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C L I N I C A L R E S E A R C H A R T I C L E
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Aim: Several biomarkers have been proposed to detect pancreatic b cell destruction in vivo but so
far have not been compared for sensitivity and significance.

Methods: We used islet transplantation as a model to compare plasma concentrations of miR-375,
65-kDa subunit of glutamate decarboxylase (GAD65), and unmethylated insulin DNA, measured at
subpicomolar sensitivity, and study their discharge kinetics, power for outcome prediction, and
detection of graft loss during follow-up.

Results:At60minutes after transplantation,GAD65andmiR-375 consistently showednear-equimolar and
correlated increases proportional to the number of implanted b cells. GAD65 and miR-375 showed
comparable power to predict poor graft outcome at 2 months, with areas under the curve of 0.833
and 0.771, respectively (P = 0.53). Using receiver operating characteristic analysis, we defined likelihood
ratios (LRs) for rationally selected result intervals. In GADA-negative recipients (n = 28), GAD65,4.5 pmol/L
(LR=0.15)and.12.2pmol/L (LR=‘) predictedgoodandpooroutcomes, respectively.miR-375couldbeused
in all recipients irrespective of GAD65 autoantibody status (n = 46), with levels ,1.4 pmol/L (LR = 0.14)
or .7.6 pmol/L (LR = 9.53) as dual thresholds. The posttransplant surge of unmethylated insulin DNA was
inconsistent and unrelated to outcome. Combinedmeasurement of these three biomarkers was also tested
as liquid biopsy for b cell death during 2-month follow-up; incidental surges of GAD65, miR-375, and (un)
methylated insulinDNA,aloneor combined,wereconfidentlydetectedbut couldnotbe related tooutcome.

Conclusions: GAD65 andmiR-375 performed equally well in quantifying early graft destruction and
predicting graft outcome, outperforming unmethylated insulin DNA. (J Clin Endocrinol Metab 104:
451–460, 2019)
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detection; LoQ, limit of quantification; LR, likelihood ratio; M INS, methylated insulin DNA;
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WHO U, World Health Organization units.
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The timing and the progression of immune-mediated b

cell destruction in type 1 diabetes (T1D) are poorly
understood and largely derived from late and indirect
indicators such as loss of insulin secretory capacity or
escalation of autoimmunity. Real-time detection of b cell
destruction is possible through the measurement of b

cell‒selective biomarkers released into the circulation.
Various candidate biomarkers were recently proposed,
ranging from nonspecific proteins such as the damage-
associated high-mobility group nox 1 (1, 2) to b cell‒
selective molecules such as the 65-kDa subunit of glu-
tamate decarboxylase (GAD65) (3), insulin mRNA (4),
unmethylated insulin (U INS) DNA (5–7), and miR-375
(8–12). We previously showed that GAD65 can be used
to identify excessive early b cell destruction early after
implantation as a predictor for graft failure (3). The main
limitation of GAD65 is that its use is limited to the
minority of patients with T1D without GAD65 auto-
antibodies (GADAs), interfering in most immunoassays.
Recent progress involved the identification of U INS
DNA, usually expressed as a ratio over ubiquitous
methylated insulin (M INS) DNA, as a biomarker of b
cell loss in animal models (5) in patients after islet
transplantation and in pre-onset and recent-onset T1D
(6, 7). Equally interesting is b cell‒enriched miR-375,
which was independently confirmed as a biomarker of b
cell death in vitro (10, 11) in streptozotocin-injected and
nonobese diabetic mice (10) and after intraportal islet in-
fusion in humans (11). Nucleic acid‒type biomarkers are
generally considered superior in terms of sensitivity because
of the amplification power of PCR. However, a direct and
in-depth comparison of GAD65, unmethylated insulin
DNA, and miR-375 has not been performed, and in most
studies the correlation between the biomarker levels and
extent of b cell destruction was not reported. A second
limitation is that most reported tests for U INS DNA and
miR-375 suffer from a lack of analytical standardization,
the use of normalized levels instead of absolute quantifi-
cation, and the interpretative difficulty raised by measur-
able baseline levels in healthy controls (7, 10, 11).

Here, we report the direct comparison of three chemi-
cally distinct biomarkers, all absolutely quantified using
high-sensitivity assays achieving subpicomolar sensitivity.
GAD65 was measured using a recently developed flow
cytometry‒based immunoassay (13); for miR-375, we
developed a hydrolysis-probe PCR achieving subpicomolar
sensitivity through miRNA sequence-specific capture.
Absolute copy numbers of plasma U INS andM INSDNA
were quantified using a previously published assay (7, 14).
These biomarkers were compared in a standardized
model of b cell injury: the intraportal implantation of
islet grafts (15) to (i) investigate the relative kinetics of

biomarker discharge in the acute posttransplantation
period; (ii) correlate graft injury reflected by GAD65,
miR-375, and U INS to transplantation outcome; and
(iii) conduct a pilot study to investigate whether our
optimized GAD65, miR-375, and U INS assays achieved
sufficient sensitivity to detect instances of low-grade b

cell death in the weeks after islet cell transplantation.

Materials and Methods

Preparation of b cells and b cell grafts
Islet preparations from individual donorswere cultured formax-

imally 4 weeks in serum-free Ham F-10 (Gibco, Loughborough,
United Kingdom), typically using pooled islet grafts from mul-
tiple donors (15, 16).

T1D graft recipients
These studies were approved by our institutional ethics

committee (protocol NCT00623610; ethical approval 98/
059D). The current study reports on 74 intraportal trans-
plant events in 39 nonuremic patients with C-peptide‒negative
T1D who received islet cell grafts under anti-thymocyte glob-
ulin, mycophenolate mofetil, and tacrolimus (15, 17–19)
(Fig. 1). Patients received grafts containing 0.5 to 6.0$106 b
cells/kg of body weight. GAD65 analysis was restricted to
transplant events (n = 52) in patients without interfering GADA
titers [,45 World Health Organization (WHO) U/mL]. miR-
375 was also quantified in transplant events (n = 22) with
interfering GADA. Correlation of 1-hour posttransplant bio-
marker levels to graft outcome at 2 months after trans-
plantation was restricted to transplant events with at least
2.0$106 b cells/kg of body weight because this was found to be
the minimally required b cell mass to achieve glycemic nor-
malization (15). GAD65 was thus analyzed in n = 28 events in
recipients without interfering GADAs, and miR-375 was an-
alyzed in an additional n = 18 events in recipients with in-
terfering GADAs (n = 46 total) (please see overview of patient
groups in Fig. 1 and all data provided in Supplemental Data 1).

In total, 14 patients received two b cell grafts. A repeated
implantation was treated as an independent event, as grafts
were isolated from different donor organs, and outcome
measurement of a second graft was analyzed as the C-peptide

Figure 1. Different subgroups analyzed for miR-375, GAD65, and
U INS DNA levels. In total, n = 74 islet cell transplantations were
examined in 39 C-peptide‒negative patients with type 1 diabetes.
GAD65 was studied only in patients with GADA titers ,45 WHO
U/mL before islet infusion. In patients who received $2 million
b cells/kg of body weight, the association of all three biomarkers
with the C-peptide increment after 2 mo was further investigated.
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increment over the pretransplant level and before an eventual
subsequent implantation in recipients who received a second graft.
C-peptide increment was calculated by subtracting the median
C-peptide level measured in the pretransplant day 220 to 21
period from the median C-peptide level in the posttransplant day
40 to 90 period (further referred to as outcome at 2 months after
transplantation) before an eventual subsequent implantation (3).
Only C-peptide levels measured at glycemia between 5.55 and
12.21 mmol/L were used. The median sample number was 3
(interquartile range: 2, 4) in the posttransplant period and 1
(interquartile range: 1, 2) in the pretransplant period. The kinetic
analysis of GAD65, miR-375, and U/M INS was done for a
sample cohort including all transplant events (n = 12) in recipients
without interfering GADAs for whom samples were available at
the indicated time points.

GAD65, miR-375, U/M INS, and human
C-peptide assay

Blood samples were collected in K3-EDTA tubes (Sarstedt,
Nümbrecht, Germany) supplemented with 1% of a 0.12-mg/
mL solution of aprotinin (Stago, Asnières-sur-Seine, France) in
0.9% NaCl. Plasma was stored at 280°C after centrifugation
for 15 minutes at 1600g. The limits of detection (LoDs) and
limits of quantification (LoQs) for GAD65, miR-375, and U/M
INS were determined as the mean of the blank (nondiabetic
healthy volunteers) summedwith three times and eight times the
SD of the blank, respectively. GAD65 was detected with a
cytometric bead array (CBA) as described (13), with LoD
(LoQ) = 0.121 (0.288) pmol/L and negative interference by
GADA titers $45 WHO U/mL (Supplemental Fig. 1). GADA
was determined by a liquid-phase radio-binding assay with a
diagnostic sensitivity of 74% and a specificity of 97% in the
Diabetes Antibodies Standardization Program 2009 workshop
and has a diagnostic cutoff (P99) of 23 WHO U/mL and
between-day coefficients of variation (CVs) in the decision zone
of 10%. miR-375 was quantified using a synthetic miR-375

duplex, supplemented to a plasma/serum pool (K3-EDTA
Pooled Normal Human Plasma/Serum; Innovative Research)
for generation of an miR-375 standard curve. miR-375 was
measured after capture by hybridization using Taqman miRNA
ABC Purification Kit Human Panel A (Applied Biosystems,
Foster City, CA) as previously described (20), with LoD (LoQ) =
0.049 (0.102) pmol/L. For selected experiments, silica column-
based extraction (miRNeasy Serum/Plasma Kit; Qiagen, Hilden,
Germany) was used. U INS and M INS were determined by
quantifying themethylation status of cytosine at position269bpby
droplet digital PCR using a dual fluorescent probe‒based multiplex
assay as described with a reported LoD (LoQ) of 3.217 (7.098)
copies/mL for U INS and 2.267 (5.105) copies/mL for M INS (7,
14). Human C-peptide was measured with a time-resolved fluo-
rescence immunoassay kit (PerkinElmer,Waltham,MA) adapted to
an AutoDelfia automate (PerkinElmer) in random nonfasted blood
sampled weekly during the first 6 weeks after transplant and every
2 weeks between posttransplant weeks 6 and 12.

Statistical analysis
Prism 5.00 (GraphPad, San Diego, CA) was used for the

Mann-Whitney U test, Spearman correlation test, and receiver
operating characteristic (ROC) analysis with calculation of
likelihood ratios (LRs). Half-lives were calculated according to
Yu et al. (21), starting from the peak biomarker value in every
patient. Area under the curve (AUC) of ROC curves was
compared according to DeLong et al. (22).

Results

Increased sensitivity of miR-375 quantitative
reverse transcription PCR assay through
sequence-specific capture

ThemiR-375assaywas analytically optimizedby replacing
conventional silica column-based total RNA extraction with

Table 1. Correlation Matrix of Biomarkers for b Cell Destruction, Amount of b Cells in Graft, C-Peptide
Content in Graft, and Graft Function After 2 Months

GAD65 miR-375 U INS M INS b Cells C-Peptide Graft D C-Peptidea

GAD65
rS 0.845 ND 0.255 0.502 0.605 20.517
P <0.001 ND 0.470 <0.001 <0.001 0.005
N 52 ND 10 52 52 28

miR-375
rS 0.845 ND 0.136 0.399 0.570 20.363
P <0.001 ND 0.629 <0.001 <0.001 0.013
N 52 ND 15 74 74 46

U INS
rS ND ND ND ND ND ND
P ND ND ND ND ND ND
N ND ND ND ND ND ND

M INS
rS 0.255 0.136 ND 20.429 20.311 20.818
P 0.470 0.629 ND 0.111 0.259 0.006
N 10 15 ND 15 15 10

GAD65 and miR-375 are shown in pmol/L, U/M INS in copies/mL, b cells in 106/kg of body weight, and C-peptide content in graft in nmol/kg of body
weight; D C-peptide is the C-peptide increment 2 mo after transplantation (nmol/L). Boldface text indicates P, 0.05. All statistical tests were performed
for biomarker levels above LoQ. For GAD65, the subgroup with GADA titers ,45 WHO U/mL was selected.

Abbreviations: ND, analysis was not done for U INS (n = 1 transplantation where the concentration was . LoQ); rS, Spearman correlation coefficient.
aSubgroup that received $2.0$106 b cells/kg of body weight.
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sequence-specific capture using magnetic beads functionalized
with antisense nucleotides; in healthy control pooled samples
spiked with logarithmically ascending concentrations of
synthetic miR-375, this lowered the signal/noise ratio from
1.57 pmol/L (Fig. 2A, filled circles) to 0.07 pmol/L in serum
(Fig. 2A, open circles) and 0.15 pmol/L in plasma (Fig. 2B),
with no miR-375 amplification (Cq = 40) in samples without
exogenously added miR-375. To allow absolute quantifica-
tion, a standard curve of synthetic miR-375 was included in
every assay from extraction onward; over a total of n = 17
different assays, this calibration curve showed good linearity
(R2 =0.908) and repeatability (CV%;Fig. 2C). This assaywas
then used to analyze baseline miR-375 levels in n = 28 pre-
transplant patients with T1D and in n = 50 autoantibody-
negative healthy controls. All miR-375 concentrations before
transplantation were below the LoQ. In healthy individuals,
miR-375 baseline levels detected were miR-375 above LoD
(7/50) and even above LoQ (4/50) (Fig. 2D).

Comparison of miR-375, GAD65, and U/M INS
discharge kinetics in the early posttransplant phase

First, we compared the kinetics of GAD65, miR-375,
and (U/M INS release (Fig. 3A‒3L) in a cohort including

all 12 transplantations performed in GADA-negative
recipients for whom the indicated time points were
available; all miR-375 and GAD65 levels were below the
LoD before islet infusion and above the LoQ after. This
was not the case for U INS; two of 12 patients showed
detectable U INS before transplantation, and three of 12
failed to show detectable U INS after. U INS reached
LoQ at some time point after implantation in only one of
12 transplant events. Surprisingly, the ubiquitous M INS
showed a consistent rise after transplantation, above
LoQ in nine of 12 events. Average time to peak was
identical for GAD65 and miR-375 (24 and 25 minutes,
respectively), whereas U INS tended to peak later (49
minutes). After peak level, GAD65 and miR-375 de-
creased according to an exponential decay pattern
(Fig. 3M and 3N). GAD65 clearance occurred in one
phase, with a calculated half-life of 3.7 hours. miR-375
showed a biphasic pattern: an initial rapid phase with
mean half-life of ;36 minutes followed by a subsequent
slow phase with mean half-life of;5.6 hours. For U INS,
linear regression analysis of the logarithmic transformed
biomarker levels was not significant because of the low
number of events above LoD/LoQ.

Description of patient cohorts and
data analysis strategy

Because GADAs interfere with
GAD65 quantification, we first directly
compared GAD65, miR-375, and U/M
INS levels in n = 52 transplant events in
patients without interfering GADAs
(,45 WHO U/mL) (Fig. 1). We addi-
tionally measured miR-375 and U/M
INS in a second cohort with interfering
GADAs (n = 22 events). We then ana-
lyzed whether biomarker levels at 1
hour after transplantation were pre-
dictive for graft function 2months later.
This outcome analysis was restricted
to transplant events with minimally
2.0$106 b cells/kg of body weight, as
this is the graft size typically required to
achieve a C-peptide threshold corre-
sponding to a metabolically adequate
implant, defined here as good outcome
[plasma C-peptide .0.166 nmol/L at
posttransplant month 2 (15)].

Outcome prediction using GAD65
In all 52 transplant events without

interfering GADA, GAD65 levels were
below LoQ before and above LoQ at
60 minutes after implantation. Outcome

Figure 2. Design and key analytical properties of the miR-375 PCR assay. (A) Assay design:
Synthetic miR-375 duplex was added to a denatured serum pool, and miR-375 was captured
by sequence-specific hybridization using magnetic beads. miR-375 sequence-specific pull-
down extraction (open circles) resulted in $10 times lower baseline amplifications (signal/
noise ratio = 3; dashed line) compared with nonsequence-specific silica column-based total
RNA extraction (filled circles). (B) Similar results were obtained in plasma matrix. (A and B)
Descending and horizontal filled lines represent linear trend lines (R2 $ 0.980) and average
baseline signals, respectively. (C) A standard curve was established by adding a synthetic
miR-375 duplex in a denatured plasma pool of control subjects that showed no detectable
baseline signal (Cq = 40). The calibration curve showed excellent linearity (R2 = 0.908) and
good repeatability, as shown by CV% over n = 17 independent assays. (A‒C) x-Axes are
shown in logarithmic scale. (D) Baseline miR-375 concentrations (mean 6 SD) before
transplantation (pre-Tx, n = 28, plasma) and in healthy controls (n = 50, serum). Dashed lines
represent the LoD and LoQ of the miR-375 assay. Tx, transplantation.
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analysiswas possible in 28 transplant eventswith$2million
b cells/kg of body weight (Fig. 1); poor outcome (9 of 28;
32% prevalence) was associated with significantly higher
medianGAD65 (12.3 vs 2.6 pmol/L;P= 0.005) (Fig. 4A and
4C). ROC analysis indicated significant (P = 0.005) di-
agnostic power (AUC = 0.833; 95% CI: 0.648, 1.018)
(Fig. 4B), allowing the selection of diagnostic thresholds
guided by relevant LRs (Supplemental Data 2). Events with

GAD65 .12.2 pmol/L (n = 5) invariably resulted in poor
outcome (posttest probability, 100%; Fig. 4D), whereas all
but one (13 of 14) event with a GAD65 ,4.5 pmol/L (n =
14) showed a good outcome (LR, 0.15l; posttest probability,
7%). GAD65 between 4.5 and 12.2 pmol/L corresponded
to a gray zone in which the test had limited diagnostic utility.
Using this dual threshold, theGAD65 test showed diagnostic
utility in 71% of events, either to confidently predict or rule

Figure 3. Combinatorial profiling of GAD65, miR-375, and U INS DNA kinetics after intraportal islet transplantation. (A‒L) Plasma GAD65 (solid
blue lines), miR-375 (solid green lines), U INS (solid red lines), and M INS (dashed red lines) were measured before and 5, 15, 30, 60, 120, and
240 min after n = 12 of 52 intraportal islet cell infusions, with variable total numbers of implanted b cells expressed as million b cells/kg of body
weight: (A) 0.68; (B) 0.69; (C) 0.77; (D) 0.88; (E) 1.58; (F) 1.87; (G) 2.01; (H) 2.23; (I) 2.86; (J) 3.17; (K) 3.30; and (L) 5.30 million b cells/kg of
body weight. LoD is indicated as dashed horizontal blue and green lines for GAD65 and miR-375, respectively (left y-axis). LoD is indicated as solid
and dashed horizontal red lines for U INS and M INS, respectively (right y-axis). Both y-axes are shown in logarithmic scale. (M and N) The average
relative (M) GAD65 and (N) miR-375 levels are shown for the 12 patients (6SD: dashed lines) shown in (A‒L). Each biomarker is represented as
percentage from the peak biomarker value. Also, time is shown relative to peak value. (M) For GAD65, one-phase kinetics gave the best fit (R2 =
0.93; P , 0.0001). (N) The clearance kinetics of miR-375 were biphasic (R2 = 0.99; P = 0.0002 for first phase and R2 = 0.57; P = 0.0043 for
second phase). (M and N) The y-axis is shown in logarithmic scale (natural logarithm). Solid green and blue lines: linear regression; dashed lines:
95% CI. Clearance of U/M INS was not shown because of insufficient data points above LoQ. Tx, transplantation.
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out poor outcome. In n = 9 patients who received two in-
dependent grafts, only one patient showed GAD65 .12.2
pmol/L in both transplantations (Supplemental Table 1).

Outcome prediction using miR-375
miR-375 levels were below LoQ before and above LoQ

after implantation in all 74 transplant events. Outcome
analysis was done in all 46 events with$2.0$106 b cells/kg
of bodyweight, including 28without and 18with interfering
GADAs (Fig. 1). Poor outcome (11 of 46; prevalence, 24%)
was associated with significantly higher median miR-375
(2.1 vs 1.0 pmol/L; P = 0.007) (Fig. 4E and 4G). ROC
analysis indicated significant (P = 0.007) diagnostic power
(AUC = 0.771; 95% CI: 0.631, 0.912) (Fig. 4F). AUC of
miR-375 and GAD65 did not differ significantly (P = 0.53).
Also for miR-375, a dual threshold model was selected
guided by LRs (Supplemental Data 2); miR-375.7.6 pmol/
L was associated with poor outcome (Fig. 4H) in three of
four events (LR = 9.5; posttest probability, 75%), whereas
miR-375,1.4 pmol/L resulted in good outcomes in 22 of 23
such cases (LR = 0.14; posttest probability, 4%). An miR-
375 between 1.4 and 7.6 pmol/L (19 of 46 events) had
limited diagnostic utility. Using this dual threshold, the miR-
375 test showed diagnostic utility in 59% of events, either to

confidently predict or rule out a poor outcome. In n = 14
patients who received two independent grafts, no patient
showed miR-375 value .7.6 pmol/L in both trans-
plantations (Supplemental Table 1).

Inferior performance of U INS
U INS andM INSwere detected in only 14% and 41%

of all posttransplant samples, respectively (Supplemental
Fig. 2), indicating inferior performance of this test in our
cohort compared with previous studies (7, 14). Neither U
INS norM INS correlated significantly with b cell number
or graft C-peptide content (Table 1). Only four eventswith
detectable U INS (above LoD) were grafts for which
patients received $2.0$106 b cells/kg of body weight and
could thus be related to functional graft outcome; two of
four evolved to poor outcome (#0.166 nmol/L), but these
two transplants also showed elevated miR-375 .1.4
pmol/L and GAD65 .4.5 pmol/L, indicating no added
value of U INS detection in this setting.

Combinatorial profiling of GAD65, miR-375, and
U INS to detect late-stage b cell injury

Finally, we investigated whether the optimized sen-
sitivity of our assays allowed the detection of incidental b

Figure 4. Diagnostic power of GAD65 and miR-375 1 h after transplantation to late-stage graft function. Poor outcome was defined as C-
peptide increment #1.66 nmol/L (0.5 ng/mL). (A‒D) Panels show the predictive value of GAD65 (squares) at 60 min in 28 transplant events with
$2.0$106 b cells/kg of body weight in GADA-negative recipients. (E‒H) Panels show miR-375 data (triangles) in all 46 transplant events with
$2.0$106 b cells/kg of body weight irrespective of GADA status. (A and E) C-peptide increment at 2 mo after transplantation vs biomarker level
at 60 min. Horizontal dashed lines show a C-peptide increment of 0.166 nmol/L. (B and F) ROC analysis, AUC, and P-value are shown. (C and G) Dual
thresholding and indication of gray zone are based on LRs (Supplemental Data 2). Good and bad outcomes were defined as C-peptide increment
.0.166 nmol/L and #0.166 nmol/L, respectively. **P , 0.01; median with interquartile range. (D and H) Diagnostic power of both biomarkers is
expressed by the shift from pretest to posttest probability. Filled and empty symbols indicate posttest probability of poor outcome for biomarker above
upper threshold or below lower threshold, respectively. Ppost, posttest probability; Ppre pretest probability; Tx, transplantation.
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cell death beyond the acute posttransplant phase. We
conducted a pilot study in n = 7 patients who
received $2.0$106 b cells/kg of body weight and were
repetitively sampled for combinatorial analysis ofGAD65,
miR-375, and U/M INS. The primary objective was a
qualitative investigation showing confident absence or
presence of these biomarkers, defined as concentrations
above LoD (Fig. 5).

After transplantation, GAD65 and miR-375 surges
were detected in all seven patients (Fig. 5): (i) GAD65 but
not miR-375 was detectable in all patients 24 hours after
islet infusion; (ii) beyond day 2, multiple miR-375 surges
above LoD were detected in six of seven patients and
GAD65 above LoDwas detected in five of seven patients;
and (iii) the GAD65 or miR-375 surges were mostly
subtle (i.e., beyond day 2, GAD65 remained below
LoQ in all patients, whereas miR-375 was above LoQ in
three of seven patients). The frequency of sampling was

insufficient to allow a detailed kinetic analysis or to
correlate either frequency or amplitude of surges with
graft function around month 2. U INS was detected in
one patient (Fig. 5), together with a coincidental surge of
M INS but not miR-375 or GAD65. M INS above LoD
was found in all seven patients, whereas M INS was
above LoQ in four patients.

Discussion

Ultrasensitive detection of b cell‒derived molecules in the
circulation is the only direct way to document occult b
cell destruction in vivo. Considering the limited size of the
endogenous b cell mass, the assumption that at any given
moment only a small fraction of b cells undergoes pri-
mary or secondary necrosis and the largely unknown
timing of immune-mediated b cell death, detection
of circulating b cell‒derived biomarkers is extremely

Figure 5. Combinatorial profiling of GAD65, miR-375, and U INS and M INS DNA to detect late-stage immune-mediated b cell injury after islet
transplantation. Seven patients were frequently sampled during the first 70 d after transplantation. All three biomarkers were measured in the
same plasma samples at the indicated time points after transplantation (Tx). Pre-Tx represents the biomarker levels before graft infusion, and day
0 indicates the levels 60 minutes after graft infusion. White boxes indicate that no blood was taken; gray boxes mean that samples were
available and were determined for the respective biomarkers but indicate that biomarker concentrations were below the respective assay’s LoD.
GAD65 is shown in blue, miR-375 in green, U INS DNA in red, and M INS DNA in yellow. Biomarker levels above the LoD are shown in light
colors, whereas dark colors represent levels above the respective assay’s LoQ. All patients received a single intraportal infusion of $2 million b

cells/kg of body weight.
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challenging. Various candidate biomarkers were pro-
posed by us [GAD65, PPP1R1A (23), UCHL1 (24)] and
others (miR-375, U INS) and separately tested in proof-
of-concept studies. This study presents a direct com-
parison of three chemically distinct biomarkers.

The strengths of our study were (i) the use of a
standardized model with islet grafts characterized for b
cell number; (ii) the use of assays optimized for analytical
sensitivity and calibrated to allow absolute rather than
normalized quantifications; and (iii) the application of
assay-specific limits of detection/quantification, defined
using internationally established clinical chemistry guide-
lines for data interpretation and confident calling of bio-
marker detection or nondetection. The GAD65-CBA assay
used here is 30 timesmore sensitive (13) than the previously
reported GAD65-time-resolved fluorescence immunoassay
(3). Our miR-375 assay was optimized through sequence-
specific capture and calibrated with a synthetic calibrator
spiked in before miRNA extraction, thus fully accounting
for extraction-associated losses and variations. Other
groups used calibration curves after RNA extraction or
before reverse transcription or used miR-375 quantifica-
tion relative to housekeepingmiRNAs or levels inmatched
healthy controls.

Our GAD65-CBA andmiR-375 assays achieved LoDs
around 0.1 pmol/L; using a roughly comparable molar
amount of GAD65 and miR-375 in human b cells (61.5
fmol/103 cells) and assuming a one-compartment dis-
tribution without taking into account clearance, both
tests can theoretically detect the synchronous destruction
of 0.1% of the implanted b cell mass (25). This sensitivity
was evidently sufficient to quantify b cell loss during the
first 24 hours after islet transplantation. This acute phase
allowed a direct comparison of discharge/clearance ki-
netics of the various biomarkers; this confirmed the
previously reported GAD65 half-life around 3.7 hours
and indicated a biphasic clearance or degradation of
miR-375, similar to the kinetics previously observed for
fetal circulating DNA (21). We hypothesized that the
initial rapid phase might be due to RNAse-mediated
degradation of free miR-375, whereas the much slower
second phase might indicate prolonged circulation of
RNAse-shielded miR-375 complexed to Argonaut or
other proteins.

The diagnostic performance of U INS in our patients
after intraportal islet transplantation was disappointing;
unlike GAD65 and miR-375, U INS did not correlate
with the number of implanted b cells. U INS was in-
consistently detected even in patients with massive early
posttransplant b cell loss as marked by GAD65 and/or
miR-375, and it failed to reach LoQ in most patients,
precluding its use for outcome prediction. The inferiority
of U INS cannot be explained by assay design because we

used the same assay that previously successfully detected
b cell death at onset of T1D (7, 14). Further research is
needed to exclude biological causes such as an altered
INS gene methylation state in the implant in vivo. Al-
though our data did not invalidate U INS, they call for
further independent verification in the transplant setting
using calibrated assays and highlight the importance of
selecting the most appropriate biomarker (combination)
as a function of disease stage or model.

Here, we present a model for diagnostic interpretation
of GAD65 and miR-375 levels, using dual thresholds
rationally selected on the basis of optimal LRs. We used
an upper threshold set to maximally increase posttest
probability of poor outcome, which corresponds to our
previously proposed approach focusing on statistical
GAD65 outliers as predictors of poor outcome, which
had a very limited sensitivity overall. By introducing a
second lower threshold, we can now rule out poor
outcome upfront, which is important for reassuring
patients and clinicians. By introducing this dual thresh-
old, GAD65 and miR-375 testing provided a clinically
useful answer in 71% and 59% of transplant events,
respectively. miR-375 and GAD65 showed similar
AUCs, were strongly correlated, and were detected at
near-equimolar levels, indicating that both biomarkers
can be used interchangeably. Therefore, the main added
value of using miR-375 is not its analytical or diagnostic
superiority, but rather its broader applicability to the
majority of patients who have T1D and interfering
GADAs.

Our data also underline the critical effect of early
transplant‒associated graft loss on secretory graft
function 2 months later and indicate that this destruction
can adequately be measured. Although differences in
transplant procedures and graft composition complicate
method transfer, our data show that biomarkers such as
GAD65 and miR-375 have potential as companion tests
and quality control for the b cell implant procedure,
allowing early identification of patients at risk for sub-
sequent graft failure.

In a pilot study, we investigated the enigmatic and
likely apoptotic immune-mediated b cell loss during a
2-month posttransplant follow-up. Relying on strin-
gent LoD, we were able to confidently detect inciden-
tal episodes of b cell loss. Here again, use of multiple
biomarkers increased the chances to detect b cell
destruction. We had only a limited number of GADA-
negative patients allowing combined analysis of GAD65
and the two nucleic acid‒type biomarkers, so evidently
our study was insufficiently powered to correlate fre-
quency or amplitude of biomarker surges to outcome.
However, this part of the study indicated several major
limitations in the detection of low-grade b cell death in
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vivo. With the ability to detect the death of one b cell in a
thousand, our assays were extremely sensitive. Yet this
may still be insufficient, as most late-stage detections
were only marginally above baseline signals in healthy
controls. This is particularly the case for PCR-amplified
miR-375 and U INS. Baseline signals may represent
analytical noise due to nonspecific PCR amplification or
biologically meaningful circulating levels due to the con-
tinuous turnover of other cell types expressing GAD65
(neurons, reproductive glands), miR-375 [various glan-
dular cells (26, 27)], and U INS DNA (all cell types).
Their measurement as biomarkers of b cell death is thus
only useful in well-defined conditions with high a priori
probability of silent b cell death. A second important
limitation is the overall short half-life of GAD65 [1 to
4 hours (28, 29)], miR-375 (0.5 to 6 hours), and U INS
[62 hours (6)], which restricts the diagnostic window
when screening for silent episodes of b cell loss with
unknown kinetics. This “needle in a haystack” conun-
drum can only be resolved by either frequent sampling
(capillary blood analysis, e.g., in conjunction with rou-
tine point-of-care blood glucose monitoring), biomarker
analysis of urine samples, or the discovery of additional
biomarkers with extended half-lives.

In conclusion, GAD65 and miR-375 but not U INS
can be used interchangeably to quantify early procedural
b cell graft destruction, and this early destruction is
important for prognosis of late-stage function. Nucleic
acid‒type biomarkers are not necessarily superior in
terms of sensitivity to protein-type biomarkers, but they
may provide complementary information on condition
that robust assays with strictly defined limits of detection
are used.
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29. Schlosser M, Walschus U, Klöting I, Walther R. Determination of
glutamic acid decarboxylase (GAD65) in pancreatic islets and its
in vitro and in vivodegradationkinetics in serumusing ahighly sensitive
enzyme immunoassay. Dis Markers. 2008;24(3):191–198.

460 Roels et al Combinatorial Analysis of b Cell Death J Clin Endocrinol Metab, February 2019, 104(2):451–460

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/104/2/451/5091461 by VU
B user on 09 M

arch 2020


