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Islet Autoimmunity Is Highly Prevalent and Associated
With Diminished b-Cell Function in Patients With Type 2
Diabetes in the GRADE Study
Barbara Brooks-Worrell,1,2 Christiane S. Hampe,2 Erica G. Hattery,3 Brenda Palomino,1

Sahar Z. Zangeneh,4 Kristina Utzschneider,1,2 Steven E. Kahn,1,2 Mary E. Larkin,5 Mary L. Johnson,6

Kieren J. Mather,7 Naji Younes,8 Neda Rasouli,9 Cyrus Desouza,10 Robert M. Cohen,11 Jean Y. Park,12

Hermes J. Florez,13,14 Willy Marcos Valencia,14 GRADE b-cell Ancillary Study Network, Ali Shojaie,2

Jerry P. Palmer,1,2 and Ashok Balasubramanyam,3 for the GRADE Research Group*

Diabetes 2022;71:1261–1271 | https://doi.org/10.2337/db21-0590

Islet autoimmunity may contribute to b-cell dysfunction in
type 2 diabetes (T2D). Its prevalence and clinical signifi-
cance have not been rigorously determined. In this ancil-
lary study to the Glycemia Reduction Approaches in
Diabetes: A Comparative Effectiveness Study (GRADE),
we investigated the prevalence of cellular and humoral
islet autoimmunity in patients with T2D duration of 4.0 ±
3.0 years (HbA1c 7.5 ± 0.5% on metformin alone). We mea-
sured T-cell autoreactivity against islet proteins, islet auto-
antibodies against 65-kDa GAD antigen, IA-2, and zinc
transporter-8, and b-cell function. Cellular islet autoimmu-
nity was present in 41.3%, humoral islet autoimmunity in
13.5%, and both in 5.3%. b-Cell function calculated as
incremental area under the curve of glucose from 0–120
min (iAUC-CG) and DC-peptide(0–30)/Dglucose(0–30)
from an oral glucose tolerance test was lower among
T-cell–positive (T+) than T-cell–negative (T2) individuals
using two different adjustments for insulin sensitivity
(iAUC-CG: 13.2% [95% CI 0.3, 24.4] or 11.4% [95% CI 0.4,
21.2] lower; DC-peptide[0–30]/Dglucose[0–30]: 19% [95%
CI 3.1, 32.3] or 17.7% [95% CI 2.6, 30.5%] lower).

T+ patients had 17% higher HbA1c (95% CI 0.07, 0.28) and
7.7 mg/dL higher fasting plasma glucose levels (95%
CI 0.2, 15.3) than T2 patients. We conclude that islet auto-
immunity is much more prevalent in patients with T2D
than previously reported. T-cell–mediated autoimmunity
is associated with diminished b-cell function and worse
glycemic control.

Deficient insulin secretion by b-cells of the islets of Lang-
erhans is critical to the development of type 2 diabetes
(T2D) (1). However, islet autoimmunity traditionally has
not been considered a significant underlying defect in
T2D, whereas this is accepted as the pathophysiological
basis of type 1 diabetes (T1D). Increasing evidence sug-
gests that islet autoimmunity might in fact contribute to
b-cell dysfunction in patients with T2D (2–6). Among
Pima Indians, an ethnic group with a high propensity to
develop T2D, people with a clinical phenotype of T2D
have been found to possess unique islet autoantibodies,
an HLA haplotype associated with defective insulin
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secretion, and differences in T-cell receptor repertoires
associated with diabetes (7–10). Some patients with
T2D have islet-specific inflammation and autoimmune
responses due to islet-reactive T cells (11–16). For exam-
ple, the Th17 subset of CD41 T cells, which is elevated in
systemic inflammation associated with insulin resistance,
is also an autoimmune destruction effector (13–15). Sari-
konda et al. (17) have identified islet-reactive CD41 T
cells in patients with T2D, and Butcher et al. (11) demon-
strated an association of proinflammatory cytokines and
increased islet leukocyte content with b-cell dysfunction
in patients with T2D.

Collectively, these data suggest that both humoral and
cellular autoimmunity directed against islet antigens may
contribute significantly to b-cell dysfunction in patients
defined clinically as having T2D. We previously demon-
strated immune recognition of islet proteins by T cells in
small cohorts of patients with established T2D (3,6,16,18).

Islet-reactive T cells were present in the circulation of
these patients with T2D both with and without classic
T1D-associated islet autoantibodies (16). We also demon-
strated that the presence of islet-reactive T cells was asso-
ciated with accelerated b-cell functional decline in
patients with T2D (3,6) and that attenuation of the islet-
specific T-cell responses was associated with improved
b-cell function (18). Confirmation of these findings in a
large T2D cohort could revise our understanding of the
pathophysiology of T2D, influence its clinical classifica-
tion, and identify new targets for therapy.

This ancillary study to the Glycemia Reduction Approaches
in Diabetes: A Comparative Effectiveness Study (GRADE) was
initiated to rigorously evaluate islet autoimmunity in patients
carefully selected for having established T2D (19,20). We
investigated the frequency of both humoral and cellular islet
autoimmunity at baseline in a subset of GRADE patients with
T2D and determined their relationships to b-cell function
and glycemic control (19,20).

RESEARCH DESIGN AND METHODS

GRADE Design Overview
GRADE is a 36-center randomized controlled trial evaluat-
ing the clinical effectiveness of the addition of four classes
of glucose-lowering medications to metformin in patients
with T2D (19,20). Prospective GRADE participants had a
run-in period when the metformin dose was increased to
2 g/day or the maximal tolerated dose $1 g/day; 5,047
adults with HbA1c 6.6–8.5% at the end of run-in were
enrolled and underwent baseline testing, including an oral
glucose tolerance test (OGTT) (19). The current “b-cell
Ancillary Study” was nested within GRADE to measure
humoral and cellular islet autoimmunity in baseline blood
samples and determine their relationship to b-cell func-
tion measurements derived from the OGTT samples. All
GRADE clinical centers were invited to participate in
this ancillary study. Nineteen centers obtained local

Institutional Review Board approval for the ancillary study
and contributed participants.

Subjects
The entry criteria were those of the parent GRADE study
(ClinicalTrials.gov reg. no. NCT01794143) (19,20). Briefly,
men or women diagnosed with T2D at $30 years of age
($20 years for American Indians), duration of <10 years,
on metformin $1,000 mg/day were included. Key exclusion
criteria were: clinical suspicion of T1D, treatment with any
glucose-lowering medication other than metformin in the
previous 6 months, major cardiovascular events in the pre-
vious year, planning pregnancy during the course of the
study, heart failure, pancreatitis, cancer, serum creatinine
>1.4 mg/dL in women or >1.5 mg/dL in men, liver disease
or ALT more than three times the upper limit of normal,
alcoholism, glucocorticoid or antipsychotic use, and condi-
tions rendering HbA1c results unreliable. There were no
additional eligibility criteria for the b-cell Ancillary Study.

The 19 GRADE centers participating in this ancillary
study recruited 419 participants with T2D (representing
8.3% of the overall GRADE study cohort), which exceeded
the sample size estimated to power this study adequately.

Sample Collection
Blood samples were collected at the time of the GRADE
participants’ baseline OGTT. At the fasting draw, blood
was collected into heparin-coated tubes and shipped over-
night from the clinical site to Seattle for processing. Plasma
was separated from 5 cc blood and frozen at �80�C for
autoantibody assays. The remaining blood sample was used
for the islet-specific T-cell reactivity assay. A total of 1 cc
blood was collected at each OGTT time point for measure-
ments of glucose, insulin, and C-peptide by the GRADE cen-
tral laboratory (University of Minnesota Advanced Research
and Diagnostics Laboratory, Minneapolis, MN). Of the 419
GRADE participants who gave informed consent and pro-
vided baseline samples, autoantibodies could not be mea-
sured in 27 samples because of insufficient volume or
severe hemolysis. Seventy samples could not be included in
the T-cell reactivity assay because of delayed delivery, insuf-
ficient volume, nonviability of peripheral blood mononuclear
cells (PBMCs), or severe hemolysis.

Cellular Immunoblotting (Islet-Specific T-Cell
Reactivity Assay)
Cellular islet autoimmunity was measured by the well-
established cellular immunoblotting T-cell assay, which is
highly specific for islet proteins (83%) and sensitive (94%)
for identifying patients with T1D among masked blood sam-
ples (21–23). Assay accuracy was validated in two National
Institutes of Health–sponsored workshops (21,22). Blood
samples shipped overnight from the clinical sites were proc-
essed immediately upon receipt. Each sample was evaluated
for hemolysis after Ficoll separation of the PBMCs. If severe
hemolysis was visible or the PBMCs were observed by
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microscopy to be of poor quality or insufficient numbers,
the blood sample was discarded. Mitogen (concanavalin A;
Sigma-Aldrich, St. Louis, MO) was used as a viability control
and tetanus toxoid as a positive antigenic control to deter-
mine functional ability of cells. Stimulation indexes (SI =
cpm experimental wells/cpm control wells) were calculated
to determine proliferative responses of the PBMCs (23). If
the PBMCs were unable to respond to concanavalin A with
a value >20 SI, the data were excluded from the analysis.

Briefly, the cellular immunoblotting assay was performed
as follows (23): human islet cell preparations (obtained from
the National Institutes of Health–supported Integrated Islet
Distribution Program, https://iidp.coh.org) were subjected to
preparative one-dimensional SDS-PAGE, the gels electroblot-
ted onto nitrocellulose, cut according to molecular weight
regions, solubilized, and reprecipitated with DMSO and
sodium carbonate/bicarbonate buffers. The PBMCs were
incubated with nitrocellulose containing islet proteins sepa-
rated by molecular weights (“blots,” i.e., bands of nitrocellu-
lose defined by molecular weight) for 5 days. Tritiated
thymidine (1 mCi/well) was added, the cells were harvested
18 h later, and radioactivity measured in a b-scintillation
counter (LKB Pharmacia). Positive proliferative responses
were taken as SI $2.1. Controls for the T-cell assay were
patient PBMCs incubated with nitrocellulose blots without
islet proteins and patient PBMCs only. In this assay, PBMCs
from control subjects without diabetes respond to 0–3 blots
(considered T-cell negative, or T�), whereas patients with
diabetes associated with islet autoimmunity respond to 4–
18 blots (considered T-cell positive, or T1). T-cell reactivity
in this assay is specific for islets (and not other tissues) and
stable using islets obtained from different donors (21–23).
The specificity and sensitivity of the cellular immunoblotting
assay compare favorably with other assays of cellular
immune reactivity to islet antigens as reviewed by the
Immunology of Diabetes Society’s T-Cell Workshop Commit-
tee (24). The threshold that determines a true-positive
(“T1”) result in this assay (four or more blots) was estab-
lished from several studies in a range of healthy control sub-
jects (n = 237), aged 18–75 years, BMI 18–40 kg/m2,
without T1D or T2D (21–23,25), and in people with autoim-
mune diseases (in the absence of diabetes) such as rheuma-
toid arthritis and Graves disease, all of whom have
circulating T cells that react to three or fewer blots. Longitu-
dinal responses of 10 of the healthy control subjects, sam-
pled repeatedly over a period of 63 months, demonstrated
no T-cell reactivity to islet proteins above the established
threshold (three or fewer blots). T-cell reactivity to islet anti-
gens was measured in 322 samples.

Islet Autoantibody Assays
We evaluated autoantibodies to 65-kDa GAD antigen
(GAD65Ab), IA-2 autoantibody (IA-2Ab), and zinc trans-
porter-8 autoantibody (ZnT8Ab). The islet autoantibody
assays are well-established assays with a sensitivity of 70%
and specificity of 98% for GAD65Ab, 66% sensitive and 98%

specific for IA-2Ab, and 54% sensitive and 100% specific for
ZnT8Ab (26). Autoantibody-positive (Ab1) and autoanti-
body-negative (Ab�) samples were included in every assay to
correct for interassay variation and used to calculate an anti-
body index for GAD65Ab and IA-2Ab. For ZnT8Ab, pan-reac-
tive serum from a patient with T1D was included as a
standard and used to express Ig binding levels as a
relative unit. Samples are considered ZnT8Ab-posi-
tive if binding to ZnT8-Arg, ZnT8Trp, or ZnT8-Glu is
detected. Cutoffs are established based on the 98th
percentile among 100 healthy human sera. The labo-
ratory participates in the Diabetes Antibody Stan-
dardization Program (26). Autoantibodies were mea-
sured in 392 samples.

b-Cell Function and Insulin Sensitivity Measurements
Plasma glucose and C-peptide values were measured in
samples collected at 0, 30, 60, 90, and 120 min of the
OGTT, and two measures of b-cell function were calcu-
lated (after adjusting for insulin sensitivity): ratio of the
incremental area under the curve (iAUC) of C-peptide to
the iAUC of glucose from 0–120 min (iAUC-CG; in nano-
moles per milligram), with iAUC calculated using the trap-
ezoidal rule (27); and ratio of the increment of C-peptide
to that of glucose over the first 30 min (C-peptide index;
i.e., DC-peptide [0–30 min]/Dglucose [0–30 min]; in
nanomoles per gram) (28). Supplementary Figure 1 shows
the strong correlation between these two measures of
b-cell response. Insulin sensitivity (to adjust the b-cell
response) was estimated using C-peptide-based homeosta-
sis model assessment of insulin sensitivity (HOMA2-S.
cpep) or 1/fasting C-peptide.

Statistical Analysis
To assess the association between the measures of b-cell
function and autoantibodies or T-cell reactivity, linear mod-
els with log-transformed measures of b-cell function as out-
come and autoimmune status (autoantibodies and islet-
reactive T cells) as exposure of interest were fit. Either C-
peptide–based HOMA2-S or 1/fasting C-peptide was used to
adjust the b-cell response for insulin sensitivity. Additional
covariates, including age, sex, BMI, duration of diabetes, and
medications other than metformin, were prespecified and
used to adjust regression models for hypotheses involving
autoantibodies or T-cell reactivity and b-cell function. (See
Supplementary Material for additional details on the choice
of models and covariates, including justification for the use
of C-peptide–based HOMA2-S or 1/fasting C-peptide.)

Nine covariates had >10% missingness, and multiple
imputation was used to handle the missingness (29) (see
Supplementary Material for details). The original sample
size for this study was determined to achieve 90% power
for detecting differences in b-cell function among T1 and
T� patients in the longitudinal GRADE study without
adjustment for additional covariates.
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When possible, robust statistical procedures for assess-
ing associations were used, including using the Spearman
correlation coefficient as a rank-based alternative to the
Pearson correlation coefficient and exact tests for propor-
tions to test the null hypotheses about the proportion of
Ab1 or T1 patients. Robust (sandwich) SEs for multiply
imputed data were used for inference in linear regressions
involving autoantibody or T-cell reactivity and b-cell func-
tion. In all models, b-cell function measures used as the
regression outcome were log-transformed. With this
transformation, 100(eb � 1) represents the percentage
change in the outcome per unit change in the covariate.
Alternatively, regression coefficients are interpreted as
the change in b-cell function measures for a unit
increase in covariates for a reference patient, defined
as a male with average covariate values taking no med-
ications other than metformin (referred to hereafter
as “average male”). The Holm procedure for control-
ling the family-wise error rate was used to account for
hypotheses corresponding to different choices of
b-cell function and measure of insulin sensitivity (29)
(see Supplementary Material for details).

Data and Resource Availability
The protocol is available by contacting A.B. at ashokb@
bcm.edu. The statistical code is available by contacting

A.S. at ashojaie@uw.edu. Deidentified data are available by
contacting A.S. or A.B.

RESULTS

Participant Characteristics
Participants were 33.9% female, aged 57.4 ± 10.1 years,
with BMI 33.6 ± 6.2 kg/m2, diabetes duration 4.0 ± 3.0
years, and HbA1c 7.5 ± 0.5% (mean ± SD). These were
similar to the characteristics of all participants in the
GRADE study: 36.4% female, aged 57.2 ± 10.0 years, with
BMI 34.3 ± 6.8 kg/m2, diabetes duration 4.2 ± 2.8 years,
and HbA1c 7.5 ± 0.5% (19,20).

Prevalence of Islet-Specific T-Cell Reactivity
Of the 322 participants with available islet-specific T-cell reac-
tivity data, 133 (41.3%) were T1. Supplementary Figure 2
displays the number of reactive blots in the T1 and T�

groups. The proportions of T1 patients were similar between
men and women and among different racial/ethnic groups
(Table 1). Mean age, BMI, diabetes duration, systolic and
diastolic blood pressure, and LDL- and HDL-cholesterol levels
were similar between T1 and T� patients (Table 1). The
mean (95% CI) for HbA1c was higher among those who
were T1 than T� (7.63% [7.55, 7.71] vs. 7.46% [7.39, 7.52],
mean [95% CI]), as was the mean fasting glucose level

Table 1—Demographic/biochemical characteristics of the total study cohort, T+ vs. T2 participants, and Ab+ vs. Ab2

participants
Total cohorta (N = 419) T1b (N = 133) T�b (N = 189) Ab1c (N = 53) Ab�c (N = 339)

Sex
Male 277 89 (42) 123 (58) 31 (12) 225 (88)
Female 142 44 (40) 66 (60) 22 (16) 114 (84)

Race
African American 70 16 (33) 32 (67) 12 (18) 54 (82)
Asian 19 6 (35) 11 (65) 4 (21) 15 (79)
Hawaiian/Pacific Islander 3 1 (33) 2 (67) 1 (33) 2 (67)
White 279 96 (44) 121 (58) 29 (11) 230 (89)
American Indian/Alaska Native 14 3 (30) 7 (70) 3 (23) 10 (77)
Other/multiple 3 0 (0) 2 (100) 0 (0) 2 (100)
Unknown/not reported 31 11 (44) 14 (56) 4 (13) 26 (87)

Hispanic ethnicity
Hispanic 82 28 (44) 35 (56) 11 (15) 64 (85)
Non-Hispanic 334 103 (40) 153 (60) 42 (13) 272 (87)
Unknown/not reported 3 2 (66) 1 (34) 0 (0) 3 (100)

Age (years), mean (SD) 57.41 (10.13) 56.8 (9.41) 57.33 (9.84) 56.26 (11.5) 57.37 (9.9)

BMI (kg/m2), mean (SD) 33.57 (6.2) 33.78 (6.23) 32.98 (5.76) 34.26 (6.45) 33.38 (6.15)

Diabetes duration (years), mean (SD) 4 (2.95) 4.06 (3) 3.81 (2.88) 3.64 (3.05) 4.07 (2.95)

Systolic BP (mmHg), mean (SD) 129.47 (15.32) 129.05 (15.22) 128.57 (14.91) 130.79 (15.52) 129.15 (15.34)

Diastolic BP (mmHg), mean (SD) 77.95 (10.32) 76.94 (9.84) 78.53 (9.84) 76.88 (9.66) 78.18 (10.24)

LDL cholesterol (mg/dL), mean (SD) 88.62 (31.04) 89.43 (28.08) 87.57 (32.21) 88.65 (32.87) 88.9 (31.02)

HDL cholesterol (mg/dL), mean (SD) 43.68 (11.81) 43.78 (11.1) 43.41 (12.55) 45.54 (12.35) 43.66 (11.84)

Data are n (%) unless otherwise indicated. BP, blood pressure. aA total of 419 GRADE participants consented to participate in the
b-cell Ancillary Study. Autoantibodies were measured in 392 samples and T-cell reactivity in 322. See text for details. bT1 indi-
cates reactivity to $4 blots; T� indicates reactivity to #3 blots. cAb1 is the presence of any one of the three islet autoantibodies;
Ab� is the absence of all three islet autoantibodies.
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(157.26 mg/dL [150.87, 163.65] vs. 149.54 mg/dL [145.05,
154.03]) (Fig. 1A and B). However, fasting C-peptide levels
were similar in T1 and T� patients (1.25 nmol/L [1.16, 1.34]
vs. 1.31 nmol/L [1.23, 1.39]) (Fig. 1C).

Prevalence of Islet Autoantibodies
The prevalence of at least one islet autoantibody was
13.5%. Table 2 shows autoantibody frequencies in all 392

participants with complete autoantibody data and in the
322 participants who were T1 or T�. There was no signif-
icant association between T-cell positivity and autoanti-
body positivity (odds ratio 1.05 [95% CI 0.54, 2.06];
Fisher exact P = 0.87), and 5.3% of T1 participants were
also positive for at least one autoantibody. Autoantibody
frequencies in men and women and in different racial/
ethnic groups were similar (Table 1). Mean age, BMI, dia-
betes duration, systolic and diastolic blood pressure, and
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Figure 1—Comparison of glycemic parameters and fasting C-peptide in T1/T� and Ab1/Ab� patients. Unadjusted means and 95% CIs
for HbA1c, fasting glucose, and fasting C-peptide levels in T� (n = 133) compared with T1 (n = 189) participants (A–C) and Ab1 (n = 53)
compared with Ab� (n = 339) participants with T2D (D–F). A and D show group comparisons for HbA1c; B and E show comparisons for
fasting glucose; and C and F show comparisons for fasting C-peptide. neg, negative; pos, positive.
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LDL and HDL cholesterol were similar between partici-
pants who were Ab1 or Ab� (Table 1). Mean fasting glu-
cose was lower in Ab1 than Ab� participants (142.41 mg/
dL [134.36, 150.46] vs. 152.71 mg/dL [149.11, 156.30]);
however, mean HbA1c (7.46% [7.33, 7.59] vs. 7.51%
[7.46, 7.56]) and fasting C-peptide levels (1.28 nmol/L
[1.14, 1.42] vs. 1.28 nmol/L [1.23, 1.34]) were similar
between these two groups (Fig. 1D–F).

Relationship of Islet-Specific T-Cell Autoimmunity to
b-Cell Function
Patients who were T1 had significantly lower levels of
b-cell function than T� patients, as measured by iAUC-
CG after adjusting for age, sex, antibody positivity, BMI,
duration of diabetes, medications other than metformin,
and insulin sensitivity. Using 1/fasting C-peptide to adjust
for insulin sensitivity, an average T1 male patient had
0.09 nmol/mg lower iAUC-CG compared with a similar T�

participant (adjusted 95% CI �0.17, �0.01). This corre-
sponds to 11.4% lower iAUC-CG in T1 patients compared
with T� participants (adjusted 95% CI �21.2, �0.4).
Using HOMA2-S.cpep to adjust for insulin sensitivity, the
same T1 participant had 0.10 nmol/mg lower iAUC-CG
than a T� participant (adjusted 95% CI �0.19, �0.02).
This corresponds to 13.2% lower iAUC-CG in T1 partici-
pants compared with T� participants (adjusted 95% CI
�24.4, �0.3).

Participants who were T1 also had significantly lower
C-peptide index values than T� participants after adjust-
ing for insulin sensitivity, age, sex, antibody positivity,
BMI, duration of diabetes, and medications other than
metformin. Using 1/fasting C-peptide to adjust for insulin
sensitivity, an average T1 male participant had 0.11
nmol/g lower C- peptide index compared with a similar
T� participant (adjusted 95% CI �0.19, �0.04). This cor-
responds to 17.7% lower C-peptide in T1 compared with
T� participants (adjusted 95% CI �30.5, �2.6). Using
HOMA2-S.cpep to adjust for insulin sensitivity, the same
T1 participant had 0.12 nmol/mg lower C-peptide index
than a similar T� participant (adjusted 95% CI �0.20,
�0.05). This corresponds to 19% lower C-peptide in T1

compared with T� participants (adjusted 95% CI �32.3,
�3.1). Figure 2A and B show that both b-cell function

measures were also significantly lower among T1 versus
T� participants without adjusting for covariates. Figure 3
displays the curves of glucose and C-peptide response to
oral glucose challenge in the two groups.

There was also a significant negative association between
T-cell reactivity (number of blots as a continuous variable)
and iAUC-CG after adjusting for the same covariates. Using
1/fasting C-peptide to adjust for insulin sensitivity, each
additional blot for an average male participant decreased
iAUC-CG by 0.01 nmol/mg (adjusted 95% CI �0.02,
�0.002). This corresponds to 1.3% reduction in iAUC-CG
for each additional blot (adjusted 95% CI �2.4, �0.2).
Using HOMA2-S.cpep to adjust for insulin sensitivity for
the same participant, each additional blot decreased iAUC-
CG by 0.01 nmol/mg (adjusted 95% CI �0.02, �0.003).
This corresponds to a 1.5% reduction in iAUC-CG for each
additional blot (adjusted 95% CI �2.8, �0.2).

Similarly, there was a significant negative association
between T-cell reactivity and C-peptide index after adjust-
ing for the same covariates. Using 1/fasting C-peptide to
adjust for insulin sensitivity, each additional blot for an
average male participant decreased C-peptide index by
0.01 nmol/g (adjusted 95% CI �0.02, �0.004). This cor-
responds to a 1.9% reduction in C-peptide index for each
additional blot (adjusted 95% CI �3.5, �0.3). Using
HOMA2-S.cpep to adjust for insulin sensitivity for the
same participant, each additional blot decreased C-peptide
index by 0.01 nmol/g (adjusted 95% CI �0.02, �0.004).
This corresponds to a 2% reduction in C-peptide index for
each additional blot (adjusted 95% CI �3.7, �0.3).

Relationships Between Islet Autoantibodies and b-Cell
Function
There was no significant association between iAUC-CG
and autoantibody positivity using either 1/fasting C-pep-
tide (difference 0.003 [adjusted 95% CI �0.15, 0.15]) or
HOMA2-S.cpep (difference 0.01 [adjusted 95% CI �0.15,
0.16]) as the insulin sensitivity factor, while adjusting for
the same covariates. Similarly, there was no significant
association between C-peptide index and autoantibody
positivity, using either 1/fasting C-peptide (difference
�0.08 [adjusted 95% CI �0.2, 0.035]) or HOMA2-S.cpep
(difference �0.08 [adjusted 95% CI �0.2, 0.04]) as the

Table 2—Islet autoantibody frequencies in T+ and T2 patients with T2D
Autoantibody T1 (N = 133) T� (N = 189) All participants (N = 392)

GAD65Ab 9 (4.8, 15.2) 6.3 (3.3, 10.8) 7.8 (5.4, 10.9)

IA2Ab 4.5 (1.7, 9.6) 7.4 (4.1, 12.1) 6 (3.9, 8.9)

ZnT8Ab 2.3 (0.5, 6.4) 0.5 (0, 2.9) 1.5 (0.6, 3.3)

One autoantibody 12.8 (7.6, 19.7) 12.2 (7.9, 17.7) 13.5 (10.3, 17.3)

Two autoantibodies 1.5 (0.2, 5.3) 2.1 (0.6, 5.3) 1.5 (0.6, 3.3)

Three autoantibodies 1.5 (0.2, 5.3) 0 (0, 1.9) 0.5 (0.1, 1.8)

Data are % (95% CI). T-cell assays (cellular immunoblotting tests) were not completed in 70 of 392 participants who had serum
autoantibody tests. T1 is reactivity to $4 blots; T� is reactivity to #3 blots.
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insulin sensitivity factor and adjusting for the same cova-
riates. Figure 2C and D show that both b-cell function
measures were similar in Ab1 versus Ab� participants
without adjusting for covariates. The lack of statistical sig-
nificance may be due to the small number of Ab1 patients
(n = 53). Being both T1 and Ab1 did not confer signifi-
cant association with either measure of b-cell function
(P = 0.74 and 0.66 for iAUC-CG and C-peptide index,
respectively), likely due to the small number of patients
who were both T1 and Ab1 (n = 17). There were no
noticeable associations between diabetes duration and
prevalence of either T-cell positivity (difference 0.017 [95%
CI �1.7, 1.7]) or autoantibody positivity (difference �0.77
[95% CI �2.3, 0.75]) using the same adjusting variables.

DISCUSSION

Our most striking finding is the high prevalence of islet
autoimmunity among a large cohort of patients with T2D.

The T-cell assay, which measures cellular autoimmune
responses against a range of islet autoantigens, revealed a
high, 41.3% prevalence of cellular islet autoimmunity.
The prevalence of humoral autoimmunity, defined as the
presence of antibodies against three T1D-associated islet
autoantigens, was 13.5%. These results suggest that islet
autoimmunity is far more prevalent in patients with T2D
than previously recognized. T-cell reactivity was inversely
related to b-cell function; hence, T-cell–mediated autoim-
munity could contribute to the b-cell defect in a substan-
tial proportion of patients with T2D. This association is
clinically significant because of the higher fasting glucose
level and HbA1c in T1 compared with T� patients with
T2D.

The frequency of humoral islet autoimmunity in this
GRADE cohort is higher than reported in other large
cohorts of adults with T2D (30–35). Variations in geogra-
phy and ethnicity of the populations, sensitivity and cut-
offs of the assays, and number of autoantibodies measured
could account for the differences. Our study included
measurements of all three current T1D-associated islet
autoantibodies. Only a few other studies measured autoan-
tibodies other than GAD65Ab in different laboratories
(30–34). Comparing islet autoantibody frequencies across
studies using different laboratories, methods, and cutoff
values for positivity is problematic; we have demonstrated
the importance of measuring GAD65Ab in the same labora-
tory using a uniform, biologically validated cutoff for com-
parative studies (35).

The lack of association between autoantibody positivity
and b-cell function in the current study is at variance
with previous reports of latent autoimmune diabetes in
adults (LADA) (30–32). Those studies estimated b-cell
function using fasting values for glucose and insulin or
C-peptide. We used a more integrated assessment of
b-cell function, the dynamic response of C-peptide to glu-
cose over a 2-h OGTT. Recently, LADA has been shown to
display endotypic heterogeneity, with varying degrees of
b-cell dysfunction that could guide different treatment
approaches (36). Ethnic differences may affect the rela-
tionship; a study in African American youth with T2D
found no association between autoantibody status and
b-cell function (37). Furthermore, b-cell dysfunction has
been observed mainly in patients with LADA who have
high autoantibody titers or multiple autoantibodies
(30,32,38–42) at diagnosis and lose b-cell function faster
than those with low titers (31,41). GAD65Ab positivity
may be transient among those with low titers (42). Titers
of GAD65Ab in our Ab1 patients were relatively low, with
no significant difference between White and African Ameri-
can patients (Supplementary Fig. 3) (mean difference 0.02
[95% CI �0.66, 0.69]).

Finally, islet autoantibodies originally identified in patients
with T1D or LADA may not reflect a broader form of auto-
immunity in patients with T2D because pathways leading
to islet autoimmunity could generate different immune-

Figure 2—Comparison of b-cell function in patients positive or
negative for islet autoantibodies and T-cell reactivity to islet pro-
teins. Unadjusted means and 95% CIs for two measures of b-cell
function in T� (n = 133) compared with T1 (n = 189) patients with
T2D (A and B) and in Ab1 (n = 53) compared with Ab� (n = 339)
patients with T2D (C and D). A and C show group comparisons for
C-peptide Index (C-pep Index). B and D show comparisons for
iAUC-CG. See text for details. neg, negative; pos, positive.
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stimulating antigens in patients with T1D compared with
T2D (4). In a study of Pima Indians with T2D, none had ele-
vated classical T1D-associated autoantibodies, even though a
proportion had novel autoantibodies associated with insulin
secretion (8). Our T-cell assay is agnostic with respect to spe-
cific autoantigens; it assesses cellular immune response to a
broad array of islet antigens.

Thus, the T-cell assay could define islet autoimmunity
in patients with T2D more clearly than T1D-associated
autoantibodies. In support of this concept, Frankl et al.
(10) observed differences in T-cell receptor repertoires to
be associated with and predictive of T2D development
among Pima Indians. Genetic factors may also affect the
autoimmune response, leading to subgroups of T2D with
different markers of islet autoimmunity development. Of
note, the racial and ethnic frequencies of the participants
with T2D in our study are well representative of patients
with T2D in both the overall GRADE study and the U.S.
population, albeit with a slight overrepresentation of His-
panic patients (Table 1).

The overlap between Ab1 patients and T1 patients
was small, only 5.4%, and the association between T-cell
positivity and autoantibody positivity was not significant.
We have previously noted discordance between the higher
rates of T-cell positivity and the lower rates of T1D-asso-
ciated autoantibody positivity in patients with T2D
(16,43). This may be because islet autoantibodies associ-
ated with T2D are different from those associated with
T1D and hence may not be recognized by GAD65, IA2, or
ZnT8 autoantibody assays. Other research groups have
identified antigenic differences in autoantibody specific-
ities between T1D and T2D (44,45). Dissociation bet-
ween the presence of autoantibodies and T-cell responses in
groups of patients with T1D and T2D (5,16) supports the
existence of a subpopulation of Ab�, T1 people with auto-
immune diabetes. GAD65Ab1 patients with T2D are defined

as LADA, whereas T1 patients are likely a novel subtype of
T2D with islet dysfunction exacerbated by cellular immune
responses to a range of islet antigens. Systemic inflamma-
tion contributes to the pathophysiology of T2D, and chronic
elevations of inflammatory cytokines and chemokines in the
islet milieu may play a role in b-cell dysfunction (12,46).
Natural history studies and evidence of systemic and islet
inflammation in patients with T2D (5–8) suggest that early,
ongoing islet injury is a physiological feature of T2D. In sus-
ceptible patients, this could lead to breakdown of immune
tolerance and development of islet-specific T-cell reactivity
(4) or autoantibodies with disease-specific epitope patterns
(47). It is difficult to determine to what extent increased T-
cell reactivity in our assay reflects an active autoimmune
process or serves as a marker for islet autoimmunity or
inflammation. However, the clinical significance of these
autoimmune pathways of b-cell dysfunction is supported by
our preliminary data that attenuation of islet-reactive T cells
may improve b-cell function in patients with T2D (18). The
variations in islet autoimmunity noted in the current study
also contribute to understanding the emerging heterogeneity
of T2D. “Clustering” analyses have described distinct pheno-
typic subgroups of T2D, including some defined by b-cell
dysfunction (48). Many among our T1 participants could fit
the category denoted “severe insulin-deficient diabetes” by
Ahlqvist et al. (48).

Metformin has been shown to have immune-regulating
functions that could modulate cellular immune signaling
in some autoimmune diseases (49). However, metformin
does not appear to affect the development of islet cellular
or autoantibody reactivity in patients with T2D in a man-
ner that might affect the outcomes reported in this study.
We previously assessed the longitudinal impact of devel-
opment of islet autoimmunity over time on b-cell func-
tional decline in patients with T2D taking a range of oral
glucose-lowering medications (3). Of the patients with

Figure 3—Curves of serum glucose (A) and C-peptide (B) response to oral glucose during the OGTT in T1 and T� participants. Values are
±95% CIs. neg, negative; pos, positive.
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T2D who developed islet-reactive T cells, 86% had been
taking metformin, and this was not associated with devel-
opment or attenuation of any of the measures of islet
autoimmunity. More recently, we investigated islet auto-
immunity longitudinally in a large cohort of people with
impaired glucose tolerance or recently diagnosed T2D
placed on metformin alone or with liraglutide or insulin
glargine (43). Again, we found no effect of metformin on
the development of islet-reactive T cells or its association
with diminished b-cell function and hyperglycemia. Since
all participants in the GRADE study at baseline were tak-
ing metformin as the sole glucose-lowering medication,
any effect of the drug would likely be distributed similarly
among all the participants and their T-cell and autoanti-
body assays.

Could T-cell–mediated islet autoimmunity be suppressed
by any interventions, and would its presence influence treat-
ment of T2D? We have previously shown that attenuation
of islet-reactive T cells in patients with T2D is associated
with improved b-cell function (18,43). The present GRADE
b-cell Ancillary Study has a longitudinal component, and
assessment of the effects of the GRADE treatments on islet
autoimmunity, progression of b-cell function, and glycemic
control is pending. Data on progression of the GRADE par-
ticipants await complete analysis of the primary outcome
data of the parent GRADE study.

The islet-reactive immune responses in patients with
T2D identified by the cellular immunoblotting test may
not reflect a “primary,” early destructive process in the
islets (as is presumed to occur in T1D) but rather result
from the chronic, systemic inflammatory stress character-
istic of obesity and T2D. The development of cellular islet
autoimmunity in patients with T2D may be part of a sec-
ondary process that contributes to the decline in b-cell
function (4). This concept is supported by the present
data and our previous demonstrations of inverse correla-
tions between T-cell reactivity and glycemic control (3)
and between T-cell reactivity and both b-cell function and
glycemic control (43). The collective evidence suggests
that the differences in b-cell function and glycemic control
between T1 and T� participants with T2D in the current
study reflect pathophysiologically and clinically significant
phenomena.

A potential limitation of this study is the sampling
frame. Of those who consented, we were unable to mea-
sure autoantibodies in 6% and T-cell reactivity in 23%.
However, our ancillary study did not use any additional
inclusion or exclusion criteria, and there were no notable
differences in demographic or relevant biochemical data
between the parent GRADE cohort at baseline and those
who completed the tests of humoral or cellular islet auto-
immunity. Post hoc analysis indicated sufficient power for
detecting the minimum effect size for the association of
b-cell function with T-cell status.

In conclusion, cellular islet autoimmunity is prevalent
in a large percentage of people with T2D and is a

significant component in the pathophysiology of b-cell
dysfunction. Of clinical importance is the negative associ-
ation of islet-reactive T cells with b-cell function and gly-
cemic control. This is possibly a characteristic of the
natural history of T2D, given the recent finding that islet-
reactive T cells were present in a large percentage of obese
adults with prediabetes and recently diagnosed, treat-
ment-naive T2D in the Restoring Insulin SEcretion (RISE)
study (43). Presence of islet-reactive T cells among RISE
participants was associated with increased fasting and 2-h
glucose levels, and T1 patients with T2D also had lower
steady-state C-peptide levels compared with T� patients
(43). Our study reveals an immune-mediated mechanism
that could contribute to b-cell dysfunction in T2D, define
T2D subtypes, and uncover new therapeutic approaches to
treat this heterogeneous condition.
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