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Abstract

Background: Most insulin autoantibody assays for both human and animal models are in a radioassay format
utilizing '*I-insulin, but despite the radioassay format international workshops have documented difficulty in
standardization between laboratories. There is thus a need for simpler assay formats that do not utilize radio-
activity, yet retain the high specificity and sensitivity of radioassays.

Methods: To establish an easier enzyme-linked immunosorbent assay (ELISA) for insulin autoantibodies of non-
obese diabetic (NOD) mice, we used an ELISA format, competition with unlabeled insulin, europium-avidin,
and time-resolved fluorescence detection (competitive europium insulin autoantibody assay).

Results: The competitive europium assay of insulin autoantibodies when applied to sera from NOD mice had
high sensitivity and specificity (92% sensitivity, 100% specificity) compared to our standard insulin autoantibody
radioassay (72% sensitivity, 100% specificity) in analyzing blind workshop sera. It is noteworthy that though the
assay has extremely high sensitivity for murine insulin autoantibodies and utilizes human insulin as target
autoantigen, human sera with high levels of insulin autoantibodies are not detected.

Conclusions: Our results clearly indicate that low levels of insulin autoantibodies can be detected in an ELISA-
like format. Combining a europium-based ELISA with competition with fluid-phase autoantigen can be ap-

plicable to many autoantigens to achieve high specificity and sensitivity in an ELISA format.

Introduction

F THE THREE MAJOR ANTI-ISLET AUTOANTIBODY assays
(autoantibodies reacting with glutamic acid decarbox-
ylase [GAD] 65, insulinoma antigen 2, and insulin), only in-
sulin autoantibodies were confirmed as specifically detectable
in blinded workshops studying sera of non-obese diabetic
(NOD) mice and control strains.!-2 Nevertheless, the assay for
insulin autoantibodies has proven the most difficult to stan-
dardize with relatively wide discrepancies between labora-
tories in sensitivity and specificity, especially for human
samples and in workshops with many participating lab-
oratories.”® A direct enzyme-linked immunosorbent assay
(ELISA) format (binding of antigen to plate and detection of
bound autoantibody with labeled anti-antibodies) has proven
difficult to develop, and to date only one GAD ELISA that
utilizes capture of solution-phase GAD by one chain of im-
munoglobulin (Ig) while being bound by its other chain to
plate-bound GAD has demonstrated sensitivity and specific-
ity similar to fluid-phase radioassays.
Fluid-phase radioassays for insulin autoantibodies as noted
above have been the most difficult of the assays to stan-

dardize. Initial insulin autoantibody assays utilized a large
volume of sera and poly(ethylene glycol) precipitation of
autoantibody-bound 125[-insulin. Williams et al.” developed a
micro-insulin autoantibody (mIAA) assay that utilized pro-
tein A for precipitation, and Yu et al.® modified this assay for
performance in 96-well filtration plates with direct counting in
a multichannel f-counter. Though the latter assay can be
performed in a semiautomated manner, reagent costs are high
with the cost of '*’I-insulin and protein A-Sepharose and fil-
tration plates, and one must handle radioactive insulin. There
are reports of ELISAs for insulin autoantibodies. In studies of
human sera an early workshop demonstrated that although
ELISAs readily detected the insulin antibodies that follow
subcutaneous insulin therapy, they failed to detect insulin
autoantibodies of individuals with prediabetes and new-
onset diabetes.” Standard insulin autoantibody ELISAs ap-
plied to the NOD mouse have given variable results with
questions related to specificity in workshop analysis using
absorption studies.’®

While evaluating an ELISPOT assay for insulin autoanti-
body-producing B lymphocytes, we unexpectedly noted
that with a europium assay we could readily detect insulin
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autoantibodies of NOD mice, comparing signal with and
without wells coated with insulin. The induced fluorescence
of europium, a lanthanide, is long-lived and thus allows time-
resolved fluorescence readers to differentiate short-lived
“background” fluorescence from specific signals provided by
europium. Therefore, europium has been utilized in ELISA-
format assays to provide high sensitivity, comparable to
radioassays, with time-resolved fluorescent detection of pho-
tons (results reported as counts per second [cps]).'*!" Some
control sera we analyzed, however, gave false-positives
(greater signal with insulin on the plate than without plate-
bound insulin), and we further modified the europium assay
to incorporate competition with excess fluid-phase insulin,
with results, and thus positivity, determined by the difference
with and without competition. The final competitive euro-
pium insulin autoantibody assay (CE-IAA) analyzing sera
from mice is superior in sensitivity to our standard mIAA
assay, and much simpler, requiring relatively inexpensive
reagents and 1-s counting and not requiring radioactive
compounds or chemically modified autoantigens.

Subjects and Methods
Samples

Serum was obtained from NOD mice, NOD mice with a
knockout of the insulin 2 gene (2KO), BALB/c mice, C57BL/6
mice, and New Zealand Black (NZB) mice. We also obtained
sera of BALB/c mice immunized with the B:9-23 insulin
peptide. Mice were housed in a pathogen-free animal colony at
the Barbara Davis Center for Childhood Diabetes (Aurora,
CO) with an approved protocol from the University of
Colorado Health Sciences Center Animal Care and Use
Committee. All mice had free access to tap water in an air-
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conditioned room (22-25°C) with a 12-h light-dark cycle
(6:00-18:00h). We also used 49 coded sera kindly provided by
Dr. Clive Wasserfall from an international animal models
workshop (the Second Immunology of Diabetes Society (IDS)
Animal Models Workshop, October 2002) and 34 human sam-
ples, which were obtained with informed consent and institu-
tional review board oversight at the University of Colorado.
Serum samples were stored at —20°C or prior to testing.

Standard mIAA assay

As previously described,® the mIAA assay was performed
using a 96-well filtration plate-based radioimmunoassay. The
assay requires 26 uL. of serum (6.5-uL duplicates with and
without unlabeled insulin). Human '**I-insulin (20,000 cpm)
was incubated with mouse serum overnight at 4°C, precipi-
tated with protein A/G-Sepharose, and counted in a Top-
Count f-counter (PerkinElmer Inc., Waltham, MA). The upper
limit of normal is an index of 0.01 relative to a standard pos-
itive serum.

CE-IAA (Fig. 1) and noncompetitive europium
insulin autoantibody assay (E-1AA)

CE-IAA for mouse sera. Corning (Corning, NY) high-
binding clear 96-well plates (Costar® 3590) were coated with
100 L of human (recombinant) insulin (100 U/mL, Humulin
R®, Eli Lilly and Co., Indianapolis, IN) in coating buffer (pH 8)
overnight at 4°C at a concentration of 10 ug/mL (buffer details
follow). The following day, the plate was washed three times
with washing buffer and then incubated for 2h with assay
buffer containing phosphate-buffered saline (PBS) and 2%
bovine serum albumin (BSA) at room temperature (RT) on a
plate shaker as a plate-blocking procedure. For competition
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FIG. 1. The newly developed CE-IAA.
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with insulin, mouse serum (5 uL) was diluted with 45 uL of
assay buffer containing insulin (41 uL of assay buffer plus 4 uL
of 100 U/mL Humulin R) for 1 h and then added to the wells
for a 2-h incubation at RT on a shaker. Next, the wells were
washed four times with washing buffer, and the plate was
then briefly allowed to dry. Biotinylated anti-mouse IgG;
(ab11587) (Abcam Inc., Cambridge, MA) for secondary anti-
body was diluted 1:10,000 in assay buffer, and 100 uL was
added to each well for 30 min at RT on a shaker. (The reason
anti-mouse IgG; was utilized as the secondary antibody was
that IgG; and IgG,, were reported to be the predominant
insulin antibodies in the NOD mouse,'? and our preliminary
experiments revealed relatively high background utilizing an
anti-IgG antibody.) The wells were again washed four times
with washing buffer, and then the wells were incubated for
15 min with 100 uL of europium-labeled streptavidin (Perki-
nElmer) (5 pL of streptavidin-europium added to 10mL
of assay buffer). The plate was washed five times, and then
200 uL of enhancement solution (PerkinElmer) was added to
all wells and shaken for 10 min at 4°C in the dark. Finally, the
plate was run on a Victor’V 1420 Multilabel Counter fluo-
rimeter (Wallac, Turku, Finland) at one well per second. On a
single plate, sera from an NOD mouse were used as stan-
dardized positive serum. Each sample was run in duplicate
with and without competition using human insulin. For each
sample, an index was calculated based on the average of the
results: Index = (cps of test sample — cps of test sample with
insulin competition)/(cps of positive standard serum — cps of
positive standard serum with insulin competition). Intra- and
inter-assay coefficients of variation were 6.8% (n=15) and
16.4% (n =19), respectively.

Buffers were made as follows: coating buffer, 0.5 M
KoHPO, (43.5g of K;HPO, [catalog number P288, Fisher
Scientific, Fairlawn, NJ]) plus 500 mL of double distilled wa-
ter) with 0.5 M KH,PO, (34g of KH,PO, [catalog number
P285, Fisher Scientific] plus 500 mL of double distilled water)
added to pH 8; washing buffer, 50 mM Tris (pH 7.0-7.5) and
0.2% Tween-20 in distilled water; and assay buffer, 0.01%
sodium azide and 2% BSA in PBS (pH 7.4).

CE-IAA for human sera. The procedure was same as that
for mouse sera except for using biotinylated anti-human an-
tibody and human standardized positive and negative sera
for controls.

E-IAA for mouse sera. The differences between the CE-
IAA and the E-TAA include: (1) for E-IAA plates were coated
without or with human insulin; and (2) for E-IAA sera
preincubation with insulin (competition) was not utilized.
The E-IAA index was calculated as (cps of test sample with
plate-bound insulin — cps of test sample without plate-bound
insulin)/(cps of positive standard sera with plate-bound
insulin—cps of positive standard sera without plate-
bound insulin).

Results

Figure 2 illustrates the results of testing mouse sera for
insulin autoantibodies by our standard mIAA fluid-phase
radioassay (Fig. 2A), a “standard” europium-based ELISA
(Fig. 2B) with subtraction of counts in the absence of plate-
bound insulin from counts with plate-bound insulin, and
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FIG. 2. (A) Insulin autoantibodies measured by our stan-

dard mIAA assay. The horizontal line gives the cutoff (0.01).
(B) Standard E-IAA. The horizontal line gives the cutoff
(0.01). (C) Competitive CE-IAA. The horizontal line gives the
cutoff (0.002). B6, C57BL/6 mice (n=4-13); Balb, BALB/c
mice (n=20); NZB mice (n =4-13); NOD (F) and NOD (M),
female and male NOD mice (n=>53-57 and n=10-20, re-
spectively); 2KO(F) and 2KO(M), female and male mice with
2KO (n =9-17 and n = 6-13, respectively). The samples were
randomly selected and not identical in each group (mIAA
assay, E-IAA, and CE-TAA).

the “final” CE-IAA (Fig. 2C). Results for three control
strains—C57BL/6, BALB/c, autoimmune NZB mice, and fe-
male and male NOD as well as NOD 2KO mice (insulin 2 gene
knockouts have increased insulin autoantibodies)—are illus-
trated. Control mice were in general “negative” for insulin
autoantibodies with an index for positivity set at 0.01 for the
mIAA assay and the noncompetitive E-IAA (in prior studies
with the mIAA assay the assay cutoff was set at 0.01 based on
the 99" percentile of sera from normal human controls and
confirmed with mouse sera), and the cutoff for the CE-IAA
was set just above the highest value for control animals (in-
dex =0.002). Specificity in the mIAA assay, E-IAA, and CE-
TAA was 96.4% (27 of 28),96.4% (27 of 28), and 100% (46 of 46),
respectively. Sensitivity for NOD mice combining male and
female mice was 45.2% (33 of 73) for the mIAA radioassay,
67.1% (49 of 73) for the noncompetitive E-IAA, and 73.0% (46
of 63) for the CE-IAA. Note that a subset of NOD mice were 4
weeks old and might not have yet developed insulin auto-
antibodies. As expected, NOD 2KO mice had higher levels of
insulin autoantibodies than regular NOD mice by all three
assays, and all sera from knockout mice were positive.
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Figure 3 shows the actual cps values for NOD and 2KO sera
with high and low levels of autoantibodies and for NOD sera
negative for insulin autoantibodies as well as control mice
with the E-IAA (Fig. 3A and B) and the CE-IAA (Fig. 3C and
D). In both assay formats counts in the control situation (e.g.,
lacking insulin on the ELISA plate [top panels, left] or in the
presence of an excess of insulin competition [bottom panels,
left]) were low. One can also appreciate that for some control
sera there are higher counts with insulin on the plate than
without insulin on the plate (Fig. 3B), while with the com-
petitive assay the background counts for control sera are
unchanged in the presence of competition with insulin
(Fig. 3D), thus giving no specific signal.

We evaluated the sensitivity of the CE-IAA to inhibition by
different amounts of competing fluid-phase insulin. In gen-
eral, approximately 2.1x10~® M insulin inhibited binding by
50% (Fig. 4), and by 2.2x10~> M insulin inhibition of specific
binding was complete. Figure 4B shows the binding with an
expanded y-axis scale. For a subset of NOD sera, there is no
inhibition by competition with fluid-phase insulin, and these
samples were all negative for insulin autoantibodies deter-
mined with the mIAA radioassay.

Figure 5A illustrates the correlation between results of the
CE-IAA and the mIAA radioassay with data presented for
NOD mice, 2KO mice, and control strains. There is a good
correlation between the assays (note log scale), but there is a
subset of NOD sera with positive CE-IAA levels that are
negative with the radioassay.

To compare data with the prior international Animal
Models workshop (Second IDS Animal Models Workshop,
October 2002), Dr. Clive Wasserfall kindly provided coded
sera samples from the workshop for measurement of insulin
autoantibodies with the CE-IAA. In this workshop our mIAA
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radioassay from Denver had one of the highest sensitivities of
the participating laboratories. The CE-IAA detected 23 of 25
NOD sera as positive (Fig. 5B and C) and none of the control
sera utilizing a predetermined cutoff of an index of 0.002.
Compared to the radioassay (Fig. 5C and D), the CE-IAA
maintained 100% specificity with no loss of sensitivity (92%
CE-TAA vs. 72% mIAA assay).

To assess whether insulin autoantibodies of non-NOD mice
would also be detected with the CE-IAA, we evaluated sera
of BALB/c mice immunized with the B:9-23 insulin peptide
(Fig. 6). As previously reported such mice develop insulin
autoantibodies detectable with the mIAA radioassay, but of
note is that the antibodies are not inhibited by competition
with the immunizing B:9-23 peptide but are blocked by
competition with intact insulin. These insulin autoantibodies
of BALB/c mice were readily detected with the CE-IAA.

We evaluated a series of human sera that with the fluid-
phase radioassay that had high levels of insulin auto-
antibodies, and none reacted with insulin in the CE-IAA (data
not shown).

Discussion

A large body of literature indicates that insulin is an im-
portant type 1 diabetes-relevant autoantigen, and recent stud-
ies from our and other laboratories suggest that insulin may
be a primary autoantigen for the NOD mouse model.'*¢ In
humans, evidence includes the early appearance of insulin
autoantibodies in children prospectively followed to the de-
velopment of diabetes and the importance of insulin gene
polymorphisms in determining diabetes risk.'"”'® For the
NOD mouse, diabetes is prevented with transgenic expres-
sion of proinsulin by antigen-presenting cells, and diabetes is
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Coded serum samples from an international animal models workshop (Second IDS Animal Models Workshop, October 2002,
provided by Dr. Cliver Wasserfall). (B) Correlation between results of the CE-IAA and the mIAA radioassay with data
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(C) the CE-IAA and (D) the mIAA RIA.
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FIG. 6. Sera of BALB/c mice immunized with B:9-23 in-
sulin peptide in complete Freund’s adjuvant were measured
with the CE-IAA. The horizontal line gives the cutoff for the
CE-TAA (0.002). The difference between the two groups was
tested by Mann-Whitney’s U test.

accelerated with a knockout of the insulin 2 gene, 90% pre-
vented with a knockout of the insulin 1 gene, and prevented in
mice having no native insulin genes and only a mutated
proinsulin transgene with a key epitope altered with the
change of a single amino acid (B:16 tyrosine to B:16 ala-
nine).'>™® Despite the importance of insulin autoimmunity,
assays for insulin autoantibodies have been the most prob-
lematic in international workshops. We believe the bulk of the
difficulty in standardization occurs because the separation of
levels of insulin antibodies between controls and patients is
very small compared to much stronger signals detected for
GADG65 and insulinoma antigen 2 autoantibodies for the
majority of individuals developing diabetes. Thus there is a
major impetus to develop assays that both are easier to per-
form and have enhanced sensitivity (while preserving speci-
ficity).

For the NOD mouse we believe the current CE-IAA
achieves both of the above goals. Its nonradioactive format is
clearly an advantage as is the lack of expensive reagents and
the ability to count wells for 1s. The sensitivity using blinded
workshop samples with essentially the same volume of sera
utilized (CE-IAA, 5 uL per well; mIAA assay, 6.5 uL per well)
was 92% compared to our previously reported sensitivity of
72% with our standard mIAA radioassay, while specificity
was maintained at 100%. We believe both the utilization of
europium for detection and the utilization of a fluid-phase
competitive assay (taking as signal the difference between cps
values with and without fluid-phase insulin competition) are
both important for the high sensitivity and maintenance of
specificity.

Given the excellent sensitivity of the ELISA-format CE-TAA
compared to our mIAA radioassay, we believe that similar
assays for other islet autoantigens and non-islet autoantigens
can be developed for murine antibody assays. There are al-
ready assays using europium detection of human GAD65 and
insulinoma antigen 2 autoantibodies.'”!'! These assays are not
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standard ELISAs with autoantigen on the plate but utilize
biotinylated and glutathionine S-transferase-modified auto-
antigens, and it is indicated that for the GAD assay that a
standard assay with europium-labeled anti-human antibodies
could not be developed.!® No standard ELISA has performed
as well as their respective radioassays in international work-
shops of the IDS and Diabetes Autoimmunity Standardiza-
tion Program (DASP), while a modified assay utilizing single
chains of the antibody—one to bind to GAD on the well and
the other to biotinylated GAD in solution—performed very
well in the last DASP workshop. We have recently described a
europium competitive assay for autoantibodies reacting with
interferon-« that specifically detects autoantibodies present in
patients with the autoimmune polyendocrine syndrome type
L' With the competitive fluid-phase step this assay is ex-
tremely specific, and patients with related autoimmune dis-
orders (e.g., isolated Addison’s disease) are negative. Thus we
believe this format of europium detection combined with
ELISA format and fluid-phase competition is generalizable,
including detection of human autoantibodies. Thus it is par-
ticularly interesting that the current insulin autoantibody as-
say (utilizing human insulin) does not detect anti-insulin
autoantibodies of humans. We believe this relates to extreme
specificity of the human insulin autoantibodies recognizing
an epitope'”?° that is likely to be hidden when insulin is plate
bound.
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