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Abstract

Autism spectrum disorders (ASD) are characterized by impairment in social interactions,
communication deficits, and restricted repetitive interests and behaviors. There is evidence of both
immune dysregulation and autoimmune phenomena in autism. We examined the regulatory cytokine
transforming growth factor beta-1 (TGFB1) because of its role in controlling immune responses.
Plasma levels of active TGFB1 were evaluated in 75 children with ASD compared with 96 controls.
Children with ASD had significantly lower plasma TGFp1 levels compared with typically developing
controls (p=0.0017) and compared with children with developmental disabilities other than ASD
(p=0.0037) but not siblings, after adjusting for age and gender. In addition, there were significant
correlations between psychological measures and TGFp1 levels, such that lower TGFB1 levels were
associated with lower adaptive behaviors and worse behavioral symptoms. The data suggest that
immune responses in autism may be inappropriately regulated due to reductions in TGFB1. Such
immune dysregulation may predispose to the development of possible autoimmune responses and/
or adverse neuroimmune interactions during critical windows in development.
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INTRODUCTION

Autism spectrum disorders (ASD) are complex neurodevelopmental disorders that are
distinguished by qualitative impairments in social interaction, deficits in verbal and non-verbal
communication, and restricted repetitive and stereotyped patterns of behavior and interests
[Filipek et al., 2000; Lord et al., 2000]. There is growing evidence that an abnormal immune
response may exert a negative influence on neurodevelopment, potentially contributing to the
etiology of some cases of ASD. Alterations in appropriate regulation of the immune response
may result in chronic inflammation, autoimmunity, or an inappropriate response to immune
challenge in children with ASD [reviewed in Ashwood et al., 2006]. Furthermore, abnormally
regulated immune responses could potentially cause inflammation of the CNS or brain leading
to altered neurodevelopment.

Systemic immunologic aberrations in autism have often been associated with immune
dysregulation, in particular, the generation of antibodies reactive against brain and CNS
proteins [Ashwood et al., 2004; Cabanalit et al., 2007; Connolly et al., 1999; Connolly et al.,
2006; Kozlovskaia et al., 2000; Singh et al., 1993; Singh et al., 1997a; Singh et al., 1997b;
Singh et al., 2002; Singh et al., 2004; Todd et al., 1988; Wills et al., 2007]. Indeed,
autoantibodies to critical neuronal components have been reported in as many as 25-70% of
individuals with autism [Connolly et al., 1999; Connolly et al., 2006; Singh et al., 2002; Singh
etal.,2004; Todd etal., 1988]. However, it must be noted that it is not currently known whether
these antibodies are a cause of autism or generated as a result of inflammation in the brain and
CNS. In addition, many genetic studies have indicated a link between autism and genes that
have immune functions, including complement C4 alleles, MHC haplotypes B44-SC30-DR4,
human leukocyte antigen (HLA)-DRB1, and DR13 [Ferrante et al., 2003; Torres et al., 2001;
Warren et al., 1991; Warren et al., 1996]. Moreover, several studies have shown peripheral
immune abnormalities in patients with autism including abnormal or skewed T helper cell
cytokine profiles, decreased lymphocyte numbers, decreased T cell mitogen response, and an
imbalance of serum immunoglobulin levels [reviewed in Ashwood et al., 2006a]. Of particular
note, Vargas et al., recently described increased neuroinflammation in brain and CNS
specimens obtained from subjects with ASD [Vargas et al., 2005]. In addition, gene expression
profiles in the temporal cortex of autistic subjects show increased transcript levels of many
immune system-related genes when compared with matched controls [Garbett et al., 2008].
Taken together these data are suggesting of the presence of ongoing neuroinflammatory
processes in the brain and CSF, as well as indicative of widespread changes in the peripheral
immune response, of at least a significant proportion of children with ASD. We propose that
the disturbances in immune function that have been reported in autism stem from deficits and
defects in the regulatory immune system controlling the overall immune response.

Regulatory responses by the immune system are essential for the maintenance of tolerance to
self-antigen and to innocuous non-harmful substances such as food nutrients. The regulatory
immune response is also critical in the down-regulation of the inflammatory immune response
following infection, thus limiting potential tissue damage. Immunosuppressive cytokines such
as transforming growth factor betal (TGFp1) are critical for immune homeostasis, and are
important in the induction of unresponsiveness in activated T cells [den Haan et al., 2007;
Marra et al., 2004; Sonoda et al., 2001]. Published findings support widespread changes in the
immune systems of at least a significant proportion of children with autism, yet the exact nature
of this immune dysfunction is not yet fully characterized. Reports of increased expression of
Tyl cytokines [Croonenberghs et al., 2002; Molloy et al., 2006; Singh, 1996; Vargas et al.,
2005], acute inflammatory cytokines [Croonenberghs et al., 2002; Singh, 1996; Vargas et al.,
2005; Zimmerman et al., 2005], and T2 cytokines [Molloy et al., 2006; Gupta et al., 1998] in
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autism do not implicate a specific inflammatory profile but instead suggest that a loss of
regulation in the immune response may have occurred.

One of the most important immune regulators that can effectively control diverse aspects of
the immune response is TGFBL1. In the autism literature, there are several studies that
demonstrate an alteration or dysregulation of immune responses in autism compared with
matched controls [Ashwood et al., 2004; Ashwood and Wakefield, 2006b; Cohly and Panja,
2005; Jyonouchi et al., 2005]. In addition, altered TGFB1 levels have been observed in brain
specimens of subjects with autism [Vargas et al. 2005]. Although one recent study revealed
decreased plasma TGFp1 in adults with autism [Okada et al., 2007] thus far we are unaware
of any studies addressing the levels of TGFB1 in children with autism, close to the time of their
diagnosis, and compared with age matched control children. To better define the immune status
of children with ASD, we utilized a large population based study of well-characterized children
with confirmed ASD and age-matched controls, with and without developmental disabilities,
to examine whether circulating active TGFpB1 differed between groups. If a defect in the
immune regulatory function were confirmed, such a finding would contribute to the
understanding of role of the immune system in autism, and could potentially offer a new
diagnostic or treatment target.

MATERIALS AND METHODS

Subjects

Participants in the study were recruited from the case-control population based CHARGE
(Childhood Autism Risk from Genetics and Environment) study conducted at the UC Davis
M.1.N.D. Institute [Hertz-Picciotto et al., 2006]. One hundred and forty-three (143) children
were investigated in this study and were the first subjects enrolled in the CHARGE study.
Participants met one of the following 4 criteria: 1) diagnosed with an autism spectrum disorder
(ASD); 2) diagnosed with developmental disability but not ASD; or 3) age-matched typically
developing general population controls. The descriptive statistics of the study population are
summarized in Table 1. This study was approved by the UC Davis institutional review board
and complied with all requirements regarding human subjects. Informed consent was obtained
from the parent of each participating child. Upon enrollment, all diagnoses were confirmed
using Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV)
(American Psychiatric Association, 1994) criteria by qualified clinicians at the M.1.N.D.
Institute. In addition, all participants with ASD met research criteria for ASD on both the
Autism Diagnostic Interview-Revised (ADI-R) [Lord et al., 1997] and the Autism Diagnostic
Observation Schedule (ADOS) [Lord et al., 2000] which were administered at the M.I.N.D.
Institute by trained clinicians. The ADI-R is a comprehensive clinical interview administered
to parents or caregivers of children suspected of having autism. The ADI-R assesses function
in areas of language and communication, reciprocal social interaction, and repetitive, restricted,
stereotyped behaviors or interests. Results from the interview are interpreted using a diagnostic
algorithm that correlates with the DSM-1V and ICD-10 definitions of autism. The ADOS is an
observational assessment that provides a standardized set of conditions to observe behavior in
the areas of communication, play, and other areas relevant to autism. Based on DSM-1V, ADI-
R and ADOS scores, within the ASD group 67 children met the cut-off for autistic disorder
with a further 8 meeting the cut-off for ASD. The majority of the ASD group (81%) completed
ADOS Module 1, the administration of which was partly determined based on the child’s
language development level. The ADOS Module 2 was used in assessment of the remaining
ASD cases (19%).

Children from the developmental disability and general population groups were screened for

autism traits by the Social Communication Questionnaire, using a cut-off score of 15 or more
to indicate a need for further autism evaluation. The ADI-R and ADOS were administered to
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those children in the developmental disability and general population group who scored above
the screening threshold (SCQ score >15) to determine autism status. Children who scored above
the cut-off for the SCQ and met criteria for ASD on the ADOS and ADI-R were included in
the ASD group. The status of siblings was based on parental report.. In children from the ASD,
general population and developmental disability groups, adaptive function was assessed by
parental interview using the Vineland Adaptive Behavior Scales (VABS) [Sparrow et al.,
1984]. The VABS covers the domains of socialization (interpersonal relationships, play and
leisure time, and coping skills); daily living skills (personal, domestic and community skills);
motor skills (gross and fine motor); and communication skills (receptive, expressive, and
written communication). Cognitive function was assessed directly using the Mullen Scales of
Early Learning (MSEL) [Mullen, 1995], which measures expressive and receptive language,
fine motor, and nonverbal cognitive skills. The Aberrant Behavior Checklist (ABC) [Aman
MG, et al., 1985] was used to measure behavior problems, such as irritability, stereotypy, and
hyperactivity.

Children confirmed as ASD subjects were divided into subgroups of early onset or regressive
autism based on the developmental trajectory of the child. Children were classified as having
early onset autism if parents answered “no” to both of two questions from the ADI-R regarding
developmental skill loss (language loss (Q11) and social skills loss (Q25)) and regressive
autism if parents answered “yes” to either of these questions, indicating loss of language skills
and/or social interest and engagement.

For each subject, peripheral blood was collected in acid-citrate-dextrose Vacutainers (BD
Biosciences; San Jose, CA), centrifuged at 2300 rpm for 10 min, and plasma collected and
stored at —80°C until time of analysis. Activated TGFB1 concentrations in plasma were
measured by a commercial enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems,
Minneapolis, MN) using manufacturer’s protocol. Laboratory personnel were blinded to the
subjects diagnosis. ELISA measurements were performed in duplicate for each patient sample.
To measure the active form of TGFB1, plasma samples were acidified according to the
manufacturer’s recommendation. All solutions and activation reagents required were prepared
following the manufacturer’s instructions. Activation and neutralization of plasma followed
procedures listed. Samples were run in duplicate and in accordance with the instructions of the
kit protocol. Sample concentrations were derived from the standard curve generated according
to the kit protocol. All samples concentrations fell within the standard curve. Plasma aliquots
had no more than 1 freeze/thaw cycle.

The TGFp1 levels were not normally distributed, and hence, a natural logarithm transformation
was applied to the dataset to meet necessary regression assumptions. Analysis of the data was
performed using an analysis of covariance (ANCOVA) to compare across the diagnostic
groups, with adjustment for age and gender. Evaluations of the relationship between the levels
of TGFB1 and psychological measures among children with autism were determined by
multiple linear regression methods. P values were corrected for multiple comparisons using
Tukey-Kramer Adjustment. Results were considered statistically significant after adjustment
for multiple comparisons if p<0.05 (*). All analyses were performed using the Statistical
Analysis System, version 9.1 (SAS Institute Inc, Cary, NC).

Plasma TGFB1 levels were significantly lower in children with ASD compared with typically
developing general population controls (median = 11.54, interquartile range (6.73-17.84) ng/
ml versus 16.16 (11.97-22.32) ng/ml, p=0.0017) or compared with children having other
developmental disabilities (15.34 (11.41-25.71) ng/ml, p=0.0037). Individual results are
represented in Figure 1. Indeed, the combined group of non-ASD controls (i.e. children with
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developmental disabilities or typical controls, 15.43 (11.63-22.52) ng/ml) were significantly
different when compared with ASD subjects (p<0.0001).

The children with ASD were further subdivided into those who exhibited regression and those
with early onset ASD. There were no significant differences in psychological measures based
on the ABC, ADI-R, MSEL and VABS scores between ASD children who had regressed and
those that had not (data not shown). No differences were observed in the levels of TGFp1
between the early onset ASD (10.43(6.54-16.29) ng/ml) and regressive ASD (12.07(7.43—
17.89) ng/ml, p=0.9, Figure 2). Both children with early onset autism and children with autism
who had regression had significantly reduced plasma TGFB1 levels when compared with
typically developing general population controls (p<0.02, Figure 2) or with children who had
developmental disabilities (p<0.03).

To determine if there was a relationship between TGFp1 levels and specific behavioral domains
we used multiple linear regression analysis models with adjustment for potential age and gender
confounders to compare across groups. Using the ABC assessment we observed several inverse
correlations between TGFB1 and psychological measures of irritability, lethargy. stereotypy
and hyperactivity (Table 2, p<0.02). Overall, low TGFB1 levels were associated with higher
(worse) total ABC scores (R2=—0.098, p=0.011, Table 2). These relationships suggest as
TGFB1 decreases, stereotypy, irritability, hyperactivity and other behavioral symptoms
measured by the ABC worsen. Similar trends were observed using the VABS assessment i.e.
that as TGFpB1 levels decreased, adaptive behavior levels worsened (in the case of the VABS
measure, in which lower scores indicate worse performance, this was a positive correlation).
Specifically, the relationship between the VABS social interaction score and TGFp1 levels
was statistically significant (R2=0.043, p=0.018). TGFp1 levels were also significantly
associated with composite VABS scores (R?=0.036, p=0.027) across groups. If the ASD group
was analyzed alone there was a significant correlation between total ABC scores and plasma
TGFp1 levels (R?=—0.393, p=0.038) but not with any measures assessed by ADI-R, ADOS,
MSEL or VABS scores. If general population typically developing children and/or, children
with developmental disabilities were considered alone there were no marked correlations
observed between plasma TGFB1 levels and clinical variables using ABC, MSEL and VABS
measures. Furthermore, there were no significant correlations between the levels of TGFB1 in
the plasma and clinical assessment scores based on the ABC, ADI-R, MSEL and VABS in
children with either early onset or regressive autism. However, there was a significant
correlation between the measures of social interaction on the VABS assessment and plasma
TGFp1 levels in children who had early onset ASD (R2=0.125, p=0.029) with the composite
VABS score also significantly associated with TGFp1 levels (R2=0.099, p=0.047). In addition,
in children with early onset ASD, there were trends to associations between TGFp1 and total
ABC scores (R?=—0.536, p=0.106), scores of communication (R?=—0.265, p=0.077) and social
interaction (R2=—0.126, p=0.094) as measured by ADOS and for non-verbal communication
(R2=-0.128, p=0.109) as assessed by ADI-R, again suggesting that as TGFB1 levels decrease
behavior becomes more atypical. In children with ASD that had regressed there was a
significant association of decreasing TGFpB1 levels and increasing irritability as measured by
the ABC (R?=-0.315, p=0.029).

DISCUSSION

The current study describes a significant decrease in plasma TGFp1 levels in children with
ASD when compared with age-matched typically developing controls and age-matched
children with developmental disabilities in cognitive or adaptive function but who do not have
ASD. Low TGFp1 levels may lead to an inappropriate control of the immune response in these
children. While Okada et al., recently published a similar finding of reduced TGFB1 in a small
cohort of 19 adults with autism compared with 21 healthy male controls [Okada et al., 2007],
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ours is the first study to show such reduced TGFp1 levels in a large, well-defined cohort of
children with autism. Taken together, these findings suggest that TGF1 may play a role in the
pathophysiology of ASD in childhood that continues into adulthood, although further work is
needed to confirm these reports.

Furthermore, data from our study showed that decreasing TGFp1 levels in plasma correlated
with worse behavioral scores on the ABC and lower adaptive levels on the VABS measures.
These findings were more apparent when comparing across the study groups, most likely due
to the larger spread in the behavioral measures, ranging from normalized typical values for the
general population controls to more impaired values in the ASD children. However, it is notable
that there were also associations between TGFp1 levels and increasing behavioral difficulties
in the ASD group alone, both in children with early onset ASD and those who had regressed,
but not for the typically developing or developmental disabilities control groups. This is the
first time that cytokine measures, such as TGFB1, have been associated with worsening of
behavioral measures in ASD. While the interpretation of these results is complicated, it remains
possible that low TGFB1 may result in immune dysregulation that could contribute to the
symptoms and behaviors that are associated with ASD. Although these data need to be
confirmed, they may suggest that peripheral immune markers may reflect biological factors
that could influence behaviors in children with ASD. Given the key role of TGFf1 in the
immune response and during neurogenesis, decreased levels of TGFB1 may contribute to the
pathophysiology and influence behavioral manifestations of ASD. Given that a major role of
TGFB1isto control inflammation, the negative correlations observed for TGFB1 and behaviors
may suggest that there is increased inflammation and/or ongoing inflammatory processes in
subjects that exhibit higher (worse) behavioral scores. Additional studies are needed to explore
these potential links further. In particular, the use of TGFp1 as a serological marker in children
who have recently been diagnosed with ASD, as well as its use as a biological marker to monitor
the potential efficacies of therapies that target behavioral outcomes, warrants further
investigation.

The transforming growth factors (TGFp1, 2 and 3) play crucial and important roles in cell
growth and differentiation, organ development, migration, matrix formation, apoptosis, as well
as critical roles in the regulation of immune cells and cellular homeostasis [Letterio and
Roberts, 1998; Aoki et al., 2005]. The role of TGFB1 with respect to the immune response is
complex. Early during an immune response, TGFB1 has the ability to enhance inflammation.
Conversely, TGFB1 has a number of profound down-regulatory effects on T and B cell
development and function, as well as the ability to modulate the differentiation and activation
status of NK cells, dendritic cells, monocytes/macrophages, granulocytes and mast cells [Li et
al., 2006a]. The immune regulatory effects of TGFB1 are most evident in TGFB1 deficient
mice that develop severe multifocal inflammatory autoimmune diseases after only two weeks
of life [Shull et al., 1992]. Similarly, blocking TGF signaling by deletion of TGFp receptor
type Il (TGFR2), leads to a disruption of T cell development and results in multi-organ
autoimmune inflammation [Li et al., 2006b; Marie et al., 2006]. As such, TGF has often been
considered as one of the crucial regulators within the immune system and a key mediator in
the development of autoimmune and systemic inflammation.

The location and developmental stage of the target cell or tissue, as well as the presence of
other cytokines and growth factors within the local milieu may, in large part, determine the
action of TGFp1. In the brain, there is evidence that glial and neuronal cells produce TGFp1
and that it plays a role in regulating CNS development [reviewed in Gomes et al., 2005]. Due
to the distribution of TGFB1 and the receptors for TGFB1 within the developing nervous
system, this cytokine may have important roles in the development of the brain and in
neurodevelopmental disorders. For example, widespread and important roles of TGFp1 in the
CNS have been reported including involvement in neuroprotection against glutamate
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cytotoxicity, control of astrocyte differentiation and morphology, inhibition of astrocyte and
microglia proliferation, cell migration in the cerebral cortex, control of neuronal death and
microgliosis, wound healing and immunosuppression, induction of blood-brain barrier
characteristics in endothelial cells, and the survival of neurons [reviewed in Gomes et al.,
2005]. Interestingly, it has been recently shown that proliferation of neural stem and progenitor
cell cultures and neurogenesis can be inhibited, over a long period, by TGFp1 [Wachs et al.,
2006]. These data suggest that TGFB1 may have long lasting effects on the control of neural
stem and progenitor cell proliferation during neurogenesis of the CNS. Macrocephaly and mini-
columnar pathology reported in some cases of autism may arise from a direct imbalance of
neurogenesis [Courchesne et al., 2003; Courchesne et al., 2001]. Whether abnormal cytokine
levels such as TGFp or inappropriate TGFp signaling contribute significantly to this imbalance
deserves further investigation.

In summary, this study demonstrates that there is a significant reduction in TGFB1 levels in
the plasma of young children who have ASD compared with typically developing children and
with non-ASD developmentally delayed controls who were frequency-matched on age. Such
immune dysregulation may predispose to the development of autoimmunity and/or adverse
neuroimmune interactions that could occur during critical windows in development. As a
decrease in TGFB1 levels could reflect a role for cytokine imbalance affecting early
neurodevelopment and the generation of clinical symptoms in ASD, these findings provide a
framework for further longitudinal studies to investigate the changes in TGFp1 levels over the
natural history of the disorder. In particular, it is currently unknown if altered TGFB1 levels
are active determinants in the development of an immune mediated neuropathology in ASD,
or accompanying phenomena secondary to the onset of the disease itself. As such, further work
needs to be carried out in order to determine whether the presence of low TGFB1 occurs prior
to the diagnosis or development of ASD symptoms. Furthermore, in children with ASD there
were correlations between circulating TGFB1 levels and measurements of behaviors. This
finding suggests that ongoing inflammatory responses may be linked to disturbances in
behavior and require confirmation in a larger study. Future studies designed to evaluate
TGFp1 levels during critical periods of neurodevelopment of ASD would be essential towards
addressing the potential role of TGFB1 as a biological component in ASD.
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Figure 1.

Circulating TGFp1 levels (ng/ml) in autism. TGFpB1 levels were significantly decreased in
children with autism compared with typically developing general population controls
(p=0.0017) and children with other developmental disabilities (p=0.0037. The bar represents
the median TGFp1 levels in each group.
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Figure 2.

TGFBL1 levels (ng/ml) in children with distinct autism phenotypes. There were no significant
differences in the plasma TGFp1 levels noted between the subjects with early onset autism
compared with those with regressive autism (p>0.5). Plasma TGFp1 levels were significantly
reduced in children with regressive autism when compared with the typically developing
general population controls (p<0.0089). Similarly, Plasma TGFf1 levels were significantly
reduced in children with early onset autism when compared with the typically developing
general population controls (p<0.0208).
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Table 2
Multiple linear regression analysis of TGFB1 and association with behavioral
outcome measures as assessed by the Aberrant Behavioral Checklist. Age of
subject and gender of subject were considered as confounders. Significant
correlations were observed between TGFp1 levels and the severity of impairments
in behavior in children enrolled in this study

Range R? value p-value

Aberrant Behavioral Checklist

Subscale I: Irritability (0-35) —-0.108 0.016
Subscale I1: Lethargy (0-43) —0.099 0.021
Subscale I11: Stereotypy (0-20) -0.128 0.004
Subscale 1V: Hyperactivity (0-47) -0.123 0.007
Subscale V: Inappropriate Speech (0-10) —-0.092 0.108
Total (0-109) -0.098 0.011
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