the last
transplant to the end of follow-up except in one patient, in
whom ¢S increased. This finding could be explained by
weight loss observed at the same time in this patient. As we
previously showed, ¢S was significantly higher in the NDIR
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Figure 1. Plasma profiles of (A) glucose, (B) crude insulin, (C) C-peptide, and (D) ISec rate calculated from the C-peptide kinetics in responses to
MMTTs redesigned as described by the two-compartment model of Van Cauter et al. (27) are shown for the control, T2D, NDIR, and DIR groups.

Results are expressed as mean * standard error.

group (range 12.7 to 42.1 X 10~’) than in the DIR group
(range 0.04 to 10.37 X 107% P < 0.001). In fact, ¢S
enabled us to perfectly distinguish between success and
failure of the islet graft: below a cutoff value of 10.37 X
107, patients resumed diabetes with a sensitivity and
specificity of 100%. An additional analysis was performed
by separating patients using OADs or insulin therapy
(Fig. 4B) and showed no difference between these two
subgroups. Given the strong correlation between ¢S and
infused islet mass, the value of ¢S at 10.37 X 10~ cor-
responded to 9500 IEQ/kg infused, which we calculated as
the minimum infused islet dose needed to reach insulin
independence. According to a generalized linear mixed-
effects model for repeated measures, the threshold ¢S
value of 10.37 was significantly associated with insulin
independence (odds ratio = 1.11; 95% confidence interval,
1.03 to 1.19; P = 0.0045).

Discussion

This study provides evidence that although it provides an
almost complete reversal of type 1 diabetes, IT results into
altered levels of ISec, with a clear decrease in the two phases of
ISec that are markedly lower than those of healthy controls.

MMTs used in our study elicited responses in ISR that
were similar to those found in previous reports in IT with
other stimulation tests. Our study used mathematical
models, such as those of Mari and Breda, to analyze and
quantify ISec in an IT context. We confirmed a single-
phase ISec after MMTT in IT recipients with the absence
of the first phase (k1 index in our study) as it was pre-
viously reported by Rickels er al. (13), with Kg (in-
travenous glucose disposal rate) calculated after IVGTT,
incremental C-peptide response after MMT or arginine
test, and glucose-potentiation slope after GPAIS. Hirsch
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Figure 2. Parameters of the second phase of ISec and insulin sensitivity calculated after MMTT. In each group, the second-phase ISec indexes
were calculated after MMTTs from two distinct models: (A) Breda’s as ¢S and (B) Mari’s as BCS. (C) Insulin sensitivity and (D) disposition index
were quantified according to Caumo’s model in control healthy subjects (controls), patients with T2D, NDIRs, and DIRs. Bars represent means

with standard errors. *P < 0.05; **P < 0.01; ***P < 0.001.

et al. (3) showed similar results on the AIR in response to
IVGTT, arginine test, or GPAIS. Rickels highlighted a
normal first-phase response to intravenous glucose and
arginine in IT (9, 10) when a sufficiently robust islet mass
survived after engraftment. Nevertheless, he emphasized
that B cell functional defects seen after I'T were explained
by a low functional B cell mass. We reported here the
same observation. Indeed, we showed a markedly lower
(60% to 80%) second phase of ISR (BCS and ¢S) in
NDIRs compared with controls. These data are also in
agreement with a reduction of 67% in the area under the
curve of insulin in response to IVGTT observed by Ryan
et al. (29) in islet-grafted patients vs controls, despite the
infusion of =850,000 IEQs (i.e., 85% of estimated
controls’ mass). In islet autotransplantation, Teuscher
et al. (11) and more recently Robertson et al. (15) also
highlighted a 60% to 71% reduction in AIR peak value
response to GPAIS.

In NDIR, the first- and second-phase ISec was
decreased, as can be observed in other metabolic dysre-
gulation cases such as patients with T2D. The compar-
ison with data from patients with T2D is also a feature of
our study.

Finally, our data indicate impairment in ISec in all
islet-grafted patients, those with total insulin indepen-
dence, and a greater impairment in those with diabetes.
In IT, the range of values of model-derived ISec in-
dexes appears to be within the range of marginal mass.
However, such a pattern of ISec can lead to effective
insulin independence in islet-grafted patients because
their insulin sensitivity is normal, whereas in patients
with T2D who are insulin resistant it cannot result in
normoglycemia. Despite infusion of >10,000 IEQ/kg
per patient, which theoretically represents 60% of
the islet mass in healthy subjects, only 20% to 30%
of insulin function is seen. Instant blood-mediated
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Figure 3. Relationship between islet mass and parameters from second-phase ISec. A relationship between islet mass (IEQ/kg) and parameters
from second-phase ISec (A) ¢S and (B) BCS calculated after MMTT was observed in islet-grafted patients within 2 years of their first infusion.

inflammatory reaction, hypoxia, and initial glucotox-
icity may explain this 50% insulin function loss. These
data support the previous report by Rickels ez al. (9, 30)
showing that impaired B cell secretory capacity in IT
was explained more by a low engrafted 8 cell mass than
by a deleterious effect of immunosuppressive drugs.
IT improved insulin sensitivity, and glucocorticoid-
free immunosuppression with low-dose tacrolimus or
sirolimus does not induce insulin resistance (9).
Currently, many stimulation tests are available to
explore B cell function. Recently, MMTTs showed
a good reproducibility in different metabolic profiles.
The ¢ total is significantly associated with AIR to
IVGTT, and insulin sensitivity from MMTTs or IVTTs is
well correlated (22). In conditions of low islet 8 cell
mass, MMTT induces a higher C-peptide response

A

50 = Additional islet infusion
—e— NDR
—O— Insulin or OADs

Time from first infusion (day)

L) L) L) L) 1
0 500 1000 1500 2000 2500

compared with IVGTT (31) or glucagon tests (32), with
better clinical tolerance. Indeed, breakfast tests induce
a physiologic ISec including both stimulation by car-
bohydrate, fat, and protein with macronutrients and an
incretin effect. Moreover, mathematical models as
proposed by Mari and Breda enable a finer analysis of
ISec by including peripheral insulin sensitivity, specific
to each patient, and results from these models can
change with time in the same individual, as evidenced by
weight loss. These models are well validated and used in
clinical research, but to our knowledge they had never
been used in the islet graft context. We used C-peptide
kinetics to quantify ISec. It seems to be a better approach
than plasma insulin assay because in islet graft, B8 cells
are located in the liver, and insulin extraction re-
mains unknown in this context. Although there were no

B.
50

NDIR OADs Insulin

Figure 4. (A) Temporal evolution of second-phase ISec according to ¢S. ¢S calculated in 11 patients after their first IT showed a clear distinction
between islet-grafted patients according to metabolic status. Stars show additional islet infusions. (B) All patients without diabetes had a ¢S
>10.37 X 107°, whereas all patients who resumed OADs (n = 7) or insulin (n = 8) had a ¢S under this threshold. The horizontal dotted line
represents this cutoff value. Solid horizontal lines in each group represent the medians.
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statistical differences in the parameters of MMTTs
calculated from C-peptide kinetics between insulin-
independent islet graft recipients with or without re-
nal failure (data not shown), it is important to note that
reduced renal blood flow increases the half-life of
C-peptide and could overestimate ISec (33). Further-
more, a kidney-only or other solid organ recipient
group could be studied in the future to determine the
implications of kidney dysfunction and immunosup-
pressive therapy for C-peptide and glucose metabolic
status.

In this study, we demonstrated that second-phase
indexes of ISR (¢S and BCS) are more specific and
sensitive in unmasking differences in functional
B cell mass between controls, islet recipients remain-
ing insulin independent, and those resuming insulin.
In fact, recent literature has already highlighted its
pathophysiological relevance because it is a major
determinant of glucose tolerance (34), and it can pre-
dict and track the evolution to diabetes (20). In our
analysis, a ¢S index >10.37 X 107 demonstrated
perfect discrimination between those who are insulin
independent and those needing insulin or an OAD. We
defined the success of IT by both absence of diabetes
(fasting blood glucose <7 mmol/L or 120 minutes after
MMTT <11 mmol/L) and insulin independence with
HbA1c <6.5%, which seems more robust than insulin
independence alone. None of the other model-derived
indexes used in this study, such as BCS, disposition
index, ISR peak value, and total k1 (data not shown), is
able to better discriminate these two groups. AIRs to
IVGTT and GPAIS were reported to be the most ac-
curate methods to determine suboptimal islet allograft,
but their sensitivity (88.2% and 100%, respectively)
and specificity (85.9% and 83.3%, respectively) to
identify patients needing insulin or not (3) are lower
than those of ¢S, which in our study showed a sensi-
tivity and specificity of 100%. To date, in IT, no
method has been validated as the gold standard to test
our threshold value of 10.37 X 10~°. The B cell se-
cretory capacity derived from GPAIS was validated to
assess the functional B8 cell mass. Therefore, it should be
interesting to explore this question in a larger cohort
and compare our MMTT with GPAIS performed in the
same cohort. In fact, because this index ¢S declines in
parallel with islet function and increases after each islet
infusion, it could be valuable in clinical practice to
monitor islet-grafted patients to determine the need for
additional islet infusions or to compare strategies to
prevent islet loss.

B cell mass remains difficult to quantify in clinical
practice. Meier et al. (21) reported an alteration in second
phase of ISec (using BCS according to Mari’s model)

proportional to pancreatic B cell mass, which was
quantified on pancreatic surgical biopsies. In our study,
we also found a strong correlation between this index
BCS, -quantifying the second phase of ISec, and islet
mass (IEQ/kg infused), but this correlation was even
higher with the ¢S of Breda’s model. To our knowl-
edge, few studies have found a relationship between
scores or stimulation tests and 8 cell mass. After islet
autotransplantation, AIR peak value calculated after
GPALIS is well correlated to the amount (IEQ/kg) in-
fused (range=0.81t00.91,P < 0.001) (11, 15), butitis
less significant in islet allotransplantation (r = 0.789,
P =0.011) (14). C-peptide response, 90 minutes after
MMTT, also shows a correlation to alloinfused islet
mass (r =0.643, P < 0.001) (12), which was confirmed
in our study, but this relation is lower than ¢S (data not
shown). Finally, using the cutoff value of 10.37 X 10~
for the ¢S, we were able to calculate that <9500 IEQ/
kg grafted, insulin independence is unlikely. This
estimate is consistent with the very first Edmonton
protocol (1), which suggests a minimum mass of
10,000 IEQ/kg to optimize islet graft results, and with
the 9000 IEQ/kg proposed later by Ryan et al. (29).
However, it should be noted that graft function also
depends on islet isolation (purity, cold ischemia),
donors (age, BMI, comorbidity), and the metabolic
profile of the recipient (BMI, treatment). All these
uncontrollable parameters can explain the poor re-
lationship between IEQ/kg and insulin-independent
islet graft recipients. It emphasizes the importance of
having a simple and validated test available to estimate
the functional quality and quantity immediately after
the graft and later in the follow-up of IT recipi-
ents. Meal tests seem to check these criteria and could
be proposed routinely in the follow-up of our IT
recipients.

In conclusion, although islet graft success is real
from a clinical point of view, we highlight a severe
impairment of islet function in response to MMTTs,
with alterations in the first and second phases of
ISec. The ¢S index perfectly distinguishes insulin-
independent islet graft recipients from other patients
and is strongly correlated with islet mass. In the ab-
sence of a gold standard, we therefore propose a
threshold index of ¢S 10.37 X 10~7 to define the
critical limit under which glycemic disorders reappear.
These results suggest that =9500 IEQ/kg is needed to
hope for complete IT success. Our approach using
¢S calculations from MMTTs indicates that increas-
ing transplanted and surviving islet 8 cell mass should
be priorities for improving the functional outcomes
of islet grafts. Future research should compare ¢S
with other tests for predicting functional islet mass
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maintenance at precise follow-up times or after
incretin treatment initiation.

Acknowledgments

Correspondence and Reprint Requests:

Anne Wojtusciszyn,

MD, Département d’Endocrinology, Diabéte et Nutrition Hopital
Lapeyronie, 371 Rue du Doyen Giraud, 34295 Montpellier
Cedex 5, France. E-mail: a-wojtusciszyn@chu-montpellier.fr.

Disclosure Summary: The authors have nothing to

disclose.

References

1.

10.

11.

12.

Shapiro AM]J, Lakey JRT, Ryan EA, Korbutt GS, Toth E, Warnock
GL, Kneteman NM, Rajotte RV. Islet transplantation in
seven patients with type 1 diabetes mellitus using a glucocorticoid-
free immunosuppressive regimen. N Engl | Med. 2000;343(4):
230-238.

. Lablanche S, Borot S, Wojtusciszyn A, Bayle F, Tétaz R, Badet L,

Thivolet C, Morelon E, Frimat L, Penfornis A, Kessler L, Brault C,
Colin C, Tauveron I, Bosco D, Berney T, Benhamou PY; GRAGIL
Network. Five-year metabolic, functional, and safety results of
patients with type 1 diabetes transplanted with allogenic islets
within the Swiss-French GRAGIL Network. Diabetes Care. 2015;
38(9):1714-1722.

. Hirsch D, Odorico J, Danobeitia JS, Alejandro R, Rickels MR,

Hanson M, Radke N, Baidal D, Hullett D, Naji A, Ricordi C,
Kaufman D, Fernandez L. Early metabolic markers that anticipate
loss of insulin independence in type 1 diabetic islet allograft re-
cipients. Am | Transplant. 2012;12(5):1275-1289.

. Brissova M, Powers AC. Revascularization of transplanted islets:

can it be improved? Diabetes. 2008;57(9):2269-2271.

. Cabric S, Sanchez J, Lundgren T, Foss A, Felldin M, Killen R,

Salmela K, Tibell A, Tufveson G, Larsson R, Korsgren O, Nilsson B.
Islet surface heparinization prevents the instant blood-mediated
inflammatory reaction in islet transplantation. Diabetes. 2007;
56(8):2008-2015.

. Robertson RP. Islet transplantation as a treatment for diabetes:

a work in progress. N Engl ] Med. 2004;350(7):694-705.

. Poitout V, Robertson RP. An integrated view of beta-cell dys-

function in type-II diabetes. Annu Rev Med. 1996;47:69-83.

. Bardet S, Rohmer V, Maugendre D, Marre M, Semana G, Limal

JM, Allannic H, Charbonnel B, Sai P. Acute insulin response to
intravenous glucose, glucagon and arginine in some subjects at risk
for type 1 (insulin-dependent) diabetes mellitus. Diabetologia.
1991;34(9):648-654.

. Rickels MR, Liu C, Shlansky-Goldberg RD, Soleimanpour SA,

Vivek K, Kamoun M, Min Z, Markmann E, Palangian M, Dalton-
Bakes C, Fuller C, Chiou AJ, Barker CF, Luning Prak ET, Naji A.
Improvement in B-cell secretory capacity after human islet trans-
plantation according to the CIT07 protocol. Diabetes. 2013;62(8):
2890-2897.

Rickels MR, Kong SM, Fuller C, Dalton-Bakes C, Ferguson JF,
Reilly MP, Teff KL, Naji A. Insulin sensitivity index in type 1 di-
abetes and following human islet transplantation: comparison of
the minimal model to euglycemic clamp measures. Am | Physiol
Endocrinol Metab. 2014;306(10):E1217-E1224.

Teuscher AU, Kendall DM, Smets YF, Leone JP, Sutherland DE,
Robertson RP. Successful islet autotransplantation in humans:
functional insulin secretory reserve as an estimate of surviving islet
cell mass. Diabetes. 1998;47(3):324-330.

Baidal DA, Faradji RN, Messinger S, Froud T, Monroy K, Ricordi
C, Alejandro R. Early metabolic markers of islet allograft dys-
function. Transplantation. 2009;87(5):689-697.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Rickels MR, Schutta MH, Markmann JF, Barker CF, Naji A, Teff
KL. B-Cell function following human islet transplantation for type
1 diabetes. Diabetes. 2005;54(1):100-106.

Ryan EA, Lakey JRT, Paty BW, Imes S, Korbutt GS, Kneteman
NM, Bigam D, Rajotte RV, Shapiro AM. Successful islet trans-
plantation: continued insulin reserve provides long-term glycemic
control. Diabetes. 2002;51(7):2148-2157.

Robertson RP, Bogachus LD, Oseid E, Parazzoli S, Patti
ME, Rickels MR, Schuetz C, Dunn T, Pruett T, Balamurugan
AN, Sutherland DE, Beilman G, Bellin MD. Assessment of B-cell
mass and a- and B-cell survival and function by arginine stimu-
lation in human autologous islet recipients. Diabetes. 2015;64(2):
565-572.

Caumo A, Bergman RN, Cobelli C. Insulin sensitivity from meal
tolerance tests in normal subjects: a minimal model index. J Clin
Endocrinol Metab. 2000;85(11):4396-4402.

Breda E, Cavaghan MK, Toffolo G, Polonsky KS, Cobelli
C. Oral glucose tolerance test minimal model indexes of
B-cell function and insulin sensitivity. Diabetes. 2001;50(1):
150-158.

Cobelli C, Toffolo GM, Dalla Man C, Campioni M, Denti P,
Caumo A, Butler P, Rizza R. Assessment of B-cell function in
humans, simultaneously with insulin sensitivity and hepatic ex-
traction, from intravenous and oral glucose tests. Am | Physiol
Endocrinol Metab. 2007;293(1):E1-E135.

Mari A, Schmitz O, Gastaldelli A, Oestergaard T, Nyholm B,
Ferrannini E. Meal and oral glucose tests for assessment of beta-cell
function: modeling analysis in normal subjects. Am | Physiol
Endocrinol Metab. 2002;283(6):E1159-E1166.

Ferrannini E, Natali A, Muscelli E, Nilsson PM, Golay A, Laakso
M, Beck-Nielsen H, Mari A; RISC Investigators. Natural history
and physiological determinants of changes in glucose tolerance in a
non-diabetic population: the RISC Study. Diabetologia. 2011,
54(6):1507-1516.

Meier JJ, Breuer TGK, Bonadonna RC, Tannapfel A, Uhl W,
Schmidt WE, Schrader H, Menge BA. Pancreatic diabetes manifests
when beta cell area declines by approximately 65% in humans.
Diabetologia. 2012;55(5):1346-1354.

Aloulou I, Brun J-F, Mercier J. Evaluation of insulin sensitivity and
glucose effectiveness during a standardized breakfast test: com-
parison with the minimal model analysis of an intravenous glucose
tolerance test. Metabolism. 2006;55(5):676-690.

Borot S, Niclauss N, Wojtusciszyn A, Brault C, Demuylder-
Mischler S, Miiller Y, Giovannoni L, Parnaud G, Meier R,
Badet L, Bayle F, Frimat L, Kessler L, Morelon E, Penfornis A,
Thivolet C, Toso C, Morel P, Bosco D, Colin C, Benhamou PY,
Berney T; GRAGIL Network. Impact of the number of in-
fusions on 2-year results of islet-after-kidney transplanta-
tion in the GRAGIL network. Transplantation. 2011;92(9):
1031-1038.

Trial Comparing Metabolic Efficiency of Islet Graft to In-
tensive Insulin Therapy for Type 1 Diabetes’s Treatment
(TRIMECO). Available at: https://clinicaltrials.gov/ct2/show/
NCT011486802term=trimeco&rank=1. Accessed 27 August
201e6.

Benhamou PY, Oberholzer J, Toso C, Kessler L, Penfornis A, Bayle
F, Thivolet C, Martin X, Ris F, Badet L, Colin C, Morel P; GRAGIL
consortium. Human islet transplantation network for the treat-
ment of Type I diabetes: first data from the Swiss-French
GRAGIL consortium (1999-2000). Groupe de Recherche Rhin
Rhjne Alpes Genéve pour la Transplantation d’Tlots de Langerhans.
Diabetologia. 2001;44(7):859-864.

Eaton RP, Allen RC, Schade DS, Erickson KM, Standefer J. Pre-
hepatic insulin production in man: kinetic analysis using peripheral
connecting peptide behavior. | Clin Endocrinol Metab. 1980;51(3):
520-528.

Van Cauter E, Mestrez F, Sturis ], Polonsky KS. Estimation
of insulin secretion rates from C-peptide levels. Comparison of

0202 UIBIN L} U0 1sanB Aq LEBZB.LH/0LE L/Y/E0LA0BASTE-0]O1E/WSO]/W0D dNO"dlWSPESE//:SA)Y WOI) PpEOjUMOQ


mailto:a-wojtusciszyn@chu-montpellier.fr
https://clinicaltrials.gov/ct2/show/NCT01148680?term=trimeco&rank=1
https://clinicaltrials.gov/ct2/show/NCT01148680?term=trimeco&rank=1

28.

29.

30.

31.

individual and standard kinetic parameters for C-peptide clearance.
Diabetes. 1992:41(3):368-377.

Bergman RN, Ider YZ, Bowden CR, Cobelli C. Quantitative
estimation of insulin sensitivity. Am ] Physiol. 1979;236(6):
E667-E677.

Ryan EA, Lakey JRT, Rajotte RV, Korbutt GS, Kin T, Imes S,
Rabinovitch A, Elliott JF, Bigam D, Kneteman NM, Warnock GL,
Larsen I, Shapiro AM. Clinical outcomes and insulin secretion after
islet transplantation with the Edmonton protocol. Diabetes. 2001;
50(4):710-719.

Rickels MR, Mueller R, Teff KL, Naji A. B-Cell secretory capacity
and demand in recipients of islet, pancreas, and kidney transplants.
J Clin Endocrinol Metab. 2010;95(3):1238-1246.

Ryan EA, Paty BW, Senior PA, Bigam D, Alfadhli E, Kneteman
NM, Lakey JR, Shapiro AM. Five-year follow-up after clinical islet
transplantation. Diabetes. 2005;54(7):2060-2069.

32.

33.

34.

Greenbaum CJ, Mandrup-Poulsen T, McGee PF, Battelino T,
Haastert B, Ludvigsson J, Pozzilli P, Lachin JM, Kolb H; Type
1 Diabetes Trial Net Research GroupEuropean C-Peptide
Trial Study Group. Mixed-meal tolerance test versus glucagon
stimulation test for the assessment of beta-cell function in
therapeutic trials in type 1 diabetes. Diabetes Care. 2008;31(10):
1966-1971.

Christiansen E, Kjems LL, Volund A, Tibell A, Binder C, Madsbad
S. Insulin secretion rates estimated by two mathematical methods
in pancreas-kidney transplant recipients. Am | Physiol. 1998;
274(4 Pt 1):E716-E725.

Mari A, Tura A, Natali A, Laville M, Laakso M, Gabriel R, Beck-
Nielsen H, Ferrannini E; RISC Investigators. Impaired beta cell
glucose sensitivity rather than inadequate compensation for insulin
resistance is the dominant defect in glucose intolerance. Dia-
betologia. 2010;53(4):749-756.

0202 UIBIN L} U0 1sanB Aq LEBZB.LH/0LE L/Y/E0LA0BASTE-0]O1E/WSO]/W0D dNO"dlWSPESE//:SA)Y WOI) PpEOjUMOQ


http://dx.doi.org/10.1210/jc.2017-01342
https://academic.oup.com/jcem

