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Residual B cell function in long-term type 1 diabetes
associates with reduced incidence of hypoglycemia
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BACKGROUND. We investigated residual f cell function in Diabetes Control and Complications Trial/Epidemiology of
Diabetes Interventions and Complications (DCCT/EDIC) study participants with an average 35-year duration of type 1
diabetes mellitus (T1DM).

METHODS. Serum C-peptide was measured during a 4-hour mixed-meal tolerance test. Associations with metabolic outcomes
and complications were explored among nonresponders (all C-peptide values after meal <0.003 nmol/L) and 3 categories

of responders, classified by peak C-peptide concentration (nmol/L) as high (>0.2), intermediate (>0.03 to <0.2), and low (>
0.003 to <0.03).

RESULTS. Of the 944 participants, 117 (12.4%) were classified as responders. Residual C-peptide concentrations were
associated with higher DCCT baseline concentrations of stimulated C-peptide (P value for trend = 0.0001). Residual C-peptide
secretion was not associated with current or mean HbA1c, HLA high-risk haplotypes for TIDM, or the current presence of TIDM
autoantibodies. The proportion of subjects with a history of severe hypoglycemia was lower with high (27%) and intermediate
(48%) residual C-peptide concentrations than with low (74%) and no (70%) residual C-peptide concentrations (P value for
trend = 0.0001). Responders and nonresponders demonstrated similar rates of advanced microvascular complications.

CONCLUSION. B Cell function can persist in long-duration TIDM. With a peak C-peptide concentration of >0.03 nmol/L, we
observed clinically meaningful reductions in the prevalence of severe hypoglycemia.

TRIAL REGISTRATION. ClinicalTrials.gov NCT00360815 and NCT00360893.

FUNDING. Division of Diabetes Endocrinology and Metabolic Diseases of the National Institute of Diabetes and Digestive and
Kidney Diseases (DP3-DK104438, U01 DK094176, and UO1 DK094157).

Introduction

Insulin secretion declines in most individuals with type 1 diabe-
tes mellitus (T1DM) as duration of diabetes increases, yet resid-
ual insulin secretion, as detected by circulating C-peptide after a
meal stimulus, has been shown in individuals with long-duration
diabetes (1-3). Specifically, type 1 diabetes cohorts with diabetes
duration of 30-50 years have demonstrated stimulated C-peptide
responses in 10%-30% of participants (1-3). The Diabetes Con-
trol and Complications Trial (DCCT), in which participants had a
T1DM duration of about 10 years, previously demonstrated that
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participants from the original intensive group who retained the
ability to secrete C-peptide after a mixed-meal stimulus (mixed-
meal tolerance test [MMTT]) had significantly lower HbAlc lev-
els, with a 65% lower risk for severe hypoglycemia, and a 50%
reduced risk for retinopathy progression, compared with partic-
ipants without a rise in circulating C-peptide after stimulus (4).
Since the end of the DCCT, there have been improvements in the
analytical sensitivity of C-peptide assays, allowing detection of
10-fold lower concentrations of C-peptide. Our current method-
ology allows detection of C-peptide levels as low as 0.003 nmol/L
(1). Whether such very low levels of insulin and C-peptide convey
beneficial effects over time in T1IDM is not fully understood.
Using the more sensitive current assay, we initially explored
residual f cell function in a pilot study of 58 DCCT participants
enrolled in the follow-up Epidemiology of Diabetes Interven-
tions and Complications (EDIC) study with a mean diabetes
duration of 25 years. Participants were preselected as likely to
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have maintained residual B cell function based on stimulated
C-peptide concentrations of 20.2 and <0.5 nmol/L (i.e., 0.5
nmol/L was the highest level permitted for DCCT eligibility)
at entry into the DCCT and/or a low mean HbAlc value (<43
mmol/mol, 6.1%) throughout the DCCT/EDIC study (1). In the
pilot study, all 58 participants had detectable concentrations of
C-peptide, and 17.2% retained the ability to secrete C-peptide
at concentrations of >0.03 nmol/L (1). This cutoff was based on
an earlier DCCT study that demonstrated the risk of microvas-
cular disease progression was markedly higher among subjects
who entered the trial with C-peptide concentrations of <0.03
nmol/L, reflecting both DCCT entry criteria and the analytical
sensitivity of the prior assay (4). While the pilot study confirmed
that stimulated C-peptide responses can be detected in DCCT/
EDIC participants with long-duration diabetes, the clinical
impact of residual insulin secretion, especially at the lower con-
centrations detectable with more sensitive current assays, on
metabolic control and diabetes complications in long-duration
T1DM remained to be explored.

The DCCT/EDIC T1DM cohort, now with an average diabetes
duration of 35 years, provided the opportunity to utilize a modern,
more sensitive C-peptide assay to evaluate the prevalence of resid-
ual B cell function in subjects with long-duration diabetes and to
characterize individuals with persistent C-peptide secretion. We
evaluated C-peptide concentrations, measured at 9 time points
during a 4-hour MMTT, in the DCCT/EDIC cohort and classi-
fied participants as nonresponders (with all C-peptide values of
<0.003 nmol/L, the lower limit of detection for this assay) versus
3 categories of responders based on the peak C-peptide concen-
tration after stimulus as high (>0.2 nmol/L), intermediate (>0.03
to 0.2 nmol/L), and low (=0.003 to <0.03 nmol/L). In addition,
we assessed the potential beneficial clinical effects of the resid-
ual C-peptide response on metabolic outcomes, history of severe
hypoglycemia, and microvascular complications.

Results

As shown in Table 1, the C-peptide study was carried out between
2015 and 2017, when the cohort’s mean age ranged between 55.5
and 59.5 years and mean duration of type 1 diabetes was between
34.3 and 36.1 years. Responders were classified based on the peak
concentration of their 7 samples after stimulus from the 4-hour
MMTT. Seventy-one (7.5%) of the participants were classified
as either high or intermediate responders, demonstrating a ste-
reotypical rise after stimulus in C-peptide secretion (Table 1 and
Figure 1). Forty-six (4.9%) participants were classified as low
responders, and 827 (87.6%) participants were classified as nonre-
sponders (all values below 0.003 nmol/L).

High, intermediate, and low responders and nonrespond-
ers had similar ages of diabetes onset and duration of diabe-
tes (Table 1 and Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI143011DS1). Responders and nonresponders were equally
distributed among the intensive and conventional treatment
groups as well as among the primary prevention and secondary
intervention cohorts. Across C-peptide secretion categories,
higher levels were significantly associated with lower HbAlc
and insulin requirements at DCCT baseline/eligibility (Table 1).
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Higher DCCT baseline 90-minute stimulated C-peptide concen-
trations were associated with higher EDIC C-peptide concentra-
tions. HbAlc throughout DCCT and EDIC did not differ signifi-
cantly across responder groups and nonresponders (Table 1), and
there were no significant trends across responder categories in
insulin requirements during the DCCT after baseline. Current,
EDIC mean, and DCCT/EDIC updated mean insulin require-
ments were higher in response categories with increased levels
of residual C-peptide (P values for all trends < 0.02).

HLA-DR3/DR4-DQ8 haplotypes, major risk factors for type 1
diabetes, were available in a subgroup of 867 participants of White,
European ancestry (Table 2). HLA-DR3/DR4-DQ8 haplotypes
did not vary among responders and nonresponders (P = 0.0823).
Four SNPs previously reported to be associated with stimulated
C-peptide at DCCT baseline were not associated with current
EDIC C-peptide responder status (5).

Type 1 diabetes autoantibody status (GAD-65, IA2, ZnT8),
measured concurrent with the C-peptide tests in a case/control
set of responders and nonresponders (n = 197), is shown in Table
3. GAD-65 was present in 39% of the participants, IA2 in 26%,
ZnT8 in 4%, while 13.2% of participants had 2 or more positive
antibodies. Autoantibody status was not significantly associated
with C-peptide responder status during EDIC, and, in combina-
tion, the presence of HLA-DR3/DR4-DQ8 haplotype and autoan-
tibody status was not associated with C-peptide responder status
during EDIC (Table 3).

There were significantly fewer severe hypoglycemic events
requiring assistance during DCCT/EDIC among high and interme-
diate responders compared with low responders and nonrespond-
ers (Table 4, P value for trend = 0.0001 during the entire DCCT/
EDIC period; Supplemental Table 1, P value for trend = 0.0003
during DCCT and = 0.0178 during EDIC). Similarly, compared
with nonresponders, combined high and intermediate responders
had a significantly lower history of any severe hypoglycemic
events (45% vs. 70% for high/intermediate vs. nonresponders,
respectively) and recurrent severe hypoglycemia denoted as >5
events during DCCT/EDIC (15% vs. 30% for high/intermediate
vs. nonresponders, respectively). After adjustment for EDIC mean
HbAIc, high and intermediate responders were still significantly
less likely to experience a severe hypoglycemic event compared
with nonresponders (OR = 0.35,95% CI 0.21-0.57, P < 0.0001).

The prevalence of any proliferative diabetic retinopathy (PDR)
and clinically significant macular edema (CSME) was similar
among all categories of responders (Table 4) and ORs comparing
responders to the nonresponders were not significantly different
than 1.0 in unadjusted or adjusted analyses. Similarly, there were
no differences between responders and nonresponders in the
prevalence of kidney disease, as defined as any persistent microal-
buminuria or any estimated glomerular filtration rate (¢GFR) <60
mL/min/1.73 m? during DCCT/EDIC (Table 4). Current eGFR, as
a continuous predictor, was associated with C-peptide response,
with high and intermediate responders having slightly lower eGFR
values than nonresponders. This difference remained significant
after adjustment for EDIC mean HbAlc (B =-5.41, standard error
[SE] =2.01, P = 0.0072). Of note, there were no significant differ-
ences in any acute or chronic complication between low respond-
ers versus nonresponders.
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Table 1. Characteristics of C-peptide study participants by EDIC stimulated C-peptide response — EDIC C-peptide study (2015-2017)

High responders Intermediate responders Low responders Nonresponders Pvalue*
(>0.2 nmol/L) (>0.03 to <0.2 nmol/L)  (20.003 to < 0.03 nmol/L) (<0.003 nmol/L)
n 1 60 46 827
Age (yr) 595+63 584 +6.2 55.5+6.8 56.6 + 6.8 0.1189
Age at type 1 diabetes diagnosis (yr) 246182 221+6.8 N+77 2014+79 0.1666
Race 0.1379
Non-Hispanic White, 1 (%) 11(100) 58 (97) 45 (98) 799 (97)
Other®, n (%) 0(0) 2(3) 1(2) 28(3)
Sex 0.8361
Female, n (%) 5 (45) 26 (43) 24 (52) 384 (46)
Male, n (%) 6 (55) 34 (57) 22 (48) 443 (54)
DCCT treatment 0.8466
Intensive, r (%) 5 (45) 28 (47) 24 (52) 431(52)
Conventional, 1 (%) 6 (55) 32(53) 22 (48) 396 (48)
DCCT cohort 01584
Primary prevention, 1 (%) 4(36) 23(38) 24 (52) 430 (52)
Secondary intervention, n (%) 7 (64) 37 (62) 22 (48) 397 (48)
Duration of type 1 diabetes (yr) 346+38 36.1+53 343+38 35+49 0.9424
BMI (kg/m?) 323+9 288 5.1 B & 55 29+56 0.0734
Insulin regimen (% pump) 4 (40) 33(55) 28 (62) 493 (61) 0.6002
Insulin dose (units/kg/d)
DCCT baseline 0.50 £ 0.25 0.55 +0.17 0.67 +0.26 0.67 +0.24 0.0257
DCCT mean 0.62+0.29 0.61+0.19 070 £0.21 0.68 +0.19 0.3186
Current 0.96 + 047 0.61+0.24 0.70£0.25 0.61+£0.25 0.0001
EDIC mean 0.83+0.38 0.63+0.17 0.68+0.18 0.63+0.18 0.0018
DCCT/EDIC mean 0.79+0.35 0.63+0.16 0.68 +0.17 0.64 + 0.6 0.0167
HbA1c (%)
DCCT eligibility 81+10 8.7+18 92+16 89+15 0.0507
DCCT mean 77 +11 8.0+14 8113 8.0+13 0.4516
Current 8.0+11 79+12 8.0x11 8.0+11 0.9431
EDIC mean 81+09 78 £11 78+09 79+09 04105
DCCT/EDIC mean 8.0+10 79+1.0 79408 7909 0.6239
DCCT baseline C-peptide 030+0.14 0.20 + 0.14 017 +0.13 01001 <0.0001
90-min (nmol/L)
Duration <60 mo 038 +0.10 031+£012 0.22+0.13 0.15+0.12 <0.0001
Duration 260 mo 0.15+0.03 0.10+ 0.06 0.07 £ 0.05 0.04 +0.03 <0.0001

Data are provided as mean + standard deviation or 1 (%). “The Cochran-Armitage trend test for binary variables or the linear trend test using orthogonal
polynomial regression contrasts for continuous variables. ERaces indicated by “Other” include non-Hispanic Black, Hispanic, Asian or Pacific Islander,

American Indian, and Alaskan Native.

Discussion

With a diabetes duration averaging 35 years, 12.4% of the DCCT/
EDIC cohort demonstrated preserved B cell function, defined
with an analytically sensitive C-peptide assay as a stimulated
peak concentration of over 0.003 nmol/L. This long-term pres-
ervation of C-peptide secretion, a measure of insulin secretion,
was associated with DCCT baseline characteristics of a history
of lower HbAlc, higher stimulated C-peptide concentrations,
and lower exogenous insulin requirements but not with those
metabolic results after baseline. Importantly, concentrations
of C-peptide >0.03 nmol/L remained significantly associat-
ed with lower prevalence of severe hypoglycemia throughout
DCCT/EDIC. Concentrations of C-peptide <0.03 nmol/L were
not associated with long-term benefits related to hypoglycemia,
kidney disease, or diabetic retinopathy.

J Clin Invest. 2021;131(3):e143011 https://doi.org/10.1172/JC1143011

As previously reported, rates of severe hypoglycemia equili-
brated between the former intensive and conventional treatment
groups, with longer duration of diabetes during EDIC, and persisted
ataremarkably high rate of approximately 40 events per 100 patient-
years during EDIC follow-up (6). For some participants, the effect of
severe hypoglycemia on quality of life was even greater, as approxi-
mately one-third of the severe hypoglycemia events occurred in just
7% of participants, identifying a group of participants that were very
susceptible to frequent severe hypoglycemia (6). Our current anal-
yses demonstrate that peak C-peptide concentrations >0.03nmo-
1/L were associated with a 50% reduced proportion of participants
experiencing frequent severe hypoglycemia, from 30% of non-
responders to 15% of high and intermediate responders. Thus, one
long-term protective factor against the occurrence and reoccurrence
of severe hypoglycemia is residual C-peptide secretion.
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utilized a C-peptide assay with a lower limit of
detection of 0.02-0.03 nmol/L (3, 9). Interest-
ingly, using the modern, more sensitive immu-
noassays for C-peptide, of our 117 responders,
67 had a detectable concentration of C-peptide
of >0.003 nmol/L at time O, or baseline, of the
MMTT. Sixty-one of the sixty-seven participants
(91%) doubled their starting or time O C-peptide
concentration at some later time point during
the MMTT (i.e., 9 of 11 high, 49 of 53 intermedi-

Plasma C-peptide (nmol/L)

ate, and 3 of 3 low responders; P value for trend =
0.2133). Thus, retaining the ability to double the
C-peptide concentration during the MMTT was
not significantly different across our high, inter-
mediate, or low responder categories, which are

0 15 30 60 90 120 180
Time (min)

Figure 1. Plasma C-peptide MMTT response curves for high and intermediate responders in
EDIC. Plasma C-peptide MMTT response curves in EDIC for high responders (>0.2 nmol/L,
n =11) are shown in black and those for intermediate responders (>0.03 to <0.2 nmol/L, n = 60)

are shown in gray.

Prior studies have demonstrated that an older age at onset of
type 1diabetes (i.e., the second decade or later in life) is associated
with higher residual C-peptide secretion at diagnosis and a slower
rate of decline in C-peptide secretion over time (7). The average
age of diabetes onset for all responders and nonresponders in our
study was above this age threshold, due to the DCCT age and dia-
betes duration eligibility criteria. Thus, within this group of partic-
ipants with largely later-onset type 1 diabetes, one might suspect a
slower rate of decline and subsequent higher likelihood of residual
B cell secretion over time; yet our proportion of responders was
similar or lower compared with other cohorts with similar diabe-
tes durations (2, 3). The variable proportion of responders across
cohorts may reflect the underlying heterogeneity of type 1 diabe-
tes and factors modulating B cell reserve.

Other studies have investigated the relationship of B cell
responsiveness in type 1 diabetes at varying diabetes durations to
glycemic control and their findings provide additional perspec-
tives on our findings (8, 9). Elegant studies of physiology utiliz-
ing MMTTs as well as hypoglycemic clamp studies in a smaller
cohort of subjects with a shorter duration of diabetes demon-
strated that individuals with the most robust counterregulatory
hormone responses to hypoglycemia were those with higher con-
centrations of peak C-peptide on MMTT (8). While we did not
directly measure counterregulatory hormone responses, this sup-
ports and helps explain the persistent benefit shown in our study
against severe hypoglycemia among individuals with greater
residual C-peptide secretion. Other measures of B cell respon-
siveness have been used, including assessment of the rate of
change or doubling of baseline C-peptide levels during an MMTT
(9). Similar to our findings, individuals with long-term type 1
diabetes who retained the ability to respond and double their
C-peptide concentration during the MMTT had an older age of
onset of diabetes and higher baseline C-peptide concentrations.
Notably, the doubling response during MMTT from prior studies

osg  defined based on peak C-peptide concentration.
Thus, it is not solely the presence of responsive
B cells, able to secrete or double even low lev-
els of C-peptide, but the ability to secrete suf-
ficient concentrations of C-peptide that lead to
clinically significant benefits.

Understanding the factors — including
genetic, immunologic, and metabolic — affect-
ing the B cell reserve in type 1 diabetes has been
an area of intense research (4, 5, 10-12). Looking at the poten-
tial effect of such factors on long-term residual B cell function,
HLA-DR3/DR4-DQ8 haplotype did not affect residual p cell func-
tion in our cohort, similar to what we observed previously with
stimulated C-peptide at DCCT baseline (4). Prior GWAS identi-
fied a locus on chromosome 1 and 3 loci within the HLA region
associated with preservation of C-peptide secretion in DCCT. Of
these, 2 loci (1 on chromosome 1 and 1 within the HLA region)
were independent of the known type 1 diabetes loci (5). Howev-
er, none of these 4 loci was associated with responder status in
this study. Whether these loci, or other novel loci, are involved in
B cell function with longer duration of type 1 diabetes remains to
be explored and may provide further mechanistic insight. Addi-
tional investigations, perhaps including the effects of microRNAs
as recently reported (13, 14), are needed to understand the genetic
mechanisms underlying long-term f cell function in type 1 diabe-
tes. Additionally, current type 1 diabetes antibody status was not
associated with long-term residual B cell function. Of note, unlike
our earlier evaluations of residual B cell function in this cohort (4),
current residual p cell C-peptide secretion lasting over 3 decades
was not influenced by DCCT study randomization to intensive
versus conventional therapy. Looking across the DCCT and EDIC
study periods, mean HbAlc levels were not significantly different
between responders and nonresponders. However, exogenous
insulin requirements at DCCT baseline were associated with
increased residual C-peptide secretion in EDIC years 22-24. Curi-
ously, this relationship reversed over time, with increased insulin
requirements during EDIC. When we adjusted these associations
with insulin dose for BMI, the associations were all slightly atten-
uated, but the P values remain significant (current insulin, P =
0.0006; EDIC mean insulin, P = 0.0060; DCCT/EDIC updated
mean insulin, P = 0.0426). After removing the high responders
from the trend testing, comparisons of current, EDIC mean, and

J Clin Invest. 2021;131(3):e143011 https://doi.org/10.1172/JCI143011
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Table 3. Type 1 diabetes autoantibody status at the time of C-peptide collection by EDIC stimulated C-peptide response

High responders Intermediate responders Low responders Nonresponders Pvalue
(>0.2 nmol/L (>0.03to < 0.2nmol/L)  (20.003 to <0.03 nmol/L) (<0.003 nmol/L)
n n 58 28 100
Diabetes autoantibodies (% positive)*
GAD-65, 7 (%) 6 (55) 21(36) 12 (43) 37(37) 0.5893
1A2, n (%) 3(27) 14 (24) 6 (21) 29(29) 0.5505
ZnT8, n (%) 1(9) 1(2) 2(7) 303) 0.7860
>2 positive antibodies, n (%) 2(18) 8 (14) 3(10) 14 (14) 0.8937
HLA-DR3/DR4 haplotype and autoantibody status (%)®
HLA*/AAb", 1 (%) 6 (55) 25 (43) 14 (50) 41(41) 0.2823
HLA-/AAb*, 1 (%) 1(9) 23 (40) 11(39) 31(31)
HLA*/AAb~, 1 (%) 1(9) 2(3) 2(7) 8(8)
HLA-/AAb™, n (%) 2(18) 4(7) 0(0) (M)

AThe Cochran-Armitage trend test. BLimited to n = 182 participants with both HLA-DR3/DR4 haplotype and autoantibody status. P value from the Fisher’s

exact test.

DCCT/EDIC updated mean insulin among intermediate, low, and
nonresponders were not significantly different (all trends with P >
0.05). Thus, increased insulin requirements during EDIC observed
in the high responders were, in part, mediated by increased insulin
requirements due to elevated BMI. Thus, the metabolic effects of
hyperglycemia, along with the genetic and immunologic effects
on B cell reserve, may be complex and vary over the time course of
diabetes, affected by age of onset of type 1 diabetes and duration
of diabetes as well as by other factors.

Earlier in DCCT and EDIC, residual B cell function was
associated with lower HbAlc and a reduced rate of a 3-step
progression of retinopathy and microalbuminuria. In the cur-
rent study, with a longer duration of diabetes, progression to
mild microvascular disease, including non-PDR and microal-
buminuria, was common in our cohort; thus, the development
of advanced microvascular events was investigated. The prev-
alence of microvascular complications among responder and
nonresponder categories was similar. Thus, responder status
no longer conferred benefit on microvascular disease outcomes
in the DCCT/EDIC cohort with a longer duration of diabetes,
consistent with the findings of the Pittsburgh Epidemiology of
Diabetes Complications Study (15). Considering the central role
of glycemia in the etiology of microvascular complications, the
absence of an effect of residual B cell function, which was not
associated with mean HbA1lc levels, on advanced microvascu-
lar complications is expected. The demonstrated early benefit
from responder status may have been tempered or outweighed
by diabetes duration and the long-term exposure to hyperglyce-
mia, ultimately leading to continued progression of complica-
tions. Other pathophysiologic mechanisms mediating the well-
established long-term glycemic effects on microvascular dis-
ease (e.g., advanced glycation end products) also may play a
more prominent role (16). This may, in part, explain the finding
that increased long-term residual C-peptide secretion was asso-
ciated with lower current eGFR, albeit still within the normal
range for kidney function, which was significant in both unad-
justed and HbAlc-adjusted models. Thus, despite responder
levels of C-peptide, the previously described HbAlc-indepen-

dent effects of mediators, such as advanced glycation end prod-
ucts, may underlie the slight decline in renal function (16).

The longitudinal study of B cell function in type 1 diabetes
allows us to speculatively look over time at individual trajecto-
ries of peak stimulated C-peptide concentrations. When com-
paring the DCCT baseline 90-minute responses to the current
90-minute peak MMTT responses for the 11 high responders,
response patterns varied over time (Figure 2). Three individuals
demonstrated a decline in C-peptide secretion with increasing
diabetes duration. Of the remaining 8 participants, 3 individuals
demonstrated similar stimulated C-peptide secretion 35 years
later; while the remaining 5 individuals appear to have a rise in
secretion of C-peptide, despite longer duration of diabetes. Even
with the difference in assay methodology, it is striking to note
that some individuals secreted at least similar peak stimulated
C-peptide concentrations over 3 decades and, in addition, 6 indi-
viduals who were nonresponders during the DCCT were identi-
fied as responders in the current study (Supplemental Table 2).
Future investigations must focus on the mechanisms sustaining
B cell function, and the potential of endogenously regenerating f8
cells, over the course of type 1 diabetes.

In summary, the ability to maintain f cell function by some
individuals with type 1 diabetes diagnosed over 35 years ago is
associated with factors early in the disease course, including  cell
function during the first few years after diagnosis and better gly-
cemic control early in the course of type 1 diabetes. In light of our
prior investigations documenting the persistent challenge of severe
hypoglycemia (6), the salutary effect of residual f cell function to
reduce the long-term risk of severe hypoglycemia is important, and
our longitudinal data suggesting that p cell functional decline over
time is not inevitable are intriguing. Further study of physiologic
mechanisms and pharmacologic strategies to maintain § cells and
their function holds promise to improve the quality of life for indi-
viduals living with type 1 diabetes and should be pursued.

Methods
The DCCT/EDIC study has been described previously (17, 18). Brief-
ly, between 1983 and 1989, 1441 participants with type 1 diabetes,
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using a standard series of questions. During EDIC,
the ascertainment of events was restricted to the
3-month window prior to the annual visit and used
the same standardized questions.

MMTT. A 4-hour MMTT was administered,

Plasma C-peptide (nmol/L)

0.0

and 9 timed plasma specimens were collected and
assayed for C-peptide using a chemiluminescent
immunoassay (Roche). Participants were asked
to ingest a high-carbohydrate diet of at least 150
g carbohydrate per day for 3 full days followed by
a fast of 10-16 hours prior to the MMTT. During
the fast, participants refrained from ingesting cof-
fee, tea, caffeine, or alcohol and avoided tobacco
and vigorous exercise. The participant remained
at rest throughout the procedure. An i.v. line was

DCCT 90-min

Figure 2. Comparison of DCCT and EDIC plasma peak C-peptide concentrations for high

responders (>0.2 nmol/L, n = 11).

(20). Insulin doses were self-reported and expressed as the average
total daily dose in units per kilogram of body weight. Blood samples
were assayed centrally for HbAlc using high-performance ion-ex-
change liquid chromatography (21). Albumin excretion rates (AER)
were measured annually during DCCT and on alternate years during
EDIC. AER was measured from 4-hour urine samples from DCCT
baseline to EDIC year 18 and subsequently from spot urine samples,
with AER estimated using the ratio of urine albumin and creatinine
concentrations (22). Albumin was initially measured using a fluoro-
immunoassay from DCCT baseline to EDIC year 18 and subsequent-
ly measured by an immunoassay (Roche). Creatinine in serum and
urine was assayed by an enzymatic, IDMS-traceable method (Roche).
eGFRs were calculated using the Chronic Kidney Disease Epidemiol-
ogy Collaboration equation from measured serum creatinine. Kidney
disease was defined as an impaired eGFR (<60 mL/min/1.73 m?) or as
persistent microalbuminuria (AER 230 mg/24 hours on =2 consecutive
visits) at any point during the DCCT/EDIC study.

Standardized 7-field fundus photographs were obtained every 6
months during DCCT and in a quarter of the cohort annually during
EDIC and graded centrally (23). PDR was defined by neovasculariza-
tion observed on fundus photograph grading or self-reported and/or
confirmed scatter photocoagulation at any point during the DCCT/
EDIC study. CSME was defined using fundus photography grading or
self-reported and/or confirmed focal photocoagulation or anti-vascular
endothelial growth factor therapy at any point during the DCCT/EDIC
study. PDR and CSME were the outcomes selected to represent pro-
gression to a retinal disease state requiring treatment, given the ubiqui-
tous presence of earlier stages of retinopathy in this long-term cohort.
Analyses related to retinopathy were restricted to participants who
had the relevant retinopathy assessments within 4 years of the current
EDIC C-peptide study (n = 848 for PDR, and n = 812 for CSME).

Severe hypoglycemia was defined as an episode with symp-
toms or signs consistent with hypoglycemia in which the participant
required the assistance of another person. During the DCCT, subjects
were asked to report all episodes of suspected severe hypoglycemia
immediately, and all subjects were interviewed regarding the episodes

EDIC 90-min

placed in an antecubital vein and a fingerstick glu-
cose reading taken. Ten minutes after the line was
established, the first blood sample was collected
(-10 minute time point). Blood was collected into
aniced 6 mL EDTA plasma tube at each time point.
Ten minutes later, urine and blood were collected
at “baseline” (O minute time point), after which the participant imme-
diately consumed 6 ml/kg body weight (maximum 360 ml) of Boost
High Protein Very Vanilla Nutritional Drink over 5 minutes and the
clock was started. Blood was collected at after baseline time points 15,
30, 60, 90, 120, 180, and 240 minutes. Plasma tubes were kept on ice
before and after blood collection to prevent peptide degradation prior
to centrifugation; tubes were centrifuged within 30 minutes of collec-
tion. Two urine collections, between 0 and 120 minutes and between
120 and 240 minutes, were collected by pooling, mixing, and decant-
ing the urine into borate-treated tubes. All samples were processed
and frozen at the clinical centers and then shipped on dry ice to the
EDIC Central Biochemistry Laboratory at the University of Minnesota.
All plasma and urine samples were stored at -70°C prior to analysis.

C-peptide was assayed on a Roche Cobas 6000 (Roche Diagnos-
tics) using a sandwich electrochemiluminescent immunoassay trace-
able to the National Institute for Biological Standards and Control
WHO International Reference Reagent for C-peptide (code 84,/510).
The interassay CVs were 3.5%-4.0% in plasma and 3.0%-3.4% in
urine, and the C-peptide assay limit of detection was 0.003 nmol/L.
Glucose was measured on a Roche Cobas 6000 using a hexokinase
method; interassay CVs were 1.3%-1.8%. All time points for a given
participant were assayed in a single testing batch.

Responders were defined as participants with any detectable
plasma C-peptide concentration after stimulus >0.003 nmol/L.
Responders were subcategorized into 3 groups: high (>0.2 nmol/L),
intermediate (>0.03 to <0.2 nmol/L), and low (=0.003 to <0.03
nmol/L) responders. The low responders were defined as participants
with at least 1 of 7 samples after stimulus during the MMTT exhibiting
a rise or peak C-peptide as low as the assay limit of detection (0.003
nmol/L) and up to 0.03 nmol/L, the latter a concentration chosen
based on an earlier DCCT study (24), which demonstrated that the
risk of microvascular disease progression was markedly higher among
participants who entered the DCCT with C-peptide below this con-
centration. Intermediate responders were defined as participants with
apeak C-peptide in the range of 0.03 up to 0.2 nmol/L, the upper limit
based on the previous DCCT findings, which demonstrated significant
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Figure 3. Flow chart of participation in the C-pep-
tide study. ~“Refused” included participants with
scheduling conflicts, the inability to come in for an
in-person clinic visit, or general unwillingness to
participate. “Ineligible” participants included those
with competing medical issues (e.g., gastrointesti-
nal issues, cardiovascular or renal disease, cancer,
Beginning of EDIG dialysis, and kidney or pancreas transplant) or the

1954 {(n=13TE) inability to obtain venous access at the start of the
study. “Other” includes participants with erratic
blood sugars at the start of testing, who were unable
to stabilize their glucose.
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ranEamEalien
TEEE-1889 {7 m 1447}
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metabolic benefits, including lower fasting blood glucose, glucoserise ~ tldge/) data set as reference. HLA-DR3 and DR4-DQS8 haplotypes
after stimulus, and lower HbAlc (25). The final group of high respond-  imputed using the 2 methods perfectly matched. Only n = 867 subjects

ers was defined as participants with peak C-peptide >0.2 nmol/L. from European ancestry defined by genetic principle component anal-
Results of MMTTs performed at entry into the DCCT (“DCCT  ysis were included in the genetic association testing (6).

baseline”) are utilized in analyses. As previously described, the MMTTs Diabetes autoantibody testing. A sample of 100 responders (71 high

during the DCCT were 90-minute studies, with 2 timed specimenscol- ~ and intermediate responders and 29 low responders with the next

lected at time O and 90 minutes (4). During the DCCT, C-peptide was  highest detectable C-peptide concentrations >0.008 nmol/L) and 100

measured centrally by radioimmunoassay with the Novo M1230 anti-  randomly selected nonresponders were tested for autoantibody values

body with a lower limit of detection of 0.03 nmol/L (4). (IA2, ZnT8) at Northwest Lipid Laboratories. GAD-65 autoantibody

Genotyping and HLA imputation. Informed consent was obtained ~ was measured in all participants. A fresh, previously unthawed plasma
from participants for genetic studies of diabetes and its complications. ~ sample was utilized and assayed in batches after study-wide completion
Whole blood for DNA was collected in 1418 DCCT/EDIC participants  of the MMTTs. Testing for values of 3 autoantibodies, GAD-65, IA2,
toward the end of the DCCT study (1991-1993) and subsequently  and ZnT8, was performed based on a protocol approved by the National
processed at the EDIC Central Biochemistry Lab at the University of ~ Institute of Diabetes and Digestive and Kidney Diseases (NIDDK)
Minnesota. At the Genetics and Genome Biology Program laborato-  Autoantibody Harmonization Committee (29). Plasma samples were
ry, DNA samples from all participants were genotyped with the Illu-  analyzed for antibodies utilizing a radioligand-binding assay as pre-
mina 1 M BeadArrays (26). Ungenotyped SNPs were imputed using  viously described (29). Concentrations of GAD-65 and IA2 autoanti-
1000 Genomes data (https://www.internationalgenome.org/; phase  bodies were determined from a NIDDK standard curve, and the results
3, v5). HLA-DR3 and DR4-DQ8 haplotypes, the type 1 diabetes major ~ are reported as NIDDK units and NIDDK units/mL, respectively.
risk factors, were imputed using 2 SNPs, rs2187668 and rs7454108,as A sample with a GAD-65 autoantibody result of 233 DK units/mL or an
described before (27). They were also imputed using SNP2HLA (http://  IA2 result =5 DK units/mL was considered positive for antibodies. The
software.broadinstitute.org/mpg/snp2hla; ref. 28) and the Type 1 Dia-  ZnT8 autoantibody assay uses ZnT8-RW dimer cDNA in the in vitro
betes Genetic Consortium (https://repository.niddk.nih.gov/studies/  transcription and translation system. The results are expressed as an
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index using counts per minute (CPM) ([sample CPM - negative control
CPM]/[positive control CPM -negative control CPM]). The upper limit
of normal (0.020) was established as the 99th percentile from receiver
operating characteristic curves in 100 control subjects without diabetes
and 50 patients with new-onset type 1 diabetes (29, 30).

Statistics. Differences in demographic and clinical characteris-
tics between responders and nonresponders were tested using the
Cochran-Armitage trend test for binary variables or the linear trend
test using orthogonal polynomial regression contrasts for continuous
variables. Insulin dose and HbAlc were assessed using the baseline
value, DCCT mean, current value, EDIC mean, and DCCT/EDIC
time-weighted mean. The DCCT and EDIC updated means represent
the running averages during the DCCT and EDIC, respectively. The
time-weighted DCCT/EDIC mean HbAlc represents the total glyce-
mic exposure during DCCT/EDIC and was calculated by weighting
each value by the time interval since the last measurement. Differ-
ences between response categories were tested using Fisher’s exact
test for HLA-DR3/DR4 haplotypes or the y? test for SNPs. Linear and
logistic regression models were used to evaluate the association of
history of severe hypoglycemia, retinopathy, and kidney disease with
C-peptide response status (high and intermediate vs. nonresponders),
adjusting for EDIC mean HbAlc. Given the exploratory nature of our
analyses, no adjustments were made for multiplicity, and P < 0.05
indicates nominal significance.

Study approval. The EDIC C-peptide study was approved by the
institutional review boards at all sites (University Hospitals Cleveland
Medical Center, Cleveland, Ohio, USA; University of Pennsylvania,
Philadelphia, Pennsylvania, USA; Cornell University, Ithaca, New
York, USA; Henry Ford Health System; Joslin Diabetes Center, Boston,
Massachusetts, USA; Massachusetts General Hospital, Boston, Massa-
chusetts, USA; Mayo Clinic, Rochester, Minnesota, USA; Medical Uni-
versity of South Carolina, Charleston, South Carolina, USA; Health
Partners Institute, Minneapolis, Minnesota, USA; University of Iowa,
Iowa City, Iowa, USA; University of Minnesota; University of Missou-
ri-Columbia, Columbia, Missouri, USA; University of Pittsburgh, Pitts-
burgh, Pennsylvania, USA; University of Tennessee Health Science
Center, Memphis, Tennessee, USA; University of Texas Southwestern,
Dallas, Texas, USA; University of Toronto; University of Washington,
Seattle, Washington; University of Western Ontario, London, Ontario,
Canada; Vanderbilt University, Nashville, Tennessee, USA; Washing-
ton University in St. Louis, St. Louis, Missouri, USA; Yale University,
New Haven, Connecticut, USA; Northwestern University, Chicago,
Illinois, USA; University of California San Diego, San Diego, Califor-
nia, USA; University of Maryland, Baltimore, Maryland, USA; Uni-
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versity of New Mexico, Albuquerque, New Mexico, USA; University
of South Florida, Tampa, Florida, USA; University of Michigan, Ann
Arbor, Michigan, USA), and all participants provided written informed
consent for biochemical assessments, complications surveillance,
and genetic testing.
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