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ABSTRACT: A fundamental goal in understanding the
mechanisms of autoimmune disease is the characterization of
autoantigens that are targeted by autoreactive antibodies and T
cells. Unfortunately, the identification of autoantigens is a
difficult problem. We have begun to explore a novel route to
the discovery of autoantibody/autoantigen pairs that involves
comparative screening of combinatorial libraries of unnatural,
synthetic molecules for compounds that bind antibodies
present at much higher levels in the serum of individuals
with a given autoimmune disease than in the serum of control
individuals. We have shown that this approach can yield
“antigen surrogates” capable of capturing disease-specific
autoantibodies from serum. In this report, we demonstrate that the synthetic antigen surrogates can be used to affinity purify
the autoantibodies from serum and that these antibodies can then be used to identify their cognate autoantigen in an appropriate
tissue lysate. Specifically, we report the discovery of a peptoid able to bind autoantibodies present in about one-third of nonobese
diabetic (NOD) mice. The peptoid-binding autoantibodies were highly enriched through peptoid affinity chromatography and
employed to probe mouse pancreatic and brain lysates. This resulted in identification of murine GAD65 as the native
autoantigen. GAD65 is a known humoral autoantigen in human type 1 diabetes mellitus (T1DM), but its existence in mice had
been controversial. This study demonstrates the potential of this chemical approach for the unbiased identification of
autoantigen/autoantibody complexes.

■ INTRODUCTION

A central issue in the study of autoimmune disease is the
identification of autoantigens recognized by the humoral or
cellular adaptive immune responses. This is often a difficult
problem. Many efforts directed toward the discovery of
autoantibody−autoantigen complexes focus on mixing serum
samples from case or control individuals with some panel of
autoantigen candidates, then identifying which of these
candidates retain far more antibody from the case samples
than from the controls. These panels can be proteome arrays,1

peptide arrays, lipid arrays,2 phage-displayed cDNA libraries,3

or other collections of biomolecules formatted in a variety of
ways. Obviously, such experiments will work only if the
autoantigen is among the candidates included in the panel, and
this will not always be the case.
We have begun to explore an alternative strategy that

substitutes large numbers of synthetic, unnatural molecules for
the autoantigen candidate panel.4,5 It has long been known that
antibodies can bind selectively to ligands that are structurally
distinct from their native antigen partners, for example peptide
“mimotopes” of carbohydrate antigens.6 Our efforts are an
extension of this concept to far more chemically diverse
combinatorial libraries containing many different motifs not
found in nature. The hope is that differential screening of case
and control serum samples against such a library would result in

the identification of synthetic “antigen surrogates” that bind
disease-linked antibodies well enough to pull them out of the
serum, even though the compound could not possibly act as a
structural mimic of the bona fide autoantigen. The antigen
surrogate, or more likely an optimized derivative, could be
employed as a “capture agent” in ELISA-like assays of potential
diagnostic utility. Moreover, it might be possible to employ the
synthetic compound to affinity purify the antibodies it
recognizes which could, in turn, be mixed with an appropriate
tissue lysate to pull out the native autoantigen, providing a
“back door” route to the discovery of disease-specific
autoantigens.
We have demonstrated the feasibility of the differential

screening step in a study using serum samples obtained from
patients with neuromyelitis optica (NMO), an autoimmune
disease in which autoantibodies against aquaporin 4 (AQP4)
drive demyelination of the optic nerve. From a library of 100
000 hexameric peptoids, a compound was isolated that bound
antibodies present at much higher levels in the sera of most
NMO patients than in serum obtained from control individuals.
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It was then shown that the peptoid-binding antibodies were
indeed anti-AQP4 IgGs.4

In this study, we apply this technology to type 1 diabetes
mellitus (T1DM). T1DM is a chronic autoimmune disease
characterized by a T cell mediated immune response to
pancreatic β-cells.7,8 There is also a humoral response. Over the
past four decades, intense research efforts have uncovered a few
major islet cell antigens (ICAs) such as the 65 kDa isoform of
glutamic acid decarboxylase (GAD65);9 protein tyrosine
phosphatase, receptor type, N (PTPRN, also known as
insulinoma antigen-2 (IA-2));10−14 and zinc transporter 8
(ZnT8).15 The nonobese diabetes (NOD) mouse has been
adopted as a popular model of spontaneous diabetes.16 NOD
mice are an inbred Swiss strain that harbor mutations within an
ortholog to the human T1DM-susceptibility locus and
therefore share key pathological hallmarks with human T1DM.
We report here the isolation of a peptoid17 from a

comparative screen that binds antibodies present at much
higher levels in the serum of some NOD mice than most
control mice. Most importantly, we demonstrate that this
peptoid can be employed as an affinity reagent to enrich its
antibody binding partner from serum. When this enriched
antibody population was incubated with murine pancreatic and
brain extracts, we found that it bound to the 65 kDa isoform of
glutamic acid decarboxylase (GAD65). Interestingly, GAD65 is
a known humoral autoantigen in human T1DM patients but
was not thought to be so in NOD mice,18−22 a difference that
has led to suggestions that the NOD mouse may be an

incomplete model of human disease.20 This completely
unbiased discovery of the GAD65 autoantigen in NOD mice
demonstrates the utility of this chemical approach to
elucidating molecular aspects of autoimmune disease.

■ RESULTS AND DISCUSSION
Discovery of NOD Mouse IgG Ligand from a Small

Molecule Library. A peptoid library23,24 was subjected to
differential screening4 between case and control samples in an
attempt to discover ligands for IgG antibodies present in the
NOD mouse. Split-and-pool solid-phase synthesis method-
ology25 was employed to create a diverse one-bead one-
compound (OBOC) library of peptoids (Figure 1) comprised
of ∼1 000 000 unique compounds. The invariant linker, shown
in black in Figure 1a, was common to all library members. A
methionine unit in the linker facilitated cleavage from the resin
with CNBr postscreening. Furfuryl and propargyl groups were
included to act as functional handles for future modifications, if
desired. The aminobutyl groups (Nlys) served to enhance
ligand solubility in aqueous solutions. The variable positions,
shown in blue in Figure 1a, were synthesized by bromoacetylat-
ing the terminal amine on all beads followed by splitting the
pool of bromoacetylated beads into 14 aliquots and displace-
ment of bromide with one of the amines shown in Figure 1b.
This process was repeated until eight monomeric units had
been installed.
To identify ligands from the OBOC library that bind to

NOD mouse IgG antibodies, the library was first cleansed of

Figure 1. Library design and screening strategy for ligands to autoimmune IgG. (a) Peptoid library scaffold with the invariant region in black and the
variable positions in blue. (b) Primary amines used to install the variable region R groups via amination. The four-letter codes indicated are for the
peptoid monomer derived from the primary amine. Using 14 amines, a library with a theoretical diversity of 109 was synthesized, and 1 000 000
compounds were screened. (c) Primary screen schematic. Ligands on beads that bound to healthy control antibodies were removed via magnetic
pull-down after hybridizing with anti-IgG conjugated to magnetic DynaBeads. This pull-down of uninteresting ligands to control antibodies was
repeated. A third control screen was performed, this time visualizing hits using red quantum dots. The library, having been completely denuded of
ligands that bind to normal serum IgG, was incubated with NOD mouse serum, and hits were removed by magnetic pull down. (d) NOD mouse
“hits” from the magnetic pull-down were stripped of all bound protein with organic solvents and rescreened using a red quantum dot-conjugated
secondary antibody. Hits were removed from the library, and the bound ligand was ascertained by tandem mass spectrometry. (e) Representative
photomicrograph of a “hit” bead displaying a characteristic red halo after incubation with fluorescent secondary antibody.
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compounds that bind to antibodies abundant in the serum of
control mice. A pooled sample (100 μg mL−1 total protein) of
serum obtained from eight week-old Swiss mice was incubated
with the beads. After washing, IgG antibody-binding beads were
removed by incubation with IgG-coated iron oxide particles,
and the magnetized TentaGel beads were removed using a
strong magnet. This step was repeated again to attempt to
remove uninteresting ligands from the library to the greatest
extent possible. Indeed, because we have found that the
magnetic “pullout” protocol is not 100% efficient (Mendes et al.
in preparation), a third incubation with control serum was
conducted, but in this case, IgG-binding beads were visualized
by incubating the beads with red quantum dots (QDot655),
permitting visual inspection of the hit beads followed by
manual removal using a micropipette.26 These prescreening
steps resulted in the removal of a few thousand beads.
The remainder of the library was screened against a single

NOD mouse serum, which we called NOD18. This sample was

obtained from a mouse 8 weeks of age that was still in the
prodromal phase of the disease (hyperglycemia was not evident
until 14 weeks of age). The serum (50 μg mL−1 total protein)
was preincubated with insulin to block binding of anti-insulin
autoantibodies to the library since we were interested in the
identification of potentially novel species and anti-insulin
antibodies are well-known to be present in NOD mice.21

After incubation with 50 μg mL−1 NOD18 serum, the library
was incubated with anti-IgG-coated magnetic particles, and
beads bearing hit ligands were removed after exposure to a
strong magnet. The hits were stripped of bound proteins by
incubating with aqueous acetonitrile. The stripped beads were
then resubmitted to the screening conditions shown in Figure
1d using quantum dot-conjugated anti-IgG for visualization of
hits. Beads that displayed a red halo, such as the one depicted in
Figure 1e, were collected, stripped again, and released from the
beads using CNBr. The sequence of each hit was determined
by tandem MALDI-TOF mass spectrometry (MS). The MS

Figure 2. Binding characterization of repeat hit 1. (a) Chemical structure of resynthesized hit 1 and control compound 2. (b) Representative
fluorescence micrograph of a slide containing immobilized 1 and 2 after incubation with 125 μg mL−1 Swiss control mouse serum or autoimmune
NOD mouse serum followed by fluorescent anti-IgG hybridization. (c) Binding titration curves generated using microarray analysis on glass slides
containing 1 with varying concentrations of control or disease mouse serum. (d) Competitive binding was performed by preincubating 1 or 2 with
disease mouse serum prior to addition to the microarray slide. (e) Binding of IgG to 1 on microarray slides using serum from Swiss, NOD, and
MOG-immunized C57BL/6 mice at 125 μg mL−1 serum. (f) Binding titrations using the flow cytometry-based assay. 1 was immobilized onto 10 μm
TentaGel microspheres, and the beads were incubated with case or control serum. (g) Competitive binding of 500 μg mL−1 serum preblocked with
250 μM 1 or 2 before being added to TentaGel beads containing immobilized 1. (h) IgG binding using 500 μg mL−1 serum taken from the three
different mouse strains. Sera were incubated with 1 immobilized on 10 μm TentaGel beads to assess binding of IgG from other disease models. In all
cases, data are reported as the mean ± s.d. from three experiments. Statistical significance was determined using an unpaired t test: **P < 0.01; ***P
< 0.001; ns = not significant.
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data showed that four compounds were identified as ligands
(Supporting Information Figure S2). One of the four
compounds was isolated twice from the screen (compound 1,
Figure 2a). Since false positives are quite common in these
bead screens but “repeat hits” are generally bona fide IgG
ligands,27 we chose to focus initially on the further character-
ization of this peptoid.
Binding Characterization of 1 on Microarray. To

validate compound 1 as a NOD IgG ligand, it was resynthesized
and purified using HPLC and spotted onto a chemically
modified glass slide. Peptoid 2 (Figure 2a), with the same
residues as hit 1, but in a scrambled order, was also synthesized
and used as a control. The complete structures, including
invariant linker structure, can be found in Supporting
Information Figures S3−S5. After blocking the slide with
StartingBlock, NOD18 serum, or pooled Swiss mouse sera,
both drawn when the mice were 8 weeks old, was hybridized to
the slide in the presence of 0.5% bovine serum albumin (BSA).
After washing away unbound proteins, the slide was probed
with an Alexa Fluor 647-conjugated antimouse secondary
antibody. As shown in Figure 2b, 1 bound significantly more
IgG antibodies from NOD18 than pooled Swiss mouse serum.
The scrambled control 2 failed to capture serum antibodies
from either mouse strain. The titration curve shown in Figure
2c displays the mean fluorescence intensity (MFI) of each spot
over a range of serum concentrations. At higher concentrations
of serum, the differential binding between NOD and Swiss
mouse serum increased with a maximum differential of about 8-
fold realized at ∼125 μg mL−1.
It is sometimes the case that serum samples contain

antibodies that deposit on surfaces in an irreversible fashion,
possibly reflecting the presence of very large immune
complexes or mis-folded antibodies. Therefore, it is important
to carry out competition experiments to determine how much
of the observed signal can be competed by a soluble version of
the “capture agent”. NOD18 serum was coincubated with a
high concentration (150 μM) of soluble 1 or 2 before
hybridization to the slide. Figure 2d shows that soluble 1
reduced the amount of IgG retained by immobilized 1 by about
60%. The remaining signal was similar to that observed when
the slide was incubated with Swiss control mouse serum. The
remainder of the signal must therefore correspond to some type
of nonspecific binding of IgG’s to the surface. This reduction in
binding was not observed when soluble 2 was incubated with
the serum. We conclude that about 60% of the signal on the
array represents selective binding of serum IgG’s to peptoid 1.
To assess the selectivity of 1 as a ligand for NOD-specific

antibodies, serum from C57BL/6 mice that were immunized
with a peptide fragment of the myelin oligodendrocyte
glycoprotein (MOG(35−55)) was analyzed. This is a popular
model for multiple sclerosis.28 Figure 2e shows that 1 bound
much lower levels of IgG from MOG(35−55)-immunized
animals than from NOD mice.
Similar experiments were carried out on a different, more

convenient, analytical platform comprised of internally dye-
encoded 10 μm TentaGel beads29 to which C-terminal Cys
derivatives of peptoids 1 and 2 had been coupled to the surface
after activation with bromoacetic acid. In this case, the beads
were incubated with serum and, after washing, Alex Fluor 647-
conjugated secondary antibody. After another wash, the beads
were passed through a flow cytometer, and both the identities
of the ligand on each bead (via the color code) and the amount
of bound antibody were determined. As shown in Figure 2f−h,

selective binding of NOD antibodies to peptoid 1 was observed
on this analytical platform as well.

Peptoid 1 Facilitates Tracking NOD Antibodies over
Time. The flow assay was then employed to measure relative
levels of the antibodies that bind to peptoid 1 in several animals
over several weeks. Blood was drawn biweekly from 20 five
week old NOD, Swiss, and nonobese resistant (NOR) mice for
six months. The latter are a backcrossed NOD strain that
express diabetes-related IgG antibodies but infrequently
develop insulitis.30 Each serum sample was diluted to 500 μg
mL−1 and incubated with 1 linked to 10 μm TentaGel beads to
track the immune response over time using the flow cytometer-
based assay.29 The mean fluorescence intensity (MFI) from all
of the control Swiss mouse samples was calculated (879 ± 545
fluorescence units). By adding three standard deviations to this
number, a threshold of 2514 fluorescence intensity units was
established, above which a sample was called positive. The full
plots containing antibody titers for all mice at all blood draws
can be found in Supporting Information Figure S7. Table 1,

which summarizes these data and lists a mouse as diabetic if the
level of antibodies binding to 1 exceeded the threshold at any
time during its life, indicates that about one-third of NOD and
NOR mice and 10% of Swiss mice test positive.

Peptoid 1 Is a Ligand for Anti-GAD65 Autoantibodies.
From the data shown in Table 1, peptoid 1 would obviously be
of limited utility as a stand-alone biomarker with low sensitivity
and imperfect specificity. However, we were mainly interested
in using it as a tool to purify antibodies that bind to it by affinity
chromatography. Toward this end, 1 was immobilized on
sepharose, and a pooled sample of sera that exhibited high

Table 1. Incidence of IgG Antibody Binding to Peptoid 1
Immobilized on TentaGel Beads Determined Using a Flow
Cytometry-Based Assaya,b (60 Mice Were Tested: Swiss 1−
20, NOD 1−20, and NOR 1−20)

mouse ID Swiss NOD NOR

1
2 + +
3 +
4
5 + +
6 + +
7
8 +
9 +
10 +
11
12 +
13 +
14
15
16 + +
17 +
18
19
20 + +

aIgG binding conditions: 500 μg mL−1 serum total protein in 50 μL
PBS containing 0.5% BSA, 0.05% Tween 20 was incubated with the
beads containing immobilized 1 for 2 h at RT. b“+” indicates that the
MFI was higher than the three-sigma value of 2514 fluorescence units
for at least one blood draw during the animal’s lifetime.
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reactivity toward 1 was passed over the column. After washing,
the bound proteins were eluted using a high salt buffer. The
presence of IgG antibody was confirmed by SDS-PAGE
analysis of the eluted protein. Titration of 1 immobilized on
TentaGel beads with the original serum and the affinity-purified
material suggested that the antibody had been enriched at least
10-fold. The wash fractions contained little of the 1-binding
antibodies (Figure 3a).
Pancreas and brain tissue lysates were separated via

nonreducing SDS-PAGE. After the proteins were blotted
onto a nitrocellulose membrane, they were renatured in 0.1
M tris buffer containing 0.2% tween to attempt to refold any
conformational epitopes that were lost during SDS treatment.31

The blot was blocked with 5% fat-free milk, and the affinity-
purified IgG antibodies were hybridized to the membrane
overnight. After washing, the membrane was incubated with an
HRP-conjugated secondary antibody followed by development
with chemiluminescent substrates. Figure 3b shows that faint
bands corresponding to immune complexes at ∼50 kDa and
∼60 kDa were observed. The bands observed in the brain lysate
were much stronger than those from the pancreas lysate. This
tissue specificity was not entirely surprising given that T1DM

antigens in humans are present in the brain and pancreas.
Moreover, in mice, these antigens are sometimes better
represented in the brain than in the pancreas due to an age-
related reduction in antigen expression levels in the
pancreas.32,33

To isolate and identify this putative autoantigen, affinity-
purified IgG was incubated with nondenatured brain lysate
overnight to allow the formation of immune complexes. The
immune complexes were captured on a Protein A and Protein
G column, which was washed extensively with buffer. Laemmli
loading buffer containing 5% β-mercaptoethanol was added
directly to the Protein A/Protein G beads, heated to 95 °C for
5 min, and the supernatant was separated by SDS-PAGE.
Figure 3c shows a faint, 60 kDa band visualized after Coomassie
staining, which correlated well to the band position on the
Western blot in Figure 3b. This band was observed somewhat
more clearly in a silver stained gel shown in Figure 3d. The
Coomassie-stained band indicated in Figure 3c was excised and
digested with trypsin for proteomic analysis. The trypsin
digested fragments were separated by LC-MS analysis, and ∼50
protein hits were identified, of which 10 were specific to the
excised band and not present in a neighboring control band.

Figure 3. Native antigen identification using enriched autoantibodies. (a) Binding titration of serum and affinity-purified eluent containing enriched
peptoid-binding proteins. Antibody populations were probed against 1 immobilized onto 10 μm TentaGel microspheres. (b) Western blot analysis
of SDS-PAGE separated pancreas (membrane fraction) and whole brain lysate. After transfer to nitrocellulose, the membrane was probed with
enriched IgG, and bands were visualized via chemiluminescence. (c) Coomassie stained SDS-PAGE gel of brain proteins after the lysate was
immunoprecipitated with enriched IgG autoantibodies. The band at ∼60 kDa was excised and submitted for LC-MS and proteomic analysis. (d)
Silver stained SDS-PAGE gel of immunoprecipitated brain fraction.
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Table S1 lists the protein hits that are unique to the excised
band and are of the expected molecular weight. Of the protein
hits listed in Table S1, the 65 kDa isoform of glutamic acid
decarboxylase (GAD65) was the only T1DM-related protein
that is a T cell antigen, and thus appeared to be the most likely
candidate for the native antigen to the IgG antibody population
recognized by peptoid 1, despite the fact that previous efforts
had failed to identify GAD65 as a humoral autoantigen in NOD
mice.18−22

GAD65 Is a Specific Competitor of NOD and NOR
Antibody Binding to 1. To determine if GAD65 binds to the
antibodies that recognize peptoid 1, competition experiments
were performed in which the ability of soluble GAD65, or other
control proteins, to block binding of serum antibodies to
immobilized 1 was assessed. NOR9 mouse serum drawn at 15
weeks of age was chosen due to the robust serum antibody
binding to 1 observed in this sample. A total of 500 μg mL−1 of
NOR9 serum was preincubated with soluble insulin, GAD65, or
a control ligand 3 (Figure 4a). The blocked serum was
incubated with TentaGel beads displaying 1 for 2 h at RT. After
washing, binding was monitored by hybridizing Alexa Fluor
647-conjugated secondary antibody and quantifying fluores-
cence on a flow cytometer. Figure 4b shows that the murine

isoform of GAD65 competed ∼50% of serum IgG binding to 1.
A similar reduction in binding was observed when 500 nM 1
was used as the soluble competitor. Neither the control peptoid
3 nor insulin, when used as the soluble competitor, blocked
binding of serum antibodies to immobilized 1. Interestingly,
neither did human GAD65 (vide infra). To ensure that GAD65
did not compete antibody binding to antigen surrogates
nonspecifically, we tested the ability of GAD65 to compete
binding of serum IgG antibody to another, unrelated NOD
mouse antigen surrogate. We chose 3, which is a small molecule
found to bind specifically to NOD mouse IgG antibodies in a
separate screen of a peptoid-like oligomer library (T.M.D. in
preparation). We assessed binding of serum IgG to 3 in the
absence of a competitor, or in the presence of 500 nM insulin
or GAD65. Figure 4c shows that binding of serum IgG to 3 was
unaffected in the presence of any of the competitors, indicating
that GAD65 is a specific competitor of serum antibody binding
to 1. These results are consistent with the proteomic data,
which implicated murine GAD65 as the native antigen of the
IgG antibodies that bind to 1.
The same experiment was conducted with the Swiss mouse

serum samples that registered as false positives in analyses using
immobilized 1 (Swiss8 and Swiss10, Table 1). The question is

Figure 4. Competitive binding to 1 using GAD65 as a specific competitor. (a) Chemical structures of 1 and 3. (b) Serum from pooled Swiss or
NOR9 serum (500 μg mL−1) was incubated with 1 immobilized onto 10 μm TentaGel beads in a blocking buffer with no soluble competitor (black
bars). Binding was monitored by flow cytometry after incubating the beads with Alexa Fluor 647-conjugated secondary antibody. Competitive
binding (gray bars) to 1 was performed by preincubating 500 μg mL−1 NOR9 serum with 500 nM of either soluble 1, 3, insulin, murine GAD65
containing a GST fusion tag (mGAD65), or human GAD65 containing a GST fusion tag (hGAD65). (c) Binding to TentaGel beads containing 3
was performed by diluting pooled Swiss or NOD4 serum to 500 μg mL−1 in a blocking buffer (black bars). Competition binding to 3 (gray bars) was
performed in the presence of 500 nM insulin or mGAD65. (d) Sera from two false positive samples, Swiss8 and Swiss10, and one true positive
sample, NOD7, were diluted to 500 μg mL−1 and incubated in the presence of 500 nM 3, insulin, and murine GAD65 lacking a GST fusion tag
(GAD65) for 5 min before incubating with immobilized 1 for 2 h. Beads were probed with Alexa Fluor 647-conjugated secondary antibody, and
binding was quantified by flow cytometry. In all cases, data are reported as the mean ± s.d. from three experiments. Statistical significance was
determined using an unpaired t test: *P < 0.05; **P < 0.01; ***P < 0.001; ns = not significant.
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whether these signals represent off-target binding of 1 to non-
GAD65 antibodies. If so, we would anticipate that while most
of the signal seen from these samples is competed by soluble 1,
it would not be competed by soluble GAD65. As shown in
Figure 4d, this was indeed the case. Thus, we conclude that
Swiss mice 8 and 10 possess antibodies that bind to peptoid 1
with reasonable affinity, but that these antibodies do not
recognize GAD65.
Immobilized GAD65 Supports a Blood Test for Anti-

GAD65 Antibodies. Given that the humoral response to
GAD65 in humans is present in ∼70−80% of T1DM
patients,34−37 it was of interest to determine if this is also the
case in the mouse model. Initial attempts to do so by
immobilizing murine GAD65 onto TentaGel beads via amide
bond formation involving the protein lysines failed (Supporting
Information Figure S11). We therefore linked glutathione to 10
μm TentaGel beads activated with bromoacetic acid via
thioalkylation chemistry and then incubated them with a
GAD65-GST fusion protein in hopes of avoiding destroying
important epitopes in GAD65 during covalent cross-linking. An
illustration of the 10 μm bead architecture is shown in Figure
5a. Efficient immobilization was confirmed by probing the
beads with a monoclonal antibody to murine GAD65
(Supporting Information Figure S12). The GAD65-GST-
displaying beads were incubated with 500 μg mL−1 NOR5
and NOR9 serum followed by hybridization with an Alexa
Fluor 647-conjugated secondary antibody. IgG antibody
binding was monitored using the flow cytometer-based assay.
Figure 5b shows that GAD65-GST retained more than 7-fold
more IgG antibody from the NOR5 and NOR9 serum samples
than from pooled Swiss mouse serum. As expected, serum
antibodies from neither NOR5 nor NOR9 elicited binding to
immobilized GST protein lacking the GAD65 fusion
(Supporting Information Figure S13). Notably, little signal
above the background defined by the Swiss mouse pooled
sample was observed when serum samples from the Swiss8 and
Swiss10 mice, which gave false positive results using
immobilized 1, were incubated with the GAD65-GST-
displaying beads. Finally, when the serum was preblocked
with soluble GAD65, most of the IgG binding to immobilized
GAD65-GST was lost, while soluble insulin had only a minor

effect. We conclude that this assay faithfully monitors the levels
of anti-GAD65 antibodies in mouse serum.
Given these encouraging results, all of the Swiss and NOD

mouse sera were analyzed. The experiment was limited to
serum samples collected up to 8 weeks of age, since this is the
time frame when NOD mice first begin to express detectable
levels of insulin autoantibodies,30 and we are interested in
detecting very early immune responses. Serum was diluted to
500 μg mL−1 and combined with ∼200 10 μm TentaGel beads
displaying the GAD65-GST fusion protein. The mixture was
incubated for 2 h at RT, washed, and incubated with an Alexa
Fluor 647-conjugated secondary antibody, and binding to the
beads was monitored using a flow cytometer. Table 2
summarizes the data collected at a single serum concentration
of 500 μg mL−1 total protein, again using the Swiss mouse
average plus three standard deviations as the cutoff for calling a
sample positive. A full plot of the antibody titers can be found
in Supporting Information Figure S13. This experiment
revealed that anti-GAD65 antibodies are readily detectable in
80% of the NOD mice prior to 8 weeks, whereas none of the
Swiss mice exhibited levels above the threshold.

Estimating the Polyclonal Anti-GAD Population That
Binds 1. From the data shown above, it is clear that GAD65-
GST is much better than peptoid 1 as a capture agent in
Luminex-like assays, with superior diagnostic sensitivity and
specificity. The lower specificity of 1 reflects its propensity to
bind to off-target antibodies, as evidenced by the fact that the
IgG’s captured by 1 from the sera of Swiss mice 8 and 10 can be
blocked by soluble 1, but not soluble GAD65. However, the
reason for the lower diagnostic sensitivity (38% vs 80% for
peptoid 1 and GAD65-GST, respectively) is less clear. One
explanation would be that 1 binds only some of the antibodies
in the polyclonal spectrum that recognize GAD65. Indeed,
although we refer to 1 as an antigen surrogate, it is more likely
an epitope surrogate given its relatively small size. If there are
autoantibodies that recognize different epitopes on GAD65,
then it is unlikely that peptoid 1 could engage them all.
To test this idea, a depletion experiment was performed.

NOD mouse serum was passed over TentaGel beads displaying
immobilized 1 or, as a control, beads displaying immobilized 3.
The flow through fractions were applied to beads displaying

Figure 5. Immobilized GAD65-GST fusion protein as an anti-GAD65 IgG capture agent. (a) Schematic representation of the fusion protein-bead
architecture. Beads were covalently modified with glutathione, and GST-GAD65 was immobilized onto the glutathione-bearing beads via the GST
tag. (b) Binding of serum IgG antibodies from different mice to beads that were labeled with GAD65. Binding was performed using 500 μg mL−1

diluted into PBS containing 0.5% BSA and 0.05% Tween 20 and quantified by hybridizing with fluorescent secondary antibody. Fluorescence on the
beads was measured using a flow cytometer. Significance was assessed for each serum sample relative to the pooled Swiss mouse sample. (c)
Competition binding in which serum from NOR5 was incubated in the absence (black bars) or presence of 500 nM insulin or 500 nM GAD65
(without a GST tag, gray bars). Data reported are an average of three replicates ± s.d. Statistical significance was determined using an unpaired t test:
**P < 0.01; ***P < 0.001; ns = not significant.
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GAD65-GST, and after washing away unbound protein, the
beads were hybridized with fluorescence secondary antibody
and the amount of bound antibody was quantified using a flow
cytometer. As shown in Figure 6, the sample passed over
peptoid 3 exhibited a small decrease in GAD65 binding,
presumably due to some amount of nonspecific antibody
binding to immobilized 3. A significantly larger decline in
antibody binding resulted from depleting peptoid 1-binding
antibodies from the serum. Specifically, the signal from the 1-

depleted serum sample was approximately 60% of that observed
with the mock-depleted sample. This result supports the idea
that peptoid 1 binds only about 40% of the polyclonal spectrum
of anti-GAD65 autoantibodies.

■ DISCUSSION
The discovery of autoantigens recognized by autoantibodies
and T cells is a critical, but challenging, goal in understanding
the etiology of autoimmune diseases. With respect to the
antibody response, almost all efforts along these lines utilize
some type of parallel or sequential screening strategy where
serum from case and control samples are exposed to some
collection of candidate antigens. Those that retain more
antibody from the case than the control sample are
characterized further. We have begun to explore a related, but
different, approach in which a large library of unnatural
synthetic molecules is substituted for the panel of candidate
native antigens. The goal of such an exercise is to identify
“antigen surrogates” that bind to autoantibodies with sufficient
affinity and selectivity to retain them from serum. These
synthetic surrogates, when mounted on a suitable analytical
platform, could potentially be of diagnostic utility in monitoring
autoantibody levels. However, this will likely require some
degree of optimization of the primary screening hit to increase
the affinity and selectivity for the target antibodies. Alter-
natively, these molecules might be useful as affinity reagents
with which to purify the autoantibodies. These IgG’s, in turn,
could then be used to hunt through appropriate tissue lysates
for the native antigen.
In this study, we explored the latter issue in the context of

the NOD mouse model for T1DM. A library of about 1 000
000 peptoids was first denuded of ligands to antibodies present
in healthy mice, then screened against serum from a NOD
mouse. Of the hits, a single peptoid was isolated twice, which
was somewhat surprising since the library was not designed to
be redundant. False positives are common in this kind of
screen, but our recent work, carried out after this screen was
initiated, has shown that hits isolated more than once are
almost invariably bona fide ligands.27 Thus, we took advantage
of this fortuitous occurrence and focused on the repeat hit
peptoid 1 (Figure 2a).
When immobilized on a chemically modified glass slide or a

TentaGel bead, 1 captured far more IgG antibody from some
NOD mouse serum samples than most Swiss mouse (control)
samples, suggesting that the antibodies it binds are indeed
linked to T1DM. As a stand-alone diagnostic reagent, 1 leaves
much to be desired. It binds above-background levels of
antibodies from only about a third of the NOD and NOR
mouse serum samples and cross-reacts with antibodies in 10%
of the control Swiss mouse samples (Table 1).
However, as we demonstrate here, peptoid 1 proved useful as

an affinity reagent with which to enrich the NOD-associated
antibodies present in some mice (Figure 3). By probing tissue
lysates by Western blotting using these enriched antibodies, an
approximately 60 kDa band of interest was seen in brain tissue
and, at lower levels, in a pancreatic membrane fraction (Figure
3B). Although we observed two bands in the immunoblot, one
at 50 kDa was presumed to be the IgG heavy chain. An
immunoprecipitation of brain lysate followed by proteomic
analysis of the higher molecular weight band revealed two
tryptic peptides from GAD65, suggesting that this protein
might be the native autoantigen recognized by the antibodies
that bind to peptoid 1. This explained the relative band

Table 2. Incidence of NOD and Swiss IgG Antibody Binding
to GAD65 Immobilized on TentaGel Beads Determined
Using a Flow Cytometry-Based Assaya,b (40 Mice Were
Tested: Swiss 1−20 and NOD 1−20)

mouse ID Swiss NOD

1 +
2 +
3 +
4 +
5 +
6 +
7
8
9 +
10 +
11
12 +
13 +
14 +
15 +
16 +
17
18 +
19 +
20 +

aIgG binding conditions: 500 μg mL−1 serum total protein in 50 μL of
PBS containing 0.5% BSA, 0.05% Tween 20 was incubated with the
beads containing immobilized GAD65-GST fusion protein for 2 h at
RT. b“+” indicates that the MFI was higher than the three-sigma value
of 20 000 fluorescence units for either one of two serum samples
collected prior to age 8.

Figure 6. Estimation of anti-GAD polyclonal antibody fraction that
recognizes 1. NOR9 serum was depleted of antibodies that bound 1 by
passing 100 μL of 500 μg mL−1 serum over a TentaGel bead column
displaying immobilized 1. As a control, serum was “mock depleted” by
passing 500 μg mL−1 serum over a TentaGel column containing 3. A
total of 50 μL of the resulting serum was incubated with GAD65-
immobilized TentaGel beads, probed with Alexa Fluor 647 antimouse
IgG, and analyzed by flow cytometry. Data reported are an average of
three replicates ± s.d.
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intensities for various tissue lysates in the Western blot analysis
(Supporting Information Figure S14). The lack of a band in
pancreas whole tissue lysate and the presence of a faint band in
the membrane fraction of pancreas lysates is reasonable given
that GAD65 is palmitoylated to localize it to the membrane of
secretory vesicles.32,38,39 The lower intensity of the band
derived from the pancreas compared to that from brain lysate is
consistent with a previous observation that GAD65 expression
diminishes in the pancreas as the mice age.32,33

That GAD65 is the bona fide antigen recognized by 1-
binding antibodies was supported by the observation that
preincubation with murine GAD65, but not insulin, was able to
block association of most of the serum antibodies that bind to 1
in NOD mice but did not interfere with binding of serum
antibodies to a different synthetic molecule (Figure 4).
Furthermore, when murine GAD65-GST fusion protein was
immobilized on small glutathione-modified TentaGel beads, it
bound above background levels of antibodies from about 80%
of the NOD and NOR mice, but none of the control Swiss
mice. Importantly, these interactions were blocked by excess
soluble murine GAD65. We conclude that most of the NOR
and NOD mice indeed have anti-GAD65 antibodies, in line
with a similar prevalence of these antibodies in human T1DM
patients.34−36

While it has long been known that GAD65 is a T cell antigen
in NOD mice,19 the existence of anti-GAD65 autoantibodies in
mice has been controversial.40,41 Initially, GAD65 antibodies
were presumed to exist in NOD mice based on the fact that
GAD65 enzymatic activity coprecipitated with serum antibodies
in these animals.42 Moreover, binding of serum IgG’s to
GAD65 adsorbed onto plastic ELISA plates was also
observed,43 but this interaction was later deemed nonspecific
since it could not be competed with the free protein.18,20−22

Binding of IgG from NOD mice to radiolabeled GAD65 has
also been observed, but again, binding could not be competed
with free GAD65.21 Thus, the current consensus in the field is
that NOD mice do not have anti-GAD65 autoantibodies, which
has resulted in speculation that the NOD mouse model does
not accurately reflect human T1DM.20 Interestingly, careful
reading of these papers reveals that the soluble protein
competitor used in these experiments was rat, porcine, or
human GAD65. We observed that, despite their high
homology, mouse GAD65 competes with binding of serum
antibodies to peptoid 1, but human GAD65 does not (Figure
4b). Thus, we suggest that some of the confusion was the result
of the faulty assumption that GAD65 from organisms other
than the mouse would bind to NOD autoantibodies, which is
not the case for human GAD65 at least. However, it should also
be noted that the murine and human GAD65 proteins used in
our experiments were expressed in insect cells and wheat germ
lysates, respectively, so we cannot rule out that some difference
in post-translational modifications could also explain the
striking difference in binding to NOD autoantibodies.
In any case, whatever the reason for these discrepancies in

the literature, we believe that the data reported here settle this
long-running controversy. More importantly, it validates the
application of the antigen surrogate technology as an effective
approach to eventual characterization of native autoantigens, by
focusing on the use of screening hits as affinity reagents with
which to purify reasonable quantities of interesting antibodies.
These antibodies can then be used to hunt for the native
autoantigen. This indirect, chemical biology-based approach to
autoantigen identification is completely unbiased. While we

identified a murine T1DM autoantigen, GAD65, whose
existence had been examined inconclusively, there was nothing
in the workflow employed that required any knowledge of
candidate autoantigens.
Finally, a more specialized, but nonetheless important, point

to emerge from this work is the effective use of the GAD65-
GST fusion protein bound to 10 μm glutathione-modified
TentaGel beads as an analytical platform for measurement of
anti-GAD65 autoantibody levels. ELISA-like assays in which
T1DM autoantigens are immobilized, either covalently or
noncovalently, on most common analytical platforms have
notoriously poor performance, probably due to obscuring
important epitopes in the proteins. This has led to the
widespread use of radioimmunoassays, which are difficult and
tedious to carry out. While some recent advances have been
achieved using electrochemiluminescence (ECL) detection44,45

and other more esoteric platforms,46 we suggest that the
TentaGel bead/flow cytometer-based assay29 described here
will be of significant utility, particularly if it proves to be useful
for other known antigens. We demonstrated previously that the
beads can be color-coded by covalent immobilization of specific
ratios of Pacific Blue and Pacific Orange dyes. This allows for
multiplexed analysis of dozens of antigens simultaneously,
much as can be achieved with the conceptually similar Luminex
platform but with greater sensitivity due to the much lower
level of nonspecific IgG binding to the polyethylene glycol-
coated TentaGel beads than the Luminex latex microspheres.

■ MATERIALS AND METHODS
General. Organic reagent-grade solvents and chemicals were

purchased from Sigma-Aldrich, Acros, or Fisher Scientific.
These chemicals were used without further purification. Unless
otherwise indicated, all steps involving water used deionized
water that was additionally filtered through a Barnstead
Nanopure water filtration system (Thermo Scientific). Knorr
Amide MBHA resin, Fmoc-protected amino acids, and peptide
coupling reagents HBTU and HOBt were purchased from
EMD Millipore. Primary amines used in peptoid synthesis were
purchased from Sigma-Aldrich, Tetra-Chem Industries, Acros
Organics, or Oakwood Products.
The protocols employed for creating and screening the

combinatorial libraries employed in this study are provided
below. All other procedures used are described in detail in the
Supporting Information.

OBOC Library Synthesis. Library synthesis was performed
using standard solid-phase peptoid synthesis protocols.23,24

Tentagel S macrobeads (1 g, 90 μm, ∼2 860 000 beads, 0.28
mmol/g, Rapp-Polymere GmbH, Germany) were swelled in
anhydrous DMF for 2 h before use. N-Fmoc-L-methionine
(0.53 g, 1.4 mmol) was coupled to the beads overnight at RT
using O-(benzotriazol-1-yl)-N,N,N,N-tetramethyluronium hex-
afluorophosphate (HBTU, 0.53 g, 1.4 mmol), hydroxybenzo-
triazole (HOBt, 0.21 g, 1.4 mmol), and N,N-diisopropylethyl-
amine (DIPEA, 0.49 mL, 2.8 mmol). After washing in DMF (3
× 10 mL), Fmoc was deprotected using 20% piperidine. The
common linker was synthesized by bromoacetylating the beads
using 5 mL of 2 M bromoacetic acid (BAA) followed by 5 mL
of 2.5 M N,N′-diisopropylcarbodiimide (DIC). The mixture
was incubated at 37 °C for 10 min. Completion of each
bromoacid coupling step was monitored by chloranil test. A
clear negative result after a 5 min test indicated the amine was
sufficiently acylated by the corresponding bromoacid. After
washing (3 × 10 mL), amination was performed by adding a 1
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M solution of the primary amine diluted in anhydrous DMF
and incubating for 1 h. Purple beads following a chloranil test
indicated that the amination had occurred in high yield. The
final two monomeric units within the invariant linker were
installed by diluting N-Boc-1,4 diaminobutane in anhydrous
DMF and incubating with the activated resin at 37 °C for 1 h.
Following the addition of the common linker, the beads were
acetylated with bromoacetic acid using DIC activation. The
resin was washed (3 × 10 mL) and split into 14 equal portions,
and each primary amine from Figure 1b was added to the dried
resin in each of the 14 aliquots. Each amination reaction was
incubated for 1 h at 37 °C, or until a positive chloranil test
resulted. The beads were then thoroughly washed and pooled
together, wherein bromoacetylation was performed again. This
split and pool procedure was continued until the peptoid chain
was completed. After washing the resin in DCM (5 × 10 mL),
the side chain protecting groups were removed by treating the
pooled resin with 10 mL of 95% trifluoroacetic acid (TFA),
2.5% triisopropylsilane (TIPS), and 2.5% water with gentle
shaking for 2 h at RT. The deprotected library was quenched
with 10% DIPEA in DMF for 5 min and washed with DMF (5
× 10 mL). The library was prepared for screening by washing
10 times in water, followed by an overnight equilibration in
water. The library was washed once more with water before
washing with PBS (3 × 10 mL) and equilibrated in tris-buffered
saline containing 0.05% Tween 20 (TBS-T) for 1 h. The beads
were blocked with 100% StartingBlock (Thermo Scientific) for
1 h at RT.
Library Screening. A pooled sample of Swiss mouse serum

derived from 10 mice at 8 weeks of age was diluted to a
concentration of 100 μg mL−1. A total of 1.5 mL of the diluted
serum sample was added to 300 mg of preblocked library beads
and incubated overnight at 4 °C. The library was washed with
TBS-T (5 × 1.5 mL). A 1:100 dilution of sheep antimouse IgG-
conjugated to magnetic DynaBeads (Life Technologies) in
StartingBlock containing 0.05% tween (herein referred to as
screening buffer) was incubated with the library for 1 h, and hits
were isolated using magnetic pull-down. The magnetic pull-
down technique went as follows. The suspension of library
beads and secondary antibody-conjugated DynaBeads was
diluted to 40 mL with TBS-T in a 50 mL conical vial. Next,
eight N52-grade cubic neodymium rare earth magnets (∼64
mm3 each) were stacked, wrapped in parafilm, and tied to
string. The magnets were lowered into the suspension of library
beads and agitated very gently for 5 min. The beads that were
not influenced by the magnet were allowed to settle to the
bottom of the tube. The magnets were removed from the
OBOC library solution and set aside. The supernatant from the
library solution was swiftly collected to ensure all hit beads that
were detached from the magnet during magnet removal were
collected before settling to the bottom. The parafilm was
removed from the magnets, and hit beads were washed into a
separate vial. This magnetic pull-down was repeated twice with
the entire library. Since hit beads removed in this step
represented hits to healthy Swiss mouse IgG, they were
discarded, and the nonhit (e.g., nonmagnetized) beads were
carried on for further screening. A total of 1 mL of the pooled
Swiss mouse serum, diluted to 100 μg mL−1 in screening buffer,
was added to the nonhit library beads and incubated overnight
at 4 °C. After the beads were washed with TBS-T (3 × 1.5 mL)
and incubated with secondary antibody-coated Dynabeads in
screening buffer for 1 h at RT, the magnetic pull-down was
repeated once again, and the hit beads were discarded. The

remainder of the library was once again incubated with 100 μg
mL−1 Swiss mouse control serum in screening buffer. After
incubating overnight at 4 °C, the library beads were washed
with TBS-T (3 × 1.5 mL). In the final round of Swiss mouse
serum screening, Qdot 655-conjugated goat antimouse IgG
secondary antibody (Life Technologies) was diluted 1:200 in
screening buffer and incubated for 1 h at RT. The beads were
washed with TBS-T (5 × 1.5 mL), and beads displaying a red
halo under a fluorescence microscope using a DAPI emission
filter were removed using a micropipette. To identify hit ligands
that bound to NOD18 mouse IgG antibodies, NOD18 serum
collected at 8 weeks of age was diluted to 50 μg mL−1 in
StartingBlock containing 1 mM porcine insulin (Sigma-Aldrich)
and added to the denuded library. The library was incubated
overnight at 4 °C, followed by washing several times in TBS-T
(5 × 2 mL). The library was incubated with secondary
antibody-conjugated Dynabeads for 1 h at RT in screening
buffer. Hit beads were removed using the magnetic pull-down
method described above, with careful attention not to lose any
of the isolated hits. In this round of screening, the hit beads
were saved, stripped of binding proteins by incubating in 0.25%
trypsin-EDTA (Life Technologies). They were washed in water
(2 × 1 mL) and 50:50 acetonitrile/water at 37 °C for 1 h (2 ×
1 mL). The beads were re-equilibrated in water (10 × 2 mL)
with one extensive overnight water wash. The beads were
prepared for screening by washing in TBS-T for 1 h followed by
StartingBlock for 1 h. A control screen was performed by
adding 50 μg mL−1 of pooled Swiss mouse serum to the
stripped hit beads in screening buffer. The mixture was
incubated overnight at 4 °C and washed with TBS-T (3 × 2
mL). The beads were hybridized with a 1:200 dilution of QDot
655-conjugated secondary antibody in screening buffer. After
washing with TBS-T (4 × 2 mL), beads that captured IgG
antibodies were distinguished visually by the appearance of a
red halo under a DAPI filter on an inverted fluorescent
microscope. “Hits” were manually removed using a micro-
pipette and discarded. The remainder of the library was added
to 50 μg mL−1 8 week old NOD18 mouse serum containing 1
mM porcine insulin (Sigma-Aldrich) and incubated overnight
at 4 °C. The library was washed in TBS-T (4 × 2 mL), and a
1:200 dilution of QDot 655-conjugated secondary antibody was
hybridized to the beads and washed and “hits” were removed
under a fluorescent microscope. The beads were stripped of
bound protein as described above and cleaved from the resin in
50 mg mL−1 cyanogen bromide (CNBr) dissolved in 5:4:1
acetonitrile/water/acetic acid overnight. The solvent was
removed by evaporation, and the sequence of the ligand was
determined by tandem MALDI-TOF MS using α-cyano-
hydroxycinnamic acid as the matrix.
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