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Abstract

Autistic children show elevated serum levels of autoantibodies to several proteins essential for the
function of normal brains. The voltage-dependent anion channel, VDAC, and hexokinase-I, a
VDAC protective ligand, were identified as targets of this autoimmunity in autistic children. These
autoantibodies were purified using immunoaffinity chromatographic techniques. Both antibodies
induce apoptosis of cultured human neuroblastoma cells. Because VDAC and hexokinase-1 are
essential for brain protection from ischemic damage, the presence of these autoantibodies suggests
a possible causal role in the neurologic pathogenesis of autism.
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1. Introduction

Autism is a neurodevelopmental syndrome of unknown etiology, characterized by distinct
symptoms including marked social deficits, deviant language, and a restricted range of
repetitive behaviors that appear within the first three years of life (Volkmar and Pauls,
2003). The syndrome is associated with abnormal brain development and manifests in
several specific regions of the brain, especially the cerebellum, amygdala, and hippocampus
(Volkmar and Pauls, 2003; Raymond et al., 2003; Belmonte et al., 2004). A number of
findings strongly suggest immune system dysregulation or dysfunction in autism (Ashwood
et al., 2006). These patients show decreased peripheral lymphocyte numbers, decreased
responses to T cell mitogens, dysregulated apoptotic mechanisms, imbalance of serum
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immunoglobulin levels, and the presence of serum autoantibodies directed against
components of the central nervous system (Ashwood et al., 2006). A possible link between
autism and autoimmunity to regions in the brain was first reported in 1971 (Money et al.,
1971). Although the pathophysiological significance of autoantibodies reported in children
with autism remains uncertain, various anti-brain antibodies occur, including autoantibodies
to myelin basic protein (Comi et al., 1999), neuron-axon filament protein (Singh et al.,
1993), and glial fibrillary acidic protein (Singh et al., 1997). Elevated levels of antibodies
against the neurologic antigens myelin basic protein, myelin-associated glycoprotein,
ganglioside GM1, a,B-crystallin, sulfatide, chondroitin sulfate, and tubulin in the serum of
autistic children have also been reported (Vojdani et al., 2002).

The voltage-dependent anion channel (VDAC) is a small, 30-35 kDa protein, originally
discovered in the outer membrane of mitochondria where it functions as the major pore-
forming protein (Colombini, 1979). VDAC is also found in the plasma membrane of a large
number of tissues (De Pinto et al., 2003). In the brain, cell-surface VDAC performs a dual
function: (1) maintenance of redox homeostasis in normal cells and (2) promotion of anion
efflux in apoptotic cells (Elinder et al., 2005). A key protein in these mechanisms is
hexokinase-1 (HK-I), which acts as a gatekeeper maintaining a delicate balance between the
opening and closing of VDAC (Oudard et al., 2004).

Studies in rats show that both VDAC and HK-I are densely localized in regions of the brain,
including the caudate nucleus, hippocampus, hypothalamus and cerebellum (McEnery et al.,
1993). Several studies have reported abnormalities in both the caudate nucleus and the
cerebellum of autistic children (Hashimoto et al., 1995; Kern, 2002; Langen et al., 2007),
but the associated molecular mechanisms have not been identified. For this reason, we
investigated the possible reactivity of autoantibodies isolated from the serum of autistic
children with VDAC in lysates from different areas of normal human brain. We found
reactivity with a protein in the 35 kDa size range in caudate nucleus and cerebellum tissue
lysates. This protein was isolated by electrophoresis and identified by MALDI-TOF analysis
as VDAC. We also found autoantibodies to HK-I in the serum of autistic children. Both of
these antibodies impair growth and induce apoptosis in human neuroblastoma cells in
culture, suggesting a possible causal role in the neurologic damage observed in autistic
children.

2. Materials and Methods
2.1. Patients

Thirty-four children with autistic disorder, 2 girls and 32 boys, were included in the study.
All patients were recruited through family members of the Chilean Association of Parents
with Autistic Children. These patients were diagnosed following procedures outlined by the
American Psychiatric Association in the Diagnostic and Statistical Manual of Mental
Disorders, DSM-IV (1994). The screening and diagnosis of autism was performed using the
Childhood Autism Rating Scale (CARS) (Schopler et al., 1980). Autistic disorders were
confirmed independently by two of the investigators (R.F. and S.C.), both of whom
specialize in autistic disorders. Clinical assessment included medical and psychiatric history,
demographic data, physical examination, and routine laboratory evaluations (Trottier et al.,
1999). All 34 participants underwent the Autism Diagnostic Interview (ADI-R) (LeCouteur
etal. 1989; Lord et al. 1994) and the Autism Diagnostic Observation Schedule (ADOS)
(Lord et al. 2000) administered by a trained clinician (RF). The scores of these patients met
cut-off values for the category designated as ‘Broad Autistic Spectrum Disorder (ASD),’
according to criteria established by the NICHD/NIDCD Collaborative Programs for
Excellence in Autism (CPEA) (Lainhart et al. 2006). Clinical assessment included medical
and psychiatric history, demographic data, physical examination, and routine laboratory
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evaluations. Other disorders thought to be associated with autism (fragile X syndrome,
Asperger’s syndrome, cerebral palsy, tuberous sclerosis, and neurofibromatosis) were
excluded. Patients who had schizophrenia and other psychotic disorders were also excluded.

Autistic patients were investigated for immune disorders such as rheumatoid arthritis,
juvenile rheumatoid arthritis, rheumatic fever, psoriatic arthritis, ankylosing spondylitis,
systemic lupus erythematosus, dermatomyositis, polymyositis, psoriasis, vitiligo,
myasthenia gravis, multiple sclerosis, amyothrophic lateral sclerosis, ulcerative colitis,
Crohn’s disease, hyperthyroidism, hypothyroidism, idiopatic thrombocytopenic purpura,
scleroderma, uveitis, polyarteritis nodosa, Wegener’s granulomatosis, Takayasu’s arteritis,
vasculitis (other), type 1 diabetes, Addison’s disease, Sjogren syndrome, pemphigus, and
Guillain Barré syndrome. Clinical assessment procedures included anthropomorphic
measurements, dysmorphic examination, and neurologic examination. Baseline hematologic
parameters, including complete blood count, ESR, creatinine, TSH, T3, T4, and cortisol, and
urinalysis were also determined. Magnetic resonance imaging (MRI) was performed in this
group of patients. Selected patients did not have significant abnormal findings by MRI.
Peripheral blood samples were also obtained from age-matched control children, who had
been admitted to the Clinical Hospital University of Chile and to the Child Surgery
Department of the Santa Maria Clinic in Santiago, Chile, for minor traumas or elective
surgery. Blood samples were drawn from children after written consent was obtained from
their parents before admission to the clinics.

2.2. Materials

Culture media were purchased from Invitrogen (Carlsbad, CA). Na 1251 was obtained from
Perkin-Elmer Life Sciences (Boston, MA). The 21-amino acid peptides,
KVNNSSLIGLGYTQTLKP GIKC (Lys235-Lys255) of VDAC1 (P1) and
MIAAQLLAYYFTELKDDQVKKC (Metl1-Lys21) of hexokinase | (P2), were obtained
from Genemed Synthesis, Inc. (San Francisco, CA). A carboxy-terminal L-Cysteine residue
was added to facilitate conjugation to keyhole limpet hemocyanin (KLH). Staurosporine was
purchased from Sigma (St. Louis, MO).

2.3. Proteins

Human brain HK-I was produced in Escherichia coli and purified as previously described
(Gonzalez-Gronow et al., 2007). Human liver glucokinase (HK-1V) and VDAC were
produced in Escherichia coli and purified from clones obtained from Genecopeia
(Germantown, MD) as previously described (Brocklehurst et al., 2004; Shi et al., 2003).
Western blot dipsticks of human normal tissue lysates from the caudate nucleus, cerebellum,
hippocampus, hypothalamus and brain cortex were purchased from Protein Biotechnologies
(Ramona, CA). Radioiodination of proteins was carried out by the method reported by
Markwell (1982). Incorporation of the 12%] label was 2 x 107 cpm/nmol protein.
Radioactivity was measured in a Pharmacia-LKB Biotechnology 1272 y-radiation counter.

2.4 Antibodies

The anti-HK-I or anti-VDAC IgGs were sequentially purified by immunoadsorption of the
flow through IgG fraction to recombinant VDAC or HK-I proteins conjugated to
carboxyhexyl-Sepharose. Alkaline phosphatase-conjugated secondary antibody against
human IgG was purchased from Sigma (St. Louis, MO). IRDye 800 DX-conjugated affinity
purified anti-human 1gG was purchased from Rockland Immunochemicals, Inc.
(Gilbertsville, PA). Alexa Fluor 488 (AF488)-conjugated to goat anti-human IgG was
purchased from Molecular Probes, Inc. (Eugene, OR).
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2.5. SDS-PAGE and immunoblotting

Recombinant VDAC, HK-1 and HK-1V were analyzed on 4-20% polyacrylamide gels (1.2
mm thick, 14 x 10 cm) containing 0.1% SDS under reducing conditions. A discontinuous
Laemli buffer system was used (Laemli, 1970). Transfer of proteins from the gels to
nitrocellulose membranes was performed by western blot (Towbin et al., 1979). The
molecular weights were assessed using a set of dye-conjugated Mr markers (Fermentas Life
Sciences, Glen Burnie, MD). The membranes were thoroughly rinsed with PBS and then
incubated with 3% BSA in PBS for 1 h at room temperature to block non-conjugated areas.
Each serum (100 ul) in 5 ml PBS was singly incubated with membranes containing
transferred proteins overnight at 22 °C, followed by 3 rinses in PBS. Next, the membranes
were incubated with a 1:800 dilution of an IRDye 800 DX-conjugated affinity-purified anti-
human IgG in blocking buffer for 60 min at 22 °C. At this stage, the membranes were kept
under low light conditions to protect the IR-conjugated antibody. After rinsing the
membranes three times with PBS, imaging of the blots was performed using the LI-COR
Odyssey System from LI-COR Biotechnologies (Lincoln, NE).

2.6. Mass spectrometric analysis

Normal human cerebellar proteins were separated on SDS-PAGE gels, and the protein band
in the 30 kDa size range was excised and digested in situ with trypsin. A portion (1/5) of the
sample was analyzed by matrix-assisted laser desorption ionization (MALDI-TOF), and the
obtained mass spectrometric peptide maps were used to identify the protein using the
Mascot search engine (Matrix Science Inc. Boston, MA) and the UniProtKB/Swiss-Prot
Data Bank, release 57.6 of Jul-2009.

2.7. Cell culture

Human neuroblastoma SK-N-SH cells were obtained from the American Type Culture
Collection (Manassas, VA) and grown in MEM culture medium containing 2mM L-
glutamine, 1.5 g/L sodium bicarbonate, 0.1 mM non-essential amino acids, 1.0 mM sodium
pyruvate and 10% fetal bovine serum (FBS), all purchased from GIBCO-Invitrogen
(Carlsbad, CA).

2.8. Immunofluorescence microscopy

SK-N-SH cells were plated at 5 x 10° cells/ml on glass coverslips and allowed to adhere
overnight. Cells were incubated for 1 h at 4 °C in PBS containing 2% bovine serum albumin
(BSA), 0.2 mg/ml goat IgG, and 0.01% NaNj3 (staining buffer), followed by incubations
with anti-GRP78 or anti-VDAC IgGs (2 ug/ml) for 1 h at 4°C. Cells were washed in PBS
and incubated for 1 h with an AF488-conjugated goat anti-human IgG before washing and
fixing in 4% paraformaldehyde. Immunofluorescence microscopy was performed using an
Olympus BX-60 microscope (Olympus, Lake Success, NY).

2.9. Flow cytometry

SK-N-SH cells were detached from the culture flasks (75 cm?) by incubation for 5 min at 37
°C with Ca2* and Mg2*-free phosphate-buffered saline (PBS) containing 4 mM EDTA and
pelleted. The cells (1 x 10%/ml) were washed with PBS before resuspension in ice-cold
staining buffer. The cell suspensions (500 ul) were incubated 30 min with human anti-
GRP78 or anti-VDAC 1gGs (10 pg/ml). An equivalent quantity of non-immune human 1gG
was used as an isotype control. At this time, the cells were washed, pelleted, and
resuspended in 500 pl of ice-cold staining buffer. The cell suspensions were incubated for
30 min in the dark with AF488-conjugated goat anti-human 1gG. The cells were washed
twice with ice-cold staining buffer, resuspended in the same buffer and stored in the dark at
4 °C for 10 min until analysis. Staining with propidium iodide (2 pg/ml) was performed
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immediately prior to flow cytometric analysis to exclude dead cells. Flow cytometry was
conducted using the Guava EasyCyte Plus system (Guava Technologies, Hayward, CA).
Data analysis and histogram preparation was performed using FlowJo® 8.6.3 software
(Treestar Inc., Ashland, OR).

2.10. Human neuroblastoma SK-N-SH cell proliferation assays

SK-N-SH cells, suspended in MEM culture medium containing 2 mM L-glutamine, 1.5 g/L
sodium bicarbonate, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, and 5%
FBS at a density of 1 x 10° cells/ml, were plated in 96-well culture plates (0.1 ml/well)
containing increasing concentrations of autistic anti-GRP78, anti-VDAC (Lys235-Lys255),
or anti-HK-I (Met1-Lys21) IgGs at a final volume of 0.2 ml/well. Cell proliferation was
determined at 48 h using a BrdU labeling and colorimetric immunoassay detection method
(Roche Molecular Biochemicals, Indianapolis, IN). Results were expressed as absorbance at
372 nm (reference wavelength: 492 nm). Control cell proliferation was determined in the
presence of non-immune human IgG added at the same concentrations as autistic 1gGs.

2.11. SK-N-SH cell membrane voltage-dependent anion channel NADH-ferricyanide
reductase activity

The VDAC NADH-ferricyanide reductase activity was measured in SK-N-SH cells grown
to confluency in 96-well plates. Cells were incubated for 1 h in 200 ul PBS containing 250
uM B-NADH and 250 uM potassium ferricyanide. At this time, 100 pl aliquots of reaction
mixture were mixed with 100 ul of PBS containing 0.5 mM bathophenantroline disulfonic
acid, a chelator of ferrous ions, forming a chromogenic complex with photometric
absorbance at 535 nm (Avron and Shavit, 1963). Activity was expressed as nmol/min/ml,
calculated from a calibration curve constructed with different concentrations of potassium
ferrocyanide. All experiments were done in triplicate.

2.12. Enzyme-linked immunosorbent assay (ELISA) procedure

We determined antibody titers against VDAC, HK-1 and HK-1V in the sera of patients with
autism and of control subjects. These three proteins, at a concentration of 5 ug/mlin 0.1 M
sodium carbonate, pH 9.5, containing 0.01 % NaNs, were used (200 pl/well) to coat 96-well
polystyrene flat-bottom ELISA plates. Plates were incubated overnight at room temperature
and then washed three times with PBS containing 0.05% Tween 80 (PBS-Tween). Plates
were then incubated for 2 h at room temperature with 2% BSA to block nonspecific binding.
Plates were again washed with PBS-Tween, and then serum samples diluted 1:500 in PBS-
Tween were added to triplicate wells and incubated for 2 h at room temperature. At this
time, the plates were washed three times with PBS-Tween and then alkaline phosphatase-
conjugated goat anti-human 1gG diluted 1:1000 in PBS-Tween was added to each well. The
plates were incubated for an additional 2 h at room temperature. After washing three times
with PBS-Tween, the plates were incubated with the alkaline phosphatase substrate (1 mg/
ml p-nitrophenylphosphate) in 0.1 M glycine, 1ImM MgCl,, and 1 mM ZnCl, at pH 10.4.
Absorbance was monitored at a wavelength of 405nm using an Anthos Labtec Kinetic Plate
reader. Bound 1gG was expressed as pg/ml serum. Concentrations of specific 1gGs were
calculated from a calibration curve constructed with purified human IgG.

2.13. Caspase-3/7 activity assay

Caspase 3/7 activity was assayed with the Caspase-Glo® 3/7 assay system purchased from
Promega (Madison, WI) under conditions suggested by the manufacturer. The
measurements were performed in a Thermo Fisher Scientific Luminoskan-Ascent
luminometer (Milford, MA) and expressed as relative light units. All experiments were done
in triplicate.
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2.14. Statistics

The levels of autoantibodies in sera from autistic children and matched controls were
evaluated by a Student’s t test using the program SYSTAT for Windows: Statistics, Version
11 (Systat).

3. Results

3.1. Detection of autoantibodies in serum from autistic children

Thirty-four children with autistic disorder were included in the study. Table 1 shows the
demographics and baseline characteristics of the patients (94.11% males) and their controls
(91.17% males). We found no statistically significant differences between the demographic
characteristics of the two groups. The average age when the first autistic symptoms were
detected was 19.72 £ 9.17 months. Most patients had a very high autistic score according to
the CARS, ADI-R and ADOS tests. Western immunoblot analyses of the caudate nucleus,
cerebellum, hippocampus, hypothalamus and brain cortex identified numerous antigen-
antibody bands in all subjects and very little reactivity in control serum (Fig. 1). The
reactivity of the autistic sera with brain tissue was consistently observed in all tested sera
(data not shown). However, only caudate nucleus and cerebellum lysates consistently
showed a prominent protein with an apparent molecular mass of about 33 kDa.

3.2. Peptide mass fingerprinting of autoantibody binding site

Proteins from normal human brain cerebellum lysate (50 pg) were separated, under reducing
conditions, in a 4-20% SDS-PAGE gel. A protein band in the 33 kDa size range was
digested with trypsin in situ (Matsui et al., 1997). The resulting peptides were extracted and
the mass of approximately 12 peptides (Table 2) was determined using MALDI-TOF
analysis, which provided a unique signature for protein identification by peptide mass
searches. The 33 kDa protein was identified as VDAC.

3.3. Western blots of purified proteins

The existence of autoantibodies to VDAC, HK-I, and hexokinase-1V (HK-1V) was assessed
in serum from three autistic patients and one randomly selected control participant. We
chose HK-1V as a control because this liver hexokinase lacks the N-terminal 15 amino acid
sequence extension normally found in brain HK-I (Schwab and Wilson, 1989). The staining
pattern suggested the presence of autoantibodies to VDAC and HK-I in the serum of autistic
children (Figs. 2A, 2B) and the absence of autoantibodies to HK-1V (Fig. 2C).

3.4. ELISA results

Serum levels of autoantibodies to VDAC, HK-1, and hexokinase-1V (HK-IV) in each sample
(n=34) were assessed by ELISA (Fig. 3). In autistic children, the median concentrations of
anti-HK-I, anti-HK-1V, and anti-VDAC were 34.87 + 12.53, 15.83 + 6.43, and 17.30 * 8.43,
respectively. In control children, median titers of the same autoantibodies were 18.29 +
10.79, 16.98 + 7.31, and 4.20 + 2.67, respectively. Comparison of the data obtained with
each antigen shows statistically significant differences between the autoantibody levels of
the two groups (p<0.001), with the exception of anti-HK-IV autoantibody levels, which are
similar in both groups; these findings suggest an autoimmune response targeted specifically
against the N-terminal extension of brain HK-1. No correlation was found between clinical
scores (CARS, ADI-R and ADOS) and antibody titers in these patients, possibly because
their high clinical scores show very little value dispersion (Table 1).
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3.5. Purification of autistic anti-VDAC and HK-1 IgG and evaluation of their binding to
Human neuroblastoma SK-N-SH cells by immunofluorescence microscopy and flow

cytometry

We pooled serum from all autistic children (20 ml) to purify the autoantibodies. Anti-VDAC
1gG was purified by immunoaffinity chromatography on a resin containing recombinant
human VDAC covalently attached to Sepharose 4B. Because the autistic serum contained
autoantibodies against the HK-I isozyme and these antibodies did not show significant
reactivity against the HK-IV isozyme, the autoantibody was purified on a resin containing
the 21 amino acid peptide Metl1-Lys21 from HK-I covalently attached to aminohexyl-
Sepharose. Immunofluorescence microscopic studies of non-permeabilized SK-N-SH cells
incubated with autistic anti-VDAC IgG (Fig. 4A) showed surface expression of VDAC on
these cells. These results were confirmed by flow cytometric analysis with the autistic anti-
VDAC IgG (Fig. 4B).

3.6 Binding of autistic autoantibodies to immobilized human recombinant VDAC and HK-I

First, we assessed the capacity of HK-1 to bind immobilized recombinant VDAC (Fig. 5A).
[1251]-1abeled HK-I binds to this protein in a dose-dependent manner with high affinity (K4
of 38.41 + 13.48). Next, we investigated the capacity of the autistic anti-VDAC or anti-HK-
IgGs to interfere with [1251]-labeled HK-1 binding to immobilized VDAC (Fig. 5B). We also
used the VDAC peptide Lys235-Lys255 (P1) and the HK-I peptide Met;-Lys,1 (P2) as
competitors of HK-1 binding to VDAC. The anti-VDAC 1gG or P1 do not compete for
binding of HK-I, whereas both the autistic anti-HK-I 1gG or P2 function as inhibitors,
thereby confirming that HK-I binds to VDAC via its N-terminal Met;-Lys,1 P2 segment to a
region that is not affected by either the anti-VDAC IgG or VDAC P1 and suggesting that
this region is not involved in HK-1 binding.

3.7. Effect of autistic autoantibodies on cell proliferation and NADH-ferricyanide reductase
activity of VDAC

VDAC expressed on the cell surface functions as a membrane NADH-ferricyanide reductase
(Baker et al., 2004). For this reason, we tested the capacity of whole autistic serum or
purified autoantibodies to affect either cell proliferation or NADH-ferricyanide reductase
activity of human neuroblastoma SK-N-SH cells. Whole autistic serum inhibits cell
proliferation at a significant level (P<0.001) (Fig. 6A). Both anti-VDAC and anti-HK-I 1gGs
are able to inhibit cell proliferation, whereas a control 1gG does not affect cell proliferation
(Fig.6B). Whole autistic serum also inhibits NADH-ferricyanide reductase activity to a
significant degree (P<0.001) (Fig. 6C), but only anti-VDAC IgG inhibits this activity (Fig.
6D), thereby suggesting that these antibodies may inhibit cell proliferation via independent
mechanisms. Also, VDAC P1 is able to inhibit the effect of the autistic antibody, thereby
suggesting that the VDAC Lys235-Lys255 amino acid sequence is a target of this
autoantibody.

3.8. Effect of autistic autoantibodies to VDAC or HK-I on apoptosis of human
neuroblastoma SK-N-SH cells

We assessed the capacity of whole autistic serum or isolated anti-VDAC or anti-HK-I 1gGs
to induce apoptosis on SK-N-SH cells. The extent of apoptosis was evaluated by measuring
caspase-3/7 activity. Whole serum from these patients induces apoptosis to a significant
degree (P<0.0001) (Fig. 7A). Apoptosis is induced by anti-VDAC IgG; however, this effect
is inhibited when the antibody is incubated with VDAC P1 (Fig. 7B), thereby suggesting a
direct interaction between this antibody and its target VDAC on the cell surface. Next, we
evaluated the effect of anti-HK-I 1gG. For these experiments, we had to consider that HK-I
prevents cell apoptosis via a mechanism that induces closure of VDAC (Azoulay-Zohar et
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al., 2004) and also protects cells against death in model of apoptosis induced by either TNF-
a (Gonzalez-Gronow et al., 2007) or staurosporine (Shimizu et al., 2001). We chose
staurosporine (1.5 uM) to induce apoptosis of SK-N-SH cells in the presence of HK-I (1
uM) or HK-1V (1 uM). HK-I is able to protect these cells from apoptosis induced by
staurosporine, but HK-I1V, which does not bind to VDAC, elicited no protection (Fig. 7C).
When SK-N-SH cells were incubated with staurosporine (1.5 uM) and HK-I (1 uM), in the
presence of the autistic anti-HK-1 IgG (1 uM), the protective effect of HK-I against cell
death induced by staurosporine was abolished (Fig. 7D). As demonstrated above, binding of
this antibody to the amino-terminal (Met1-Lys21) region of HK-I prevents its binding to
VDAC, thereby blocking the protective effect of HK-1 against cell death.

4. Discussion

There is increasing information suggesting that aberrant immune activity during
neurodevelopment may be linked to the neurologic dysfunction characteristic of autism
(Ashwood et al., 2006). Several reports have described the presence of autoantibodies to
neurologic antigens in autistic patients ( Singh et al., 1993, 1997; Vojdani et al., 2002, 2003,
2004). For this study, we selected autistic patients with high clinical diagnostic scores.
Although most reports show that the gender ratio (male:female) in autistic children ranges
between 2:1 to 4:1, in our group, 32 out of 34 patients were male. This discrepancy can be
partially explained by the fact that parents of 6 female patients declined to participate in the
study, while parents of only 2 male patients declined to participate. Furthermore, most of our
patients represent the current mixed Chilean population, which descends from both
aboriginal peoples (Amerindians of Asian origin) and Spanish conquerors of European
origin, who arrived in the country in the latter part of the 16th century. Chilean patients have
different genes of susceptibility to autoimmune diseases, such as rheumatoid arthritis, Vogt-
Koyanagi-Harada disease, and ankylosing spondylitis, than patients with either isolated
Amerindian or European ancestry. Thus, our autistic patients may have different genetic
backgrounds than patients from other countries. (Massardo L, et al., 1990; Cifuentes L, et
al., 2004).

We investigated the immune response in these patients against VDAC, a key receptor in the
brain, which is thought to prevent ischemic damage to brain tissue (Perez-Velazquez et al.,
2003) due to its capacity to close when it binds HK-I (Azoulay-Zohar et al., 2004). VDAC
also functions as a NADH-ferricyanide reductase on the plasma membrane, where it is
critical to maintain cellular redox homeostasis (Baker et al., 2004). We found that both
whole serum and purified anti-VDAC 1gG from autistic serum have the capacity to decrease
human neuroblastoma SK-N-SH cell proliferation, presumably via a mechanism that
involves inhibition of NADH-ferricyanide reductase activity in these cells. This antibody
binds to a primary structural sequence (Lys235-Lys255) of VDAC, in the vicinity of the
Cys232 residue, one of the cysteine residues critical for the function of an NADH
dehydrogenase (Baker et al., 2004). Because this activity is involved in the regulation of
apoptosis (Lawen et al., 2005), the autistic anti-VDAC antibody appears to affect this
mechanism. Whole autistic sera have been previously demonstrated to inhibit the growth
and differentiation of cultured neuronal progenitor cells (Mazur-Kolecka et al., 2007), but no
attempt was made by these investigators to identify the factors in autistic sera involved in
these abnormalities.

The antibody against HK-I blocks the binding of HK-I to VDAC and abolishes the
protective effect of this enzyme in preventing cell death. HK-1 is a specific brain enzyme
that shares with HK-11 a highly homologous 15 amino acid N-terminal sequence, which is
absent in HK-111 and HK-1V typically found in the liver (Trayer, 1981). This peptide
includes the amino acid sequence MIAAQLLAYYFTELK (Met1-Lys15), which serves HK-
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| as the anchoring region to brain VDAC (Oudard et al., 2004). Because autoantibody titers
against HK-1V in the autistic population were similar to those of the control population, our
results suggest that the 15 amino acid N-terminal extension of brain HK-1 is a critical target
of autoimmunity in autistic children.

Several investigators have reported anti-VDAC antibodies that prevent cell damage in brain
tissue (Perez-Velazquez et al., 2003). Two antibodies against different segments of VDAC,
including PTYADLGKSARDVFT (Pro4-Threl8) and SPNTGKKNAKIKTGY (Ser101-
Tyr118), were found to attenuate ischemia-induced mitochondrial depolarization and
deterioration of the neuronal electrophysiologic properties (Perez-Velazquez et al., 2003). In
addition, antibodies against the sequence of VDAC including PNTGKKNAKIKTGYKREH
(Pro102-His122) and GYQMNFETAKSRVTQ (Gly152-GIn166) significantly inhibit
staurosporine-induced apoptosis in HeLa cells (Shimizu et al., 2001). It is important to
mention that none of these antibodies react with epitopes that affect either the cysteine
residues or the NADH binding domain critical for the NADH-ferrycianide reductase activity
of VDAC (Baker et al., 2004). However, the anti-VDAC autoantibody found in autistic
children discussed in this study has the opposite effect, presumably as a result of its capacity
to inhibit this enzymatic activity.

Reports in the literature demonstrate that the caudate nucleus is enlarged (Langen et al.,
2007), whereas the cerebellar vermis and its components are smaller, in subjects with autism
(Hashimoto et al.,1995). The report by Hashimoto et al. emphasized the fact that
abnormalities in autism are due to hypoplasia secondary to an early insult rather than a
progressive degenerative process. These investigators suggest that environmental factors
acting in the prenatal or perinatal periods are risk factors that may play a role in the onset of
autism. In this context, exposure to antigens that may induce autoantibodies to VDAC and
HK-1 may play a role by selectively targeting cells in the cerebellum, thereby causing
hypoplasia of this structure. The inhibition of SK-N-SH cell proliferation with whole autistic
serum suggests such a possibility; however, in addition to these two autoantibodies, there are
many other, still unidentified, autoantibodies that may participate in such a phenomenon.
Inhibition of NADH-ferricyanide reductase activity in cells treated with whole serum
suggests that anti-VDAC autoantibodies may be involved in changes of the redox state that
may cause a decrease in cell proliferation leading to hypoplasia. Although isolated anti-
VDAC IgG causes apoptosis of SK-N-SH cells, it is possible that some other autoantibodies
may also be involved in cerebellar hypoplasia. These studies are part of an ongoing project,
and they will be the subject of a future report by our laboratory.
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Figure 1.

Detection of autoantibodies to normal brain tissue lysates in serum of autistic children. Brain
tissue lysates from the caudate nucleus, cerebellum, hippocampus, hypothalamus, and brain
cortex were run on 4-20% PAGE and then transferred to nitrocellulose membranes. The
membranes were singly incubated with autistic or control sera (Dil. 1:100).
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Figure 2.

Blot binding assay of serum autoantibodies from autistic children and controls (Dil. 1:100 to
immobilized recombinant human VDAC, human HK-1, and human HK-IV). Lane 1,
Coomassie Brilliant Blue protein stains of the recombinant protein. Lanes 2—4, blots
incubated individually with serum from three autistic children. Lane 5, blots incubated with
control serum.
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Serum titers of 1gG antibody against HK-1, HK-1V and VDAC in autistic children (n=34)

(e) and age-matched control children (n=34) (o). Each value represents the mean of
experiments done in triplicate. * Significantly different from controls (P<0.001).
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Figure 4.

Binding of isolated autistic VDAC autoantibodies to human neuroblastoma SK-N-SK cells.
(A) Immunofluorescence microscopy of non-permeabilized SK-N-SH cells incubated with
anti-VDAC 1gG. (B) Flow cytometric analysis of anti-VDAC 1gG binding to SK-N-SH
cells. The solid lines represent cells incubated with autoantibodies directed against VDAC.
The dashed lines represent binding of isotype control.
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Figure 5.

(A) Binding of HK-1 to immobilized recombinant VDAC. Increasing concentrations of
[1251]-1abeled HK-I were added to VDAC immobilized on 96-strip-well tissue culture plates.
The data are represented as mean = S.D. from experiments performed in triplicate. (B)
Inhibition of binding of HK-I to immobilized VDAC. Plates were incubated with a single
concentration of [1251]-labeled HK-1 (100 nM) and a single concentration (500 nM) of
autistic anti-VDAC IgG, VDAC P1, anti-HK-1 1gG or HK-I P2. The data are represented as
mean = S.D. from experiments performed in triplicate
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(A) Effect of whole autistic serum (n =34) and isolated autistic autoantibodies on SK-N-SH
cell proliferation. Cells in 96-well culture plates (1 x 104 per well) were incubated with 5 pl
serum for 48 h in a final volume of 200 pul RPMI 1640 culture medium containing 5% FBS.
(B) Increasing amounts of anti-VDAC IgG (A), anti-HK-1 1gG (m), or non-immune control
1gG (@) for 48 h in RPMI 1640 culture medium containing 5% FBS. (C) Effect of whole
autistic serum (n=34) on NADH-ferricyanide reductase activity of SK-N-SH cells grown to
confluency in 96-well culture plates. (D) NADH-ferricyanide reductase activity of cell-
surface VDAC was measured in SK-N-SH cells grown to confluency in 96-well culture
plates. Cells were incubated with a single concentration (200 nM) of anti-VDAC, VDAC
P1, anti-VDAC + P1, anti-HK-I, HK-I P2, anti-HK-I + P2, or non-immune control IgG in
cell culture medium for 2 h prior to the assay. * Significantly different from controls
(P<0.001).
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(A) Effect of whole autistic serum (n=34) on apoptosis of SK-N-SH cells grown to
confluency in 96-well culture plates. (B) Effect of autoantibodies to HK-I and VDAC an
their competing peptides on apoptosis of SK-N-SH cells grown to confluency in 96-well
culture plates. (C) Effect of HK-1 or HK-1V on staurosporine induced apoptosis of SK-N-SH
cells. Cells were incubated with staurosporine (1.5 uM) in the presence of a single
concentration (1 uM) of HK-I or HK-1V in cell culture medium for 6 h prior to the caspase
3/7 activity assay. (D) Effect of anti-HK-I 1gG on the protective function of HK-I on
staurosporine induced apoptosis. Cells were incubated with staurosporine (1.5 uM) and HK-
I (1 uM) in the presence of isolated autistic anti-HK-1 IgG (1 uM). * Significantly different

from controls (P<0.001).
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Baseline Demographic and Disease Characteristics of 34 autistic patients and their controls.

Table 1

Autistic patients | Controls | P

Age, years. Mean + SE 9.06 + 3.07 9+3.82 N.S.
Age, years. Median (range) 9.0 (5-14) 8 (1-14) N.S.
Gender, n

Male 32 31 N.S.
Female 2 3 N.S.
CARS. Mean = SE

Nonautistic, score <30, n (%) 0

Mild/moderate score 31-36, n (%) 3(9.68)

Severe, score 37-60, n (%) 29 (90.32)

ADI-R social interaction 2742 +1.71

ADI-R verbal communication 13.57+0.78

ADI-R repetitive behaviors 6.71+22

ADOS Social Interaction. Mean + SE 124+1.21

ADOS Communication. Mean + SE 7.26 +1.27

ADOS Stereotyped behaviors. Mean + SE | 3.8+ 1.97

N.S. = non significant
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MALDI-TOF analysis of a 35 kDa peptide from human brain cerebellum”

Table 2

Peptide mass, Monoisotopic, Da

Sequence Measured Calculated
SENGLEFTSSGSANTETTK 1958.67 1958.87
VTGSLETK 833.39 833.45
WTEYGLTFTEK 1373.45 1373.65
WNTDNTLGTEITVEDQLAR 2174.71 2175.05
LTFDSSFSPNTGK 1399.42 1399.66
LTFDSSFSPNTGKK 1527.53 1527.76
VTQSNFAVGYK 1212.39 1212.61
TDEFQLHTNVNDGTEFGGSIYQK | 2598.83 2599.18
KLETAVNLAWTAGNSNTR 1944.76 1945.00
YQIDPDACFSAK 1427.38 1427.64
VNNSSLIGLGYTQTLKPGIK 2102.86 2102.17
LTLSALLDGK 1029.48 1029.61

Page 21

*
A 35 kDa protein band from a 4-20% SDS/PAGE was excised from the gel, and then digested in situ with trypsin. Then 1/5 of the sample was
analyzed by MALDI. The obtained mass spectroscopic peptide map was used to identify VDACL in the UniProtKB/Swiss-Prot Data Bank, release

57.6.
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