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Summary. We recently developed a particle concentration 
fluoroimmunoassay for the measurement of serum anti- 
bodies to bovine serum albumin in patients with Type 1 (in- 
sulin-dependent) diabetes mellitus. We observed elevated 
IgG-anti-bovine serum albumin antibodies in 100% of 
newly-diagnosed diabetic children and in 2.5 % of matched 
control children. Here we compare the fluoroimmunoassay 
and the more commonly available enzyme linked immunoas- 
say technique, exchanging coded serum samples from 
40 newly-diagnosed diabetic children and 179 control chil- 
dren between two laboratories. Particle concentration fluo- 
roimmunoassay detected elevated IgG-anti-bovine serum 
albumin antibodies in all diabetic children, enzyme im- 
munoassay in 25% (p < 0.0001). Fluoroimmunoassay de- 
tected elevated levels in 2.2 % and enzyme immunoassay in 
10% of control children (p <0.002). Elevated IgA-anti- 
bovine serum albumin antibodies in patients were slightly 
more often detected by fluoroimmunoassay than by enzyme 
immunoassay, while in control children enzyme immunoas- 
says detected elevated levels three times more often 
(p < 0.01). Values measured in either assay showed overall no 

correlation in either patient (IgG: r~ = 0.28; IgA: rs = 0.11) or 
control sera (IgG: r~ = 0.02; IgA: r~ = - 0.05). Fluoroimmu- 
noassay for IgG was 100 % disease-sensitive (enzyme immu- 
noassay: 25 %, p < 0.0001) and more disease-specific (IgG; 
p < 0.02). Our findings demonstrate that these assay tech- 
niques detected distinct subsets of anti-bovine serum al- 
bumin antibodies with little (IgG) or some (IgA) overlap. In 
fluoroimmunoassay procedures, antigen: antibody binding 
occurs within 1-2 min while hours are allowed in an enzyme 
immunoassay. Antibodies with high on-off binding rates 
typical for immune responses following hyperimmunization 
are therefore measured preferentially by particle concentra- 
tion fluoroimmunoassay and it is these antibodies which ap- 
pear to be associated with diabetes. These observations em- 
phasize the need for epidemiological surveys to validate 
immunoassay procedures used for clinical purposes. 

Key words: Bovine serum albumin antibodies, Type 1 (in- 
sulin-dependent) diabetes mellitus, enzyme linked immu- 
noassay, particle concentration fluoroimmunoassay. 

Based on observations in diabetes-prone BB-rats, we re- 
cently identified a small peptide ("ABBOS-peptide") in 
bovine serum albumin (BSA, pos. 153-168, GenBank ac- 
cess number: A03232) as a candidate trigger of Type 1 (in- 
sulin-dependent) diabetes mellitus [1]. BSA and in par- 
ticular the ABBOS peptide share an immunologically 
cross-reactive epitope with p69, a ~interferon inducible 
islet Beta-cell surface protein detected by anti-BSA and 
anti-ABBOS antibodies which occur in all Type I diabetic 
patients or in animals immunized with BSA or ABB OS [2, 
3]. Neonatal tolerization with BSA and removal of dietary 
whey protein prevents diabetes in BB rats and NOD mice 
[1, 3-5]. We proposed that dietary BSA/ABBOS initiates 
an immune response in genetically susceptible hosts 
(DR3, DR4, DR3-DR4, DQflnon-Asp ~7) that culminates 
in the destruction of insulin producing Beta cells [6]. 

To evaluate the relevance of this hypothesis in man, we 
developed a particle concentration fluoroimmunoassay 
technique (PCFIA) [7-11] for the measurement of serum 
BSA antibodies the bulk of which were found to be 
ABBOS-specific by solid phase epitope mapping [6]. We 
found that 100 % of 142 newly-diagnosed diabetic chil- 
dren had significantly elevated IgG-anti-BSA antibodies 
(61% for the IgA isotype) compared to below 3 % of 
matched control children and adult control subjects [6]. 

Active BSA-specific serology is typical for diabetic 
NOD-mice and BB-rats [3, 12, 13], and was preferentially 
observed in a proportion of children and adults with 
Type 1 diabetes [14, 15]. In addition, antibodies to cow's 
milk proteins have been associated with Type 1 diabetes 
[16, 17]. These studies employed enzyme immunoassay 
(EIA) techniques and differences between diabetic sub- 
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Fig. 1. A Distribution of moder- 
ately- (white bars) and highly 
elevated (black bars) IgG-anti- 
bovine serum albumin (BSA) 
antibodies in 40 diabetic children 
as determined by particle concen- 
tration fluoroimmunoassay 
(PCFIA). B: PCFIA standard 
curve for a serum pool (from 
diabetic children) containing 
12.3 KfU/~tl IgG-(top panel) and 
4.2 KfU/gl IgA-anti-BSA anti- 
bodies. C: Anti-BSA standard 
curves for enzyme immunoassay 
(EIA). KfU, Kilo fluorescence 
units. D: Binding competition 
with increasing amounts of free 
ovalbumin/Tween-20 for IgG- 
(-~-) and IgA- (-o-) anti-BSA 
antibodies, as well as with increas- 
ing amounts of free BSA for IgG- 
(--~) and IgA- (-4-) anti-BSA 
antibodies 

jects  and  con t ro l  subjects  were  m o r e  subt le  than  those  ob-  
se rved  in our  s tudy [6]. 

We  m o d i f i e d  an ant i - f l - lac toglobul in  E I A  p r o c e d u r e  
[18] for  the  m e a s u r e m e n t  of  B S A  an t ibod ies  and com-  
p a r e d  it and  the  P C F I A  p r o c e d u r e  in the i r  abi l i ty  to  de tec t  
d i abe t e s - a s soc i a t ed  B S A  ant ibodies .  We found  tha t  each  
t echn ique  d e t e c t e d  a d i f ferent  subse t  of  a n t i - B S A  anti-  
bodies .  P C F I A  m e a s u r e d  highly d i sease -assoc ia ted  B S A  
ant ibodies ,  whe reas  E I A  m e a s u r e d  an t ibod ies  m o r e  com-  
m o n  in the  gene ra l  popu la t ion .  

Subjects and m e t h o d s  

Study pop ulation 

Forty Finnish diabetic children (22males, mean _+ SD age 
6.2+ 4.5 years, range 0.9-15.5 years) from our previous study [6] 
were randomly selected for assay comparison and contained a typi- 
cal range of elevated levels of BSA antibodies (Fig. 1A). Samples 
were drawn at the time of diagnosis of diabetes, and selected sera 
were sent coded back to the laboratory in Finland (E.S.) to be 
analysed by EIA. Control subjects comprised 179 age- and sex- 
matched non-diabetic Finnish children (98 males, mean _+ SD age 
6.2 + 3.6 years, range 0.9-15.9 years) whose samples were shared be- 
tween the laboratories. All samples were studied without knowledge 
of the sample origin. 

Particle concentration fluoroirnmunoassay (PCFIA) 

PCFIA is a solid-phase immunoassay technique employing 96-well 
unidirectional flow vacuum filtration plates and a very high-surface- 
area solid phase (carboxylated polystyrene microspheres) covalent- 

ly conjugated with the antigen [7]. Phase separation procedures are 
carried out by robotic Screen-Machine Instruments (IDEXX, Port- 
land, Me., USA), which is progammable for reagent additions, timed 
incubations, phase separations, washings and measurements of par- 
ticle-bound fluoresceinated secondary antibody [10, 19]. 

Two-hundred microlitres of BSA (Grade V; Sigma Chemical 
Co., St Louis, Mo., USA, 10 % in phosphate-buffered saline (PBS; 
40 g NaC1, i g KC1, i g KH2PO4, 5.75 g Na2HPO4, 0.5 g CaC12, 0.5 g 
MgC1J5 1 distilled water, pH 7.2)) was coupled covalently (100 gl of 
i0mg/ml 1-ethyl-3-(3-dimethylaminopropyl)-carbodimide) onto 
400gl (5% stock; IDEXX) carboxylated polystyrene beads 
(diameter 0.75 gm). Subsequently, 10 % Tween-20 in 1.0 % oval- 
bumin-PBS was used as blocking agent. After repeated washings, 
beads were stored in 1% Tween-20-PBS. Over a period of 9 months 
the activity of the beads remained unchanged. 

Twenty microlitres of test serum dilutions (1:100-1:1,000) were 
added to microwclls containing 20 gl of 1:20 diluted BSA-coated 
microspheres (initial 2.5 % weight/volume). Up to ten plates were 
inserted into the Screen-Machine for programmed phase separ- 
ations, washings and addition (100 ng/well) of affinity purified, cus- 
tom BSA-free fluorescein-conjugated goat anti-human IgG, IgA, 
and IgM (Fc-fragment specific; BioCan, Mississauga, Ontario, Cana- 
da). Drying and precipitation of serum protein was avoided by short 
(1 min) incubation, phase separation and washing procedures at low 
(5 mm Hg) vacuum pressure. Prior to reading, wells were vacuum 
dried for 1 min and fluorescence emission was read under high va- 
cuum from the concentrated particle cake at the bottom of the well. 
Kinetics of the system have been published [7]. We have processed 
up to 3,000 replicate samples per day per instrument per operator. 
The PCFIA assay had a sensitivity of less than or equal to 1 ng anti- 
body per ml and analysis of 400 consecutive assays delineated intra- 
and inter-assay variations of 8.9 % and 9.8 %, respectively. 

An in-house (positive) standard serum pool from diabetic chil- 
dren was used and a standard curve prepared in every plate 
(Fig. 1 B). Competition experiments showed satisfactory specificity 
for BSA. Free BSA blocked antibody binding in a dose-dependent 
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Table 1. Frequency of elevated anti-bovine serum albumin antibodies in diabetic (n - 40) and control children (n = 179) as defined by particle 
concentration fluoroimmunoassay (PCFIA) and by enzyme immunoassay (EIA) 

Isotype Positive diabetic children n (%) Positive control children n (%) 

PCFIA EIA p PCFIA EIA p 

IgG 40 a (100%) 10 b (25 %) < 0.0001 4 (2.2%) 18 (10%) < 0.002 
IgA 202 (50 % ) 178 (42 % ) NS 6 (3.3 % ) 18 (10 % ) < 0.01 

a p < 0.0001, b p < 0.05 for difference between antibody positive diabetic patients and control children using PCFIA and EIA 

fashion, whereas neither ovalbumin nor Tween-20 nor a combina- 
tion of the two were able to displace the antibody (Fig. 1 D). Results 
are expressed as kilo fluorescence units (KfU) per microlitre based 
on instrument gain (5 x ), serum dilution and assay volume as 
derived from the standard containing 12,300 KfU/ml IgG- and 
4,200 KfU/ml IgA-anti-BSA antibodies. Due to the linearity of fluo- 
rescence emission energy the values were normally distributed. 
Elevated antibody levels were defined to exceed the mean level in 
control subjects plus 2 SD. 

Enzyme linked immunosorbent assay ( EIA ) 

Our EIA for the measurement of anti-BSA is a conventional three- 
layer solid-phase procedure modified from Tainio et al. [18]. The 
method employs polystyrene Microstrip wells (Labsystems, Helsin- 
ki, Finland) that are processed in an automatic EIA analyser (Auto- 
EIA II; Labsystems, Helsinki, Finland), which can process up to 
three plates (66 samples) per day. The plates were coated with 
100 gl (2 mg/ml) BSA (A-4378; Sigma) in 0.1 mol/1 PBS-5 mmol/1 
NaN3 (pH 7.4) overnight at room temperature. After washing with 
PBS-NaN3, the wells were saturated with 1% getatin-PBS-NaN3 for 
1 h at 37 ~ and stored at + 4 ~ until used. 

Serum samples were diluted 1:40 in 0.5 % gelatin-PBS-NaN3 
prepared in 0.05 % Tween-20. Three replicates of 100 gl of serum 
dilutions were plated, two in coated wells and one in a non-coated 
well. After a 60-min incubation at 37~ wells were washed four 
times. Diluted alkaline phosphatase conjugated anti-human IgG or 
-IgA (cat. no. 67806 and 67808; Orion Diagnostica, Espoo, Finland) 
was added and incubated for 60 min followed by four washes. After 
45-min incubation of substrate (2 mg/ml p-nitrophenyl phosphate in 
N-N-diethylaniline buffer) the reaction was stopped with 1 mol/1 
NaOH. Absorbances (optical density 405 nm) in non-coated wells 
were subtracted from test values. 

Intra-assay- and inter-assay variations were 9.3 % and 15.8 %, re- 
spectively. For serum assays, serial dilutiona of a BSA-antibody 
positive standard were run on each plate (Fig. 1 C) and the results ex- 
pressed as percent binding of the standard serum. Values for both 
IgG- and IgA were skewed despite log-transformation, and thus the 
limit for positivity was set at the 90th percentile of the values in con- 
trol subjects. This limit was selected after examining a series of cut- 
off values as giving the highest sensitivity with acceptable specificity. 
Sera having an absorbance of 3.9 % for IgG and 14.2 % for IgA of the 
standard were considered as positive. 

Statistical analysis 

Statistical analysis was performed using cross-tabulation, chi-square 
statistics and Student's unpaired t-test in the case of normally dis- 
tributed variables. Since the distribution of BSA antibody levels ob- 
tained by EIA was skewed despite transformation, the difference 
between diabetic and control children was evaluated by a Mann- 
Whitney U-test. Mann-Whitney U-test and Spearman's rank-corre- 
lation test were used to compare antibody levels between EIA and 
PCFIA. Sensitivity and specificity of the assays was determined, and 
the results evaluated by cross-tabulation with chi-square statistics. 
Results are presented as means + SEM. 

Results 

The 40 sera f rom diabetic children conta ined a range 
of  elevated IgG-an t i -BSA PcF~A antibodies; however,  only 
25 % were found  positive in E I A  (Table 1, p < 0.0001). 
Conversely, IgG-an t i -BSA HA antibodies in control  sub- 
jects were  elevated more  f requent ly  than those detec ted  
by P C F I A  (Table 1, p < 0.002). E leva ted  IgA-an t i -BSA 
antibodies in diabetic children were found  in 50 % and 
42 % (p = NS), however  only 3.3 % and 10 % of control  
children were positive in P C F I A  and E I A ,  respectively 
(Table 1, p < 0 . 0 1 ) .  These results demons t ra ted  that  
P C F I A  but not  E I A  preferential ly detects disease-associ- 
ated B S A  antibodies in children with Type 1 diabetes. In 
contrast ,  E I A  shows preference  for  detect ion of  anti- 
bodies more  prevalent  in the general  populat ion.  Nei ther  
p rocedure  detected all B S A  antibodies. 

B S A  ant ibody levels in diabetic children are shown in 
Figure 2, There  was a significant difference in the levels 
of  both  IgG-,  and IgA-an t i -BSA antibodies be tween 
diabetic and control  children when  de te rmined  by P C F I A  
(p < 0.001 and p < 0.001). In contrast,  the levels of  IgG-  
an t i -BSA E~A antibodies were  roughly  similar in diabetic 
and control  children. I gA-an t i -BSA HA antibodies were  
higher in diabetic children, but  the difference (p < 0,01) 
was less p rominen t  than in P C F I A  (p < 0.001). These  find- 
ings suggest a quanti tat ive difference in the subsets of  
antibodies detec ted  by P C F I A ,  and this difference distin- 
guishes diabetic and control  children. 

Individual  P C F I A -  and E I A  values are compared  
in Figure 3 for  diabetic and control  children. Shaded 
areas indicate the levels considered as negative (see 
Methods) .  The  correla t ion be tween  P C F I A  and E I A  was 
very p o o r  ( - 0.05 < r~ < 0.28, 0.09 _<p _< 0.1). In  diabetic 
subjects only a subset of  s e r a  (IgG: - 2 0 %  and IgA:  
- 3 2 % )  gave relatively low or  high ant i -BSA values in 
both  assays i.e. showed correlation. Moreovel ,  among  
control  subjects only one I g A  sample (0.3 %)  was posi- 
tive in both  assays. 

BSA-ant ibodies  in control  sera bound  significantly 
more  f requent ly  in E I A  than  in P C F I A  (IgG: p < 0.002 
and IgA:  p < 0.01, Table 1) and only one out  of  the 
18 control  subjects positive for  IgG-  or  IgA-an t i -BSA z~a 
was positive by PCFIA.  O n  the o ther  hand, of  the four  
IgG-  and six IgA-posi t ive  control  sera detec ted  
by P C F I A ,  only one was positive by E I A  (Fig. 3). There-  
fore, most  disease-associated BSA-ant ibodies  were only 
detec ted  by PCFIA.  The  sensitivity of  P C F I A  in detect-  
ing disease-associated IgG ant i -BSA antibodies was 
excellent when compared  to E I A  (100% vs 2 5 % ,  
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A: IgG in diabetic children, 
n = 40,rs = 0.28,p = 0.09; 
B: IgA in diabetic children, 
n = 40, r~ = 0.11,p = 0.48; 
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n = 179, r+ = 0.02,p = 1.0; 
D: IgA in control children, 
n = 179, r~ = -0.05,p = 1.0. 
Correlation coefficients were 
determined by Spearman's rank 
correlation 

Table  2 ; p  < 0.0001) and  the  d isease-speci f ic i ty  was h igher  
for  P C F I A  (Table  2; p < 0.02). F o r  the  I g A  i so type  assay 
resul ts  were  c o m p a r a b l e  wi th  respec t  to d isease-sens i -  
tivity, bu t  in E I A  this was at  the  cost  of  d isease  specifi-  
city (p < 0.05). T h e s e  f indings suggest  tha t  P C F I A  and 

E I A  p re fe ren t i a l ly  de tec t  d i f ferent  subsets  of  B S A  anti-  
bod ies  with no ( IgG)  or  some ove r l ap  ( IgA) .  A n t i b o d i e s  
d e t e c t e d  in E I A  are  p o o r l y  assoc ia ted  wi th  Type  1 
d iabe tes  and  are  f o u n d  c o m m o n l y  in the  gene ra l  popu la -  
tion. 
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Table 2. Sensitivity and specificity of particle concentration fluo- 
roimmunoassay (PCFIA) and enzyme immunoassay (EIA) in de- 
tecting anti-bovine serum albumin antibodies 

Sensitivity (%) Specificity (%) 

PCFIA EIA p PCFIA EIA p 
IgG 100 25 < 0.0001 98 90 < 0.02 
IgA 50 42 NS 97 90 < 0.05 

Discussion 

Epidemiological evidence in man [4, 20-22] and data from 
animal feeding studies [13, 23-25] have suggested a diabe- 
togenic effect of dietary cow's milk proteins. Supportive 
serological findings have been identified in animals [12, 
13] and humans [15-17] associating immunity to cow's 
milk proteins with Type 1 diabetes. The most direct evi- 
dence for a pathogenic link between cow's milk proteins 
and diabetes comes from a family study in Finland, where 
exclusive breast-feeding for the first 3-4 months of life 
was found to protect from later development of diabetes 
[22]. 

Most of these studies did not identify a specific cow's 
milk protein or explain the near global increase in 
diabetes incidence despite emphasis on breast-feeding. 
However, these latter observations [22] are consistent 
with the view that in humans (as in diabetes-prone rats 
[13]) a diabetes associated immune response to BSA/ 
ABBOS is triggered in the early post-natal period [1, 26]. 
The link of BSA/ABBOS to human diabetes was made 
by finding elevated antibody levels against BSA in all 
newly-diagnosed patients, the bulk of this response spe- 
cific for the ABBOS epitope [6]. 

In order to compare the PCFIA assay procedure to the 
more commonly available EIA, we analysed a large num- 
ber of samples using both techniques. The comparison re- 
vealed unequivocal differences: with diabetes-associated 
anti-BSA molecules detected almost exclusively by 
PCFIA. Both, levels and frequency of positive responses 
among diabetic children were significantly higher in 
PCFIA than EIA. The wide scatter of antibody levels in 
EIA for both patients or control subjects caused major 
overlap between the groups and made differences statisti- 
cally insignificant. A large proportion of samples were 
below the detection limit of EIA, causing considerable 
skewness for measurement of both isotypes examined. 

PCFIA detected BSA antibodies in children with 
diabetes, whereas only a few non-diabetic children were 
positive. In contrast, only a small proportion of the anti- 
bodies were disease-associated in EIA, and levels were 
elevated more often in non-diabetic subjects. With only 
one out of the 18 controls positive for IgG- or IgA-anti- 
BSA EIa elevated by PCFIA as well, the dichotomy was 
clear between antibody subsets detected in either proce- 
dure. Interestingly, the single elevated IgG and IgA values 
detected in both procedures derived from the same serum 
sample, suggesting that the host determines the choice of 
antibody species utilized in the common immune re- 
sponse to dietary BSA. 

989 

The BSA molecule consists of 608 amino acids and 
there are several areas where the sequence differs from 
human serum albumin. One of those is the described 
ABBOS peptide (pre-BSA position 153-169 [2]). As we 
have recently shown [6], most of the diabetes-associated 
antibodies detected by PCFIA in diabetic children are di- 
rected against this epitope, whereas in non-diabetic con- 
trol subjects the major epitopes are different, with less 
than 3 % of donors able to recognize ABBOS [6]. Since 
the ABBOS epitope is immunologically cross-reactive 
with a (Beta-cell) autoantigen, p69 [1, 3], the poor immu- 
nogenicity of this epitope in the general population is not 
surprising and clearly identifies the diabetic population. 
We have tentatively linked this principal difference to ef- 
ficient antigen presentation of ABBOS by diabetes-asso- 
ciated MHC class I1 molecules coupled with a delay in 
oral (or mucosal) tolerance development in diabetic sub- 
jects [1, 3]: our focus offthe latter was triggered by the re- 
port that the single highest marker of diabetes risk (DQfl 
non-ASP 57) also marks susceptibility for IgA deficiency, a 
regulatory abnormality of mucosal immunity [27, 28]. 

An antigen such as BSA has several epitopes which can 
induce a wide spectrum of high and low affinity anti- 
bodies. Our results are very reminiscent of the observa- 
tion that insulin-autoantibodies (IAA) detected by EIA 
are poorly disease-associated [29] and have a low predic- 
tive value compared to fluid-phase radiobinding assays 
(RIA) [30-32]. EIA has .been characterized by low sensi- 
tivity and an unacceptably high rate of false positives [29], 
similar to the results obtained in this study. EIA detects 
mainly low affinity IAA that have high binding capacity, 
whereas RIA detects high affinity, low binding capacity 
and strongly disease-associated subset(s) of IAA [32]. The 
same could apply tO a fluid-phase assay such as PCFIA, in 
which accessibility to the epitopes may be different from 
EIA. The same epitopes may not be available PCFIA and 
EIA due to different binding procedures. Disease-associ- 
ated epitopes may not be accessible if bound to EIA plate 
[33]. On the other hand, an excess of adhesive antigens on 
EIA-plate surface may hlas binding of non-disease-associ- 
ated, low affinity antibodies with high binding capacity as 
reported for IAA in healthy blood donors [34]. 

The striking lack of correlation between the two assay 
systems is less suggestive of gradual differences in average 
antibody affinity, but indicates absolute distinctions in the 
quality of antibodies detected. Maturation of an antigen 
driven (hyper-) immune response produces an antibody 
repertoire that is not only of high affinity but also favours 
immunoglobulins with fast binding kinetics [35], i. e. anti- 
bodies characterized by high on-off antigen binding rates 
and release required , for example , for rapid opsonization 
of pathogens and re-utilization of antibody. We speculate 
that the combination of large-surface area of antigen-con- 
jugated microspheres, consequent ease of antigen accessi- 
bility and the fast dynamics of PCFIA (1 min binding peri- 
ods) all contribute to I the preferential detection of 
antibodies with a high on-off binding rate. If correct, then 
the presence of such antibodies supports our claim that 
these diabetes-associated antibodies are the product of a 
stringently antigen-driven immune response [6]. In any 
case, the observations presented here emphasize the im- 
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por tance  of clinical va l ida t ion  for serological assay proce- 
dures which rarely cover all possible immunog lobu l in  
reper toires  able to associate with a given antigen.  
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