J c I The Journal of Clinical Investigation

B Cell death and dysfunction during type 1 diabetes
development in at-risk individuals

Kevan C. Herold, ..., Jerry P. Palmer, the Type 1 Diabetes TrialNet Study Group

J Clin Invest. 2015;125(3):1163-1173. https://doi.org/10.1172/JCI78142.

(o ILIGEIN C (4l - Clinical trials

Role of the funding source: Funding from the NIH was used for support of the participating clinical centers and the
coordinating center. The funding source did not participate in the collection or the analysis of the data.

BACKGROUND. The B cell killing that characterizes type 1 diabetes (T1D) is thought to begin years before patients
present clinically with metabolic decompensation; however, this primary pathologic process of the disease has not been
measured.

METHODS. Here, we measured B cell death with an assay that detects B cell-derived unmethylated insulin fNS) DNA.
Using this assay, we performed an observational study of 50 participants from 2 cohorts at risk for developing T1D from
the TrialNet Pathway to Prevention study and of 4 subjects who received islet autotransplants.

RESULTS. In at-risk subjects, those who progressed to T1D had average levels of unmethylated/NS DNA that were
elevated modestly compared with those of healthy control subjects. In at-risk individuals that progressed to T1D, the

observed increases in unmethylated /NS DNA were associated with decreases in insulin secretion, indicating that the
changes in unmethylated INS DNA are indicative of B cell killing. Subjects at high risk [...]

Find the latest version:

https://jci.me/78142/pdf



http://www.jci.org
http://www.jci.org/125/3?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI78142
http://www.jci.org/tags/3?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/17?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/78142/pdf
https://jci.me/78142/pdf?utm_content=qrcode

The Journal of Clinical Investigation

CLINICAL MEDICINE

B Cell death and dysfunction during type 1 diabetes
development in at-risk individuals

Kevan C. Herold,' Sahar Usmani-Brown,? Tara Ghazi," Jasmin Lebastchi,’ Craig A. Beam,® Melena D. Bellin,* Michel Ledizet,?
Jay M. Sosenko,’ Jeffrey P. Krischer,® Jerry P. Palmer,” and the Type 1 Diabetes TrialNet Study Group

"Yale University, New Haven, Connecticut, USA. 2.2 Diagnostics, New Haven, Connecticut, USA. *Western Michigan University Homer Stryker MD School of Medicine, Kalamazao, Michigan, USA. *University of

Minnesota, Minneapolis, Minnesota, USA. *University of Miami, Miami, Florida, USA. ®University of South Florida, Tampa, Florida, USA. “University of Washington, Seattle, Washington, USA.

TRIAL REGISTRATION. Clinicaltrials.gov NCT00097292.

Introduction

Type 1 diabetes (T1D) begins years before clinical presentation
with hyperglycemia (1, 2). Following the initial breech of immune
tolerance, the autoimmune response against 3 cells is thought to
expand and diversify. Over time, there are increasing numbers
of antigenic epitopes that are recognized by autoantibodies and
by autoreactive T cells. Some investigators have postulated that
there is a waxing and waning progression of disease over time that
explains its chronicity and possibly its diversity (3). Nonetheless,
based largely on the model proposed by Eisenbarth in 1986, it
has become generally accepted that there is a steady progression
of B cell killing by pathologic T cells that eventually results in the
loss of 80% to 90% of B cell function at the time of diagnosis (4).
However, the data that led to the development of this model were
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BACKGROUND. The B cell killing that characterizes type 1diabetes (T1D) is thought to begin years before patients present
clinically with metabolic decompensation; however, this primary pathologic process of the disease has not been measured.

METHODS. Here, we measured p cell death with an assay that detects p cell-derived unmethylated insulin (/NS) DNA. Using
this assay, we performed an observational study of 50 participants from 2 cohorts at risk for developing T1D from the TrialNet
Pathway to Prevention study and of 4 subjects who received islet autotransplants.

RESULTS. In at-risk subjects, those who progressed to T1D had average levels of unmethylated /NS DNA that were elevated
modestly compared with those of healthy control subjects. In at-risk individuals that progressed to T1D, the observed
increases in unmethylated /NS DNA were associated with decreases in insulin secretion, indicating that the changes in
unmethylated /NS DNA are indicative of f cell killing. Subjects at high risk for T1D had levels of unmethylated /NS DNA that
were higher than those of healthy controls and higher than the levels of unmethylated /NS DNA in the at-risk progressor
and at-risk nonprogressor groups followed for 4 years. Evaluation of insulin secretory kinetics also distinguished high-risk
subjects who progressed to overt disease from those who did not.

CONCLUSION. We conclude that a blood test that measures unmethylated /NS DNA serves as a marker of active f cell killing
as the result of T1D-associated autoimmunity. Together, the data support the concept that § cell killing occurs sporadically
during the years prior to diagnosis of T1D and is more intense in the peridiagnosis period.
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indirect and involved serial measurement of autoantibodies and
the insulin secretory responses to intravenous glucose. Autoanti-
bodies are not the primary mediators of B cell killing and an intra-
venous glucose tolerance test does not provide dynamic or insulin
secretory responses to a physiologic stimulus.

Immune therapies, such as anti-CD3 mAbs, CTLA4-Ig,
LFA3-Ig, and anti-CD20 mAb have been able to modify the loss of
B cell function in the short term in patients with disease, but none
have reversed or even completely preserved metabolic function
(5-11). Because the effects of these drugs have waned with time,
investigators have focused on disease prevention, with the goal
of arresting the course of disease when B cell mass is sufficient
to maintain normal glucose levels. Identifying those individuals
who are progressing to T1D during the asymptomatic period with
normoglycemia is therefore an important goal. Autoantibodies
have largely been used to identify individuals at risk, but their
appearance may be transient, and they do not directly measure
the pathologic process and cannot provide information about the
pace of disease progression on an individual basis (12, 13).
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Our understanding of the kinetics of disease progression is
limited because we do not have methods that directly measure f
cell death, the primary pathologic process. We recently developed
a method for assessing P cell death in vivo by measuring the rela-
tive amount of B cell-derived INS DNA in the circulation (14-16).
The analysis involved quantitative PCR studies of INS DNA,
with epigenetic marks that identify the DNA source as cells that
actively transcribe insulin. The only significant source of unmeth-
ylated INS DNA is  cells, and therefore, the level of unmethylated
INS DNA in the serum is proportional to the rate of p cell death. We
previously validated this approach in mice with diabetes induced
by streptozotocin or in NOD mice with autoimmune diabetes (15).
Using the same approach adapted to measurement of human INS
DNA in serum, we found increased rates of p cell death in patients
with recent-onset T1D compared with those in healthy control
subjects (14). Patients with recent-onset T1D who were treated
with anti-CD3 mAb showed improvement in C-peptide responses
and also showed reduced levels of unmethylated INS DNA in the
circulation. We then improved the specificity and sensitivity of the
method by using droplet digital PCR (ddPCR) to analyze differen-
tially methylated CpG sites in circulating INS (16).

A number of reports have described changes in C-peptide
and glucose responses to oral glucose during progression to T1D
in at-risk individuals (17-19). These studies have shown statisti-
cally significant but modest quantitative changes in C-peptide
release very close to the time of clinical presentation (20). The
small changes that are observed during the prediabetic period
may reflect the destruction of the majority of p cells before insu-
lin secretion declines, but previously, there has not been a way to
determine when exactly B cell killing is occurring. Furthermore,
insulin secretion may be modulated by a number of factors in addi-
tion to the absolute mass, including insulin sensitivity and ambi-
ent glucose, as well as including immunologic mediators, such as
IL-1B, and other inflammatory mediators (21-24). The effects of
these factors may involve cytotoxicity or cellular stress as well as
impaired or delayed function without cell killing. Indeed, a num-
ber of studies have shown that the early insulin secretory defect
in type 2 diabetes arises from delays in the timing of the B cell
response to glucose (25, 26). Similar changes in insulin secretion
may occur in T1D, since we previously reported that patients with
T1D, nondiabetic at-risk individuals who progress to overt disease,
and those with long-standing disease show a delayed secretory
response compared with nondiabetic individuals (27, 28).

Identifying individuals who are progressing to T1D and when
B cell killing occurs will be important for designing prevention
strategies. In this study, we determined the levels of f cell killing
in 2 cohorts of individuals at risk for T1D using the ddPCR assay.
One cohort was followed for as long as 4.4 years (or 4.1 years
prior to onset of T1D). In the other high-risk cohort, we analyzed
B cell death and function to determine the timing of f cell killing
and the factors that lead to disease presentation. In addition, we
measured the disappearance of f cell-derived, unmethylated INS
DNA in patients with chronic pancreatitis who received autolo-
gous islet transplants following total pancreatectomy in order to
understand the kinetics of disappearance of unmethylated INS
DNA from dying B cells. Our studies indicate that p cell killing can
be detected sporadically in at-risk individuals at a time when glu-
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cose tolerance and insulin secretion are normal. In the time period
near presentation of clinical disease, p cell killing was consistently
increased. In addition to f cell death, the progression to disease
was indicated by a reversible delay in the kinetics of insulin secre-
tion. Our findings suggest a new model of disease progression in
which B cell destruction and metabolic dysfunction are events
closely associated with disease onset.

Results

Demographic and metabolic features of high-risk participants in the
TrialNet Natural History study. We studied 50 relatives of patients
with T1D who were at risk for the disease, from 2 cohorts in the
TrialNet Pathway to Prevention (PTP) study (Figure 1). All of the
individuals had normal HbAlc levels. We identified 10 at-risk
participants who developed T1D over a 3- to 4-year follow-up
period (progressors, n = 10) and a group of at-risk participants of
similar age who were followed over a similar time period but did
not develop T1D (nonprogressors, n = 10). The demographic and
metabolic features of these two groups were comparable (Table
1), but the progressors had a higher frequency of autoantibod-
ies (P < 0.05), consistent with previous findings that individuals
with a greater number of autoantibodies are more likely to prog-
ress to T1D (13). Day O was designated the date of diagnosis of
T1D in the progressors and the last visit of the nonprogressors.
These participants were prospectively studied at approximately
6-month intervals for up to 1,513 days, prior to diagnosis of dia-
betes or before the last visit. Each subject had at least 4 serial
samples drawn during the observation period.

B Cell death in at-risk progressors and nonprogressors to T1D.
We measured the level of f cell death with a ddPCR method that
compares the levels of unmethylated and methylated INS DNA in
bisulfite-treated DNA that is isolated from the serum (referred to
herein as the ratio). When the average of all of the values taken
from each individual was compared with the averages of the mea-
sures of healthy control subjects there was a significant increase
in the ratios from the progressors (P = 0.048, ANOVA; P < 0.05,
Bonferroni multiple comparison) (Figure 2A). However, the dif-
ferences in the average values were modest, which may have
been due to sporadic increases in the ratios in some but not all
individuals. Indeed, of the measurements from these individuals
(Figure 2B), 24.5% (12 of 49) from at-risk progressors and 14.2%
(8 of 56) from the nonprogressors were more than 2 SD above the
mean of the healthy control subjects (P = NS); 7 of the 10 indi-
vidual progressors and 4 of the 10 nonprogressors had at least 1
positive value. The time of the increased ratios in the progressors
and nonprogressors was similar (data not shown). In addition, we
did not find differences in the progressors and nonprogressors at
specific time points by repeated-measures ANOVA.

We also analyzed the insulin secretion during the oral glu-
cose tolerance tests (OGTTs) that were performed approximately
every 6 months during the follow-up period by deconvoluting the
C-peptide data (29) and determining the total insulin secreted
during the 2-hour test (ISR AUC) (Figure 2C). Insulin secretion
was not significantly different between the progressors and non-
progressors, similar to previous reports that have shown that  cell
secretory responses are preserved until shortly before diagnosis
of T1D (20, 28). However, it is possible that there were modest
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Figure 1. CONSORT diagram showing allocation of the study subjects. The TrialNet Natural History study commenced in 2004. The number of subjects
screened reflects the total number of subjects since enroliment. The first at-risk subject was enrolled in 2005 and the last was enrolled in 2008. The high-
risk subjects were identified between 2010 and 2013. The diagram shows the allocation of subjects to the “at-risk” group that was prospectively followed

and the “high-risk” group that was studied on 2 occasions.

changesininsulin secretion during disease progression that might
not have been identified with the overall analysis by ANOVA.
Therefore, to determine whether the increase in the levels of
unmethylated INS DNA corresponds to pathologic changes, we
studied the relationship between changes in the ratio and insulin
secretion at the study visits (Figure 2D). There was a strong nega-
tive correlation between increases in the ratio (compared with the
earliest study visit) and decreases in ISR AUC in the progressors
(r =-0.475, P = 0.0026) but not the nonprogressors when data
from all study visits were used. A significant inverse relationship
was also found in the progressors (P = 0.043; nonprogressors,
P = 0.457) when the values for each subject were considered
together. This indicates that increases in the ratio are associated
with B cell killing during the prediabetes period.

The duration of the elevated levels of unmethylated INS
DNA reflects both the disease activity and the half-life of the
DNA in the serum, which is not known. To address this issue, we
measured the appearance and disappearance of unmethylated
INS DNA in the sera of 4 patients with chronic pancreatitis who
underwent autologous islet transplants following a total pancre-
atectomy for their primary disease (Figure 3). It has previously
been reported that there is a wave of B cell death that occurs

immediately after heterotopic allo-islet or auto-islet transplants
into the liver (30-32). Within 60 minutes of the transplant, we
were able to detect an increase in the ratio, which reached a max-
imum by 360 minutes in all subjects. On the basis of the decline
in the ratio, the average (+ SEM) half-life of the unmethylated INS
DNA was determined to be 117 * 37 minutes.

Because of the short half-life of the unmethylated INS DNA,
our studies of at-risk subjects, sampled approximately every 6
months, may have missed episodes of increased f cell death. We
therefore also studied PTP participants who were at high risk for
progression of T1D, in whom, we postulated, there may be active
B cell killing (Table 2). Their designation as “high risk” was based
on the presence of at least 2 autoantibodies and “dysglycemia”
(i-e., glucose at 15, 30, 60, or 90 minutes >200 mg/dl during
an OGTT) or impaired glucose tolerance (i.e., fasting glucose,
110-126 mg/dl, or 2-hour glucose at the end of an OGTT,
140-199 mg/dl). The rate of progression of this group was signifi-
cantly different from that of the at-risk subjects in the prospec-
tive study and was approximately 90% by 7 years (ref. 33 and
P < 0.001, Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI78142DS1). These
high-risk individuals were selected based on the outcomes of the
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Table 1. PTP participants followed prospectively

n Age at last visit ~ Median time of follow-up

No. positive

BMI (mean [SEM])/BMI  Baseline ISR (SEM)  Baseline percent ISR

inyr (SEM) (maximum, minimum) autoantibodies z-score (mean[SEM]) in first hour

(median)
Progressors 11 11.6 (0.79)/30% 1,072 days (1,513, 567) 2.5 18.9 (1.05)/ 0.778 (0.415) 32,608 (4,395) 43.2+1.79%
Nonprogressors 10 12.0(0.84)/10% 1,146 days (1,592, 1,074) 1 17.5(0.61)/0.286 (0.247) 38,501(5,665) 45,6 +1.78%

AP =0.046, ¢ ISR, insulin secretion.

OGTTs performed on 2 occasions at relatively close intervals. At
the second visit, 10 subjects repeated their finding of dysglycemia
or IGT (impaired glucose tolerance), 10 subjects had an OGTT
result that was diagnostic of diabetes, and 10 had a normal OGTT
result. The time intervals between the visits were not significantly
different in these 3 subgroups (impaired glucose tolerance: 70 *
6.96 mg/dl, range: 6-175 days; diabetes: 99 * 33.8 mg/dl, range:
7-291 days; normal: 108 * 20.2 mg/dl, range: 22-204 days). The
progression to diabetes in other members of these groups of PTP
participants is shown in Supplemental Figure 1. The changes in
glucose AUC at the 2 OGTTs in these 30 participants are shown
in Figure 4C (P < 0.0001). We hypothesized that the level of
B cell death at the first visit would predict progression to diabetes
or reversion to normal glucose tolerance at the second visit.

The levels of unmethylated INS DNA were higher in these
high-risk subjects compared with those in healthy control sub-
jects or the progressors and nonprogressors that were prospec-
tively followed. At the first visit, 22 of 27 subjects had ratio levels
greater than mean + 2 SD of the healthy control subjects (Figure
4A), which is significantly greater than that of the progressors and
nonprogressors in the PTP study (P < 0.0001, y?). Furthermore, in
a mixed model, there were significantly higher ratios in the high-
risk group compared with those in control subjects or the progres-
sors and nonprogressors followed for longer periods from the PTP
study (Figure 4B, P < 0.0001).

While the level of f cell death was higher in each of the 3 sub-
groups of high-risk subjects than in nondiabetic control subjects, the
levels in those who returned with a normal, abnormal, or diabetic
OGTT did not differ from each other at the first visit (Figure 4D).
Moreover, we did not find a significant difference in the change in
the measurement of f cell death when the levels of unmethylated
INS DNA were compared between the 2 visits (data not shown).

Analysis of insulin secretory function in at-risk individuals. These
findings indicated that there were increased levels of f cell killing
in this high-risk cohort compared with that in subjects at earlier
stages of the disease, but the levels of B cell death did not differ-
entiate individuals who rapidly progressed to disease from those
whose course was less aggressive. We compared other measure-
ments that may have accounted for changes in insulin sensitivity
and deterioration in glucose tolerance, including BMI and the
homeostasis model assessment-estimated insulin resistance, but
these did not differ between the subgroups (Table 2 and P = 0.74).
The interval between the 2 study visits was also similar between
the groups. To further understand the basis for progression, we
analyzed insulin secretion during the OGTTs.

The total amount of insulin secreted (AUC) was similar among
the 3 groups at the first study visit (Figure 5A) and did not change
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significantly between the 2 visits, even though those individu-
als who returned with a normal and a diabetic OGTT showed a
decrease and increase in the glucose AUC between the 2 visits
(Figure 5, A and B, and Supplemental Figure 2).

We previously showed that some patients with T1D have a
delayed secretion of insulin in response to a glucose load (27). We
therefore compared the kinetics of insulin secretion in the sub-
groups of subjects. At the time that the high-risk subjects were
first studied, the median time of peak insulin secretion during the
OGTT was 105 minutes and was similar among the 3 subgroups
(Figure 5C). At the first visit, the proportion of insulin secreted
within the first hour of the test also did not differ among the 3
subgroups (data not shown). The time of peak secretion was rel-
atively late but consistent with our previous findings (28). At the
second visit, subjects who returned with a normal OGTT had
peak insulin secretion at an earlier time than those who returned
with dysglycemia or a diabetic OGTT (Figure 5C; P = 0.0004,
Kruskal-Wallis), and the proportion of the total insulin secreted
during the first hour was significantly greater than that in those
who returned with an abnormal or diabetic OGTT (Figure 5D,
ANOVA P = 0.0005). These results suggest that improvement of
metabolic dysfunction in the high-risk individuals is associated
with recovery of an early insulin secretory response.

To understand the development of the secretory dysfunction
during disease progression, we analyzed, in a similar manner,
insulin secretion from the OGTTs in the progressors and nonpro-
gressors shown in Figure 2. Although the ISR AUC did not change
during the 4-year follow-up period (Figure 2B), the proportion of
insulin secreted during the first hour of the OGTT was decreased
significantly (-3.4%, P = 0.04) in the progressors compared with
that in the nonprogressors (by repeated-measures ANOVA) (Fig-
ure 6). The greatest decline in the percentage of insulin secreted
during the first hour (-12.6%) was seen 250 days prior to diagnosis
in the progressors (P = 0.03).

Table 2. High-risk PTP participants®

Second OGTT result n Ageinyr No. positive BMI
(mean[SEM])/no. autoantibodies (mean [SEM])?
male (median)
Normal glucose 10 15.5(9.23)/7 3 179 (0.91)
tolerance
Abnormal OGTT 10 234 (14.7)/8 3 241(1.79)
Diabetic OGTT 10 16.8 (10.4)/2 35 21.7 (1.55)

AAll subjects were first identified on the basis of at least 2 autoantibodies
and dysglycemia. 8P = 0.43.
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Figure 2. p Cell death in progressors and nonprogressors to T1D in the PTP study followed for long periods of time. (A) Comparison of the average levels
(mean + SEM) of unmethylated INS DNA (i.e., ratio of unmethylated/methylated /NS DNA) in the at-risk progressors, nonprogressors, and healthy control
subjects (HC) (P = 0.048, ANOVA; *P < 0.05, Bonferroni multiple comparison test). (B) All of the individual ratio measurements are shown for the at-risk
progressors (n =10, 49 measurements) and nonprogressors (n = 10, 56 measurements) and were compared with the average levels (n = 32, 62 measurements).
Six measurements (of a total of 105) were unobtainable for technical reasons. The dashed line represents the mean + 2 SD of the nondiabetic control subjects.
(€) The ISR AUC for the progressors and nonprogressors at the study visits over the observation period prior to the diagnosis of T1D in the progressors or the
last study visit in the nonprogressors. The least-square mean + SEM from the repeated-measures ANOVA is shown. Neither the 2 curves nor the individual
time points differ significantly. (D) The relationship between the change in the ratio and the change in the ISR AUC (from the first study visit) is shown for the
progressors and nonprogressors (progressors: Pearson correlation coefficient, r = -0.475, P = 0.0026; nonprogressors: P = NS). All of the data points are shown.

Discussion

It has been known for more than 3 decades that relatives of
patients with T1D who progress to T1D may display autoantibod-
ies prior to disease onset. However, the presence of autoantibod-
ies alone does not predict when the disease will occur, and these
serologic markers do not directly reflect the pathologic process
that leads to T1D, most likely because autoantibodies are not
the primary mediators of B cell killing. We measured the levels
of unmethylated INS DNA in 50 participants from 2 cohorts in
the TrialNet PTP study, using a method involving a quantitative

analysis that is specific for epigenetically modified forms of INS
DNA. This strategy is based on the notion that unmethylated INS
DNA in the serum is derived primarily from p cells that have died
and released their cellular contents. Our results show that, over
a 4-year observation period, the average levels of unmethylated
INS DNA are greater in at-risk relatives who progress to T1D com-
pared with those in healthy control subjects. Twenty-five percent
of the measurements in the at-risk progressors are greater than
levels found in healthy control subjects, whereas 14% of the lev-
els are elevated in the nonprogressors. Moreover, increases in
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the levels of unmethylated INS DNA (ratio) were associated with
decreased insulin secretion during OGTTs, suggesting that there
was a pathologic correlate of the findings from the molecular
assay. The increased ratios were sporadic over the 4-year obser-
vation period, which likely explains why we did not find a change
in the ISR AUC in the progressors over the same time. However,
in individuals identified as high risk, B cell killing is significantly
increased and persistent. This observation suggests that there is a
marked increase in  cell killing late in the progression of disease
and close to the time of diagnosis.

Our analysis of the appearance and disappearance of unme-
thylated INS DNA in islet autotransplant recipients provided a
unique opportunity to determine the half-life of the unmethylated
INS DNA. We found that the average half-life of unmethylated
INS DNA was relatively short: <2 hours. Intrahepatic islet trans-
plantation is known to trigger an instant blood-mediated inflam-
matory reaction that is initiated by tissue factor and cytokines
and chemokines expressed by pancreatic islets in the portal vein
environment (30-32). In one of the patients, samples were avail-
able before (ratio = 0.14) and after (ratio = 0.125) pancreatectomy,
suggesting that the ratios that were found in the healthy control
subjects reflected the detection of INS DNA with unmethylated
CpG sites from nonpancreatic tissues. The relatively short half-
life that we found is consistent with the published information
on the survival of human DNA in the circulation based on stud-
ies of Y chromosomal DNA from male offspring in their mothers
(34). However, this finding also suggests that there may have been
episodes of B cell killing in the at-risk cohorts that were followed
prospectively that were missed between the sampling every 6
months. Therefore, future studies in at-risk subjects and use of
this assay to follow individuals with the disease may require sam-
pling more frequently than every 6 months to track more precisely
the progression of f cell killing.

The sporadic findings of elevated ratios in the PTP subjects
followed prospectively may not only reflect an infrequent occur-
rence of B cell killing but also missed episodes because of the sam-
pling schedule in the study. We therefore focused our attention on
relatives at high risk for progression. The levels of unmethylated
INS DNA were significantly greater in these individuals com-
pared with those in healthy control subjects and with the subjects
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Figure 3. Levels of unmethylated /NS DNA
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by intraportal transplantation of the autolo-
=¥ Pt4:100K  gousislets. The number of islet equivalents

(IEQ) that were transplanted is shown.
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followed for 4 years. At the time that dysglycemia was found, they
had been referred for screening for a prevention trial, which cre-
ated an opportunity to repeat the analysis of these subjects within
about 100 days. The levels were again elevated when the subjects
were studied, indicating that, unlike the subjects who had been
studied at earlier time points in disease progression, there are per-
sistent high levels of B cell killing within this time interval. (Unfor-
tunately, we were unable to obtain samples over a similar time
period in the at-risk subjects followed for 4 years.) Interestingly, a
similar pattern was seen in NOD mice during progression to diabe-
tes: the greatest rates of f cell killing were found just prior to diag-
nosis (15). After hyperglycemia developed, the levels declined.
However, the level of unmethylated INS DNA was not the only
factor that led to disease presentation, and the levels were unable
to distinguish the high-risk subjects who were progressing quickly
to diabetes from those in whom the disease had a more protracted
course. Instead, differences in the pattern of insulin secretion were
associated with progression to overt disease or transient remis-
sion. A similar delay in insulin secretion was found in the PTP
participants followed for 4 years, suggesting that there may be
ongoing inflammation that leads to function impairment in insulin
secretion in the progressors but that f cell killing is sporadic until
the peridiagnosis period when it is consistent and at high levels.
In addition to B cell killing, the changes in insulin secretory
dynamics suggest that there are revisable chronic cellular stres-
sors during the disease progression. Cytokines that are produced
by B cells or infiltrating immune cells, such as IL-1, TNF, IFN-y,
and IFN family members as well as high glucose, have been asso-
ciated with cell dysfunction (35-39). Our studies of the PTP sub-
jects followed for long periods of time suggest that these factors
may be present for years before disease onset. Of note, the indi-
viduals we studied all had normal HbA1lc levels, and therefore,
glucose alone would not likely be the primary cause. However, it
is also known that very modest elevations in blood glucose, lev-
els that could be classified as normal, can cause dysfunction of
early insulin release insulin release in response to glucose (40).
Clearly, the subjects with dysglycemia have transient elevations
in glucose levels, despite normal HbAlc levels. In addition,
despite the “remission” of glucose responses during an OGTT,
those high-risk individuals who returned with a normal OGTT
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Figure 4. p Cell death and glucose tolerance in high-risk individuals. (A) The level of unmethylated /NS DNA to methy-
lated INS DNA measured by ddPCR in serum samples from the first visit (n = 27; results from 3 samples were unavailable
for technical reasons) was compared with age-matched nondiabetic control subjects (HC) (****P < 0.0001, Student’s t
test). The dashed line represents the mean + 2 SD of the nondiabetic control subjects (n = 32) is shown. The dashed line
represents the mean + 2 SD of the nondiabetic control subjects. (B) Comparison of ratios in high-risk subjects, progres-
sors, and nonprogressors from the PTP study and healthy control subjects. Data shown are the least squares (mean +
SEM) from the mixed model (using ID as a class variable). Ratios were higher in the high-risk group compared with the
others (P < 0.0001, ANOVA; ****P < 0.0001). (C) Change in glucose AUC during OGTTs performed on 2 visits in high-risk
participants. The second test was performed 94 + 15 days after the first. Groups were designated by the outcome of the
OGTT at the second visit. One-third of subjects had a normal glucose tolerance test when they returned (NI), one-third
repeated the finding of dysglycemia (AbnGT), and one-third showed a diabetic glucose tolerance test (DM). Change in
glucose AUC during the 2-hour OGTT is shown (n =10 each, P = 0.0002, ANOVA; **P < 0.01, ****P < 0.0001, Bonferroni
multiple comparison test). (D) Ratios at the time of the first visit are shown for those who returned with a normal

(n =10), an abnormal (n = 8), and a diabetic (n = 9) OGTT and compared with the ratios in controls (mean + SEM;

cells that acutely died after
transplantation, but we were
able to detect an increased
ratio when as few as 100,000
islets were transplanted. It
is possible, therefore, that a
more smoldering process,
involving fewer islets, is
ongoing in the at-risk sub-
jects but not detectable with
our methods in the predia-

betic period. Closer sampling

**P < 0.01, ***P < 0.001, ****P < 0.0001 vs. controls, Bonferroni multiple comparison test and ANOVA). Ratios were
elevated in each subgroup compared with controls but were not significantly different between groups.

after dysglycemia still have elevated ratios and retain a >75% risk
of developing diabetes in 5 years. Our prospective data from the
PTP participants showed a significant delay in insulin secretion,
occurring about 250 days prior to diagnosis of T1D in the progres-
sors. The time of the first visit in the high-risk group may be sim-
ilar to the visit represented as 250 days before diagnosis in those
studied for longer periods. The ISR AUC at the time of diagnosis
of diabetes in the high-risk subjects who had a diabetic OGTT was
greater than that at the time of diagnosis in the prospectively fol-
lowed progressors (51,733 + 13,194 pmol vs. 40,464 + 8,077 pmol,
P = NS). It is also possible that the ratio may be affected by the
B cell mass itself, since the ratio would be expected to be higher
with more cells available for killing.

intervals might also identify
episodes that are missed with
sampling every 6 months.
In addition, if there was any
degradation of DNA with time in storage, it might affect the ratio,
since the concentration of unmethylated INS DNA is considerably
lower than that of methylated INS DNA.

In addition, the significance of the background levels that
are detected in healthy control subjects needs interpretation. We
have performed high-throughput epigenetic analyses of the InsI
and Ins2 genes in non-P cells in mice and found that the rate of
methylation across 28 sites was between 70% and 84%, consis-
tent with findings reported by Husseiny et al. (41). In one of the
islet autotransplant recipients, we measured the ratio before and
after pancreatectomy, and these levels were similar (0.14 and
0.125, respectively). The increased levels following transplan-
tation, and the metabolic outcomes that were associated with
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Figure 5. Insulin secretion during the repeat OGTTs in individuals at high risk for T1D. (A) The insulin secretory AUC (n = 10 each, mean + SEM) and (B)
change in the AUC (second visit to first visit) are shown for each subgroup. There was not a significant change in the ISR AUC between the 2 visits. (C) The
time of the peak rate of insulin secretion (ISR) during the 2-hour OGTT is shown for the first and second visits for the 3 subgroups of high-risk subjects.
The time of peak insulin secretion was not significantly different at the first visit, at a time when all participants had an abnormal OGTT. Those who
returned with normal glucose tolerance had an earlier time of peak insulin secretion when they returned (the lines represent median values, P = 0.0004,
Kruskal-Wallis, overall group comparison; *P < 0.05, ***P < 0.001, Dunn’s multiple comparison test). (D) The percentage of total insulin secreted within
the first hour of the second OGTT is shown. The high-risk subjects who returned with normal OGTT secreted a significantly greater proportion of insulin in
the first hour compared with those who returned with an abnormal OGTT or diabetic OGTT (P = 0.0005, ANOVA; **P < 0.01, Bonferroni multiple compari-
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sons test) (mean + SEM).

increases in the ratio in the at-risk progressors, indicates that the
unmethylated INS DNA detected is coming from f cells and is
associated with their death. The ratios that are found in healthy
individuals most likely represent the “background” levels of
unmethylated CpG sites in the INS gene at non- cells.

There are a number of factors in our study design that warrant
caution in the broader application of our findings. We analyzed
a selected group of a limited number of subjects, all of whom
were relatives of patients with T1D. The high-risk individuals
were older than the subjects that were followed in the prospec-
tive study. Therefore, the inclusion of individuals aged >20 years
in which the disease progression is slower may have affected the
studies of metabolic function as well as their insulin secretory
capacity (42). The designation of individuals as nonprogressors
can only be applied to the duration of this analysis — some of the
nonprogressors may eventually develop diabetes.

In summary, our studies of B cell death and dysfunction indi-
cate that both can be found before the onset of T1D. There are
detectable episodes of B cell killing associated with a decline in
insulin secretion in the prediabetes period, but there is a dra-
matic increase in killing in the peridiagnosis period. Metabolic
dysfunction, which may be due to factors that do not directly
cause killing, also is found prior to diagnosis. When both con-
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sistent cytotoxicity and metabolic dysfunction occur, metabolic
decompensation ensues.

Methods
Study subjects. Serum samples were obtained from 2 cohorts of partic-
ipants in the TrialNet Natural History PTP study (Clinical Trials.gov
NCT00097292). These subjects were designated as “at risk” (Figure
1). Relatives of patients with T1D were enrolled in the PTP study if
they had a positive autoantibody (anti-GAD65, anti-insulin, anti-
ICA512, anti-ZnT8, or ICA). They were studied approximately every
6 months. Ten subjects who developed T1D were identified (progres-
sors), and 10 who did not develop T1D were identified (nonprogres-
sors). Of the 10 progressors, 2 were followed for up to 550 days, 3
were followed for up to 900 days, 3 were followed for up to 1,000
days, and 2 were followed for up to 1,300 days. Of the nonprogres-
sors, 1 was followed for up to 550 days, 2 were followed for up to 900
days, 5 were followed for up to 1,000 days, and 2 were followed for up
to 1,300 days (P = NS). All of the subjects had a normal HgAlc level
and did not have symptoms of diabetes. The samples were obtained
between 6/22/2005 and 3/7/2013.

We also studied 30 PTP participants who were identified as at
“high risk” for development of T1D. These participants had at least 2
biochemical autoantibodies and dysglycemia during a 2-hour OGTT
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(defined as either a fasting glucose between 100 and 125 mg/dl, a
2-hour glucose between 140 and 200 mg/dl, or an intermediate glu-
cose >200 mg/dl). This high-risk cohort was studied on 2 occasions
approximately 100 days apart. At the time of repeat testing, 10 of the
subjects had a normal OGTT, an OGTT that fulfilled the diagnosis of
T1D (i.e., fasting glucose, >125 mg/dl, or 2-hour glucose, >200 mg/
dl), or repeat dysglycemia. These subjects also had a normal HbAlc
level and were asymptomatic. The samples were obtained between
12/27/2010 and 11/15/2013. All samples were acquired and selected
by the TrialNet Coordinating Center. The investigative staff were
blinded to the group assignments in each analysis.

Finally, we obtained serum samples from 4 individuals who
underwent islet autotransplantation at the University of Minnesota
following pancreatectomy for chronic pancreatitis. The primary dis-
eases for these subjects were cystic fibrosis (Pt 1), PRSS1 mutation (Pt
4), and idiopathic (Pts 2 and 3). Sera from age-matched nondiabetic
control subjects were obtained from the clinical laboratory at the Yale
New Haven Hospital.

Analysis of p cell death. DNA was purified from 200 pl serum using
QIAamp DNA Blood Kits, as suggested by the manufacturer (Qiagen),
with a modified incubation period of 20 minutes at 45°C in the final
step. DNA was bisulfite treated using the EZ DNA Methylation Kit
(Zymo Research).

We measured the levels of unmethylated INS DNA by ddPCR
(16). Each 25-pl volume consisted of Droplet PCR Supermix (Bio-
Rad), 900 nM of primer, 250 nM of probe, 5 pl of sample. The mix-
ture and droplet generation oil were loaded onto a droplet generator
(Bio-Rad), and the generated droplets were transferred to a 96 well
PCR plate. The PCR reaction was run on a thermal cycler with 10
minutes activation at 95°C, 40 repetitions of a 2-step amplification
protocol (30 seconds at 94°C denaturation and 60 seconds at 58°C),
and a 10-minute inactivation step at 98°C. The DNA content of the
droplets were analyzed with a QX100 Droplet Reader (Bio-Rad) and
QuantaSoft (Bio-Rad) Analysis software. Discrimination between
droplets that contained the target (positives) and those which did
not (negatives) was achieved by applying a fluorescence amplitude
threshold based on the amplitude read from the negative template
control. For each sample, the ratio of unmethylated INS DNA to
methylated INS was calculated.

Calculation of insulin secretion. Plasma C-peptide levels were
measured at Northwest Lipid Metabolism and Diabetes Research

-©- Non-progressors

—@— Progressors
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Figure 6. Changes in insulin secretory pattern during
progression to T1D in PTP participants followed for up to 4
years. The proportion of insulin secreted in the first hour of
the OGTTs shown in Figure 1C is shown. Day 0 was designated
the date of diagnosis of T1D in the progressors and the last
visit of the nonprogressors. There was a significant differ-
ence in the dynamics of insulin secretion in the progressors
versus nonprogressors (n = 10 each group, mean + SEM from
the mixed model are shown; P = 0.04, repeated-measures
ANQOVA). *P = 0.03.

Laboratories using the Tosoh AIA 1800 assay. The lower limit of
detection was 0.017 nmol/], with intra- and interassay coefficients
of variation of 1.71% and 4.68%, respectively. The C-peptide levels
obtained during oral glucose tolerance tests were deconvoluted using
a 2-compartment model for hormone clearance with Chronobiolog-
ical Series Analyzer software (27, 43-45). Standard kinetic param-
eters for C-peptide were used based on the findings of Van Cauter
et al.,, who estimated rate constants based on extrapolations from
C-peptide decay curves of 200 subjects (45). The parameters that
were used accounted for the patient’s age, sex, height, and weight.

To calculate the AUC of insulin secreted, a trapezoidal rule was
applied. The percentage of insulin secreted in the first hour of the
OGTT was calculated by dividing the insulin secreted within the first
hour of the test by the total insulin secreted (x100).

Statistics. The sample sizes were based on measurements of dif-
ferences of unmethylated INS DNA in subjects with new-onset T1D
that we have reported previously (14-16). Unless indicated otherwise,
the data are presented as mean + SEM. To align comparisons, studies
performed on the Natural History Study cohort were grouped accord-
ing to intervals of 250 days (one-half interval = 125 days) prior to the
development of T1D for the progressors or prior to the last study visit
for the nonprogressors. The time of entry into the follow-up study
varied for subjects, but all subjects were followed for at least 567
days. All subjects reached the last study visit. Comparisons between
2 groups were made with Student’s ¢ test. For comparisons between
more than 2 groups, an ANOVA with Bonferroni corrections for mul-
tiple comparisons or a Kruskal-Wallis test for nonparametric data
was used. Analyses over time were performed by repeated-measures
ANOVA with mixed models. No adjustments were made for missing
data. There were 5-19 values for each time point used in the model,
depending on the subjects’ time of entry into the study and the day
prior to the final visit. In the analysis of the ratio between PTP pro-
gressor and nonprogressors, however, basic statistical assumptions
required for repeated-measures analysis were not met, and so the
means from each individual were compared using ANOVA. Subse-
quent bootstrapping analysis confirmed these findings. Some anal-
yses of the change in measurements from the baseline values (i.e.,
the first study visit) for each individual were performed. The times
of peak insulin secretion were identified from the calculations of the
insulin secretion rates during the OGTT, and times of peak insulin
were compared between groups at time points by y* test. All statistical
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comparisons were 2 sided, and a P value of less than 0.05 was consid-
ered to be statistically significant. Statistical analyses were performed
with GraphPad/Prism 5 or SAS 9.4.

Study approval. Institutional review board approval was obtained
for these studies at each study site (see Supplemental Methods for
a full list of the study sites). All subjects gave written consent, with
guardians providing consent for subjects under age 18 years. The use
of study samples from TrialNet and the University of Minnesota was
considered nonhuman research and exempt from study approval.
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