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Abstract
New biomarkers for type 2 diabetes mellitus (T2DM) may aid diagnosis, drug development

or clinical treatment. Evidence is increasing for the adaptive immune system’s role in T2DM

and suggests the presence of unidentified autoantibodies. While high-density protein micro-

arrays have emerged as a useful technology to identify possible novel autoantigens in auto-

immune diseases, its application in T2DM has lagged. In Pima Indians, the HLA haplotype

(HLA-DRB1*02) is protective against T2DM and, when studied when they have normal glu-

cose tolerance, subjects with this HLA haplotype have higher insulin secretion compared to

those without the protective haplotype. Possible autoantibody biomarkers were identified

using microarrays containing 9480 proteins in plasma from Pima Indians with T2DM without

the protective haplotype (n = 7) compared with those with normal glucose regulation (NGR)

with the protective haplotype (n = 11). A subsequent validation phase involving 45 cases

and 45 controls, matched by age, sex and specimen storage time, evaluated 77 proteins.

Eleven autoantigens had higher antibody signals among T2DM subjects with the lower insu-

lin-secretion HLA background compared with NGR subjects with the higher insulin-secre-

tion HLA background (p<0.05, adjusted for multiple comparisons). PPARG2 and UBE2M

had lowest p-values (adjusted p = 0.023) while PPARG2 and RGS17 had highest case-to-

control antibody signal ratios (1.7). A multi-protein classifier involving the 11 autoantigens

had sensitivity, specificity, and area under the receiver operating characteristics curve of

0.73, 0.80, and 0.83 (95% CI 0.74–0.91, p = 3.4x10-8), respectively. This study identified 11

novel autoantigens which were associated with T2DM and an HLA background associated

with reduced insulin secretion. While further studies are needed to distinguish whether

these antibodies are associated with insulin secretion via the HLA background, T2DMmore

broadly, or a combination of the two, this study may aid the search for autoantibody bio-

markers by narrowing the list of protein targets.

PLOS ONE | DOI:10.1371/journal.pone.0143551 November 25, 2015 1 / 14

OPEN ACCESS

Citation: Chang DC, Piaggi P, Hanson RL, Knowler
WC, Bucci J, Thio G, et al. (2015) Use of a High-
Density Protein Microarray to Identify Autoantibodies
in Subjects with Type 2 Diabetes Mellitus and an HLA
Background Associated with Reduced Insulin
Secretion. PLoS ONE 10(11): e0143551.
doi:10.1371/journal.pone.0143551

Editor: Salvatore V Pizzo, Duke University Medical
Center, UNITED STATES

Received: July 27, 2015

Accepted: November 5, 2015

Published: November 25, 2015

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced, distributed,
transmitted, modified, built upon, or otherwise used
by anyone for any lawful purpose. The work is made
available under the Creative Commons CC0 public
domain dedication.

Data Availability Statement: The IRB had
determined that the consent does not allow for
placement of individual-level data in a public
repository. However, these data may be available to
researchers if a data use agreement is signed (which
is subject to IRB approval). Interested investigators
should contact the authors.

Funding: The research was solely funded by the
Intramural Research Program of NIH, NIDDK. The
funder provided support in the form of salaries for
authors D.C.C., P.P, R.L.H., W.C.K., M.G.H., C.B, and

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0143551&domain=pdf
https://creativecommons.org/publicdomain/zero/1.0/


Introduction
In contrast to Type 2 diabetes mellitus (T2DM), Type 1 diabetes mellitus (T1DM) is well-rec-
ognized as an autoimmune disease resulting from immune-mediated pancreatic beta-cell
destruction and is associated with clinically useful autoantigen biomarkers [1, 2]. T2DM is tra-
ditionally regarded as a metabolic disease, with a defect in insulin action preceding or concur-
rent with pancreatic beta-cell failure [3]. However, the immune system is increasingly
recognized as a potential pathogenic component of T2DM and its most important risk factor,
obesity [4–6]. Serum concentrations of gamma globulin, a nonspecific measure of the humoral
immune system, were positively associated with development of T2DM in Pima Indians [7].
Diminished obesity-associated insulin action is characterized by chronic inflammation involv-
ing infiltration of macrophages and both T and B cells into adipose tissue [8]. In a mouse
model, B cells appeared to play an instrumental role in worsening insulin action via modula-
tion of T cells and production of pathogenic IgG antibodies, indicating a role for adaptive
immunity in the pathophysiology of T2DM [4]. In addition, a subgroup of patients with phe-
notypic T2DM has measurable antibody titers and islet cell reactive T-cells, both attributes of
adaptive immune response [9–13]. However not all such patients with an islet reactive T cell
response had previously-described T1DM-associated autoantibodies [10]. Autoantibodies have
been detected in subgroups of patients with T2DM who were at increased risk for hypertension
or cardiovascular complications (G-protein coupled receptors [14]) and who had maculopathy
and macroalbuminuria (rho-kinases [15]). In addition, IL-6 autoantibodies have been detected
in sera from 2.5% of Danish patients [16].

Many autoimmune diseases show an association with certain HLA haplotypes, usually
involving the major histocompatibility complex class II which encodes for genes that are
important for immune response regulation [17]. An HLA haplotype (HLA-DRB1�02) protec-
tive for T2DM and associated with increased insulin secretion was identified among Pima Indi-
ans, a group with high rates of T2DM and obesity but low prevalence of GAD2 and other
known islet cell antibodies. These findings were interpreted as supporting a potential role for
loss of self-tolerance [18, 19].

Functional protein microarrays, which have large numbers of correctly folded and func-
tional proteins, have emerged as a useful biotechnology to identify novel autoantigens in a
number of different diseases including T1DM [2], cancer [20], neuromyelitis optica [21], and
several rheumatologic conditions [22, 23].

The aim of this study was to identify potential novel autoantibodies for T2DM using a func-
tional protein microarray containing 9480 human proteins with plasma from Pima Indians
with type 2 diabetes and the lower insulin-secretion HLA background (18) (i.e. without
HLA-DRB1�02) compared with those with normal glucose regulation and the higher insulin-
secretion haplotype (i.e. withHLA-DRB1�02). This was followed by a validation study with a
selected subset of antigens and included antigens identified as being associated with T1DM [1,
24] in a second larger cohort.

Materials and Methods

Subjects
Our study involved two separate cohorts from studies approved by the Institutional Review
Board of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK). All
subjects provided written informed consent before participation. For the first cohort, volun-
teers participated in a previously described longitudinal inpatient study, initiated in 1982,
examining risk factors for T2DM at the Obesity and Diabetes Clinical Research Section,
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NIDDK, Phoenix AZ [25]. All subjects were between 18 and 50 years of age, nonsmokers, with-
out prior diagnosis of diabetes and other serious medical problems (e.g. autoimmune, heart,
cerebrovascular diseases) at the baseline admission or at subsequent admissions (subjects
invited back for re-admission annually), and were not taking any medications. Upon admis-
sion, volunteers were fed a weight maintaining diet. On day 4, a 75 gram oral glucose tolerance
test (OGTT) was administered. Glucose concentrations were measured using glucose oxidase
method (Beckman Instruments, Fullerton CA). Plasma specimens from 18 Pima Indian volun-
teers, 7 from full-heritage Pima males with T2DM with the lower insulin-secretion HLA back-
ground (i.e. without HLA-DRB1�02 haplotype) and 11 from individuals with normal glucose
regulation with the higher insulin-secretion HLA haplotype, were profiled on protein microar-
rays containing 9480 human proteins (Fig 1). For the first cohort used in this microarray study,
T2DM specimens were restricted to the OGTT which initially diagnosed T2DM and glucose
regulation status was determined by an OGTT according to the 2003 criteria of the American
Diabetes Association (ADA) [26].

For the second cohort, subjects participated in a previously described longitudinal study of
the etiology of T2DM among the Gila River Indian Community in Arizona, where most of the
residents are Pima Indians or Tohono O’odham, a closely related tribe [27]. Subjects aged five
years and over were examined approximately every two years, which included a 75 gram
OGTT. For the present study, eligible specimens were associated with subjects aged 18 years or
greater at the time of specimen collection. Plasma specimens from 45 case patients with T2DM
with the lower insulin-secretion HLA background (i.e. without the HLA-DRB1�02 haplotype)
were pair-wise matched by age, sex, and storage time (since these variables may influence anti-
body levels) with 45 control patients with normal glucose regulation with the higher insulin-
secretion HLA haplotype. Similar to the first cohort, plasma specimens from T2DM subjects in
the second cohort were restricted to those from the initial OGTT which diagnosed T2DM and
glucose regulation status was determined by an OGTT according to the 2003 ADA criteria
[26].

Protein Selection
Of the 9480 proteins initially profiled in the first phase of the study, 197 proteins were identi-
fied which met these statistical criteria: 1) M-statistic p-value<0.05, 2) signal on the negative
control array<10,000 RFU, 3) average signal of cases>500 RFU, and 4) signal ratio of cases to
controls�1.5 (Fig 1). We then chose the top proteins based on signal ratio of cases to controls
greater than�2.5 and those with signal ratio 1.5–2.5 in which biological relevance to diabetes
mellitus or obesity was inferred based on literature review (JK). Of 73 proteins meeting the
above criteria, three proteins (ABI1, ACVR1C, and MAP2K3 transcript variant A) did not
meet quality control standards for protein expression and were excluded. We also included 7
autoantigens associated with T1DM: (a) islet amyloid polypeptide (IAPP), (b) heat shock pro-
tein 60 (HSP60), (c) solute carrier family 30 (zinc transporter), member 8 (SLC30A8, alias
ZnT8)), (d) protein tyrosine phosphatase, receptor type (PTPRN, alias IA-2), (e) insulin, (f)
caboxypeptidase E (CPE), (g) glutamate decarboxylase 2 (GAD2) [24]. Insulin, HSP60, IAPP
and GAD2 proteins were also among the initial 9480 proteins. In the end, seventy-seven pro-
teins were selected for confirmatory testing.

Initial Experiment with 9480 Proteins (First Cohort)
Human clones were obtained from Invitrogen’s Ultimate open reading frame (ORF) collection
or from a Gateway collection of kinase clones developed by Protometrix. The nucleotide
sequence of each clone was verified by full length sequencing. All clones were transferred into a
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system for expressing recombinant proteins in insect cells via baculovirus infection. ProtoAr-
ray Human Protein Microarray v5.0, contains 9480 glutathione S-transferase-tagged proteins
printed on a nitrocellulose-coated slide arrayed in 48 subarrays. Proteins were non-covalently
attached on slides which allows for random orientation in native conformations. Protein
microarrays were incubated with 18 human plasma samples previously stored at -20°C at a
1:500 dilution. Reactions were detected by Alexa-Fluor-647-conjugated anti-human IgG.
Images were scanned with GenePix 6.0 software.

Confirmatory Experiment (Second Cohort)
The Luminex system, similar to ELISA, was used to test plasma previously stored at -70°C
from the 45 cases and 45 controls in the second cohort. Of the 77 proteins, 72 proteins were
captured on anti-GST conjugated MagPlex beads and 5 proteins were directly conjugated to
unique bead regions, each bead with a unique spectral signature. The beads were incubated
with experimental samples at a 1:200 dilution of plasma for one hour followed by incubation
with biotinylated anti-human IgG for one hour. After removal of excess biotinylated anti-
human IgG, streptavidin conjugated to fluorescent protein R-Phycoerythrin (Streptavidin-
RPE) was added and incubated for 30 minutes. After washing to remove unbound Streptavi-
din-RPE), the beads were analyzed with Luminex 200 to measure signal strength for each pro-
tein, tested in triplicate.

Statistical Analysis
In the first phase of the study, data were normalized using the Robust Linear Model [28]. M-
statistics analysis, which compares order of values between 2 groups and determines the chance
of the order occurring randomly, was applied [29]. M-statistics were used to calculate p-values
and to establish signal cutoffs for determining antibody positivity using the following analysis
parameters: signals above background threshold of 500MFI and signal difference between two
signals>200MFI. Using a non-informative prior distribution of prevalence and acknowledging
a binomial sampling scheme (Bayesian estimator) [29], the prevalence of an autoantigen was
calculated p̂¼ ðcount þ 1Þ=ðnþ 2Þ.

In the second cohort, signals were log10-transformed to approximate a normal distribution.
Mixed models were used to compare cases and controls, accounting for the matched design as
fixed effect and triplicate measures (see above) as random effect. In these mixed models carried
out on the 77 protein signals of the validation phase, p-values were one-sided to confirm the
directionality of relationships obtained in the previous first cohort since we had deliberately
chosen proteins with signals more elevated among cases than controls. To account for multiple
testing (i.e. 77 proteins), p-values were adjusted according to the Benjamini & Hochberg
method [30] using a false discovery rate (FDR) of 0.05. Both mixed models and FDR analysis
were performed in SPSS v22. Similar to the first cohort, M-statistics were applied in a similar
fashion to establish cut-offs and case counts as well as estimate prevalence.

The top eleven statistically significant protein targets based on mixed models in the second
cohort were then added to a recursive feature selection algorithm to assess the predictive per-
formance of distinguishing disease from healthy samples of several classification models. The
feature selection algorithm was written in the R language (http://www.R-project.org/) and rely-
ing on techniques implemented by the classification and regression training package (caret:

Fig 1. Selection of proteins associated with type 2 diabetes mellitus. T2DM = type 2 diabetes mellitus; NGR = normal glucose regulation; T1DM = type 1
diabetes mellitus; a T2DM volunteers were without the higher insulin-secretion HLA-DRB1*02 haplotype and NGR volunteers had the higher insulin-
secretion haplotype. b IAPP, HSP60, SLC30A8, PTPRN, insulin, CPE, GAD2.

doi:10.1371/journal.pone.0143551.g001
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http://caret.r-forge.r-project.org/). A naive Bayes classification technique was used throughout
the feature selection algorithm which relies on Bayesian probability and assumes independence
between predictors (i.e. protein signals). Log-transformed signals were used. Three protein sig-
nals were correlated with each other across samples and were highly correlated (Pearson
r> 0.70) with other proteins. The classification was run both with and without these correlated
proteins. These correlated proteins did not have a major impact on performance and were left
in the feature selection process. The naive Bayes method also assumes a Gaussian distribution
when making class predictions. The feature selection algorithm used a backwards selection
process with a 10-fold cross-validation sampling. The algorithm was run on all 11 protein tar-
gets, as well as random subsets of 5, 4 and 3 proteins and repeated five times with the goal to
find the subset of protein targets that can be used to distinguish healthy from disease samples
with highest accuracy. For each iteration, a naive Bayes classifier was first fitted to all the pre-
dictors (protein biomarkers). The predictors were then ranked by their individual contribution
to the classification performance by the area under the receiver operating characteristic curve.
In subsequent iterations, less important predictors dropped one at a time prior to re-fitting the
model. We chose to maximize the sum of the sensitivity metric (percentage of true positives)
plus the specificity (percentage of true negatives) to assess overall classifier performance and
optimal model selection.

Results
Of 9480 proteins screened, 197 proteins met all of initial selection criteria: p-value<0.05, nega-
tive control signal<10,000 RFU, signal>500 RFU, and signal ratio of cases to controls greater
than 1.5 (Fig 1). Of these 197 proteins, 51 proteins had signal ratio of cases to controls�2.5. Of
those with average signal ratio 1.5–2.5 (146 proteins), we selected 22 additional proteins based
on biological importance to obesity or diabetes mellitus. In the second cohort, T2DM subjects
had significantly higher BMI than those with normal glucose regulation (41kg/m2 vs. 33 kg/m2,
p<0.001) (Table 1).

Table 1. Subject characteristics.

First cohort (unmatched) Second cohort (matched)a

Characteristic T2DMb (n = 7) NGRc (n = 11) p-valued T2DMb (n = 45) NGRc (n = 45) p-valuee

Age, years (range) 34±8 (23–46) 31±8 (21–45) 0.50 34 ± 11 (18–64) 34 ± 11 (18–63) 0.06

Male sex (%) 7 (100) 11 (100) - 23 (51) 23 (51) -

Plasma storage, years
(range)

18.2 ± 2.3 (15.4–21.0) 17.6 ± 2.4 (13.0–21.2) 0.60 16.9 ±3.8 (7.7–22.1) 16.7 ± 4.0 (8.2–22.4) 0.32

BMI, kg/m2 (range) 37 ± 5 (30–42) 36 ± 8 (20–51) 0.74 41 ± 8 (27–60) 33 ± 7 (20–49) <0.001

Height, cm (range) 170 ± 4 (166–176) 171 ± 6 (158–179) 0.92 167 ± 8 (153–191) 166 ± 7 (151–181) 0.07

Weight, kg (range) 108 ± 17 (82–125) 105 ± 26 (50–147) 0.81 114 ± 21 (78–165) 91 ± 23 (55–148) <0.001

Fasting plasma
glucose, mg/dl (range)

118 ± 20 (97–157) 85 ± 10 (60–96) <0.001 183 ± 69 (97–309) 90 ± 5.5 (79–99) <0.0001

2-Hour glucose, mg/dl
(range)

261 ± 28 (225–317) 106 ± 14 (88–130) <0.0001 319 ± 96 (201–552) 102 ± 18 (61–139) <0.0001

T2DM, type 2 diabetes mellitus; NGR, normal glucose regulation.
a Matched by age, sex and plasma storage time.
b Without higher insulin-secretion HLA-DRB1*02 haplotype.
c With higher insulin-secretion HLA-DRB1*02 haplotype.
d Unpaired t-test.
e Paired t-test.

doi:10.1371/journal.pone.0143551.t001
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In the second cohort (Table 2 and S1 Table), 11 of the 77 proteins (14%) were elevated in
cases vs. controls (p< 0.05 adjusted for multiple comparisons using FDR of 0.05, Table 2). The
estimated prevalence of PPARG2 autoantibodies was 17% among cases and 2% among controls
(Table 2). Estimated autoantibody prevalence among cases was highest for TAL and MRPS7
(79% and 40%, respectively; Table 2). PPARG2 and UBE2M had the lowest adjusted p-values
(p = 0.023, Table 2, Fig 2). Of the 77 proteins, PPARG2 and RGS17 had the second to the high-
est case-to-control signal ratios (1.7) (Table 2, Fig 2).

Signals for PPARG2 and UBE2M for T2DM and NGR subjects in the second cohort are
shown in Fig 3A. The area under the receiver operating characteristic curve (AUC) for
PPARG2 and UBE2M were 0.65 (p = 0.001) and 0.63 (p = 0.007), respectively (Fig 3B).

Individually, PPARG2 had sensitivity 0.42, specificity 0.78, accuracy 0.60, and AUC 0.65
(95% CI 0.54–0.76) (Table 3), UBE2M had similar specificity (0.82), accuracy (0.58) and AUC
(0.63, 95% CI 0.52–0.75) but lower sensitivity (0.33) (Table 3). A combination classifier involv-
ing both PPARG2 and UBE2M had a higher sensitivity (0.51), specificity (0.82), accuracy
(0.67) and AUC (0.70, 95% CI 0.59–0.81) than either of them individually (Table 3). A model
involving all 11 statistically significant proteins (Table 2) had sensitivity 0.73, specificity 0.80,
accuracy 0.77, AUC 0.83 (p = 3.4x10-8, 95% CI 0.74–0.91) (Fig 3C and Table 3).

In mixed models further adjusting for BMI which evaluated the 11 statistically significant
proteins, adjusted p-values for UBE2M, LOC284912, PFDN2 and OSBPL11were 0.019, 0.021,
0.021, and 0.049, respectively, whereas the remaining seven proteins (PPARG2, TAL, TEAD4,
RGS17, MRPS7, CBS, and MAP2K3) were not statistically significant (p>0.05).

Signals for T1DM associated autoantigens (IAPP, HSP60, SLC30A8, PTPRN, CPE, GAD2,
insulin) were not significantly elevated among cases compared with matched controls
(p>0.05). IAPP case-to-control signal ratio was greatest among all 77 proteins though the dif-
ference was not statistically significant (ratio 1.8, p = 0.16; Fig 2). IAPP was also among the ini-
tial 9480 proteins tested in the first cohort but did not have elevated case to control signal ratio
(1.0) and was not statistically significant (p = 0.64).

Discussion
Using a protein microarray containing 9480 human proteins, we found 197 autoantibodies to
proteins which were significantly elevated in Pima Indian men with T2DM and lower insulin-

Table 2. Eleven statistically significant proteins with false discovery rate adjusted p-value<0.05 and case to control signal ratio >1.0 in validation
cohort.

Protein Database ID 1st Cohort 2nd Cohort—Validation

p-value Signal ratio Beta SE FDR adjusted p-value Signal ratio Case prev Control prev

PPARG2 NM_015869.2 0.047 1.8 -0.147 0.044 0.023 1.7 17% 2%

UBE2M BC058924.1 0.043 2.9 -0.118 0.036 0.023 1.4 26% 6%

TAL BC018847.1 0.001 1.8 -0.118 0.039 0.032 1.3 79% 55%

LOC284912 BC001801.1 0.011 3.0 -0.092 0.032 0.032 1.4 13% 2%

TEAD4 NM_201443.1 0.043 2.9 -0.109 0.038 0.032 1.4 13% 2%

RGS17 NM_012419.3 0.043 2.6 -0.143 0.051 0.032 1.7 34% 15%

PFDN2 NM_012394.2 0.039 4.3 -0.112 0.041 0.032 1.6 19% 6%

MRPS7 NM_015971.2 0.047 3.4 -0.095 0.036 0.034 1.2 40% 26%

OSBPL11 NM_022776.3 0.047 2.0 -0.103 0.039 0.034 1.4 15% 2%

CBS NM_000071.1 0.039 1.7 -0.101 0.039 0.034 1.4 9% 2%

MAP2K3-B NM_145109.1 0.043 1.8 -0.125 0.048 0.034 1.5 19% 6%

Beta coefficient for group comparisons expressed as a multiplier (i.e. log value). SE, standard error; FDR, false discovery rate; prev, prevalence.

doi:10.1371/journal.pone.0143551.t002
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secretion HLA background compared with those with normal glucose regulation and the
higher insulin-secretion HLA background. We then selected 77 proteins for confirmation in a
second cohort matched for age, sex and storage time. Eleven autoantibodies were significantly
elevated in cases versus controls in the second cohort, including proteins in which genetic poly-
morphisms had been associated with diabetes or obesity in Pima Indians (anti-PPARG2 and
anti-MAP2K3, respectively).

We identified the presence of PPARG2 antibodies among case patients with T2DM and the
lower insulin-secretion HLA background. It has been proposed that progression from innate to
adaptive immune response in obesity and T2DM occurs through release of cryptic antigens
through adipocyte cell death induced by innate inflammation in response to fatty acids [8].
Since PPARG2 is highly localized to adipose tissue [31], PPARG2 is a promising candidate for
such an autoantigen. Expression of PPARG may be directly involved in the leptin-induced adi-
pocyte apoptosis signaling [32, 33]. In the Pima Indian population, a Pro12Ala functional vari-
ant is associated with several metabolic predictors of T2DM including whole-body and hepatic
insulin action and mean fasting plasma insulin [34]. PPARG is a nuclear receptor which serves
as a key regulator of adipogenesis. Genetic mutations or polymorphisms and altered signaling
or expression of PPARG has been associated with decreased insulin action, obesity, dyslipide-
mia, as well as cardiovascular disease and cancer [31]. The thiazolidinediones, a drug class used
to treat T2DM by improving insulin action on liver, adipose and muscle, are synthetic ligands
which activate PPARs with highest specificity for PPARG.

Fig 2. Volcano plot of 77 proteins. FDR = False Discovery Rate. Lower p-values are towards the top. The statistically significant p-values are above the
line. The proteins which have higher case-to-control signal ratios are further towards the right.

doi:10.1371/journal.pone.0143551.g002
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Fig 3. PPARG2, UBE2M, and 11-protein classifier. (A) Relative signals of PPARG2 and UBE2M. (B) Receiver operating characteristic (ROC) analysis
representing the accuracy (AUC) of PPARG2 and UBE2M. (C) ROC analysis of 11 statistically significant proteins.

doi:10.1371/journal.pone.0143551.g003
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Antibodies to MAP2K3-B were also significantly associated with cases in our study. Adipo-
genesis is regulated by MAP kinase signaling cascades such as the p38 MAP kinase pathway.
MAP2K3 functions as a specific upstream activator of p38 isoforms [35]. Moreover, overex-
pression of MAP2K3 leads to modest increase in KLF9 which serves as a key pro-adipogenic
transcription factor through regulation of PPARG2 expression [35, 36]. Polymorphisms in
MAP2K3 have previously been found to be associated with BMI in both Caucasians and Amer-
ican Indians [35]. Since MAP2K3 expression levels in adipose tissue were also positively corre-
lated with BMI [35], MAP2K3-B release after adipocyte death could also lead to loss of self-
tolerance to this autoantigen, increased adaptive immune response (abnormal B cell activa-
tion), and subsequent decreased insulin action [4, 8]. Moreover, associations with MAP2K3
and PPARG2 antibodies were attenuated after adjustment for BMI, supporting a hypothesis
that obesity itself (with or without diabetes) may produce an adaptive immune response.

In addition to MAP2K3-B and PPARG2, autoantibodies to OSBPL11, CBS and TAL were
also associated with cases and may be relevant to the pathophysiology of T2DM or obesity.
OSBPL11 belongs to a group of intracellular lipid receptors and polymorphisms have been
associated with T2DM in humans and components of the metabolic syndrome [37]. Hepatic
CBS, an enzyme involved in homocysteine metabolism, has been found to be elevated in a dia-
betic rat model [38]. TAL is involved in the pentose phosphate pathway of carbohydrate
metabolism which provides an alternative pathway for glucose oxidation [39].

We also identified antibodies to UBE2M. Through modification of proteins with ubiquitin,
UBE2M plays an essential role within the ubiquitin-proteasome system which is responsible
for targeting abnormal or short-lived proteins for degradation and may also have a role in
T2DM [40, 41]. For example, defective protein degradation in beta cells of T2DM, mediated in
part by abnormally folded human IAPP may compromise beta cell viability [42]. There is also
evidence for the role of proteasome dysregulation in microvascular complications of T2DM
[43].

To our knowledge, PFDN2 has not been previously associated with T2DM. PFDN2 is one
of the subunits of prefoldin, a molecular chaperone which facilitates proper protein folding
through binding to newly unfolded proteins or through preventing protein aggregation. There
is evidence that prefoldin prevents formation of pathogenic Huntington protein aggregates
[44]. Moreover, knockdown of PFDN2 caused accumulation of ubiquitinated aggregated α-
synuclein, a protein involved mechanistically in the pathogenesis of Parkinson’s disease
through protein misfolding, formation of abnormal oligomers, amyloid fibrils and Lewy bodies
[45]. Similar to Huntington’s and Parkinson’s diseases, T2DM is a disease involving protein
aggregation with amyloid features. In T2DM, IAPP oligomers are suspected to be toxic to beta-
cells and lead to formation of fibrils and pancreatic amyloid [46]. The identification of PFDN2
autoantibodies in our patients and the known biology of prefoldin from other diseases may
indicate a role for prefoldin in T2DM which could be explored through functional studies.
Antibodies to other proteins, including LOC284912, TEAD4, RGS17, and MRPS7, were also

Table 3. Sensitivity and specificity of PPARG2, UBE2M, and 11-protein classifier.

Protein Sensitivity Specificity Accuracy AUC (95% CI) p-value

PPARG2 0.42 0.78 0.60 0.65 (0.54–0.76) 0.001

UBE2M 0.33 0.82 0.58 0.63 (0.52–0.75) 0.007

PPARG2 and UBE2M 0.51 0.82 0.67 0.70 (0.59–0.81) 0.0002

11 protein classifier 0.73 0.80 0.77 0.83 (0.74–0.91) 3.4x10-8

AUC, area under the curve; CI, confidence interval.

doi:10.1371/journal.pone.0143551.t003
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identified by our study; to our knowledge, the roles of these proteins in T2DM are uncertain
and may present opportunities for exploration.

Two different assays were used in our study, supporting that these results are not an assay
specific artifact. Moreover, the recombinant proteins used in our assays were expressed in
insect cells via baculovirus infection which have several characteristics that are usually advanta-
geous, including being frequently soluble, post-translationally modified, correctly folded, and
active [29]. Recently, antibodies to IAPP oligomers were detected in a small number of patients
with T2DM [47]. Although the signal ratio for IAPP was high at 1.8, the difference was not sig-
nificant. Due to the type of assay used, the presence of oligomer antibodies was not evaluated.

Although M-statistics may not be universally agreed upon as an estimator of prevalence,
our main findings were confirmed through mixed models which accounted for the paired
design and samples run in triplicate. The use of M-statistics has been used successfully to iden-
tify autoantigens in other diseases including T1DM [2]. M-statistics allowed us to define a cut-
off for the presence or absence of autoantibody in a particular patient sample and estimate the
prevalence of the autoantibody, an important estimate for planning further studies [29].
Although prevalence estimates for several significant proteins in this study were lower than
other T1DM autoantibodies, such as GAD2 with a prevalence of about 80% in new-onset
T1DM [2, 48], clinically important indicators of disease progression need not have high preva-
lence. For example, receptor tyrosine kinase Her2 is found in approximately 25% of all breast
cancers and is clinically important as an indicator of disease progression and guides therapeutic
options [49].

Our study has limitations. The major limitation is that in both cohorts, participants differed
by both diabetes status and theHLA-DRB1�02 haplotype associated with higher insulin secre-
tion [18]. This means that we cannot distinguish whether the antibody associations are due to
T2DMmore broadly, the decreased insulin-secretion HLA background, or a combination of
the two. However, it is important to note that the HLA background was found to be associated
with decreased insulin secretion within the Pima Indian population [18]. Impaired insulin
secretion is critical in the pathogenesis of T2DM and reduced insulin secretion is a risk factor
for T2DM even when subjects have normal glucose regulation [3, 50]. Thus if these autoanti-
bodies are associated with the HLA background itself rather than T2DM, then it may indicate a
role for these autoantibodies in decreased beta cell function via a reduction in insulin secretion
and may suggest a role for these autoantibodies in a pre-diabetic stage. In the next phase, we
will investigate whether these 11 statistically significant autoantibodies are associated with
T2DM independent of the HLA background. The other major limitation is that this study was
performed in a population with a high risk of diabetes, and although the pathophysiology of
the development of diabetes in Pima Indians mirrors those of other populations, the autoanti-
bodies described may be unique to this population.

In summary, by initial screening of 9480 proteins followed by a confirmatory study, we
identified the presence of 11 novel autoantibodies which were associated with phenotypic
T2DM and a specific HLA genotype associated with insulin secretion. While further studies
are needed to confirm and distinguish whether these antibodies are associated with decreased
insulin secretion via the HLA background, T2DMmore broadly, or a combination of both, this
study may aid the search for autoantibody biomarkers by identifying a potential list of protein
targets.

Supporting Information
S1 Table. Sixty-six proteins with false discover rate adjusted p-value>0.05 or case to con-
trol ratio�1.0 in validation cohort. Proteins in bold refer to type 1 diabetes mellitus

Autoantibodies in Type 2 Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0143551 November 25, 2015 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143551.s001


associated autoantigens. FDR, false discovery rate.
(DOCX)

Acknowledgments
We thank the participants and the staff of the Phoenix Epidemiology and Clinical Research
Branch, NIDDK, NIH, Department of Health and Human Services, Phoenix, AZ.

Author Contributions
Conceived and designed the experiments: PP RLHWCKMGH CB JK. Performed the experi-
ments: GT. Analyzed the data: DCC PP RLHWCK JB MGH CB JK. Contributed reagents/
materials/analysis tools: GTWCK CB JK. Wrote the paper: DCC PPWCK JB MGH CB JK.

References
1. Roep BO, PeakmanM. Antigen targets of type 1 diabetes autoimmunity. Cold Spring Harb Perspect

Med. 2012; 2(4):a007781. doi: 10.1101/cshperspect.a007781;a007781 [pii]. PMID: 22474615

2. Koo BK, Chae S, Kim KM, Kang MJ, Kim EG, Kwak SH, et al. Identification of novel autoantibodies in
type 1 diabetic patients using a high-density protein microarray. Diabetes. 2014; 63(9):3022–32. doi:
db13-1566 [pii]; doi: 10.2337/db13-1566 PMID: 24947363

3. Weyer C, Bogardus C, Mott DM, Pratley RE. The natural history of insulin secretory dysfunction and
insulin resistance in the pathogenesis of type 2 diabetes mellitus. J Clin Invest. 1999; 104(6):787–94.
doi: 10.1172/JCI7231 PMID: 10491414

4. Winer DA, Winer S, Shen L, Wadia PP, Yantha J, Paltser G, et al. B cells promote insulin resistance
through modulation of T cells and production of pathogenic IgG antibodies. Nat Med. 2011; 17(5):610–
7. doi: nm.2353 [pii]; doi: 10.1038/nm.2353 PMID: 21499269

5. Winer S, Chan Y, Paltser G, Truong D, Tsui H, Bahrami J, et al. Normalization of obesity-associated
insulin resistance through immunotherapy. Nat Med. 2009; 15(8):921–9. doi: nm.2001 [pii]; doi: 10.
1038/nm.2001 PMID: 19633657

6. Odegaard JI, Chawla A. Connecting type 1 and type 2 diabetes through innate immunity. Cold Spring
Harb Perspect Med. 2012; 2(3):a007724. doi: 10.1101/cshperspect.a007724;a007724 [pii]. PMID:
22393536

7. Lindsay RS, Krakoff J, Hanson RL, Bennett PH, Knowler WC. Gamma globulin levels predict type 2 dia-
betes in the Pima Indian population. Diabetes. 2001; 50(7):1598–603. PMID: 11423481

8. Velloso LA, Eizirik DL, Cnop M. Type 2 diabetes mellitus—an autoimmune disease? Nat Rev Endocri-
nol. 2013; 9(12):750–5. doi: nrendo.2013.131 [pii]; doi: 10.1038/nrendo.2013.131 PMID: 23835371

9. Brooks-Worrell B, Narla R, Palmer JP. Islet autoimmunity in phenotypic type 2 diabetes patients. Diabe-
tes Obes Metab. 2013; 15 Suppl 3:137–40. doi: 10.1111/dom.12167 PMID: 24003930

10. Brooks-Worrell BM, Reichow JL, Goel A, Ismail H, Palmer JP. Identification of autoantibody-negative
autoimmune type 2 diabetic patients. Diabetes Care. 2011; 34(1):168–73. doi: dc10-0579 [pii]; doi: 10.
2337/dc10-0579 PMID: 20855551

11. Brooks-Worrell BM, Iyer D, Coraza I, Hampe CS, Nalini R, Ozer K, et al. Islet-specific T-cell responses
and proinflammatory monocytes define subtypes of autoantibody-negative ketosis-prone diabetes. Dia-
betes Care. 2013; 36(12):4098–103. doi: dc12-2328 [pii]; doi: 10.2337/dc12-2328 PMID: 24130366

12. Brooks-Worrell BM, Palmer JP. Attenuation of islet-specific T cell responses is associated with C-pep-
tide improvement in autoimmune type 2 diabetes patients. Clin Exp Immunol. 2013; 171(2):164–70.
doi: 10.1111/cei.12012 PMID: 23286943

13. Goel A, Chiu H, Felton J, Palmer JP, Brooks-Worrell B. T-cell responses to islet antigens improves
detection of autoimmune diabetes and identifies patients with more severe beta-cell lesions in pheno-
typic type 2 diabetes. Diabetes. 2007; 56(8):2110–5. doi: db06-0552 [pii]; doi: 10.2337/db06-0552
PMID: 17473222

14. Hempel P, Karczewski P, Kohnert KD, Raabe J, Lemke B, Kunze R, et al. Sera from patients with type
2 diabetes contain agonistic autoantibodies against G protein-coupled receptors. Scand J Immunol.
2009; 70(2):159–60. doi: SJI2280 [pii]; doi: 10.1111/j.1365-3083.2009.02280.x PMID: 19630922

15. Zimering MB, Pan Z. Autoantibodies in type 2 diabetes induce stress fiber formation and apoptosis in
endothelial cells. J Clin Endocrinol Metab. 2009; 94(6):2171–7. doi: jc.2008-2354 [pii]; doi: 10.1210/jc.
2008-2354 PMID: 19293267

Autoantibodies in Type 2 Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0143551 November 25, 2015 12 / 14

http://dx.doi.org/10.1101/cshperspect.a007781
http://www.ncbi.nlm.nih.gov/pubmed/22474615
http://dx.doi.org/10.2337/db13-1566
http://www.ncbi.nlm.nih.gov/pubmed/24947363
http://dx.doi.org/10.1172/JCI7231
http://www.ncbi.nlm.nih.gov/pubmed/10491414
http://dx.doi.org/10.1038/nm.2353
http://www.ncbi.nlm.nih.gov/pubmed/21499269
http://dx.doi.org/10.1038/nm.2001
http://dx.doi.org/10.1038/nm.2001
http://www.ncbi.nlm.nih.gov/pubmed/19633657
http://dx.doi.org/10.1101/cshperspect.a007724
http://www.ncbi.nlm.nih.gov/pubmed/22393536
http://www.ncbi.nlm.nih.gov/pubmed/11423481
http://dx.doi.org/10.1038/nrendo.2013.131
http://www.ncbi.nlm.nih.gov/pubmed/23835371
http://dx.doi.org/10.1111/dom.12167
http://www.ncbi.nlm.nih.gov/pubmed/24003930
http://dx.doi.org/10.2337/dc10-0579
http://dx.doi.org/10.2337/dc10-0579
http://www.ncbi.nlm.nih.gov/pubmed/20855551
http://dx.doi.org/10.2337/dc12-2328
http://www.ncbi.nlm.nih.gov/pubmed/24130366
http://dx.doi.org/10.1111/cei.12012
http://www.ncbi.nlm.nih.gov/pubmed/23286943
http://dx.doi.org/10.2337/db06-0552
http://www.ncbi.nlm.nih.gov/pubmed/17473222
http://dx.doi.org/10.1111/j.1365-3083.2009.02280.x
http://www.ncbi.nlm.nih.gov/pubmed/19630922
http://dx.doi.org/10.1210/jc.2008-2354
http://dx.doi.org/10.1210/jc.2008-2354
http://www.ncbi.nlm.nih.gov/pubmed/19293267


16. Fosgerau K, Galle P, Hansen T, Albrechtsen A, Rieper CL, Pedersen BK, et al. Interleukin-6 autoanti-
bodies are involved in the pathogenesis of a subset of type 2 diabetes. J Endocrinol. 2010; 204(3):265–
73. doi: JOE-09-0413 [pii]; doi: 10.1677/JOE-09-0413 PMID: 20016056

17. Tsai S, Santamaria P. MHC Class II Polymorphisms, Autoreactive T-Cells, and Autoimmunity. Front
Immunol. 2013; 4:321. doi: 10.3389/fimmu.2013.00321 PMID: 24133494

18. Williams RC, Muller YL, Hanson RL, Knowler WC, Mason CC, Bian L, et al. HLA-DRB1 reduces the
risk of type 2 diabetes mellitus by increased insulin secretion. Diabetologia. 2011; 54(7):1684–92. doi:
10.1007/s00125-011-2122-8 PMID: 21484216

19. Knowler WC, Bennett PH, Bottazzo GF, Doniach D. Islet cell antibodies and diabetes mellitus in Pima
Indians. Diabetologia. 1979; 17(3):161–4. PMID: 389722

20. Hudson ME, Pozdnyakova I, Haines K, Mor G, Snyder M. Identification of differentially expressed pro-
teins in ovarian cancer using high-density protein microarrays. Proc Natl Acad Sci U S A. 2007; 104
(44):17494–9. doi: 0708572104 [pii]; doi: 10.1073/pnas.0708572104 PMID: 17954908

21. Lalive PH, Menge T, Barman I, Cree BA, Genain CP. Identification of new serum autoantibodies in neu-
romyelitis optica using protein microarrays. Neurology. 2006; 67(1):176–7. doi: 67/1/176 [pii]; doi: 10.
1212/01.wnl.0000223346.09426.34 PMID: 16832107

22. Hu S, Vissink A, Arellano M, Roozendaal C, Zhou H, Kallenberg CG, et al. Identification of autoantibody
biomarkers for primary Sjogren's syndrome using protein microarrays. Proteomics. 2011; 11(8):1499–
507. doi: 10.1002/pmic.201000206 PMID: 21413148

23. Auger I, Balandraud N, Rak J, Lambert N, Martin M, Roudier J. New autoantigens in rheumatoid arthritis
(RA): screening 8268 protein arrays with sera from patients with RA. Ann Rheum Dis. 2009; 68(4):591–
4. doi: ard.2008.096917 [pii]; doi: 10.1136/ard.2008.096917 PMID: 18957483

24. Han S, Donelan W, Wang H, ReevesW, Yang LJ. Novel autoantigens in type 1 diabetes. Am J Transl
Res. 2013; 5(4):379–92. PMID: 23724162

25. Vozarova B, Weyer C, Lindsay RS, Pratley RE, Bogardus C, Tataranni PA. High white blood cell count
is associated with a worsening of insulin sensitivity and predicts the development of type 2 diabetes.
Diabetes. 2002; 51(2):455–61. PMID: 11812755

26. Genuth S, Alberti KG, Bennett P, Buse J, Defronzo R, Kahn R, et al. Follow-up report on the diagnosis
of diabetes mellitus. Diabetes Care. 2003; 26(11):3160–7. PMID: 14578255

27. Knowler WC, Bennett PH, Hamman RF, Miller M. Diabetes incidence and prevalence in Pima Indians:
a 19-fold greater incidence than in Rochester, Minnesota. Am J Epidemiol. 1978; 108(6):497–505.
PMID: 736028

28. Sboner A, Karpikov A, Chen G, Smith M, Mattoon D, Freeman-Cook L, et al. Robust-linear-model nor-
malization to reduce technical variability in functional protein microarrays. J Proteome Res. 2009; 8
(12):5451–64. doi: 10.1021/pr900412k PMID: 19817483

29. Predki PF. Functional protein microarrays in drug discovery. 8 ed. Boca Raton: CRC Press; 2007
2007.

30. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to
multiple testing. Journal of the Royal Statistical Society Series. 1995; B57:289–300.

31. Aprile M, Ambrosio MR, D'Esposito V, Beguinot F, Formisano P, Costa V, et al. PPARG in Human Adi-
pogenesis: Differential Contribution of Canonical Transcripts and Dominant Negative Isoforms. PPAR
Res. 2014; 2014:537865. doi: 10.1155/2014/537865 PMID: 24790595

32. Qian H, Hausman GJ, Compton MM, Azain MJ, Hartzell DL, Baile CA. Leptin regulation of peroxisome
proliferator-activated receptor-gamma, tumor necrosis factor, and uncoupling protein-2 expression in
adipose tissues. Biochem Biophys Res Commun. 1998; 246(3):660–7. doi: S0006-291X(98)98680-6
[pii]; doi: 10.1006/bbrc.1998.8680 PMID: 9618269

33. Zhang Y, Huang C. Targeting adipocyte apoptosis: a novel strategy for obesity therapy. Biochem Bio-
phys Res Commun. 2012; 417(1):1–4. doi: S0006-291X(11)02199-1 [pii]; doi: 10.1016/j.bbrc.2011.11.
158 PMID: 22172945

34. Muller YL, Bogardus C, Beamer BA, Shuldiner AR, Baier LJ. A functional variant in the peroxisome pro-
liferator-activated receptor gamma2 promoter is associated with predictors of obesity and type 2 diabe-
tes in Pima Indians. Diabetes. 2003; 52(7):1864–71. PMID: 12829658

35. Bian L, Traurig M, Hanson RL, Marinelarena A, Kobes S, Muller YL, et al. MAP2K3 is associated with
body mass index in American Indians and Caucasians and may mediate hypothalamic inflammation.
HumMol Genet. 2013; 22(21):4438–49. doi: ddt291 [pii]; doi: 10.1093/hmg/ddt291 PMID: 23825110

36. Pei H, Yao Y, Yang Y, Liao K, Wu JR. Kruppel-like factor KLF9 regulates PPARgamma transactivation
at the middle stage of adipogenesis. Cell Death Differ. 2011; 18(2):315–27. doi: cdd2010100 [pii]; doi:
10.1038/cdd.2010.100 PMID: 20725087

Autoantibodies in Type 2 Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0143551 November 25, 2015 13 / 14

http://dx.doi.org/10.1677/JOE-09-0413
http://www.ncbi.nlm.nih.gov/pubmed/20016056
http://dx.doi.org/10.3389/fimmu.2013.00321
http://www.ncbi.nlm.nih.gov/pubmed/24133494
http://dx.doi.org/10.1007/s00125-011-2122-8
http://www.ncbi.nlm.nih.gov/pubmed/21484216
http://www.ncbi.nlm.nih.gov/pubmed/389722
http://dx.doi.org/10.1073/pnas.0708572104
http://www.ncbi.nlm.nih.gov/pubmed/17954908
http://dx.doi.org/10.1212/01.wnl.0000223346.09426.34
http://dx.doi.org/10.1212/01.wnl.0000223346.09426.34
http://www.ncbi.nlm.nih.gov/pubmed/16832107
http://dx.doi.org/10.1002/pmic.201000206
http://www.ncbi.nlm.nih.gov/pubmed/21413148
http://dx.doi.org/10.1136/ard.2008.096917
http://www.ncbi.nlm.nih.gov/pubmed/18957483
http://www.ncbi.nlm.nih.gov/pubmed/23724162
http://www.ncbi.nlm.nih.gov/pubmed/11812755
http://www.ncbi.nlm.nih.gov/pubmed/14578255
http://www.ncbi.nlm.nih.gov/pubmed/736028
http://dx.doi.org/10.1021/pr900412k
http://www.ncbi.nlm.nih.gov/pubmed/19817483
http://dx.doi.org/10.1155/2014/537865
http://www.ncbi.nlm.nih.gov/pubmed/24790595
http://dx.doi.org/10.1006/bbrc.1998.8680
http://www.ncbi.nlm.nih.gov/pubmed/9618269
http://dx.doi.org/10.1016/j.bbrc.2011.11.158
http://dx.doi.org/10.1016/j.bbrc.2011.11.158
http://www.ncbi.nlm.nih.gov/pubmed/22172945
http://www.ncbi.nlm.nih.gov/pubmed/12829658
http://dx.doi.org/10.1093/hmg/ddt291
http://www.ncbi.nlm.nih.gov/pubmed/23825110
http://dx.doi.org/10.1038/cdd.2010.100
http://www.ncbi.nlm.nih.gov/pubmed/20725087


37. Bouchard L, Faucher G, Tchernof A, Deshaies Y, Marceau S, Lescelleur O, et al. Association of
OSBPL11 gene polymorphisms with cardiovascular disease risk factors in obesity. Obesity (Silver
Spring). 2009; 17(7):1466–72. doi: oby200971 [pii]; doi: 10.1038/oby.2009.71

38. Williams KT, Schalinske KL. Tissue-specific alterations of methyl group metabolism with DNA hyper-
methylation in the Zucker (type 2) diabetic fatty rat. Diabetes Metab Res Rev. 2012; 28(2):123–31. doi:
10.1002/dmrr.1281 PMID: 21818837

39. Wamelink MM, Struys EA, Jakobs C. The biochemistry, metabolism and inherited defects of the pen-
tose phosphate pathway: a review. J Inherit Metab Dis. 2008; 31(6):703–17. doi: 10.1007/s10545-008-
1015-6 PMID: 18987987

40. Jaisson S, Gillery P. Impaired proteostasis: role in the pathogenesis of diabetes mellitus. Diabetologia.
2014; 57(8):1517–27. doi: 10.1007/s00125-014-3257-1 PMID: 24816368

41. Hartley T, Brumell J, Volchuk A. Emerging roles for the ubiquitin-proteasome system and autophagy in
pancreatic beta-cells. Am J Physiol Endocrinol Metab. 2009; 296(1):E1–10. doi: 90538.2008 [pii]; doi:
10.1152/ajpendo.90538.2008 PMID: 18812463

42. Costes S, Huang CJ, Gurlo T, Daval M, Matveyenko AV, Rizza RA, et al. beta-cell dysfunctional ERAD/
ubiquitin/proteasome system in type 2 diabetes mediated by islet amyloid polypeptide-induced UCH-L1
deficiency. Diabetes. 2011; 60(1):227–38. doi: db10-0522 [pii]; doi: 10.2337/db10-0522 PMID:
20980462

43. Aghdam SY, Gurel Z, Ghaffarieh A, Sorenson CM, Sheibani N. High glucose and diabetes modulate
cellular proteasome function: Implications in the pathogenesis of diabetes complications. Biochem Bio-
phys Res Commun. 2013; 432(2):339–44. doi: S0006-291X(13)00191-5 [pii]; doi: 10.1016/j.bbrc.2013.
01.101 PMID: 23391566

44. Takano M, Tashiro E, Kitamura A, Maita H, Iguchi-Ariga SM, Kinjo M, et al. Prefoldin prevents aggrega-
tion of alpha-synuclein. Brain Res. 2014; 1542:186–94. PMID: 24511594

45. Tashiro E, Zako T, Muto H, Itoo Y, Sorgjerd K, Terada N, et al. Prefoldin protects neuronal cells from
polyglutamine toxicity by preventing aggregation formation. J Biol Chem. 2013; 288(27):19958–72. doi:
M113.477984 [pii]; doi: 10.1074/jbc.M113.477984 PMID: 23720755

46. Gupta D, Leahy JL. Islet amyloid and type 2 diabetes: overproduction or inadequate clearance and
detoxification? J Clin Invest. 2014; 124(8):3292–4. doi: 77506 [pii]; doi: 10.1172/JCI77506 PMID:
25036704

47. Bram Y, Frydman-Marom A, Yanai I, Gilead S, Shaltiel-Karyo R, Amdursky N, et al. Apoptosis induced
by islet amyloid polypeptide soluble oligomers is neutralized by diabetes-associated specific antibod-
ies. Sci Rep. 2014; 4:4267. doi: srep04267 [pii]; doi: 10.1038/srep04267 PMID: 24589570

48. Arvan P, Pietropaolo M, Ostrov D, Rhodes CJ. Islet autoantigens: structure, function, localization, and
regulation. Cold Spring Harb Perspect Med. 2012; 2(8). doi: cshperspect.a007658 [pii]; doi: 10.1101/
cshperspect.a007658 PMID: 22908193

49. Ross JS, Fletcher JA, Bloom KJ, Linette GP, Stec J, SymmansWF, et al. Targeted therapy in breast
cancer: the HER-2/neu gene and protein. Mol Cell Proteomics. 2004; 3(4):379–98. doi: 10.1074/mcp.
R400001-MCP200;R400001-MCP200 [pii]. PMID: 14762215

50. Bunt JC, Krakoff J, Ortega E, Knowler WC, Bogardus C. Acute insulin response is an independent pre-
dictor of type 2 diabetes mellitus in individuals with both normal fasting and 2-h plasma glucose concen-
trations. Diabetes Metab Res Rev. 2007; 23(4):304–10. doi: 10.1002/dmrr.686 PMID: 17001619;
PubMed Central PMCID: PMC2128254.

Autoantibodies in Type 2 Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0143551 November 25, 2015 14 / 14

http://dx.doi.org/10.1038/oby.2009.71
http://dx.doi.org/10.1002/dmrr.1281
http://www.ncbi.nlm.nih.gov/pubmed/21818837
http://dx.doi.org/10.1007/s10545-008-1015-6
http://dx.doi.org/10.1007/s10545-008-1015-6
http://www.ncbi.nlm.nih.gov/pubmed/18987987
http://dx.doi.org/10.1007/s00125-014-3257-1
http://www.ncbi.nlm.nih.gov/pubmed/24816368
http://dx.doi.org/10.1152/ajpendo.90538.2008
http://www.ncbi.nlm.nih.gov/pubmed/18812463
http://dx.doi.org/10.2337/db10-0522
http://www.ncbi.nlm.nih.gov/pubmed/20980462
http://dx.doi.org/10.1016/j.bbrc.2013.01.101
http://dx.doi.org/10.1016/j.bbrc.2013.01.101
http://www.ncbi.nlm.nih.gov/pubmed/23391566
http://www.ncbi.nlm.nih.gov/pubmed/24511594
http://dx.doi.org/10.1074/jbc.M113.477984
http://www.ncbi.nlm.nih.gov/pubmed/23720755
http://dx.doi.org/10.1172/JCI77506
http://www.ncbi.nlm.nih.gov/pubmed/25036704
http://dx.doi.org/10.1038/srep04267
http://www.ncbi.nlm.nih.gov/pubmed/24589570
http://dx.doi.org/10.1101/cshperspect.a007658
http://dx.doi.org/10.1101/cshperspect.a007658
http://www.ncbi.nlm.nih.gov/pubmed/22908193
http://dx.doi.org/10.1074/mcp.R400001-MCP200
http://dx.doi.org/10.1074/mcp.R400001-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/14762215
http://dx.doi.org/10.1002/dmrr.686
http://www.ncbi.nlm.nih.gov/pubmed/17001619



