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Abstract

The objective of this study was to identify predictors of insulin independence and to establish the
best clinical tools to follow patients after pancreatic islet transplantation (PIT). Sequential
metabolic responses to intravenous (1.V.) glucose (1.V. glucose tolerance test [IVGTT]), arginine
and glucose-potentiated argi-nine (glucose-potentiated arginine-induced insulin secretion
[GPAIS]) were obtained from 30 patients. We determined the correlation between transplanted
islet mass and islet engraftment and tested the ability of each assay to predict return to exogenous
insulin therapy. We found transplanted islet mass within an average of 16 709 islet equivalents per
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Figure S1: Correlation analysis between SUITO index (fasting C-peptide [ng/mL]/[fasting blood glucose (mg/dL) — 63] x 1500)
and (A) relative insulin requirement (ratio between pretransplant and posttransplant daily insulin requirements at 12 months), (B)
relative HbAlc level (ratio between pretransplant and 12-month posttransplant HbA1c level), (C) blood glucose (AUC first phase)
during IVGTT at 12 months posttransplant, (D) insulin release (AUC first phase) during IVGTT at 12 months posttransplant and (E)
C-peptide release (AUC first phase) during IVGTT at 12 months posttransplant. Data shown represent slope and 95% confidence
intervals for each data set. Statistical significance was considered at p < 0.05.

Figure S2: (A) SUITO index calculated at 3, 6 and 12 months posttransplant as a predictor of insulin independence at 12
months. Data are mean + SEM. Nonparametric t-test used to establish differences between groups. A p-value < 0.05 was considered
significant. (B) Receiver operator characteristic analysis of SUITO Index as a predictor of insulin independence at 12 months
posttransplant. The ROC graph recorded a point for each data pair (clinical outcome) as if it was the critical value for a predictive
assay and considering the data set at that point as true positives and false positives. Area under the ROC curve was then calculated.
Tests that cannot discriminate between true and false positives show a sensitivity plot that is not significantly different from the line of
identity and a p-value > 0.05 when the AUC is calculated. Cutoff values that generate maximized likelihood ratios for each assay are
shown along with the sensitivity and specificity of the assay using that cutoff and the AUC for the plotted ROC graph for the assay.
Table S1: Descriptive statistics of pancreas donor demographics. Data are mean + SEM and range where applicable
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Any queries (other than missing material) should be directed to the corresponding author for the article.
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kg body weight (IEQ/kg BW; range between 6602 and 29 614 IEQ/ kg BW) to be a poor predictor
of insulin independence at 1 year, having a poor correlation between transplanted islet mass and
islet engraftment. Acute insulin response to IVGTT (AIRgy) and GPAIS (AlIRyax) Were the
most accurate methods to determine sub-optimal islet mass engraftment. AIRg y performed 3
months after transplant also proved to be a robust early metabolic marker to predict return to
insulin therapy and its value was positively correlated with duration of insulin independence. In
conclusion, AlRg y is an early metabolic assay capable of anticipating loss of insulin
independence at 1 year in T1D patients undergoing PIT and constitutes a valuable, simple and
reliable method to follow patients after transplant.

Keywords
Clinical islet transplantation; insulin independence

Introduction

Pancreatic islet transplantation (PIT), a minimally invasive p-cell replacement approach for
patients with type 1 diabetes (T1D) complicated by hypoglycemic unawareness, can restore
near-normal glycemic control and alleviate severe hypoglycemic episodes. Although the
currently accepted therapeutic approach of transplanting islets isolated from more than one
donor pancreas has resulted in insulin independence for many recipients, the majority return
to some insulin requirement even when persistent islet graft function is evident by C-peptide
levels.

Assessment of 3-cell secretory capacity from glucose potentiation of insulin or C-peptide
release in response to a nonglucose secretagogue such as arginine is the most accurate
method to determine functional islet 3-cell mass in humans (1). Testing of B-cell function by
measuring insulin or C-peptide responses to intravenous (1.V.) glucose (AIRgLy or
ACRgy) or arginine (AIRprg 0or ACRaRg) alone has been used as a surrogate measure for
[3-cell secretory capacity in islet recipients (2,3). A clearer understanding of initial and long-
term islet B-cell engraftment is necessary to improve long-term insulin independence.

To date, metabolic studies in PIT have revealed a markedly impaired first-phase insulin
response to AIRg| y (4-6), a less impaired response to AIRarg (7) and a dramatically
blunted p-cell response to glucose potentiation of arginine-induced secretion (GPAIS;
AIRpax; Refs. 8,9). AIRgy is lost before AIRarg during B-cell mass reductions (10),
likely because increases in fasting glucose desensitize -cell response to glucose stimulation
but potentiate p-cell response to arginine (11). As a surrogate measure for AIRpmax, AIRgLy
has been considered a simple and sensitive indicator to assess early islet graft impairment,
whereas AIRarg has been considered a more accurate test to predict surviving islet $-cell
mass (3,7).

The purpose of this comparison was to establish predictors of insulin independence after
PIT. To address this, sequential metabolic testing at 3, 6 and 12 months posttrans-plant was
performed in 30 PIT recipients transplanted at three different institutions and the results
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compared to 10 matched control subjects to evaluate 3-cell responsiveness to glucose,
arginine and GPAIS.

This study also addresses four clinically important questions in the field of islet
transplantation:

1. What is the metabolic impairment (B-cell secretory capacity) of insulin-independent
PIT recipients versus well-matched nondiabetic controls?

2. Does transplanted islet mass correlate with insulin independence at 1 year?

3. Caninsulin and C-peptide secretion be used as a clinical tool to predict subsequent
exogenous insulin requirement?

4. Do patients who remain insulin independent 1 year after PIT have a greater
engrafted islet mass than patients returning to insulin within 1-year posttransplant?

Materials and Methods

Subjects

Potential islet recipients (18-65 years; T1D > 5 years) were recruited using standard
inclusion/exclusion criteria: (http://www.fda.gov/biologicsbloodvaccines/
guidancecomplianceregulatoryinformation/guidances/cellularandgenetherapy/
ucm182440.htm). Inclusion criteria consisted of T1D with labile diabetes manifested by
hypoglycemic unawareness complicated by frequent severe hypoglycemic episodes,
recurrent ketoacidosis or already on immunosuppression for an existing kidney transplant.
Thirty T1D subjects with longstanding C-peptide-negative disease were listed for PIT at the
University of Miami, University of Pennsylvania and University of Wisconsin (UW; Table
1). Twenty-four patients underwent islet transplant alone (ITA) and six islet after kidney
(IAK). All received immunosuppressive therapy based on modifications to the previously
published Edmonton protocol (12). Briefly, 1L-2 receptor blockade (1 mg/kg every 14 days
for five consecutive doses) was given at transplant and steroid-free immunosuppression
maintenance using tacrolimus and sirolimus (2-5 ng/mL and 10-14 ng/mL, respectively) for
the first year. ITA and 1AK recipients trough levels were managed similarly using sirolimus
(8-12 ng/mL) and calcineurin inhibitors (tacrolimus 2-5 ng/mL). Four patients with well-
functioning kidney allografts were corticosteroid-free for at least 9 months at enrollment.
The additiona four patients received prednisone maintenance therapy of <5 mg/day. Patients
receiving maintenance therapy with mycophenolate mofetil were maintained without dose
modification. Eight subjects received a single dose of infliximab (Remicade®, Centocor,
Malvera, PA, USA; 5 mg/kg), 2 h before first infusion.

Subjects were asked to record their daily insulin dose in self-monitoring diaries. Insulin
dependence was defined as need for exogenous insulin to maintain HbAlc < 6.5% and
receiving exogenous insulin to maintain fasting capillary glucose level <140 mg/dL (7.8
mmol/L) at a minimum of 4 of 7 days per week, with 2-h postprandial capillary glucose
levels not exceeding 180 mg/dL (10.0 mmol/L) more than three times per week. Subjects
not receiving insulin who had HbA1c < 6.5% with fasting and 2-h postprandial within target
were deemed insulin independent. Ten controls matched for BMI, gender and age included
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seven historical controls (13) and three contemporaneous controls. Metabolic testing was
approved by UW, Miami and Penn Health Sciences Institutional Review Boards, with
written informed consent obtained from all subjects.

Islet monitoring: tests of B -cell function and secretory capacity

Most patients were monitored after islet transplantation using a similar follow-up protocol
by the three different institutions. Patients were followed at transplant clinic at 2, 4, 8 and 12
weeks after each infusion and followed every 3 months. The timing of follow-up
assessments was “reset” with additional transplants. Stimulation tests using glucose and/or
arginine as secretagogues measuring insulin and C-peptide responses and changes over time
were compared between islet recipients and controls. Sequential metabolic testing was
performed at 3, 6 and 12 months post last islet infusion. Briefly, subjects fasted overnight
before testing. Insulin-dependent subjects withheld long-acting insulin for 24 h and short-
acting insulin for 12 h before testing. If necessary, 1.V. insulin was administered overnight
to maintain blood glucose concentration <7 mM and discontinued =45 min before testing.
On the morning of the test, one additional catheter was placed in the contralateral hand vein
for blood sampling and the hand placed in a thermoregulated box (50°C) to promote optimal
arterialization of venous blood. Thirty patients were available at 3 months, 19 at 6 months
and 27 at 12 months posttransplant. At each time point, blood samples were collected for
glucose, insulin and C-peptide analysis. Plasma glucose was measured immediately using a
YSI 2300 Stat Glucose Analyzer (Yellow Springs Instruments, Yellow Springs, OH, USA).
Additional serum or plasma was collected for determination of immunoreactive insulin and
C-peptide concentrations by commercial assays (Millipore, Bellerica, MA, USA). The
samples were assessed by each institution and third-party validation of the data was
performed independently by each laboratory (data not shown)

I.V. glucose tolerance test (IVGTT)

After overnight fasting and baseline blood sampling at =15, =10 and -5 min, 0.3 g/kg of
50% glucose was injected over a 1 -min period starting at t = 0. Additional blood samples
were collected att =2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18 and 20, 30, 40 and 60 min after
injection. Data from the first 10 min of the test were used to calculate incremental area under
the curve (AUC) for insulin (AIRg| ) and C-peptide (ACRgLy) in response to I.V. glucose.
AUC was calculated by the trapezoidal rule with the mean of the baseline values subtracted.
IVGT was evaluated by glucose disappearance rate [Kg = In(glucose)/min x 100], calculated
as the slope of the natural log of glucose values between 10 and 20 min with least-squares
linear regression (7,14).

Arginine stimulation test

The arginine stimulation test (AST) was performed at normoglycemia (~5 mM glucose)
after overnight fasting. After baseline blood sampling at —15, =10 and =5 min, 5 g of .-
arginine hydrochloride (10% solution; Rgene, Pharmacia Inc., Clayton, NC, USA) was
given L.V. over a 30-s period. Blood samples were obtained att =2, 3, 4, 5, 7, 10, 15, 20, 25
and 30 min after injection to measure glucose, insulin and C-peptide. Data from t = 2-5 min
were used to calculate incremental AUC with the mean of the baseline values subtracted for
insulin (AIRaRg) and C-peptide (ACRaRrg) by means of the trapezoidal rule (7,13,14).
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Glucose-potentiated arginine test

After the AST, GPAIS was performed at hyperglycemia (>15 mM glucose) to calculate
maximal acute insulin (AIRpmax) and C-peptide (ACRpax) responses to arginine. Plasma
glucose level was increased over 45 min to >15 mM using a modified hyperglycemic clamp
technique with a priming rate of 20% dextrose solution infused over 15 min, subsequently
modified based on plasma glucose determinations every 5 min to maintain the
hyperglycemic level above 15 mM (15). After 45 min of hyperglycemic clamp, prestimulus
blood samples were obtained at =10, =5 and Omin and a second 5 g arginine injection given.
Samples and calculations were obtained at the same time intervals using the methodology
described above for AST (7,13,14). Slope of glucose potentiation was calculated as
previously published (1).

Secretory unit of islet transplant objects (SUITO) index

The SUITO index was calculated at 3, 6 and 12 months post last infusion as previously
published (16-18).

Data analysis

Results

AUC and statistical calculations were performed using GraphPad Prism 4 (GraphPad
Software, La Jolla, CA, USA). Comparisons between groups were performed by one-way
ANOVA and nonparametric ANOVA (Kruskal- Wallis) with post hoc testing by
Bonferroni’s and Dunn’s Multiple Comparison Test, respectively. Student’s t-test was used
to establish comparisons between the two groups. Results are shown as mean+SEM.
Significance was established at a p-value <0.05. Receiver operator characteristics’ (ROC)
AUC is equal to the probability that a classifier will rank a randomly chosen positive
instance higher than a randomly chosen negative one. ROC analysis was implemented to
most accurately calculate cutoff values for acute insulin and C-peptide responses derived
from each metabolic test. Test cutoff values were selected based upon user-defined balance
between the highest level of sensitivity and specificity, which produces the highest
likelihood ratio (LR) of accurate discrimination between insulin-independent subjects and
those who return to exogenous insulin therapy. An LR value >3 is considered clinically
acceptable. For this purpose, all existing values at 3, 6 and 12 months from the three
different institutions were used. For each assay, insulin requirement was noted at the time of
assessment. The sensitivity, specificity, positive and negative predictive value of each test to
predict need for insulin therapy was calculated.

Subject characteristics

Demographics of PIT (n = 30) and their respective controls (n = 10) are summarized in
Table 1. Twenty-five subjects achieved insulin independence. Mean follow-up after first
islet infusion was almost 5 years (59.9 + 22 months, range 28-89). Average islet equivalents
(IEQ) infused was 16 483 + 5951 IEQ/kg body weight (BW; Table 2). Donor demographics
and islet quality are summarized in Table S1. Five subjects never achieved insulin
independence despite initially reduced insulin requirement, improvement in HbAlc and
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elimination of hypoglycemic events. Eleven of 24 patients in the ITA group remain insulin
independent for >1 year posttransplant. Five of six IAK patients were insulin independent
for >1 year. HbAlc decreased from a pretransplant mean of 7.2 £ 1.2%t0 5.82 £ 0.8% (p =
0.002) 3 months posttransplant and remained significantly lower than pretransplant through
12 months’ follow-up (Table 2).

Recovery in glucose disposal rate (Kg) after PIT was observed after 1.V. glucose bolus, with
values similar to nondiabetic controls. First-phase insulin and C-peptide release after 1.V.
glucose stimulation are shown in Figure 1. AIRg_y and ACRgy Were significantly
decreased (threefold lower) in islet recipients versus controls at 3, 6 and 12 months
posttransplantation (p < 0.001; Table 3, Section A).

Figure 2 demonstrates insulin and C-peptide responses to arginine under normoglycemic
conditions. AIRarg Was approximately half in islet recipients versus controls at 3 months (p
=0.02), but not at 6 and 12 months (NS; Table 2, Section B). Similarly, ACRarg Was
significantly lower (twofold) in the transplant group versus controls at 3 months (p = 0.002)
and at 6 and 12 months (p < 0.05; Table 3, Section B).

GPAIIS is demonstrated in Figure 3. AIRpmax and ACRpmax were significantly decreased
(threefold lower) in islet recipients versus controls at 3, 6 and 12 months posttrans-
plantation (p < 0.0001; Table 3, Section C).

Slope of potentiation, an index of maximal B-cell secretory reserve (Figure 3, panel B), also
demonstrated a reduced reserve in PIT compared to controls. At 3, 6 and 12 months, slope of
potentiation is significantly lower in PIT (125.1 + 36.3, 158 + 46.3 and 93.2 + 23.5)
compared to Non-diabetic control group (NDC) (574.9 + 142; p < 0.001, 0.01 and 0.001,
respectively).

The SUITO index at 3, 6 and 12 months post last infusion (Table 3, Section D) is also
reduced in islet recipients versus controls.

Islets transplanted as a predictor of insulin independence 1 year post last infusion

The number of IEQs per kilogram BW was compared between patients remaining insulin
independent (16 515 + 5229 IEQ/Kkg vs. 18 654 + 6724 IEQ/kg) and those insulin dependent
1 year after last islet infusion (p= 0.345). No correlation was established between IEQ/kg
BW and changes in HbA1c% at 3 months post last infusion (r2 = 0.01, p = 0.53). In addition,
no correlation was established between IEQ/kg BW transplanted and units of exogenous
insulin/kg BW required after the first year post last islet infusion (r2 = 0.01, p = 0.53; Figure
4).

We then established whether a correlation might exist between IEQ/kg BW transplanted and
functional islet mass engrafted. Insulin and C-peptide secretion at 3 months post last
infusion were used as surrogate markers of B-cell mass engrafted. No correlation was
identified between AIRgLu, ACRgLU, AIRaRG, ACRARG: AIRpax and IEQ/kg BW trans-
planted(Figure 5). However, only ACRpax and IEQ/kg BW of transplanted islets had a
modest but significant correlation (r2 = 0.48, p = 0.049).
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Establishment of cutoff values for acute insulin and C-peptide response for IVGTT, AST at
normoglycemia and hyperglycemia levels corresponding to exogenous insulin use
requirement

Figure 6 summarizes AIRg y (panel A), AIRarg (panel B) and AlRpax (panel C) for all
subjects. Patients were stratified in two groups (off vs. on) according to insulin requirement
at time of metabolic assay and compared to nondiabetic controls. AIRg y was greater in
patients remaining insulin independent versus those returning to insulin after PIT (1143
113.2 vs. 81.6 £ 67.5 pmol/L min, p < 0.001). AIRarg values were no different in insulin-
independent patients (599.8 + 51.2 pmol/L min) compared to controls (708 + 260 pmol/L
min, p > 0.05). No differences were noted between patients on and off insulin after PIT
(423.3 £ 53.4 pmol/L min, p > 0.05; panel B). AIRyax Was greater in the insulin-
independent versus insulin-dependent groups (1623 + 285 vs. 836 £ 100 pmol/L min), but
significantly lower in both PIT groups compared to controls (6817 + 1527 pmol/L min, p <
0.01 and p < 0.001, respectively).

Figure 6 (panels D-F) represents ROC analysis used to calculate cutoff values for insulin in
each metabolic test. The AUC for ROC analysis was similar between AIRg y (0.93,p =
0.0001) and AIRpax (0.95, p = 0.001); however, AIRgy showed the best power of
discrimination, with a LR of (6.27-) for a cutoff of 356 pmol/L min. This cutoff had a
sensitivity of 88% a specificity of 85.9% with a positive and negative predictive value 93%
and 78%, respectively. Very similar to AIRgu, the AIR\ax also has an excellent clinically
acceptable LR of 6.0, for a cutoff value of 1509 pmol/L min, with sensitivity and specificity
of 100% and 83%, respectively, and positive and negative predictive value for both of 100%
(n=27).

In contrast, AIRarg has a clinically unacceptable LR (2.28), with a moderate sensitivity of
66.6% and specificity of 70.7%, a reasonable positive predictive value of 72.7%, but an
unacceptable negative predictive value of 33%.

Figure 7 summarizes acute C-peptide response to 1.V. glucose (panel A), arginine (panel B)
and GPAIS (panel C). ACRg y was the only test capable of discriminating differences
between PIT recipients off and on exogenous insulin (2.67 £ 0.22 vs. 0.32 £ 0.2 nmol/L min,
p < 0.001). A statistically greater AUC was seen in the nondiabetic control group (7.28 =
1.22 nmol/L mi) compared to PIT recipients on or off exogenous insulin (p < 0.001 for
both). In contrast, ACRarg and ACRpax are only capable of differentiating between islet
recipients and their controls (p < 0.001 for both), but not between insulin-independent
patients versus patients returning to exogenous insulin after PIT (panels B and C).

Figure 7 (panels D-F) represents ROC analysis to calculate the cutoff value for each test.
The ACRgy ROC has an AUC of 0.92 (p < 0.0001). For an ACRg y cutoff value of 0.87,
this test has the highest sensitivity and specificity (89% and 83%, respectively) and the best
LR (5.37), with a positive and negative predictive value of 93% and 75%, respectively.
Neither ACRaRrg nor ACRyax provides a useful cutoff value differentiating patients
requiring exogenous insulin therapy compared to those who do not. The positive and
negative predictive value for each test was calculated based on data available at 12 months
and summarized at the bottom of Figure 7.
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Is lower islet B -cell mass engraftment at 3 months post-PIT associated with return to
insulin dependence by 12 months?

When PIT recipients were separated into two groups (insulin independent 1 year
posttransplant vs. partial B-cell function as determined by detectable fasting C-peptide but
requiring exogenous insulin at 1 year), a difference in AIRg| y at 3 months was observed
between the two subgroups (Figure 8, upper panel).

In contrast, no significant differences at 3 months were seen when AIRArg, ACRARG,
AlRpmax and ACRpax results were compared between on and off insulin at 1 year (Figure
8, middle panel).

Discussion

Clinical trials have shown that insulin independence can be consistently achieved when a
sufficient number of islets is implanted (>10 000 IEQ/Kg recipient BW; Ref. 19). However,
the correlation between islet mass transplanted and engraftment and the potential to predict
the stage of insulin independence beyond 1 year after transplantation based on number of
transplanted islets remains unknown. Transplanting the largest possible number of islets is
considered among the most important factors for success, but other factors, including quality
of transplanted islets (20), instant blood-mediated inflammatory response (21) and
inefficient neovascularization of the graft (22), account for the lack of correlation between
transplanted islet mass and engraftment. Interestingly, our data shows that transplanted mass
(IEQ/kg BW) is an unreliable predictor of insulin independence and correlates poorly with
function at 1 year post-transplant.

Diminished first-phase insulin response to 1.V. glucose is recognized as an early marker of
f-cell dysfunction, appearing before significant impairment in glucose tolerance. Our PIT
recipients showed a decreased first-phase insulin release, paralleling findings in other
populations at increased risk for overt diabetes development (23,24). Sufficient functional
islet B-cell mass is necessary for restoration of first-phase insulin release which is not
accomplished after PIT using an “Edmonton-like” immunosuppressive protocol. In addition,
we have also demonstrated that AIRARrg IS neither sensitive nor specific enough to unmask
differences in functional B-cell mass between islet recipients remaining insulin independent
and those returning to insulin, as previously demonstrated in streptozotocin-induced [-cell
loss in nonhuman primates (25,26). Similar findings of preserved AIRarg When the
response to AIRg y is minimal or absent have also been reported by Rickels et al. in PIT
(3), early T1D (10), type 2 diabetes (11,27) and in partially functioning solid organ pancreas
transplants (2). Our results are also analogous to previous findings in which -cell response
to GPAIS correlated best with directly measured p-cell mass (26,28), as AIRpax provided
the greatest discrimination in functional p-cell mass between islet recipients and nondiabetic
controls and the highest sensitivity and specificity to discriminate between patients that are
insulin independent and those who return to insulin therapy.

We sought to provide cutoff values for each individual metabolic test paralleling its
accuracy in predicting insulin dependence. Based on ROC analysis, our results clearly
indicate AIRgy and AIRpax provide similar AUC. Similarly, the LR to discriminate
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between the insulin-independent and insulin-dependent subgroups are alike for AIRg y LR
of 6.27, for a cutoff value of 356 pmol/L min, compared to an LR of 6 for a cutoff value of
1509 pmol/L min for the AIRax. Both sensitivity and specificity are within acceptable
range for clinical use, with excellent positive and negative predictive values. In contrast,
AIRaRg is not an acceptable method to follow clinical islet transplantation.

For C-peptide measurement, ACRg y provides the only clinically acceptable method to
differentiate between insulin-independent recipients versus those who return to insulin
(AUC =0.92, p = 0.0001) with a cutoff value between 0.87 nmol/L min, representing LR of
5.37. The cutoff values established for ACRarg and ACRpax did not sufficiently
discriminate between patients on and off insulin.

The rationale to determine cutoff values was intended to provide a standardized tool to guide
clinicians on the significance/use of their results, specifically for PIT recipients. If this cutoff
value was to be used prospectively, it could provide guidance in the following areas: (1) to
define the best time for retransplantation; (2) to initiate potential therapeutic interventions
aimed at preserving or increasing islet -cell mass and/or function and (3) to define a
surrogate end point for future clinical trials in which the benefit of a therapeutic intervention
may be measured with short-term follow-up. Clearly, usage of these values must be
rigorously tested with a larger database and with different immunosuppressive protocols.

Our results also demonstrate that AIRg y is of great value in discriminating changes in
functional B-cell mass over time. Based on AlIRg y, we determined that exogenous insulin
dependence 12 months postPIT was associated with lower islet mass engraftment 3 months
after islet infusion (Figure 8). In addition, a positive correlation was observed between islet
mass engraftment-detected AIRg, y and days of insulin independency (Figure 9).

We have also extended our analysis to compare IVGTT to previously simplified indexes that
have proven to correlate with insulin independence (16). Specifically, we have observed that
the SUITO index calculated at 3 months post islet transplantation correlated well with AUC
for blood glucose, AIRg y and ACRg y after IVGTT changes posttransplant and for
HbA1c changes at 12 months after last infusion. However, the SUITO index calculated at 3
months failed to predict patients who required exogenous insulin therapy at 12 months.
Another important finding in our analysis is that the average SUITO index at 3, 6 and 12
months in patients who were insulin dependent were significantly greater than a SUITO
index of 26, the established cutoff proposed as a discriminator between insulin-independent
and insulin-dependent patients (Figures S1 and S2).

Study limitations are based on the restricted number of patients available to establish the
predictive model described here, the lack of an alternative population of islet transplant
recipients to validate the results, the short-term metabolic follow-up (12 months) and the
inability to compare our data with other simplified beta scores published previously (29).
Despite these limitations, this manuscript represents the largest series of sequential
metabolic testing evaluating 3-cell secretory capacity as a surrogate marker of functional -
cell mass.
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In conclusion, these data support that AIRg y and AIRyax Were estimated to be the two
best methods to determine insufficient islet mass engraftment associated with return to
insulin dependence within 1 year after PIT. In addition, our findings demonstrate that
AlIRg| y is the best method to serve as an early metabolic marker anticipating loss of insulin
independence in T1D islet allograft recipients. In light of the observed results, wide
availability and simple methodology, we strongly support the usage of AIRg| y as the
optimal method to follow patients after islet transplantation.

While acknowledging that the loss of islet mass over time is likely multifactorial, return to
insulin dependence in some islet recipients may be due to impaired p-cell secretory capacity
related to insufficient initially engrafted B-cell mass, leading to progressive p-cell functional
deterioration.

Supplementary Material
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ACRARG acute C-peptide response to arginine

ACRMmAX acute C-peptide response to glucose-potentiated arginine-induced insulin
secretion

ACRgLU acute C-peptide response to glucose

Kg glucose disappearance rate

AlIRARG acute insulin response to arginine

AlRgLU acute insulin response to glucose

AlIRMAX acute insulin response to glucose-potentiated arginine-induced insulin
secretion

AST arginine stimulation test

Am J Transplant. Author manuscript; available in PMC 2015 September 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hirsch et al.

Page 11

AUC area under the curve

DBD donation after brain death

DCD donation after cardiocirculatory death

GPAIS glucose-potentiated arginine-induced insulin secretion

IAK
ITA

islet after kidney

islet transplant alone

IVGTT 1.V. glucose tolerance test
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PIT

nephropathy

likelihood ratio

neuropathy

pancreatic islet transplantation

retinopathy

ROC receiver operator characteristics

SUITO secretory unit of islet transplant objects

T1D
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Figure 1. Intravenous glucose tolerance test in islet transplant recipientsat 3, 6 and 12 months
posttransplant

(A) Glucose kinetics over 20 min after 300 mg/kg dextrose administration over 1 min
starting at t = 0. (B) Levels of insulin and (C) C-peptide release were plotted against
nondiabetic control subjects. Thirty patients were assessed at 3 months, 19 patients were
assessed at 6 months and 27 patients were assessed at 12 months post last infusion. Data are
expressed as mean + SE.
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Figure 2. Arginine stimulation test in islet transplant recipientsat 3, 6 and 12 months
posttransplant
(A) Glucose kinetics over 20 min after 5 g arginine administration over 30 s starting at t = 0.

(B) Levels of insulin and (C) C-peptide release were plotted against nondiabetic control
subjects. Thirty patients were assessed at 3 months, 19 patients were assessed at 6 months
and 27 patients were assessed at 12 months post last infusion. Data are expressed as mean *
SE.
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Figure 3. Panel (A): Glucose potentiation of arginineinduced insulin secretion (GPAIS) in islet
transplant recipientsat 3, 6 and 12 months posttransplant

Thirteen patients were assessed at 3 months, 8 patients were assessed at 6 months and 13
patients were assessed at 12 months post last infusion. (A) Glucose kinetics over 20 min
after 5 g arginine administration over 30 s starting at t = 0. (B) Levels of insulin and (C) C-
peptide release were plotted against nondiabetic control subjects. Data are expressed as
mean + SE. Panel (B): Slope of glucose-potentiation is calculated as the change in insulin
release in response to arginine from the normoglycemic to the hyperglycemic condition,
divided by the change in plasma glucose. The posttransplant calculated slope in PIT
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recipients was 1.2 + 0.4 (p = 0.02) at 3 months, 1.2 £ 0.5 (p = 0.02) at 6 months, 1.6 + 1.1 (p
=0.07) at 12 months and 1.8 + 1.0 (p = 0.08) at 24 months, compared to a slope of 5.1 + 1.4
for controls.
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Panel (A): Bar representation of transplanted islet mass and insulin requirement status at 12
months post last islet infusion. Insulin-dependent group (n = 14) and insulin-independent
group (n = 15). Mean and SEM were calculated in each group. Statistical significance was
considered at p < 0.05. Panel (B): Relation of total transplanted islet mass post last infusion
with insulin secretion AUC at 12 months post last infusion (n = 29). Statistical significance
was considered at p < 0.05. Panel (C): Relation of total transplanted islet mass post last
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infusion with HbA1C level at 3 months post last infusion normalized to pretransplant level
(n = 29). Statistical significance was considered at p < 0.05.
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Figure 5. Comparison of total transplanted islet mass and insulin and C-peptide levels after
IVGTT, arginine stimulation test and glucose-potentiated arginine test

Panel (A): Relation of total transplanted islet mass post last infusion with insulin secretion
AUC after IVGTT at 3 months post last infusion (n = 27). Statistical significance was
considered at p < 0.05. Panel (B): Relation of total transplanted islet mass post last infusion
with insulin secretion AUC after arginine stimulation test at 3 months post last infusion (n =
25). Statistical significance was considered at p < 0.05. Panel (C): Relation of total
transplanted islet mass post last infusion with insulin secretion AUC after glucose-
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potentiated arginine test at 3 months post last infusion (n = 9). Statistical significance was
considered at p < 0.05. Panel (D): Relation of total transplanted islet mass post last infusion
with c-peptide secretion AUC after IVGTT at 3 months post last infusion (n = 27).
Statistical significance was considered at p < 0.05. Panel (E): Relation of total transplanted
islet mass post last infusion with c-peptide secretion AUC after arginine stimulation test at 3
months post last infusion (n = 25). Statistical significance was considered at p < 0.05. Panel
(F): Relation of total transplanted islet mass post last infusion with c-peptide secretion AUC
after glucose-potentiated arginine test at 3 months post last infusion (n = 9). Statistical
significance was considered at p < 0.05.
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Figure 6. Distribution plotsfor Insulin secretion using the ROC curve and analysisfor IVGTT,
arginine stimulation test and GPAIS

Panels (A)—(C): All sequential AIRg| u, AIRarg and AlRpax for UW patients during 24-
month follow-up. Acute insulin response data were segregated according to exogenous
insulin dependence. Mean and SEM were calculated in each group. Data are also stratified
according to whether the test was performed 3, 6 or 12 months after the last islet
transplantation. Statistically significant differences are expressed as *(p < 0.05), **(p <
0.01) and ***(p < 0.001). Panels (D)—(F) represent the receiver operator characteristic for
AlRgu, AIRARG and AIRpmax, respectively. It was determined at the time of each assay
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whether the patient required insulin to achieve normoglycemia and recorded as “On Insulin”
or “Off Insulin.” The ROC graph recorded a point for each data pair (quantitative result,
clinical outcome) as if it was the critical value for a predictive assay and considering the
data set at that point as true positives and false positives. All data from sequential
measurements at 3, 6 and 12 months post last islet infusion was included. Area under the
ROC curve was then calculated. Tests which cannot discriminate between true and false
positives show a sensitivity plot that is not significantly different from the line of identity
and a p-value >0.05 when the AUC is calculated. Cutoff values that generate the highest
sensitivity and specificity using the best likelihood ratios were chosen for each assay.
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Figure 7. Distribution plotsfor C-peptide secretion using the ROC curve and analysis for
IVGTT, arginine stimulation test and GPAIS

Panels (A)-(C): All sequential ACRgLu, ACRarg and ACRpax for UW patients during
24-month follow-up. Acute C-peptide response data was segregated according to their
exogenous insulin dependency. Mean and SEM were calculated in each group. Data is also
stratified according to whether the test was performed 3, 6 or 12 months after the last islet
transplantation. Statistically significant differences were expressed as *(p < 0.05), **(p <
0.01) and ***(p < 0.001). Panels (D)—(F) represent the receiver operator characteristics for
ACRg|u, ACRarg and ACRpmax, respectively. Tests, which cannot discriminate between
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true and false positives, show a sensitivity plot that is not significantly different from the
line of identity and a p-value >0.05 when the AUC is calculated. All data from sequential
measurements at 3, 6 and 12 months post last islet infusion was used. Area under the ROC
curve was then calculated. Cutoff values that generated the highest sensitivity and specificity
using the best likelihood ratios were chosen for each assay.
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Figure 8. Comparison between acuteinsulin and peptideresponsein 32 islet transplant
recipientsfrom threeinstitutions

Patients were divided according to their exogenous insulin requirement 12 months
posttransplant. Acute insulin and C-peptide response is expressed as mean = SEM. Cutoff
values from Figures 6 and 7 are overlapped with the bars, representative of the data.
Statistically significant differences were expressed as *(p < 0.05) and **(p < 0.01).
Nondiabetic controls are represented for comparison. Panels (A) and (B): Bar representation
of the AIRgLy and ACRgy response at 3, 6 and 12 months after last transplant. Panels (C)
and (D): Bar representation of the AIRarg and ACRaRg response at 3, 6 and 12 months
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after last transplant. Panels (E) and (F): Bar representation of the AIRpyax and ACRpmax
response at 3, 6 and 12 months after last transplant.
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Figure9. Insulin IVGTT performed at 3 monthsas a predictor of posttransplant insulin
independence and long-term graft function

Panel (A): Correlation between IVGTT acute insulin response at 3 months and
posttransplant insulin independence. Panel (B): Comparison between IVGTT insulin AUC
performed at 3 months and long-term insulin independence. Data are mean + SEM.
Statistical significant differences expressed as *(p < 0.05), **(p < 0.01) and ***(p < 0.001).
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