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Searching for a mechanism underlying autoimmunity in autism, we postulated that gliadin peptides, heat
shock protein 60 (HSP-60), and streptokinase (SK) bind to different peptidases resulting in autoantibody
production against these components. We assessed this hypothesis in patients with autism and in those with
mixed connective tissue diseases. Associated with antigliadin and anti-HSP antibodies, children with autism
and patients with autoimmune disease developed anti-dipeptidylpeptidase I (DPP I), anti-dipeptidylpeptidase
IV (DPP IV [or CD26]) and anti-aminopeptidase N (CD13) autoantibodies. A significant percentage of
autoimmune and autistic sera were associated with elevated immunoglobulin G (IgG), IgM, or IgA antibodies
against three peptidases, gliadin, and HSP-60. These antibodies are specific, since immune absorption demonstrated that only specific antigens (e.g., DPP IV absorption of anti-DPP IV), significantly reduced IgG, IgM,
and IgA antibody levels. For direct demonstration of SK, HSP-60, and gliadin peptide binding to DPP IV,
microtiter wells coated with DPP IV were reacted with SK, HSP-60, and gliadin. They were then reacted with
anti-DPP IV or anti-SK, anti-HSP, and antigliadin antibodies. Adding SK, HSP-60, and gliadin peptides to
DPP IV resulted in 27 to 43% inhibition of the DPP IV–anti-DPP IV reaction, but DPP IV-positive peptides
caused 18 to 20% enhancement of antigen-antibody reactions. We propose that (i) superantigens (e.g., SK and
HSP-60) and dietary proteins (e.g., gliadin peptides) in individuals with predisposing HLA molecules bind to
aminopeptidases and (ii) they induce autoantibodies to peptides and tissue antigens. Dysfunctional membrane
peptidases and autoantibody production may result in neuroimmune dysregulation and autoimmunity.
The frequency of the complement C4B-null allele gene increases in autistic individuals, and there is an unusually high
rate of autoimmune disorders in a family with an autistic child
(34). Further larger-scale analyses revealed in families with
autistic children the occurrence of autoimmune disease in firstand second-degree relatives (10). In general, increased prevalence of autoimmune disease in family members is common
among probands with autoimmune disorders (4, 38, 48). If
increased familial autoimmune disease in autistic probands
were verified, then additional research into immunologic contributions to the pathophysiology of autism would seem to be
warranted.
Membrane peptidases and the immune system. Cell surface
peptidases such as aminopeptidase N (CD13), aminopeptidase
I (or dipeptidylpeptidase I [DPP I]), and dipeptidylpeptidase
IV (DPP IV) play key roles in growth and differentiation of
lymphocytes and leukemia or lymphoma cells (2, 29, 30, 31,
63). They cleave peptide mediators, resulting in activation or
inactivation, and function as receptors as well as signal transduction and adhesion molecules (40). CD13 is expressed on
stem cells and most developmental stages of myeloid cells (12,
39). During earliest stages of differentiation, T or B cells are
CD13⫹ but become negative after maturation. In the intestinal
brush border, 6 to 8% of protein is CD13, involved in terminal

Autism is a developmental disorder of unknown etiology.
Several factors have been implicated in its pathogenesis, including genetic, environmental, immunological, and neurological elements (14, 20, 62). Immune abnormalities in autism
include changes in the numbers and activities of macrophages,
T cells, B cells, and natural killer cell activity (53, 54). In
addition, a shift occurs from T helper 1 to T helper 2 T cells in
autism as evidenced by a decrease in the production of inteleukin-2 (IL-2) and gamma interferon, but there is an increase
in the production of IL-4 (20). Another study reported that the
innate and adaptive immune responses in children with autism
were associated with tumor necrosis factor alpha, IL-1␤,
and/or IL-6 values ⬎2 standard deviations (SD) above the
control mean (26).
To better understand possible origins, autoimmune mechanisms and a theory have been proposed and investigated as
underlying causes of autism (50). Immunogenetic analyses reveal that genes long implicated in lupus (15) and arthritis (46)
are significantly increased in autistic populations (49, 55–57).
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degradation of small peptides, amino acid scavenging, and
inactivation of endorphins and enkephalins in synaptic membranes of the nervous system (32). CD13 is also the major
receptor for the transmissible virus that causes severe gastroenteritis in piglets (11) and for coronavirus 229E that causes
upper respiratory infections in humans (61).
DPP I is a cysteine protease found in lung, myelomonocytic
cells, cytotoxic T cells, and mast cells (59). DPP I is apparently
specialized in producing peptides that are presented in class I
major histocompatibility complex molecules, which participate
in antigen presentation (31, 63). DPP IV or CD26 is a closely
related family of glycoproteins expressed on cell surfaces and
through the plasma membrane. It is localized on epithelial
brush border membranes, in the intestinal mucosa, and it
cleaves X-Pro dipeptides from the NH2 terminus of several
proteins (3, 27, 33).
Due to the key role that the membrane-bound DPP IV plays
in T-cell-mediated immune responses and cytokine production, this enzyme has been analyzed in several autoimmune
diseases, such as rheumatoid arthritis and systemic lupus erythematosus (36, 37). DPP IV is a receptor for streptokinase
(SK) on rheumatoid synovial fibroblasts via the LTSRPA
amino acid sequence (18). Binding of SK, the bacterial protein,
to DPP IV resulted in the appearance of anti-SK and anti-DPP
IV autoantibodies in patients with myocardial infarction
treated with SK (8, 19). Based on these observations and the
potent immunogenicity of SK in patients with autoimmune
disease, SK could bind to DPP IV and induce significant levels
of anti-SK and anti-DPP IV antibody production. We have
recently detected antibodies to nine different, neuron-specific
antigens in sera of autistic children. These antibodies bound to
different encephalitogenic molecules (i.e., milk butyrophilin,
Chlamydia pneumoniae and streptococcus M protein, as well as
neurological antigens) (51). Chlamydia, streptococci, and many
other infectious agents produce molecules called superantigens or heat shock proteins (HSPs), which can modulate host
immune functions. Bacterial superantigens can transactivate
the endogenous superantigens by stressful stimuli, including
exposure to oxidative radicals, heavy metals, anoxia, and infection (28, 35, 60, 64). Induction of endogenous superantigens by
infections might exert a profound impact on the immune response and nudge it into an autoimmune condition (16, 47).
Given these observations, and since HSPs are a potent immunogenic protein, we hypothesized that HSPs or dietary peptides may bind to DPP IV and other peptidases and induce
autoantibody production. We assessed this hypothesis in a
group of healthy control subjects compared to patients with (i)
autism or (ii) mixed connective tissue disease. Our data suggest
a potential role for HSP-60 and dietary peptides in this process. A definitive relationship between infections, dietary peptides, and autism has not been established. The present study
was designed to identify epitopes from HSPs and gliadin that
could bind to aminopeptidases in tissues and on lymphocyte
receptors, resulting in autoantibody production and possible
autoimmunity in autism.
MATERIALS AND METHODS
Patients. Blood samples from 50 subjects (33 males and 17 females), 3 to 14
years of age (mean of 7.2 years), with a diagnosis of autism were sent by different
clinicians to our laboratory for immunological examination. The clinical diagno-
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sis of autism was made according to the DSM-III-R criteria, established by the
American Psychiatric Association (Washington, D.C.), as well as by a developmental pediatrician, a pediatric neurologist, and/or a licensed psychologist. Samples were excluded if their medical histories included head injury, evidence of
gliomas, failure to thrive, and other known factors that may contribute to abnormal development. Blood samples from 50 patients with confirmed diagnosis
of mixed connective tissue disease (31 females and 19 males), 36 to 75 years of
age with an antinuclear antibody (ANA) titer of 640 or greater and Sm/RnP
speckled pattern chromosome negative were selected from our collection sera,
preserved at ⫺70°C. For comparison, serum samples from 50 healthy controls
(25 children age 3 to 14 years and 25 adults age 36 to 75 years) with negative
ANA titers and no known autoimmune diseases were included. The test requests
were properly documented and kept in a confidential file. All persons gave their
informed consent and allowed inclusion of their data in this report without
disclosure of their identity.
Peptides. (i) Gliadin peptides. Gliadin peptide QQLPQPQQPQQSFPQQ
QPF and Chlamydia trachomatis HSP-60 peptide LKQIAAHAGKEGAIIFQ
QVM (high-performance liquid chromatography grade) were synthesized by
Bio-Synthesis, Inc. (Lewisville, Tex.).
(ii) Proteins. DPP IV (CD26), aminopeptidase I, aminopeptidase N (CD13),
SK, lipopolysaccharide (LPS), and human serum albumin (HSA) were purchased
from Sigma (St. Louis, Mo.).
(iii) Antibodies. Antibodies to DPP IV, DPP I, aminopeptidase N, SK, HSP60, and gliadin peptides were prepared in rabbits according to standard protocols
(23) by Cocalico Biologicals, Inc. (Reamstown, Pa.). These polyclonal antibodies
were purified by affinity chromatography on protein A-Sepharose (17).
ELISA. Enzyme-linked immunosorbent assay (ELISA) was used for testing
antibodies against different antigens in the sera of patients with autism and
autoimmune disease and with control subjects. Antigens and peptides were
dissolved in methanol at a concentration of 1.0 mg/ml and then diluted 1:100 in
0.1 M carbonate-bicarbonate buffer (pH 9.5), and 50 l was added to each well
of a polystyrene flat-bottom ELISA plate. Plates were incubated overnight at 4°C
and then washed three times with 200 l of Tris-buffered saline (TBS) containing
0.05% Tween 20, pH 7.4. The nonspecific binding of immunoglobulins (Igs) was
prevented by adding a mixture of 1.5% bovine serum albumin (BSA) and 1.5%
gelatin in TBS and then incubating this mixture for 2 h at room temperature and
then overnight at 4°C. Plates were washed as described above, and then serum
samples diluted 1:200 in 1% HSA in TBS containing 1-mg/ml IgG Fc fragments
(to avoid reactivity of specific antibodies with rheumatoid factors) were added to
duplicate wells and incubated for 2 h at room temperature. Sera from patients
with autoimmune disorders with known high titers of IgG, IgM, and IgA against
DPP IV, gliadin, or HSP peptides were used in dilutions of 1:200 to 1:1,600 to
construct a standard curve to rule out nonspecific antibody activities. Plates were
washed, and then alkaline phosphatase-conjugated goat anti-human IgG, IgM, or
IgA F(ab⬘)2 fragments (KPI, Gaithersburg, Md.) at an optimal dilution of 1:400
to 1:2,000 in 1% HSA–TBS was added to each well; the plates were then
incubated for an additional 2 h at room temperature. After washing five times
with TBS-Tween buffer, the enzyme reaction was started by adding 100 l of
paranitrophenylphosphate in 0.1 ml of diethanolamine buffer (1 mg/ml) containing 1 mM MgCl2 and sodium azide, pH 9.8. The reaction was stopped 45 min
later with 50 l of 1 N NaOH. The optical density was read at 405 nm (OD405)
with a microtiter reader. To detect nonspecific binding, several control wells
contained all reagents except human serum or wells were coated with different
tissue antigens and other reagents were used. Coefficients of intra-assay and
interassay variations for IgG, IgM, and IgA against DPP IV, DPP I, and CD13
were less than 10%.
Calculation of optimal serum dilution. Two sera from healthy controls with
low levels of antibodies to DPP IV, gliadin, and HSP peptides, two sera from
patients with autoimmune disease; and two sera from autistic children with
known high titers of antibodies were used to construct standard control curves.
These sera were diluted 1:25 to 1:800. At dilutions of 1:50 to 1:400, the standard
curves for samples with autoimmune disease or autism were linear (OD of 0.4 to
2.2) and antibodies to these antigens were not detected in healthy control sera
(OD of ⬍0.2). Hence, antibody detection in autistic and autoimmune sera was
performed at 1:200 dilutions in the appropriate buffer.
Absorption of sera with specific and nonspecific antigens and peptides. Three
autistic patients’ sera containing high levels of IgG and IgA antibodies to DPP IV
(OD in ELISA of ⬎0.5) and three control sera with insignificant levels of IgG
and IgA antibodies were used in inhibition studies. In different test tubes, 1 ml
of each serum sample was preincubated with 100 l containing 100 g of either
HSA, LPS, DPP IV, DPP I, CD13, HSP-60, or gliadin peptides. After mixing, the
tubes were kept for 1 h in a 37°C water bath followed by a 4-h incubation at 4°C
and then centrifuged at 3,000 ⫻ g for 10 min. The supernatant was used for
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measuring antibody levels and comparing the ELISA OD of unabsorbed and
absorbed sera with nonspecific and specific antigens.
Possible binding of SK, gliadin, and HSP-60 peptides to DPP IV. Since
interaction of DPP IV with SK has been shown to be associated with SK and
anti-DPP IV autoantibodies (13), we sought out the possible binding of other
peptides to DPP IV, DPP I, and CD13. A series of ELISA experiments were
carried out to establish the binding specificity of peptides to DPP IV and other
peptidases. The plates were coated with DPP IV first and then with BSA or HSA
for inhibition of nonspecific binding. SK, gliadin, and HSP-60 were then added.
To demonstrate binding of SK, gliadin, and HSP-60 to DPP IV, purified rabbit,
anti-DPP IV, anti-SK, antigliadin, anti-HSP-60, and combined anti-DPP IV–
anti-SK (anti-DPP IV ⫹ anti-SK), anti-DPP IV ⫹ antigliadin, and anti-DPP IV
⫹ anti-HSP antibodies were added to each of the different wells coated with
either BSA, HSA, DPP IV ⫹ HSA, DPP IV ⫹ SK, DPP IV ⫹ gliadin, and DPP
IV ⫹ HSP-60 (see Table 3).
Plates were incubated for 1 h at 37°C and washed five times for removal of
unbound competing antigens. Then purified rabbit anti-DPP IV, SK, HSP-60, or
gliadin peptides were added to different wells. The concentration of bound rabbit
antibodies was determined as described above but with alkaline phosphataselabeled anti-rabbit IgG and not anti-human Igs.
Complex DPP IV and DPP IV enzyme activity in serum samples. Levels of
complex DPP IV were measured in 10 control sera with no DPP IV antibodies
and 10 sera from autistic children with high levels of IgG anti-DPP IV antibodies.
Levels were determined by adding 20 l of control or patients’ serum in 0.2 ml
of serum diluent buffer to 96-well plates coated with monoclonal anti-DPP IV
antibody and incubated for 1 h at 37°C. Plates were washed and incubated with
antihuman IgG for 1 h at 37°C, followed by incubation with substrate and
measurement of color development at 405 nm. DPP IV enzyme activity was
measured with 0.2 mM Gly-Pro-P-nitroanilide in a reaction mixture (200 l)
containing 40 l of serum samples and 50 mM Tris-HCl, pH 8.0. The hydrolysis
of the substrate was monitored at 405 nm (8).
Statistical analysis. (i) General considerations. The main objective of our data
analysis was to examine the differences between the levels of IgG, IgM, and IgA
antibodies among four groups (children with no conditions, adults with no
conditions, children with autism, and adult patients with autoimmune disease)
against anti-DPP IV autoantibody levels, anti-DPP I antibody levels, anti-aminopeptidase N (CD13) autoantibody levels, and antigliadin and HSP-60 peptide
autoantibody levels. IgG, IgM, and IgA are considered three dependent variables, with one factor variable that divides our sample into the four groups
mentioned above.
The general linear model (GLM) for Windows 11.5 with advanced option
(SPSS, Inc., Chicago, Ill.) was used in this study. Using Hotelling’s trace, the
exact F statistics are provided. In addition, for the post hoc tests the Scheffé
significant difference tests were performed. The GLM multivariate procedure
provides analysis of variance for multiple dependent variables by one or more
factor variables. The factor variables divide the population into various groupings
of a joint distribution of dependent variables.
(ii) The Bonferroni, Scheffé, and Tukey’s tests for significance. The Bonferroni, Scheffé, and Tukey’s significant difference tests are commonly used. The
Bonferroni test, based on Student’s t statistic, adjusts the observed significance
level for the fact that multiple comparisons are made. In our post hoc analysis,
the Bonferroni, Scheffé, and Tukey’s honestly significant difference tests were
performed, but the results were remarkably similar for all three methods. Therefore, only results for the Scheffé test are reported.
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TABLE 1. GLM (multivariate tests), including Hotelling’s trace
value, exact F statistic, and hypothesis degree of freedoma
Hotelling’s
trace value

df

F

DPP IV
Intercept
Group

2.56
0.54

3
9

165.6
11.5

DPP I
Intercept
Group

2.53
0.46

3
9

163.6
9.9

CD13
Intercept
Group

3.10
0.36

3
9

200.6
7.7

Gliadin peptide
Intercept
Group

1.95
0.38

3
9

126.1
8.1

HSP-60 peptide
Intercept
Group

1.64
0.46

3
9

105.7
9.9

Antibody

a

P ⬍ 0.0001 for all comparisons.

mean OD ⫾ SD are summarized in Fig. 1. The OD for IgG
antibody values obtained with 1:200 dilution of healthy control
sera were 0.05 to 0.8, and the mean ⫾ SD were 0.15 ⫾ 0.14.
The corresponding IgG OD values from autistic children and
patients with autoimmune disease sera were 0.01 to 1.1 and
0.01 to 1.5 with mean ⫾ SD IgG values of 0.35 ⫾ 0.28 and 0.43
⫾ 0.30. The result of post hoc multivariate comparison tests
show that while the control groups are statistically alike for
IgG, IgM, and IgA in anti-DPP IV, both the autism and autoimmune groups were significantly different compared to the
control groups (P ⬍ 0.001) (Table 2, DPP IV). At a cutoff
value of 0.29, OD levels of IgG antibody were calculated in
controls and patients’ sera; the results show that while 5 of 50
(10%) control children and 7 of 50 (14%) control adults had
high IgG values, the patients’ group showed IgG elevation in

RESULTS
Statistical evaluation. Table 1 shows the Hotelling’s trace
value, exact F statistic, and hypothesis degree of freedom for
GLM multivariate tests. The results of the GLM indicate that
overall, with no exception, significant differences exist between
the groups (control children, control adults, and autism and
autoimmune disease patients) for each dependent variable
(DPP IV, DPP I, CD13, gliadin peptide, and HSP-60) (P ⬍
0.0001).
Anti-DPP IV autoantibody levels in control children with
autism and patients with autoimmune disease. Using ELISAs,
sera from 50 healthy subjects, 50 autistic children, and 50
patients with mixed connective tissue disease were analyzed for
IgG, IgM, and IgA antibodies to DPP IV. Results expressed as

FIG. 1. Scattergram of serum titers of IgG, IgM, and IgA antibodies to DPP IV in healthy, young control subjects (⽧), autistic patients
(■), healthy, older control subjects (Œ), and patients with autoimmune
disease (F), expressed as OD in the ELISA.
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TABLE 2. Multiple comparisons and means for groups in homogenous subsets with Scheffé’s post hoc testsa
Mean for subset
Group

IgG
1

DPP IV
Control children
Control adults
Autism
Autoimmune

0.1432
0.1994

DPP I
Control children
Control adults
Autism
Autoimmune

0.1620
0.1980
0.2800

0.3600
0.5060

3

1

0.1336
0.1654

0.3260
0.3700

0.1492
0.1480

0.2120
0.3600

IgA

2

0.1694
0.1826

0.2900
0.2460

0.1640
0.2140

HSP-60 peptide
Control children
Control adults
Autism
Autoimmune

1

0.3580
0.3940

0.1432
0.1994

Gliadin peptide
Control children
Control adults
Autism
Autoimmune

3

0.3488
0.4282

0.1446
0.1492

CD13
Control children
Control adults
Autism
Autoimmune

IgM

2

0.2980

0.1508
0.1546
0.4300

0.1310
0.1400
0.1700
0.1680

0.1484
0.1218

0.1460
0.1920

0.1454
0.1860

0.3580
0.4640

0.1300
0.1770

0.1770
0.3380

0.5020

0.1618
0.1636

0.3380
0.4880

2

0.3620
0.5120

0.3320
0.4560

0.4040
0.3900

0.3680
0.4520

0.6100
0.5820

a
Means for groups in homogenous subsets are displayed based on the type III sum of squares (sample size of 200, with 50 subjects in each group). Means that are
reported in the same subset are statistically similar. For example, means for IgG (DPP I) for the control children and control adult groups are 0.1446 and 0.1492,
respectively, which are statistically alike. Similarly, the means for the autism (0.3580) and autoimmune (0.3940) groups are statistically the same. However, the means
for control children are significantly different from the autism or autoimmune group. Similarly, the means for the control adults are statistically different from both the
autism and autoimmune groups. Also note that the control groups (0.1492 and 0.1480) are similar for IgM (DPP I), but autism (0.2980) and autoimmune (0.4300) results
are not statistically alike. Potentially, up to four subsets could be formed, simply because for each dependent variable we have four experimental groups. When this
is the case, each mean’s group should be reported in a separate subset. However, if all four means are statistically alike, all should be reported in one subset. For
example, for CD13 IgM, all means are reported in the sample subset, indicating that no difference between the four groups was detected.

54% (autistic children) and 64% (patients with autoimmune
disease) (P ⬍ 0.0001) (Table 3). Levels of IgM anti-DPP IV in
healthy controls and patients with autism and autoimmune
disease are also shown in Fig. 1. These serum IgM antibodies
were significantly higher in patients than in controls. The mean
⫾ SD values were 0.14 ⫾ 0.12 for controls and 0.33 ⫾ 0.26 for
patients with autism to 0.37 ⫾ 0.36 for patients with autoimmune disease (P ⬍ 0.0001) (Fig. 1). When the 0.29 OD cutoff

point was used, 8% of controls versus 50% of patients with
autism and 46% of patients with autoimmune conditions
showed elevated IgM antibody levels (P ⬍ 0.0001) (Table 3).
Likewise, IgA antibody levels against DPP IV were examined
in three groups. Individual and mean ⫾ SD data depicted in
Fig. 1 showed significant differences between the control and
patient’s group. The mean ⫾ SD IgA antibody levels were 0.14
⫾ 0.11 in controls, 0.36 ⫾ 0.33 in patients with autism, and 0.51

TABLE 3. Percent elevation of antibodies to DPP IV, DPP I, CD13, gliadin peptidase, and HSP-60 in controls and patients with autism and
autoimmune disease
% Ig elevation
IgG

Antigen

DPP IV
DPP I
CD13
Gliadin peptide
HSP-60

IgM

IgA

Control
children

Autism

Control
adults

Autoimmune

Control
children

Autism

Control
adults

Autoimmune

Control
children

Autism

Control
adults

Autoimmune

10
8
8
12
16

54
56
40
42
36

14
14
6
18
22

64
60
28
62
52

8
10
6
8
8

50
46
18
50
44

8
16
6
20
18

46
54
18
48
48

6
10
12
6
14

44
46
48
44
50

4
14
8
18
14

58
56
50
52
42
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FIG. 2. Scattergram of serum titers of IgG, IgM, and IgA antibodies to DPP I in healthy, young control subjects (⽧), autistic patients
(■), healthy, older control subjects (Œ), and patients with autoimmune
disease (F) expressed as OD in the ELISA.

⫾ 0.40 under autoimmune conditions (P ⬍ 0.0001). The percent elevated serum IgA anti-DPP IV antibodies at an OD
value of greater than 0.29 were significantly higher in patients
with autism (44%) and autoimmune disease (58%) than in
controls (4 to 6%) (Table 3).
Anti-DPP I antibody levels in controls, children with autism, and patients with autoimmune disease. Analysis of antiDPP I IgG, IgM, and IgA levels in controls and patients with
autism or autoimmune disease showed significant differences
between the antibody values and percent elevation of these
antibodies against DPP I (Fig. 2). The mean ⫾ SD OD values
were 0.14 ⫾ 0.11 to 0.16 ⫾ 0.15 in controls, 0.30 ⫾ 0.22 for
patients with autism, and 0.46 ⫾ 0.36 in patients with autoimmune disease (P ⬍ 0.0001) (Fig. 2).
The post hoc multivariate comparisons for DPP I in Table 2
reveal that the control groups for IgG, IgM, and IgA are
statistically identical. For IgG and IgA, the autism and autoimmune groups are also alike. However, for IgM, a significant
difference between the autoimmune and autism groups was
detected. Overall, the autism and autoimmune groups are statistically different compared to control groups. Percent elevations of IgG, IgM, and IgA antibodies were 8 to 16% for
controls, 46 to 56% for the autism group, and 54 to 60% for the
autoimmune group (Table 3).
Anti-aminopeptidase N (CD13) autoantibody levels in controls, children with autism, and patients with autoimmune
disease. Similar to the analysis of DPP IV and DPP I data,
levels of IgG, IgM, and IgA antibodies to CD13 were significantly higher in patients with autism or autoimmune disease
than in controls (Fig. 3). In comparison to DPP IV and DPP I,
the percent elevation of CD13 autoantibodies in both groups
of patients were significantly lower for IgM (P ⬍ 0.31) but not
for IgG and IgA (P ⬍ 0.0001) (Table 3). The results for CD13
in Table 2 show that for IgG and IgA, similar to control groups,
autoimmune and autism are alike. Yet a significant difference
was detected between the control groups and the autism and
autoimmune groups. According to the data for anti-CD13 IgM,
no differences between the four groups were detected.
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FIG. 3. Scattergram of serum titers of IgG, IgM, and IgA antibodies to aminopeptidase N (CD13) in healthy, young control subjects
(⽧), autistic patients (■), healthy, older control subjects (Œ), and
patients with autoimmune disease (F), expressed as OD in the ELISA.

Antigliadin and HSP-60 peptide autoantibody levels in controls, children with autism, and patients with autoimmune
disease. Concomitant with an increase of IgG, IgM, and IgA
against DPP IV, DPP I, and CD13, we observed a statistically
significant increase of antigliadin and anti-HSP-60 antibodies
in most patients’ sera. Antibodies for controls were 0.14 ⫾ 0.11
to 0.15 ⫾ 0.17, and those for patients with autism and autoimmune disease 0.36 ⫾ 0.32 to 0.51 ⫾ 0.43 (P ⬍ 0.0001) (Fig.
4 and Table 3). The results for gliadin peptide in Table 2 show
that IgM and IgA for control groups against gliadin peptide are
statistically alike. Similarly, the autism and autoimmune
groups are identical, yet the control groups are different compared with the autism and autoimmune groups. Finally, the
results for HSP-60 in Table 2 show that for IgA against HSP60, the control groups are statistically not different from the
autoimmune and autism groups. However, for IgG, no similarity between the autoimmune groups and other groups (au-

FIG. 4. Scattergram of serum titers of IgG, IgM, and IgA antibodies to gliadin peptide in healthy, young control subjects (⽧), autistic
patients (■), healthy, older control subjects (Œ), and patients with
autoimmune disease (F), expressed as OD in the ELISA.

0.19 (NS)
0.23 (NS)
0.18 (NS)
0.23 (NS)
0.22 (NS)
0.22 (NS)
0.26 (NS) 0.14 (NS) 0.18 (NS) 0.21 (NS)
0.23 (NS) 0.20 (NS) 0.19 (NS) 0.26 (NS)
0.21 (NS) 0.17 (NS) 0.15 (NS) 0.18 (NS)
0.22 (NS)
0.18 (NS)
0.19 (NS)
0.24
0.21
0.16
0.25 (NS)
0.18 (NS)
0.14 (NS)
a

Antibody levels in serum are expressed as OD (by ELISA). NS, not significant.

0.27 (NS)
0.13 (NS)
0.11 (NS)
0.21 (NS) 0.16 (NS) 0.20 (NS) 0.23 (NS)
0.11 (NS) 0.10 (NS) 0.15 (NS) 0.16 (NS)
0.12 (NS) 0.18 (NS) 0.13 (NS) 0.18 (NS)
0.22
0.14
0.16
Control
1
2
3

0.23 (NS)
0.12 (NS)
0.14 (NS)

1.19
0.92
0.61

1.23 (NS)
0.95 (NS)
0.57 (NS)

1.18 (NS) 0.45 (63)
1.0 (NS) 0.32 (66)
0.59 (NS) 0.24 (61)

0.98 (18)
0.73 (21)
0.46 (25)

0.81 (32)
0.68 (27)
0.41 (33)

1.17 (NS)
0.89 (NS)
0.67 (NS)

1.27 (NS)
0.92 (NS)
0.63 (NS)

0.81
1.35
0.93

0.75 (NS)
1.42 (NS)
0.98 (NS)

0.83 (NS) 0.52 (36)
1.47 (NS) 0.93 (32)
0.92 (NS) 0.57 (39)

0.76 (NS) 0.71 (NS)
1.0 (26)
0.95 (30)
0.73 (22) 0.66 (29)

0.89 (NS)
1.28 (NS)
0.95 (NS)

0.92 (NS)
1.47 (NS)
0.88 (NS)
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Patient
1
2
3

HSP-60
CD13
DPPI
DPP IV
LPS
HSP-60
CD13
DPPI
DPP IV
LPS
HSA
PBS
Sample

IgG level (% inhibition) after absorption with 1-mg/ml:

Gliadin
peptide

PBS

HSA

IgA level (% inhibition) after absorption with 1-mg/ml:

Gliadin
peptide
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TABLE 4. Level of anti-DPP IV antibodies in serum and inhibition after absorption with different specific and nonspecific antigensa
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tism and controls) was detected. The autism and control
groups are similar to but different from those of the autoimmune group. For IgM, no differences between the autism
group and control adults were observed, but the autism group
was statistically different compared with control children.
These values as well as percent elevation of IgG, IgM, and
IgA antibodies against gliadin are presented in Tables 2 and 3.
For examination of possible involvement of gliadin and
HSP-60 peptides in the production of autoantibodies to different peptidases, calculations of the simultaneous elevation in
these antibodies in patients’ sera were made (see Fig. 6 and 7).
Between 57 and 90% of sera from children with autism who
had high IgG, IgM, or IgA against DPP IV, DPP I, or CD13
had simultaneous elevation in these antibodies to gliadin or
HSP-60 peptides (Fig. 6). This correlation between IgG, IgM,
and IgA antibodies to DPP IV, DPP I, CD13, and gliadin and
HSP-60 peptides in sera of patients with autoimmune disease
was 50 to 100% (Fig. 7). When concomitant detection of antibodies to all five tested antigens (DPP IV, DPP I, CD13,
gliadin peptide, and HSP-60) was measured, 72, 30, and 24%
of sera from children with autism versus 41, 25, and 26% of
sera, respectively, from patients with autoimmune disease had
simultaneous elevations in IgA, IgG, and IgM antibody levels
to all tested antigens.
Absorption of anti-DPP IV antibodies with DPP IV, DPP I,
CD13, gliadin, HSP-60 peptide, HSA, and LPS. To examine
whether antibodies to DPP IV are specific or cross-reactive, we
performed an absorption analysis using nonspecific antigens
(LPS and HSA), specific antigen (DPP IV), and other antigens
(DPP I, CD13, gliadin, and HSP-60) to which antibodies were
detected simultaneously. Results summarized in Table 4
showed that DPP IV, DPP I, and CD13 significantly absorbed
IgG and IgA antibodies when a specific antigen (DPP IV) was
used, as expected. For example, anti-DPP IV-positive sera
were absorbed by DPP IV up to 66%, with DDP I up to 25%,
and with CD13 up to 33% but not with gliadin, HSP-60, HSA,
or LPS (Table 4). This inhibition of antibodies by different
antigens varied among samples and IgG versus IgA.
Possible binding of SK, gliadin, and HSP-60 peptides to
DPP IV. For demonstration of SK, gliadin, and HSP-60 binding
to DPP IV, polyclonal antibodies were added to different wells.
Only a rabbit anti-DPP IV reaction with wells coated with DPP
IV resulted in an ELISA OD of 2.38. Addition of SK, gliadin,
and HSP-60 caused 32, 43, and 27% inhibition of the DPP IV
⫹ anti-DPP IV ELISA values. Furthermore, on wells coated
with DPP IV ⫹ SK, DPP IV ⫹ gliadin, or DPP IV ⫹ HSP-60,
only rabbit antibody to SK, gliadin, or HSP-60 was capable of
reacting with the specific antigen added to DPP IV and resulted in an OD above 2 SD of the background (Table 3). This
ELISA OD is a further indication for binding of SK, gliadin, or
HSP-60 to DPP IV. Similar results were obtained if, instead of
DPP IV on the plate, DPP I or CD13 was used (data not
shown).
Detection of complex DPP IV and DPP IV enzyme activity.
The mean ⫾ SD for this complex of IgG with DPP IV in
controls was 0.24 ⫾ 0.19, and that in patients with autism was
1.3 ⫾ 0.8 (P ⬍ 0.001). This binding of anti-DPP IV to DPP IV
in serum may result in lower activity of DPP IV. In fact, when
DPP IV activity was measured with a specific substrate, the OD
of 10 specimens negative for DPP IV antibodies was 2.8 ⫾ 1.2
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and that for 10 specimens with high levels of DPP IV antibodies was 2.2 ⫾ 0.9. Overall, in comparison to sera without DPP
IV antibodies, the OD for samples with high levels of DPP IV
antibodies was lower by 20% (P ⬍ 0.05).
DISCUSSION
Immunological research has suggested autoimmunity as a
pathogenic factor in autism (42, 49, 55–58). This possible autoimmunity in autism was further strengthened by our earlier
investigation and demonstration of antibodies to nine different
neuron-specific antigens and their cross-reactive proteins and
peptides from milk, C. pneumoniae, and Streptococcus group A
(51). In that study, we suggested a role for milk proteins and
bacterial antigens in the pathogenesis of autistic behavior.
Based on these findings and earlier reports about the elevation
of anti-DPP IV and anti-SK antibodies in rheumatoid arthritis,
systemic lupus erythematosus (7), and patients with myocardial
infarction (8), we first examined the existence of DPP IV
autoantibodies in blood samples of children with autism and
compared them to levels in patients with mixed connective
tissue disease (Fig. 1 and Table 3). Second, we asked whether
or not antibodies to other peptidases, such as DPP I and CD13,
are detected in the sera of patients with autoimmune disease
and in children with autism. To our surprise, we found almost
similar levels of IgG, IgM, and IgA antibodies to DPP I and
CD13 in patients with mixed connective tissue disease and
autism, but not in controls (Fig. 2 and 3).
These antibodies to DPP IV appear to be specific, since in
our absorption studies DPP IV was capable of reducing significantly (up to 63%) the levels of IgG and IgA anti-DPP IV
antibodies from highly positive sera. DPP I and CD13 reduced
levels of these antibodies to a less significant degree (up to
33%) (Table 4). This partial absorption of anti-DPP IV antibodies by DPP I and CD13 may indicate that production of
anti-DPP I and anti-CD13 autoantibodies is due to different
mechanisms of action and not due to cross-reactivity between
DPP IV, DPP I, and CD13.
Based on these findings, we hypothesized that infectious
agents, superantigens (including SK and HSP-60), and dietary
proteins such as gliadin peptides in individuals with predisposing HLA molecules may bind to different aminopeptidases and
induce autoantibodies to peptides and tissue antigens. To test
this hypothesis, and based on gliadin peptide binding to transglutaminase in the brush border of celiac disease patients (43),
we measured antigliadin and anti-HSP-60 peptide antibodies
in blood samples of children with autism and patients with
autoimmune disease. Data presented in Fig. 5 and Table 3
showed that similar to anti-DPP IV, anti-DPP I, and antiCD13 antibody levels, a significant number of autistic and
autoimmune sera exhibited antigliadin peptide and antiHSP-60 antibodies.
We then asked the following question: what percentage of
autism and autoimmune sera that is positive for antibodies to
DPP IV, DPP I, and CD13 also have concomitant elevation in
gliadin and HSP-60 antibodies? The answer, depicted in Fig. 6
and 7, is that between 50 and 100% of patients with autism and
autoimmune disease who had elevated DPP IV, DPP I, and
CD13 antibodies also had antigliadin and anti-HSP-60 antibodies. Since in inhibition studies (Table 4) gliadin and HSP

FIG. 5. Scattergram of serum titers of IgG, IgM, and IgA antibodies to HSP-60 in healthy, young control subjects (⽧), autistic patients
(■), healthy, older control subjects (Œ), and patients with autoimmune
disease (F), expressed as OD in the ELISA.

were not capable of reducing the levels of DPP IV antibodies
(meaning there is no antigenic similarity between gliadin, HSP,
and DPP IV) similar to SK binding to DPP IV (44, 45), we
postulated that gliadin and HSP-60 peptides binding to aminopeptidase is responsible for antigliadin, anti-HSP, and antiDPP IV, anti-DPP I, and anti-CD13 autoantibody production.
Further analysis of results showed that while 26, 25, and 41%
of autoimmune sera had simultaneous elevation of IgG, IgM,
and IgA antibodies to all tested antigens, the autistic sera had
24, 30, and 74% elevations in antibodies to DPP IV, DPP I,
CD13, gliadin, and HSP-60. This high level of IgA production
in 36 of 50 (72%) of children with autism against three peptidases, gliadin, and HSP peptide is further indication of reaction between these molecules and tissue peptidases. Indeed,
when the Scheffé significant difference test was employed for
the four groups, overall the autism and autoimmune groups
were very similar for the levels of IgG, IgM, and IgA antibodies, but they were significantly different from the control

FIG. 6. Percentage of positive sera from patients with autism for
IgA (䊐), IgG (z), and IgM (■) antibodies to gliadin and HSP-60
peptides, which are positive for anti-DPP IV, anti-DPP I, or anti-CD13
antibodies.
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TABLE 5. Inhibition of antibody and peptide binding to DPP IV
with specific and nonspecific rabbit antibodiesa

Microwell coating

BSA

HSA

FIG. 7. Percentage of sera from patients with autoimmune disease
positive for IgA (䊐), IgG (z), and IgM (■) antibodies to gliadin and
HSP-60 peptides, which are positive for anti-DPP IV, anti-DPP I, or
anti-CD13 antibodies.

groups (Table 2). These results are only supportive but not
strong evidence for the binding of gliadin and HSP peptides to
aminopeptidases. This similarity in antibody response to membrane peptidases, SK, HSPs, and gliadin peptides in children
with autism and patients with autoimmune disease is further
evidence of suggested autoimmunity in autism.
Using rabbit anti-DPP IV, anti-SK, antigliadin, and antiHSP-60 antibodies, a series of ELISA experiments were carried out to demonstrate binding specificity of SK, gliadin, and
HSP peptides to DPP IV-coated plates. Binding of SK, gliadin,
and HSP-60 to DPP IV resulted in 27 to 43% inhibition of
rabbit antibody binding to DPP IV. In addition, introduction of
rabbit anti-SK, antigliadin, or anti-HSP antibody to the plates
coated with DPP IV first and then SK, gliadin, or HSP resulted
in enhancement of ODs above background by 18 to 27%.
These results further support the binding of SK, gliadin, or
HSP to DPP IV in vitro and possibly in vivo (Table 5). From
our results we conclude that the binding of bacterial superantigens and dietary peptides to DPP IV, DPP I, or CD13 is
responsible for autoantibody production in children with autism and in patients with autoimmune diseases.
Taking into consideration the short half-lives of IgG, IgM,
and IgA in circulation, these findings suggest that SK, HSP,
and gliadin peptides persist for long periods in the host tissue
(1, 6–8). This persistence of SK, HSP, and gliadin peptide in
circulation results in autoantibodies as well as in reduction of
serum peptidase activity and increased complex formation between peptidases and their respective antibodies (45).
Production of DPP IV autoantibodies and reduced levels of
circulating DPP IV in children with autism are perhaps part of
the repair mechanism for nonspecific colitis and ileal-lymphoid-nodular hyperplasia reported in children with pervasive
developmental disorder (52). This contradictory effect on the
immune system was explained by a bimodal action of DPP IV
in immune function (25). Finally, by virtue of this exopeptidase
activity, we should not forget that DPP IV plays a key regulatory role in the metabolism of peptides. Thus inactivation of
peptidases by autoantibodies may result in accumulation of
dietary peptides such as gluteomorphins and casomorphins, in

DPP IV ⫹ HSA

DPP IV ⫹ SK

First antibody

%
Induction
of
antibody
bindingb

Rabbit
IV
Rabbit
Rabbit
Rabbit

anti-DPP

0.25

BG

anti-SK
anti-Gliadin
anti-HSP-60

0.21
0.17
0.22

BG
BG
BG

Rabbit
IV
Rabbit
Rabbit
Rabbit

anti-DPP

0.15

BG

anti-SK
anti-gliadin
anti-HSP-60

0.19
0.20
0.24

BG
BG
BG

Rabbit
IV
Rabbit
Rabbit
Rabbit

anti-DPP

2.38

100

anti-SK
antigliadin
anti-HSP-60

0.35
0.26
0.31

NS
NS
NS

Rabbit anti-DPP
IV
Rabbit anti-SK
Rabbit antigliadin
Rabbit anti-HSP-60
Rabbit anti-DPP
IV ⫹ Anti-SK

1.62

DPP IV ⫹ gliadin Rabbit anti-DPP
IV
Rabbit anti-SK
Rabbit antigliadin
Rabbit anti-HSP-60
Rabbit anti-DPP
IV ⫹ antigliadin
DPP IV ⫹ HSP60

ELISA
OD492

Rabbit anti-DPP
IV
Rabbit anti-SK
Rabbit antigliadin
Rabbit anti-HSP-60
Rabbit anti-DPP
IV ⫹ Anti-HSP

0.83
0.18
0.35
2.21

32
20
NS
NS
79

1.36
0.27
0.69
0.15
2.12

43
NS
18
NS
81

1.74
0.36
0.25
0.96
2.59

%
Inhibition
of
antibody
binding

27
NS
NS
18
96

a
Shown are inhibition of anti-DPP IV antibody binding to DPP IV by BSA,
HSA, SK, gliadin, and HSP-60 and binding of SK, gliadin, and HSP-60 to DPP
IV by specific and nonspecific rabbit antibodies. Note that all alkaline phosphatase-conjugated goat anti-rabbit IgG results were positive.
b
BG, background; NS, not significant.

the gut and in circulation, resulting in possible neuroimmune
dysregulation. The molecular mimicry between these peptides
and human tissue antigens such as myosin (9) and cerebellar
antigens (5, 13, 21) may result in sensitization of cross-reactive
T cells that could mediate the demyelinating process. The
activated T cells may then stimulate B cells to produce specific
antibodies directed against nerve cell components or recruit
macrophages as effector cells (24). A combination of humoral
and cellular factors including cytokines may therefore participate in the cause of the disease.
Furthermore, the binding of antibodies to CD13- and CD26bearing lymphocytes may interfere with major histocompatibility complex class I antigen presentation, cytokine produc-
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tion, inhibition of autoreactive lymphocyte apoptosis, and
autoimmunity. Whether or not these autoantibodies that bind
to tissue enzymes and lymphocyte receptors can cause some of
the symptoms in patients with mixed connective tissue disease
and in autism remains to be determined. In other words, it is
not possible to make strong distinctions between induction of
autoimmunity and the etiology of autoimmune disease (16).
Only the injection of labeled gliadin and HSP peptides into
animal models and demonstration of increased levels of antibodies in the blood and induction of abnormal metabolism of
neuropeptides in the brain can support this hypothesis. Further
identification of pathogenic peptides and their oral administration, as suggested for patients with celiac disease (41) and
patients with idiopathic dilated cardiomyopathy (22), may help
to design oral tolerance or other immune suppression strategies in patients with autism and autoimmune disease. Indeed,
oral tolerance induced with HSP-65 of Mycobacterium tuberculosis proved to be a novel means of suppressing autoimmune
atherogenesis.
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