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Aims—Implicated in autoimmune encephalitis, neuromyotonia and genetic forms of autism, here
we report that contactin-associated protein-like 2 (CNTNAP2) contains a potential autoepitope
within the extracellular region.

Methodology—CNTNAP2 sequence-similar regions (CSSRs) from human pathogens were
identified. Sera from autistic and control children were obtained and analyzed for the presence of
antibodies able to bind CSSRs. One such candidate CSSR was evaluated for evidence of
autoimmune responses to CNTNAP2 in a mouse model of acute infection.

Results—Autistic and control children sera contained antibodies able to discrete regions of
CNTNAP2. In a murine model of acute infection, a CSSR derived from the N-terminal
extracellular region of CNTNAP2 resulted in anti-CNTNAP2 antibody production,
proinflammatory cytokine elevation, cerebellar and cortical white matter T-cell infiltration as well
as motor dysfunction.

Conclusion—Taken together, these data suggest that CNTNAP2 contains a potential
autoepitope within the extracellular region.

Keywords

CNTNAP2; Caspr 2; autoantibody; molecular mimicry; autoimmune; autoepitope; autism;
encephalopathy

1. INTRODUCTION

Molecular mimicry is a process whereby an amino acid sequence-similar region, or shape-
similar region, of a protein or other non-protein compound from an offending pathogen or
other agent induces the production of adaptive immune system elements such as antibodies
and/or T-cell receptors capable of cross-reacting with proteins or other compounds of the
host. This pathological mechanism is thought to be involved in several conditions including:
paraneoplastic cerebellar syndrome [1], autoimmune neuromyotonia [2], multiple sclerosis
and related disorders [3,4], NMDAR encephalitis, and other autoimmune encephalopathies
[5-7] as well as some developmental disorders including autism spectrum disorders [8-12].
Interestingly contactin-associated protein-like 2 (CNTNAP2), also known as Caspr2, is a
member of the neurexin family and the target of autoantibodies thought to result in
autoimmune encephalitis and neuromyotonia [2,13]. Furthermore, CNTNAP2 gene
mutations are associated with autism [14-16]. The CNTNAP2 protein is expressed on
neurons, neural stem cells, and astrocytes and is known to function in potassium channel
clustering on myelinated axons, neuronal migration, membrane excitability, and neuron-glial
interactions [17-19]. In early childhood, inflammatory insults may alter brain development
as significant cross-over exists between molecular signaling pathways critical for brain
development and those involved in immune responses [20-23]. Given its involvement in
autoantibody-mediated neuroinflammatory disease, the investigations presented here
evaluated CNTNAP?2 for potential autoepitopes through a bioinformatics approach coupled
with characterization of human CNTNAP2 binding antibodies from autistic and non-autistic
children, and evaluation of a pathogen protein with similar linear protein sequences to
human CNTNAP2 in a mouse model of acute infection.
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2. METHODOLOGY
2.1 Cell Culture

Murine neuroblastoma cells (N2a) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA) and were cultured in Dulbecco’s minimum essential
medium (DMEM, Life Technologies, Gaithersburg, MD) with 100 pg/mL penicillin and
streptomycin antibiotics at 5% CO, and 37°C. N2A cells were induced to differentiate by
addition of 0.3 mM dibuturyl cAMP for 4872 h. Cells were cultured in 24 or 96 well tissue
culture for experimentation.

Mouse primary culture neuronal cells were isolated between E16 and E18 from cerebral
cortices of mice subjected to LPS pre-treatment and CSSR3 peptide immunization. Cortices
were incubated for 15 min in 0.25% trypsin at 37°C, and then mechanically dissociated.
Single cells were collected after centrifugation at 290 x g and resuspended in DMEM
supplemented with 10% fetal calf serum, 10% horse serum, uridine (33.4 pg/ml; Sigma) and
fluorodeoxyuridine (13.6 pg/ml; Sigma). Cells were then plated in collagen-coated 24-well
tissue culture plates at 2.5 x 10° cells per well for experimentation.

2.2 Enzyme-Linked Immunosorbent Assays

CNTNAP2 sequence-similar regions (CSSR) were determined comparing human [NCBI
Reference Sequence: NP_054860.1] and mouse [NCBI Reference Sequence:
NP_001004357.2] CNTNAP?2 proteins [24] against non-redundant protein sequences from
available bacterial and viral protein databases using the Protein-Basic Local Alignment
Search Tool (BLAST) [25] (Step 1). Resulting CSSRs (Table 1) at least 5 amino acids (aa)
in length, within the predicted extracellular region of both human and murine CNTNAP2,
were further analyzed by a battery of B-cell epitope prediction software tools [26—28] (Step
2). From those, only known human pathogens (bacterial or viral only) proteins were selected
and then further analyzed based on linear protein sequence similarity with known B-cell
epitopes [29] (Step 3). The final CSSRs from Step 3 were selected a priori and synthetic
peptides (Table 2) were designed to contain a given CSSR flanked by sufficient amino-acids
from human CNTNAP2 so as to generate peptides 8 amino acids in length.

A region of human CNTNAP2 at amino acids (aa) 41-49, not containing sequence similarity
with the final CSSR peptides, was selected as a peptide control. Antibody titers were
quantified using ELISA whereby individual CSSR peptides were first diluted to 1 pg/mL in
50 mM carbonate buffer (pH 9.6) and then used to coat 96-well plates at 100uL per well for
18 h at 4°C. Plates were next washed 5 times with phosphate buffered saline (PBS), 0.05%
TWEEN-20, at pH 7.4 (wash buffer). Wells were blocked with 1% bovine serum albumin
(BSA) and 5% horse serum in PBS for 2 h at room temperature. Following blocking, the
plates were washed 5 times with wash buffer. Sera samples from autistic and control
children (Table 3) were diluted (1:100) with 1% BSA in PBS.

Samples and standards were incubated in plate for 2 h at room temperature. After this
incubation, the plates were washed 5 times with wash buffer, secondary antibody (anti-
human IgG conjugated with HRP, produced in rabbit, 1:5000 dilution) incubation was
conducted for 2 h at room temperature then 5 further washes with wash buffer and finally
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the plates were developed with tetramethylbenzidine substrate-chromogen (Dako,
Carpinteria, CA, USA). The reaction was stopped with 2 N sulfuric acid and the plates were
analyzed spectrophotometrically at 450 nm. Commercially available ELISA kits were used
to measure tumor necrosis factor-a (TNFa; eBioscience, San Diego, CA) and interferon-y
(IFNy; R&D Systems, Minneapolis, MN) levels in mouse sera and brain tissues.
Experiments were performed according to manufacturers’ instructions.

2.3 Cytotoxicity Assay

Sera from individual mice were pooled together based on treatment group after isolation.
Next 10 pL was diluted (1:100) in culture media and then incubated with N2a cells in 96
well plate for 24 h with and without 1 hour pre-incubation with CSSR3 or CNTNAP2 ctrl
peptides (5 ug/mL). Media were then collected and analyzed for lactate dehydrogenase
(LDH) release (Sigma) according to the manufacturer’s instructions.

2.4 Mouse Husbandry and Treatment

Wild-type C57BL/6 mice were purchased (Jackson Laboratories, Bar Harbor, ME) and
housed in a 12-h light-dark cycle. Mice (4 week old, n = 8, 4Q/4C per group, 6 groups, total
54 mice) were treated via intraperitoneal (i.p.) injection with PBS or LPS (10 pg/mouse);
and with and without immunization against (200 pg/mouse) synthetic peptides including
pathogen peptide (NCBI Reference Sequence: NP_880571.1, filamentous hemagglutinin
protein from Bordetella pertussis, 3034-3053 aa, sequence

AGTSVDAANV SIDAGKDLNL) containing CSSR or Control peptide (NCBI Reference
Sequence: NP_054860.1, CNTNAP2 31-50 aa, sequence TSQKCDEPLVSGLPHVAFSS);
a portion of CNTNAP2 found not to have significant linear protein sequence similarity to
known human bacterial or viral pathogen proteins. All treatments were repeated after one
week.

For tissue collection, mice were anesthetized using gaseous isoflourane. Blood was collected
from the right ventricle of the heart and immediately placed into tubes containing 0.5 M
EDTA (BD Biosciences, San Jose, CA). Mice were transcardially perfused with cold 0.01 M
PBS (pH 7.4) and brains were rapidly removed and sagittally bisected. Left hemispheres
were separated into cerebrum and cerebellum regions before homogenization in 1 X lysis
buffer (Cell Signaling, Boston, MA) with 1% PMSF (Sigma), centrifuged at 14,000 rpm for
15 min and stored at —80°C. Right hemispheres were fixed overnight with 4%
paraformaldehyde and cryoprotected in a graded series of 10%, 20% and 30% sucrose
solutions, each overnight at 4°C. Right hemispheres were then embedded in Neg50 frozen
section medium (Richard-Allan Scientific, Kalamazoo, MI), and coronally sectioned on a
Microm HM 550 cryostat (Thermo Scientific, Richard-Allan Scientific, Kalamazoo, Ml) at
25 pum thickness. Free-floating sections were preserved in PBS containing 100 mM sodium
azide at 4°C. All experiments and tissue collection were conducted in accordance with the
institutional guidelines and were approved by the University of South Florida Institutional
Animal Care and Use Committee.
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2.5 Immunohistochemistry

Mouse brain tissue sections were washed in PBS, blocked in 5% horse serum/PBS for 1 h at
room temperature and incubated with primary antibodies against CD3 or CD4 (rat, 1:1,000)
overnight at 4°C in blocking solution. Sections were then washed and incubated for 1 h with
biotinylated secondary antibody (anti-rat, 1:200) that was viewed by the ABC kit (\VVector
Laboratories) with diaminobenzidine (DAB). Slides were counterstained with hematoxylin.
Images were obtained using an Olympus BX-51 microscope.

2.6 Motor Function Analysis

Motor coordination and balance were tested by placing each mouse on a rotating drum
(RotaRod, UgoBasile, Stoelting, Wood Dale, IL) stationary and during acceleration from 0
to 40 rpms over a 5 minute period. Six mice per trial were randomly evaluated by a
technician blinded to their identities. Each mouse was subjected to this task 5 times with a
30-min interval between each trial on RotaRod. All mice were tested on the same day.

2.7 Human Sera Samples

Sera from autistic (n = 26) and non-autistic children (n = 18) aged 3-11 years (Table 3) were
obtained from the Autism Genetic Research Exchange (AGRE) [30]. Approval for study
involving these specimens was granted by the institutional review boards of the University
of South Florida, Morsani College of Medicine and AGRE. Autism diagnosis was
determined using the Autism Diagnostic Interview - Revised (ADI-R) [31].

2.8 Statistical Analyses

All data were normally distributed; therefore, in instances of single mean comparisons,
Levene’s test for equality of variances followed by t-test for independent samples was used
to assess significance. In instances of multiple mean comparisons, analysis of variance
(ANOVA) was used, followed by post-hoc comparison using Bonferonni’s method. Alpha
levels were set at .05 for all analyses. The statistical package for the social sciences release
18 (SPSS, Chicago, IL) was used for all data analysis.

3. RESULTS AND DISCUSSION

3.1 CSSR of Proteins from Human Pathogens

Molecular mimicry is a well-known phenomenon known to underpin many disorders. To
test the hypothesis that linear protein sequences from known human viral and bacterial
pathogens could be useful in predicting potential autoepitopes on human CNTNAP2 we
screened for CSSRs by comparison of human and mouse CNTNAP2 proteins against known
bacterial and viral protein databases using NCBI Protein-BLAST [25] (Table 1). The
candidate CSSR had to be at least 5 aa in length, within the predicted extracellular region of
both human and murine CNTNAP2, be within a predicted B-cell epitope [26-28], and be
from a known human pathogen. The final 8 aa peptides containing CSSRs were lastly
selected a priori for further evaluation (Table 2).
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3.2 CNTNAP2-binding Antibodies in Sera from Children with Autism and Non-autistic

Controls

Sera from children 3-11 years of age with autistic disorder (n = 26), and non-autistic
controls (n = 18), were obtained (Table 3) and screened by ELISA for the presence of
antibodies against 8 aa peptide targets of CNTNAP2 (Table 2) containing sequence-
similarity with proteins from known human pathogens. Compared with the CNTNAP2
control peptide target, significant elevations in antibody binding were only observed to
CSSR3 and CSSR4 in those with autism (Fig. 1). Although pathogen exposure profiles of
the individuals are unknown and the groups are characteristically dissimilar (Table 3) these
observations suggested that some children have circulating antibodies able to bind regions of
CNTNAP?2 that are sequence-similar to proteins from known human pathogens.

3.3 CNTNAP2 Binding Antibodies Generated in Mice Pre-injected with LPS and Immunized
with a Pathogen Peptide Containing the CSSR

Next, given that some children displayed elevations in serum antibody binding to its target
sequence CSSR3 was selected for functional characterization in a mouse model of acute
infection. Four-week-old mice C57BL/6 mice were subjected to PBS or LPS pre-treatment
(10 pg/mouse) 2 days prior to immunization with a 20 aa peptide from pathogen peptide
containing the CSSR (PPC) or control peptide (a portion of CNTNAP2 found not to have
significant linear protein sequence similarity to known human bacterial or viral pathogen
proteins). The same procedure was repeated one week later and mice were sacrificed after
motor function testing; at approximately 8 weeks. Only those mice treated with both LPS
pre-treatment and PPC expressed significantly elevated levels of antibodies able to bind the
CSSR3 peptide (Fig. 2B) by ELISA. This suggested that in mice a peptide derived from a
pathogen protein with a CSSR could induce the generation of antibodies binding the
analogous region of CNTNAP2 with LPS pretreatment. As expected, LPS pre-treatment was
associated with serum TNFa elevations (Fig. 2A).

3.4 CSSR3 Peptide Binding Antibodies Injure Neuronal Cells

To further characterize the functional effects of CSSR3 binding, the pooled sera from the
same mice were further analyzed through incubation with neuronal cells to monitor cell
death by LDH release over 24 h. Sera from the PPC treated group pre-treated with LPS, but
not sera from the group treated with PPC alone or control peptide with or without LPS-pre-
treatment, displayed significant elevations in LDH release by differentiated neuron-like N2a
cells (Fig. 3A) and murine primary culture neurons (Fig. 3B).

The LDH release of the sera from mice subjected to PPC immunization and LPS pre-
treatment could be mitigated by pre-mixing the sera, prior to incubation with neuronal cells,
with the CSSR3 peptide but not the CNTNAP2 ctrl peptide (Fig. 3C). These observations
suggested that CSSR3 binding antibodies produced in mice pre-treated with LPS displayed
neurotoxic properties dependent on their ability to bind a specific extracellular region of
murine CNTNAP2 (545-550 aa).
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3.5 Elevations in CD3+ Cells in Brains of Mice Treated with LPS and PPC

Several brain regions were evaluated by immunohistochemistry (IHC) for CD3+
immunoreactivity. Although no differences were observed between the groups in the
analyzed regions of cortical gray matter (Fig. 4A), mice subjected to LPS pre-treatment and
immunization with PPC displayed increased cortical white matter as well as cerebellar
CD3+ (Fig. 4B) and CD4+ immunoreactivity (data not shown); whereas other groups
displayed predominately blood vessel associated T-cell CD3+ and CD4+ immunoreactivity.

3.6 IFNy and TNFa Elevations in Brains of Mice Treated with LPS and PPC

Furthermore, dramatic elevations in central nervous system (CNS) levels of IFNy (Fig. 5A)
and TNFa (Fig. 5B) cytokines were observed in the LPS pre-treatment and PPC group
compared with the LPS pre-treatment/control peptide group.

3.7 LPS and PPC Treatment Results in Abnormal Motor Function in Mice

Observations of elevations in CNTNAP2 autoantibodies have been made in some patients
[13]; although often associated with muscular hyperactivity, including spasm, rigidity, and
myotonia, fatigue and exercise intolerance are also frequently observed. Thus, the same
C57BL/6 mice, 3 weeks after last treatment, prior to sacrifice, were evaluated for fatigue and
exercise intolerance by RotoRod analysis. Mice in the LPS pre-treatment, PPC
immunization group displayed significantly greater fatigue and exercise intolerance during
RotoRod analysis including shorter times before falling from a stationary RotoRod (Fig. 6A)
and shorter times before falling from an accelerating RotoRod (Fig. 6B) compared with
other groups evaluated.

Autoantibodies observed in cases of autoimmune encephalitis and/or neuromyotonia have
not been shown to involve binding to the region of CNTNAP2 characterized here (545-550
aa) and to our knowledge this is the first study to screen for potential autoantigenic regions
of CNTNAP2 using the methods presented here. Known to be associated with immune
system dysregulation [8-11,22,32-34], subsets of children with autism tended to display
elevations of serum antibody binding to CSSR3 and CSSR4 (Fig. 1) compared with non-
autistic children; however these data are hampered by the dissimilarity of non-CNTNAP2
binding antibody variables between the two groups evaluated (Table 3) and the unknown or
incomplete medical histories of the patients.

Despite the relatively small region of similarity the 6 aa long CSSR of the PPC fulfills
known requirements for antigen function [35-37]. The PPC was used to immunize mice pre-
treated with LPS to further characterize the autoantigenic potential of a small segment (545-
550 aa) of the extracellular region of human and murine CNTNAP2. This treatment was
associated with elevations in antibodies able to bind the analogous region of CNTNAP2
(Fig. 2), CD3+ and CD4+ (data not shown) cells and inflammatory cytokines in CNS tissues
(Fig. 4, 5) and motor dysfunction (Fig. 6); only in the presence of LPS pre-treatment. LPS
and PPC treated mice showed signs of an encephalitis-like reaction with increased
parenchymal cortical white matter as well as cerebellar CD3+ (Fig. 4B) and CD4+
immunoreactivity (data not shown); whereas without the combination of LPS and PPC the
pattern was that of blood vessel associated T-cell CD3+ and CD4+ immunoreactivity;
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similar to untreated controls. These data together suggest that only in the presence of strong
inflammatory responses, mimicking acute gram-negative bacterial infection driven by LPS,
was immune tolerance to the CNTNAP2 self-antigen able to be broken.

Whereas in 4-8 week old mice treatment with LPS and PPC lead to encephalitis-like
responses and motor dysfunction, it is tempting to speculate whether earlier exposure,
perhaps in utero, would lead to more profound immune and nervous system dysfunction and
abnormal development. In light of the key role of CNTNAP2 in neuronal activation,
migration and neural-glial interactions [18,19,38] further studies are needed to determine
whether anti-CNTNAP2-mediated encephalopathy, if occurring during critical widows of
brain development, could represent a significant risk factor for abnormal neurodevelopment.
Prior studies present compelling evidence of a role for the immune system in the
pathogenesis of subsets of neurodevelopmental disorders [8-12,22,23,32-34].

Importantly, the results have significant limitations including that a synthetic linear peptide
representing a small fragment of CNTNAP2, not in its native form, was used to immunize
and evaluate the effects of the CSSR in mice and detect CSSR-binding antibodies in human
samples. Although the antibodies binding to CSSR3 generated by LPS and PPC
pretreatment appeared to bind CNTNAP2 in its native form on neuronal cells (Fig. 3), it
remains to be determined whether the extracellular region of (545-550aa) CNTNAP2
analogous to the PPC would be available for antibody binding in its native conformation in
humans. Further, the human sample data contained within the present study is significantly
limited by the small sample size and dissimilarity between groups as well as the lack of or
incomplete medical histories. Further complete immunological characterization of the
evaluated mice was not completed prior or after LPS and PPC treatment.

4. CONCLUSION

CNTNAP2 contains a potential autoepitope within the extracellular region.

5. FUTURE DIRECTIONS

Molecular mimicry is implicated in neurological disorders associated with anti-CNTNAP2
antibodies. Analysis of the relative affinity of antibodies from patients with autistic disorder
binding to the 545-550 aa region of CNTNAP2 against antisera from mice immunized using
the same region as well as analysis of antibody affinity-to-neurotoxicity relationships and
visualized regional binding characteristics on human neurons could support the hypotheses
that antibodies binding to the 545-550 aa region of CNTNAP2 are causative in human
neurological disorders.

Acknowledgments

This work is dedicated to the memory of Dr. Yuyan Zhu. The investigations presented here were supported by the
Silver Endowment, Rothman Endowment and the NIH/NIMH (R21MH087849, JT). We gratefully acknowledge
the resources provided by the Autism Genetic Resource Exchange (AGRE) Consortium* and the participating
AGRE families. The Autism Genetic Resource Exchange is a program of Autism Speaks and is supported, in part,
by grant 1U24MH081810 from the National Institute of Mental Health to Clara M. Lajonchere (PI). We thank the
reviewers for their efforts and thoughtful comments.

Br J Med Med Res. Author manuscript; available in PMC 2014 January 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Obregon et al. Page 9

ABBREVIATIONS
ADI-R Autism Diagnostic Interview, Revised
ANOVA Analysis of variance
BLAST The Basic Local Alignment Search Tool
Caspr2 contactin-associated protein-like 2
CD3 cluster of differentiation 3
CD4 cluster of differentiation 4
CNS central nervous system
CNTNAP2 contactin associated protein-like 2
CSSR CNTNAP2 sequence similar region
DAB 3,3’-diaminobenzidine
EDTA Ethylenediaminetetraacetic acid
h hour(s)
[ FNy interferon-gamma
19G immunoglobulin G
i.p intraperitoneal
LDH lactose dehydrogenase
LPS lipopolysaccharide
M molarity
N Normality
NCBI National Center for Biotechnology Information
PBS phosphate buffered saline
PM SF phenylmethylsulfonyl fluoride
PPC pathogen peptide containing CSSR
TNFa tumor necrosis factor-alpha
References

1. Peterson K, Rosenblum MK, Kotanides H, Posner JB. Paraneoplastic cerebellar degeneration. I. A
clinical analysis of 55 anti-Yo antibody-positive patients. Neurology. 1992; 42:931-1937.

2. Irani SR, Alexander S, Waters P, Kleopa KA, Pettingill P, Zuliani L, et al. Antibodies to Kv1
potassium channel-complex proteins leucine-rich, glioma inactivated 1 protein and contactin-
associated protein-2 in limbic encephalitis, Morvan’s syndrome and acquired neuromyotonia. Brain.
2010; 133:2734-2748. [PubMed: 20663977]

3. Kurtzke JF. Epidemiologic Evidence for Multiple-Sclerosis as an Infection. Clin Microbiol Rev.
1993; 6:382—427. [PubMed: 8269393]

4. Panitch HS. Influence of Infection on Exacerbations of Multiple-Sclerosis. Ann Neurol. 1994;
36:525-S28. [PubMed: 8017885]

Br J Med Med Res. Author manuscript; available in PMC 2014 January 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Obregon et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 10

. Dalmau J, Gleichman AJ, Hughes EG, Rossi JE, Peng X, Lai M, et al. Anti-NMDA receptor

encephalitis. case series and analysis of the effects of antibodies. Lancet Neurol. 2008; 7:1091—
1098. [PubMed: 18851928]

. Gultekin SH, Rosenfeld MR, Voltz R, Eichen J, Posner JB, Dalmau J. Paraneoplastic limbic

encephalitis. neurological symptoms, immunological findings and tumour association in 50 patients.
Brain. 2000; 123(7):1481-1494. [PubMed: 10869059]

. Dale RC, Brilot F. Autoimmune Basal Ganglia disorders. J Child Neurol. 2012; 27:1470-1481.

[PubMed: 22832771]

. Depino AM. Peripheral and central inflammation in autism spectrum disorders. Mol Cell Neurosci.

2012

. Braunschweig D, Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Croen LA, et al. Autism.

maternally derived antibodies specific for fetal brain proteins. Neurotoxicology. 2008; 29:226-231.
[PubMed: 18078998]

. Croen LA, Braunschweig D, Haapanen L, Yoshida CK, Fireman B, Grether JK, et al. Maternal
mid-pregnancy autoantibodies to fetal brain protein. the early markers for autism study. Biol
Psychiatry. 2008; 64:583-588. [PubMed: 18571628]

Dalton P, Deacon R, Blamire A, Pike M, McKinlay I, Stein J, et al. Maternal neuronal antibodies
associated with autism and a language disorder. Ann Neurol. 2003; 53:533-537. [PubMed:
12666123]

Martin LA, Ashwood P, Braunschweig D, Cabanlit M, Van de Water J, Amaral DG. Stereotypies
and hyperactivity in rhesus monkeys exposed to 1gG from mothers of children with autism. Brain
Behav Immun. 2008; 22:806-816. [PubMed: 18262386]

Lancaster E, Huijbers MG, Bar V, Boronat A, Wong A, Martinez-Hernandez E, et al.
Investigations of caspr2, an autoantigen of encephalitis and neuromyotonia. Ann Neurol. 2011;
69:303-311. [PubMed: 21387375]

Alarcon M, Abrahams BS, Stone JL, Duvall JA, Perederiy JV, Bomar JM, et al. Linkage,
association, and gene-expression analyses identify CNTNAP2 as an autism susceptibility gene.
Am J Hum Genet. 2008; 82:150-159. [PubMed: 18179893]

Arking DE, Cutler DJ, Brune CW, Teslovich TM, West K, lkeda M, et al. A common genetic
variant in the neurexin superfamily member CNTNAP2 increases familial risk of autism. Am J
Hum Genet. 2008; 82:160-164. [PubMed: 18179894]

Bakkaloglu B, O’Roak BJ, Louvi A, Gupta AR, Abelson JF, Morgan TM, et al. Molecular
cytogenetic analysis and resequencing of contactin associated protein-like 2 in autism spectrum
disorders. Am J Hum Genet. 2008; 82:165-173. [PubMed: 18179895]

Poliak S, Gollan L, Martinez R, Custer A, Einheber S, Salzer JL, et al. Caspr2, a new member of
the neurexin superfamily, is localized at the juxtaparanodes of myelinated axons and associates
with K+ channels. Neuron. 1999; 24:1037-1047. [PubMed: 10624965]

Poliak S, Salomon D, Elhanany H, Sabanay H, Kiernan B, Pevny L, et al. Juxtaparanodal
clustering of Shaker-like K+ channels in myelinated axons depends on Caspr2 and TAG-1. J Cell
Biol. 2003; 162:1149-1160. [PubMed: 12963709]

Penagarikano O, Abrahams BS, Herman EI, Winden KD, Gdalyahu A, Dong H, et al. Absence of
CNTNAP2 leads to epilepsy, neuronal migration abnormalities, and core autism-related deficits.
Cell. 2011; 147:235-246. [PubMed: 21962519]

Marx CE, Jarskog LF, Lauder JM, Lieberman JA, Gilmore JH. Cytokine effects on cortical neuron
MAP-2 immunoreactivity. implications for schizophrenia. Biol Psychiatry. 2001; 50:743-749.
[PubMed: 11720692]

Gilmore JH, Fredrik Jarskog L, Vadlamudi S, Lauder JM. Prenatal infection and risk for
schizophrenia. IL-1beta, IL-6, and TNFalpha inhibit cortical neuron dendrite development.
Neuropsychopharmacology. 2004; 29:1221-1229. [PubMed: 15085088]

Parker-Athill EC, Tan J. Maternal immune activation and autism spectrum disorder. interleukin-6
signaling as a key mechanistic pathway. Neurosignals. 2010; 18:113-128. [PubMed: 20924155]
Parker-Athill E, Luo D, Bailey A, Giunta B, Tian J, Shytle RD, et al. Flavonoids, a prenatal
prophylaxis via targeting JAK2/STAT3 signaling to oppose IL-6/MIA associated autism. J
Neuroimmunol. 2009; 217:20-27. [PubMed: 19766327]

Br J Med Med Res. Author manuscript; available in PMC 2014 January 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Obregon et al.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 11

Pruitt KD, Tatusova T, Brown GR, Maglott DR. NCBI Reference Sequences (RefSeq). current
status, new features and genome annotation policy. Nucleic Acids Res. 2012; 40:D130-135.
[PubMed: 22121212]

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, et al. Gapped BLAST and
PSI-BLAST. a new generation of protein database search programs. Nucleic Acids Res. 1997;
25:3389-3402. [PubMed: 9254694]

Chou PY, Fasman GD. Prediction of the secondary structure of proteins from their amino acid
sequence. Adv Enzymol Relat Areas Mol Biol. 1978; 47:45-148. [PubMed: 364941]

Kolaskar AS, Tongaonkar PC. A semi-empirical method for prediction of antigenic determinants
on protein antigens. FEBS Lett. 1990; 276:172-174. [PubMed: 1702393]

Parker JM, Guo D, Hodges RS. New hydrophilicity scale derived from high performance liquid
chromatography peptide retention data. correlation of predicted surface residues with antigenicity
and X-ray-derived accessible sites. Biochemistry. 1986; 25:5425-5432. [PubMed: 2430611]
Larsen JE, Lund O, Nielsen M. Improved method for predicting linear B-cell epitopes. Immunome
Res. 2006; 2:2. [PubMed: 16635264]

Geschwind DH, Sowinski J, Lord C, Iversen P, Shestack J, Jones P, et al. The autism genetic
resource exchange. a resource for the study of autism and related neuropsychiatric conditions. Am
J Hum Genet. 2001; 69:463-466. [PubMed: 11452364]

Lord C, Rutter M, Le Couteur A. Autism Diagnostic Interview-Revised. a revised version of a
diagnostic interview for caregivers of individuals with possible pervasive developmental disorders.
J Autism Dev Disord. 1994; 24:659-685. [PubMed: 7814313]

Pardo CA, Vargas DL, Zimmerman AW. Immunity, neuroglia and neuroinflammation in autism.
Int Rev Psychiatry. 2005; 17:485-495. [PubMed: 16401547]

Corbett BA, Kantor AB, Schulman H, Walker WL, Lit L, Ashwood P, et al. A proteomic study of
serum from children with autism showing differential expression of apolipoproteins and
complement proteins. Mol Psychiatry. 2007; 12:292-306. [PubMed: 17189958]

Morgan JT, Chana G, Pardo CA, Achim C, Semendeferi K, Buckwalter J, et al. Microglial
activation and increased microglial density observed in the dorsolateral prefrontal cortex in autism.
Biol Psychiatry. 2010; 68:368-376. [PubMed: 20674603]

Gulden PH, Fischer P, Sherman NE, Wang W, Engelhard VVH, Shabanowitz J, Hunt DF, et al. A
Listeria monocytogenes pentapeptide is presented to cytolytic T lymphocytes by the H2-M3 MHC
class Ib molecule. Immunity. 1996; 5:73-79. [PubMed: 8758896]

Sunil S, Eto K, Singh VK, Shinohara T. Oligopeptides of three to five residues derived from
uveitopathogenic sites of retinal S-antigen induce experimental autoimmune uveitis (EAU) in
Lewis rats. Cell Immunol. 1993; 148:198-207. [PubMed: 8495487]

Hemmer B, Kondo T, Gran B, Pinilla C, Cortese I, Pascal J, et al. Minimal peptide length
requirements for CD4(+) T cell clones--implications for molecular mimicry and T cell survival. Int
Immunol. 2000; 12:375-383. [PubMed: 10700472]

Arroyo EJ, Xu T, Poliak S, Watson M, Peles E, Scherer SS. Internodal specializations of
myelinated axons in the central nervous system. Cell Tissue Res. 2001; 305:53-66. [PubMed:
11512672]

Br J Med Med Res. Author manuscript; available in PMC 2014 January 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Obregon et al.

Page 12

L ]
g
§ 15 4 .
x 1 ': o: ° °
~ o L ]
o ° ‘g .. —4— :'* pet o %
£ ° . ° o % g S & °° &
8 & o s < H %o %, 8¢ e © °
Sos{ & o s PR O - -
5 @ o o & o S wm® ar
og-;--é? & R -
o o® ° % o oé) oo ° .:' ? o
L]
Olde e . e e o @ S
CR1 CR2 CR3 CR3 CR4 CR5CNTNAP2 CR1 CR2 CR3 CR4 CR5 CR6CNTNAP2
ctrl ctrl
Control group Autistic group,
(3-11years ofage, n = 18) (3 - 11years of age, n = 26)

Fig. 1.

ClngNAPZ—binding antibodies in sera from children with autism and non-autistic controls.
Levels of serum antibodies binding to 8 aa CNTNAP2 autoantibody detection peptides
containing analogous CSSR sequence from corresponding pathogen proteins (Table 2) were
screened by ELISA. Each dot represents a mean optical density reading (O. D.; 450 nm;
1:100 dilution) for each individual (n = 26 for autistic children; n = 18 for non-autistic
controls) for a respective level of serum antibodies binding to a given CNTNAP2
autoantibody detection peptide (CR). Levels of CSSR3 (CR3) and CSSR4 (CR4)
autoantibody titers were significantly elevated in children with autism compared with non-
autistic control sera (P < .05). There were no significant differences in autoantibody titer
binding to other CNTNAP2 autoantibody detection peptides compared to CNTNAP2 control
peptide (P > .05)
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Fig. 2.
CNTNAP2 binding antibodies generated in mice pre-injected with LPS and immunized with

PPC. Wild-type C56BL/6 (WT) mice (4 week old, n = 8, 4Q/4C" per group) intraperitoneally
(i.p.) injected with PBS or LPS (10 pug/mouse) with and without control peptide (Ctrl) or
PPC (200 pg/mouse) immunizations. The same procedure was repeated one week later.
ELISA for TNFa (A) and CSSR3 hinding antibody titer (B) were determined 3 weeks after
last immunization. The results are presented as mean + SD of TNFa (pg/mL) for (A) and
mean + SD of O.D. reading at 1:100 dilution for (B). ***P <.001
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Fig. 3.

CéqSR:% peptide binding antibodies injure neuronal cells. Pooled sera from control and PPC
immunized groups were collected 3 weeks after last immunization (8 week old, n = 8,
4Q/AG per group) and used to treat differentiated N2a cells (A) and mouse primary neuronal
cells (B) for 24 h and analyzed by LDH assay. Data are presented as mean + SD of LDH
release (%) from each incubated group normalized by total cellular protein. (C) Mouse
primary neuronal cells incubated with sera from “control mice” (immunized with Ctrl
peptide + LPS pre-injection) or “PPC mice” (immunized with PPC + LPS pre-injection) for
24 hours with and without pre-incubation with CSSR3 or CNTNAP2 ctrl peptides (5 ug/mL)
for 1 h at 37°C. Ctrl sera, the pooled serum from “control mice.” Ctrl sera/CSSR3, pooled
serum from *“control mice” pre-incubated with CSSR3 peptide. Ctrl sera/CNTNAP2 ctrl,
pooled serum from “control mice” pre-incubated with CNTNAP2 ctrl peptide. Sera, the
pooled serum from the PPC mice. Sera/CSSR3, the pooled serum from the PPC mice pre-
incubated with CSSR3 peptide. Sera/CNTNAP?2 ctrl, the pooled serum from the PPC mice
pre-incubated with CNTNAP2 ctrl peptide
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Fig. 4.

Elevations in CD3+ cells in brains of mice treated with LPS and PPC. (A) Representative
gray matter cortical regions from mice immunized with control peptide (Ctrl) or PPC
peptide with pre-treatment with LPS (8 week old, n = 8, 4Q/4G" per group). Significant
CD3+ T-cell infiltration was not observed in the areas of cortical gray matter analyzed in
either group. (B) Representative cortical cerebellar and cortical white matter regions from
mice immunized with Ctrl peptide or PPC with LPS pre-treatment. Mice that received LPS
pre-injection and were immunized with PPC peptide displayed CD3+ T-cell infiltration in
the cerebellum and cortical white matter. Mice immunized with Ctrl peptide + LPS pre-
injection did not display CD3+ T-cell infiltration in these regions
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IFNy and TNFa elevations in brains of mice treated with LPS and PPC. Mouse brain tissue
homogenates (8 week old, n = 8, 4Q/4C per group) were evaluated for IFNy (A) and TNFa
(B) by ELISA. The results are presented as mean = SD of brain IFNy or TNFa (pg/mg total
protein). Both cytokines were not detectable in brain tissues from other control groups (data

not shown). *P< .05; **P< .005; **P< .001
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Fig. 6.
LPS and PPC treatment results in abnormal motor function in mice. Wild-type C56BL/6

mice were immunized with PPC or control peptide (Ctrl) with LPS or PBS pre-treatment
and subjected motor function testing (8 week old, n = 8, 4Q/4C per group). Motor balance
analysis was conducted using RotoRod. (A) Time before falling from a stationary RotoRod.
(B) Time before falling off an accelerating RotoRod. Results are presented as mean + SD
from five trials. ***P <.001
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CNTNAP2 Autoantibody Detection Peptides

Table 2

Pathogen NCBI accession #, peptidename  Peptide sequence

Human CNTNAP2 |ocation

[NP_880571.1], CSSR1 GEGRIGLR
[NP_880571.1], CSSR2 GLLVFSHF
[NP_880571.1], CSSR3 FANVSIDM
[AAF85674.1], CSSR4 RLNQDLFS
[AALB3746.1], CSSR5 YISSFTTD
[040955], CSSR6 DPWHLDHL
[NP_054860.1], CNTNAP2 Control SGLPHVAF

CNTNAP2-170
CNTNAP2-410
CNTNAP2-545
CNTNAP2-391
CNTNAP2-1068
CNTNAP2-1231
CNTNAP2-41
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Table 3

Characteristics of control and autistic children

Controls(n=18) Autism (n=26) p value

Female (%) 44.44 15.39 p<.01
Age (years) 5.71+1.42 4.00+1.366 p<.001
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