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Abstract
Autism spectrum disorders (ASD) are complex neurodevelopmental disorders that manifest in
childhood. Immune dysregulation and autoimmune reactivity may contribute to the etiology of ASD
and are likely the result of both genetic and environmental susceptibilities. A common environmental
contaminant, 2,2′,4,4′-tetrabrominated biphenyl (BDE-47), was tested for differential effects on the
immune response of Peripheral blood mononuclear cells (PBMC) isolated from children with ASD
(n=19) and age-matched typically developing controls (TD, n=18). PBMC were exposed in vitro to
either 100 nM or 500 nM BDE-47, before challenge with bacterial lipopolysaccharide (LPS), an
innate immune activator, with resultant cytokine production measured using the Luminex™ multiplex
platform. The cytokine responses of LPS stimulated PBMC from ASD and TD subjects diverged in
the presence of 100 nM BDE. For example, cells cultured from the TD group demonstrated
significantly decreased levels of the cytokines IL-12p40, GM-CSF, IL-6, TNFα, and the chemokines
MIP-1α and MIP-1β following LPS stimulation of PBMC pretreated with 100 nM BDE-47 compared
with samples treated with vehicle control (p<0.05). In contrast, cells cultured from subjects with
ASD demonstrated an increased IL-1β response to LPS (p=0.033) when pretreated with 100 nM
BDE-47 compared with vehicle control. Preincubation with 500 nM BDE-47 significantly increased
the stimulated release of the inflammatory chemokine IL-8 (p<0.04) in cells cultured from subjects
with ASD but not in cells from TD controls. These data suggest that in vitro exposure of PBMC to
BDE-47 affects cell cytokine production in a pediatric population. Moreover, PBMC from the ASD
subjects were differentially affected when compared with the TD controls suggesting a biological
basis for altered sensitivity to BDE-47 in the ASD population.
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Introduction
Autism Spectrum Disorders (ASD) are neurodevelopmental disorders characterized by
impairments in social interaction, verbal and nonverbal communication, and stereotyped
behaviors and interests (Lord C et al., 2000). The etiology of ASD is not well understood, but
most likely involves a complex interplay between both genetic and environmental factors.
Although susceptibility is highly heritable, genetic studies have not yet revealed a definitive
marker common to all forms of autism. As ASD are typically diagnosed by 3 years of age,
there has been much interest in prenatal or early postnatal infectious and environmental
exposures that could contribute to the development of ASD. Heavy metal exposure,
vaccinations and perinatal infection at critical periods of neurodevelopment have been
hypothesized to influence the development of autism (Libbey et al., 2005; Mutter et al.,
2005; Windham et al., 2006). However, the involvement of such factors is a controversial topic
in the field and their effects remain widely debated. It is also likely that any environmental
trigger could vary with a particular individual and influence neurodevelopment in specific ways
dependent upon the genetic susceptibility of that individual.

A growing body of research has suggested that immune responses can influence
neurodevelopment and that significant alterations in the immune system may play a key role
in some individuals with autism (Ashwood et al., 2006). For example, several genetic studies
link autism with genes that are associated with various immune functions such as HLA,
Complement C4, PTEN, MET and REELIN (Burger et al., 1998; Campbell et al., 2006; Polleux
et al., 2004; Skaar et al., 2005). Various immunological abnormalities have been described in
subjects with ASD, specifically in the levels of inflammatory mediators and autoimmune
responses (reviewed in Ashwood et al., 2006). In particular, increased production of cytokines
from the innate immune system have been observed in the plasma and CNS of subjects with
ASD, including interleukin-6 (IL-6) tumor necrosis factor alpha (TNFα) and macrophage
chemotactic protein-1 (MCP-1) (Crooneberghs et al., 2002, and Jyonouchi et al., 2002, Vargas
et al., 2005). Furthermore, evidence for an immune role in autism comes from recent animal
models, which indicate that the maternal immune response to infection can influence fetal brain
development via increased levels of circulating cytokines (Patterson, 2002). For example,
infection of neonatal rats with Borna disease virus (BDV) leads to neuronal death in the
hippocampus, cerebellum and neocortex, and a behavioral syndrome that has similarities to
autism (Hornig et al., 2001). These abnormalities are correlated with major alterations of
cytokine expression in various brain regions, indicating a likely role of cytokines as mediators
of CNS injury in this model (Plata-Salaman et al., 1999; Sauder and de la Torre, 1999). Mouse
models of maternal influenza virus infection at mid-gestation have similar results in
neuropathological and behavioral abnormalities in the offspring, consistent with those seen in
autism and are again suggestive of a strong immune component (Patterson, 2002; Shi et al.,
2003).

Neonatal exposure to environmental toxicants, including organic mercury, polychlorinated
biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) may interfere with normal
immune and/or neurologic development (Lawler et al., 2004). PBDEs are used as flame-
retardants in many industries including textile, building and the manufacture of electronic
appliances such as computers and televisions (Birnbaum et al., 2006; WHO, 1994) and as such,
are widely dispersed in the global environment. BDE-47 (2,2′,4,4′-tetra-BDE) is among the
most prevalent congers found in human tissues and environmental samples (Wilford et al.,
2005). The estimated half life of BDE-47 in human tissue is 1.8 years ((Geyer et al., 2004))
and levels detected in human tissues are rapidly increasing ((Meironyte et al., 1999); (Noren
and Meironyte, 2000); (McDonald, 2002)). There are several possible routes of exposure for
BDE compounds including the consumption of contaminated food sources (both plant and
animal), inhalation of indoor or outdoor air, ingestion of dust, as well as direct dermal exposure.
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In addition, there are several studies that report BDEs in human milk ((Darnerud et al.,
2001); (Fangstrom et al., 2005); (Schecter et al., 2003)) suggesting that there is a potential for
neonatal exposure in breast fed infants. Indeed, levels of PBDE in breast milk have increased
dramatically (60-fold) in the last 25 years, equivalent to a doubling of the concentration every
5 years ((Meironyte et al., 1999)). In key stages of cerebral development of rats or mice
exposure to PBDEs, including BDE-47, results in irreversible damage to brain function, and
disorders of voluntary behavior. Additionally, a decrease in learning and memory capabilities
have been found which worsen with increased concentrations of PBDEs ((Eriksson et al.,
1998); (Darnerud et al., 2001); (Viberg et al., 2002); (Branchi et al., 2002); (Kuriyama et al.,
2005)). Early neonatal exposures of rodents to PBDEs result in permanent adverse
neurodevelopmental consequences. These include alterations in spontaneous behaviors,
deficits in learning and memory, and deficits in habituation to a novel situation ((Eriksson et
al., 2001); (Branchi et al., 2002)). Behavioral deficits were only induced by early life exposures
(day 3 and 10 for the mouse, but not day 19) demonstrated effects from PBDE compounds on
the cholinergic nervous system, critical to numerous cognitive and behavioral functions
((Eriksson et al., 2002);(Viberg et al., 2002). Additionally, exposure to PBDE influences levels
of three important signaling proteins that regulate neuronal survival, growth and
synaptogenesis. Male mice exposed to PBDEs on postnatal day 3 altered the concentration of
Brain Derived Neurotrophic Factor (BDNF), Growth Associated Protein 43 (GAP-43) and
calcium/calmodulin-dependent protein kinase II (CaMKII) on postnatal day 10. CaMKII and
GAP-43 increased significantly in the hippocampus, while BDNF decreased significantly.
((Viberg et al., 2008)). Little is known about possible interactions of BDE-47 with the immune
system, particularly during early development. However, given the increasing exposure of
children through flame-retardants and breast milk, the potential for the developing neural and
immune systems to be in contact with this pervasive organic pollutant is increasingly likely
and justify a preliminary study of autism and PBDEs.

This study was designed to help understand the cellular mechanisms by which specific
environmental toxicants may interact with the immune system in a pediatric population, and
in particular, those children with ASD. The experiments sought to examine innate cellular
function in PBMCs following in vitro exposure to the specific environmental toxicant BDE-47,
in children with ASD.

Materials and Methods
Subjects

Participants in the study were recruited through the CHARGE (Childhood Autism Risk from
Genetics and Environment) study conducted at the UC Davis M.I.N.D. Institute (Hertz-
Picciotto et al., 2006). Participants ranged from 2–5 years of age and included 18 children with
a confirmed diagnosis of ASD (median age 3.42 years, range 2.42–5 years: 3 females) and 19
unrelated age- and gender-matched typically developing general population controls (median
age 3.5 years, range 2.5–4.75 years: 1 females). Subjects who had been ill within 2 weeks of
the blood draw, were taking antibiotics, or had recently taken (within 7 days) anti-inflammatory
drugs were excluded from this study. This study was approved by the UC Davis institutional
review board and complied with all requirements regarding human subjects. Informed consent
was obtained from a legal guardian of each participant. To confirm diagnosis, all ASD
participants completed the Autism Diagnostic Interview-Revised (ADI-R) and the Autism
Diagnostic Observation Schedule (ADOS) which were administered at the M.I.N.D. Institute
by qualified 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
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algorithm that correlates with the DSM-IV and ICD-10 definitions of autism. The ADOS is an
observational assessment of the children suspected of having autism in various structured and
unstructured situations that provide a standardized set of conditions to observe behavior in the
areas of communication, play and other areas relevant to autism. Children from the general
population were screened for autism traits using the Social Communication Questionnaire and
no children in the control group scored above the cut-off.

Peripheral Blood Mononuclear Cell (PBMC) Isolation
Peripheral blood was collected in acid-citrate-dextrose Vacutainers (BD Biosciences; San Jose,
CA), centrifuged at 2300 rpm for 10 min and plasma removed from sample. Blood cell
suspension was adjusted to a volume of 20 mL with Hank’s Balanced Salt Solution (HBSS)
(VWR; West Chester, PA), layered on room temperature Histopaque (Sigma; St. Louis, MO)
and centrifuged at 1700 rpm for 30 min to isolate PBMC. PBMC were extracted and washed
twice with HBSS and the number of viable PBMC was determined by Trypan Blue exclusion
(Sigma, St. Louis, MO). Cells were >95% viable. No significant differences in PBMC cell
numbers were noted between the study populations (data not shown).

PBMC Stimulation assays
PBMCs were adjusted to a concentration of 3.0 × 106 cells mL−1 with a solution of the culture
supplement T-Stim (0.2%) (BD Biosciences, Franklin Lakes, NJ) in serum-free X-Vivo media,
which is used to grow and maintain cultured human mononuclear cells (Cambrex, Walkersville,
MD). For each subject, the PBMC suspension were placed into 3 separate polypropylene vials
(Savillex Corp., Minnetonka, MN) for treatment with DMSO (vehicle control), 100 nM or 500
nM BDE 47, and incubated at 37°C, 5% C02/95% air for 4 hours in sterile borosilicate glass
tubes. Glass tubes were used for the preincubation phase to prevent adsorption of the BDE 47
to the vessel during incubation as well as to avoid cell loss and activation due to monocyte
adherence. Thus, no loss of cells due to adherence or a decrease in cell viability was observed
during the pre-incubation period. We chose to use BDE 47 at 100 nM and 500 nM in vitro
exposure levels for two reasons. First, in a study by Shecter et al, in a series of 39 individual
analyses from two samples pools of 100 samples each, the US blood level range was from 4.6
to 365.5 ppb (Schecter et al., 2005). Further, a dose response study ranging from 5 to 1000 nM
exposures, the most significant effect was noted between 100 and 500 nM of BDE 47. The
cells were then centrifuged at 4000 rpm and washed twice with X-vivo 15 supplemented with
0.2% T-stim (BD, Franklin Lakes, NJ). 100 μL of PBMC suspension was plated in four
individual wells of a 96-well tissue culture plate (Corning, Corning, NY). 100 μL of stimulant
or media was added to each well for a final volume of 200 μL. The PBMCs were stimulated
with 2.5 μg ml−1 lipopolysaccharide (LPS; Sigma, St. Louis, MO) or 100 μL X-Vivo alone.
All antigen dilutions were made in X-Vivo. The cells were incubated at 37°C for 48 hrs at
which time the plates were centrifuged and supernatants from each of the 6 test conditions were
individually harvested by pipette and stored at -80°C until the date of the cytokine assay.

Cytokine Concentration Measurement
PBMC culture supernatants were analyzed by the Luminex multiplex platform using the
Human Cytokine Antibody Bead Kit (Biosource, Camarillo, CA), Human Chemokine
Antibody Bead Kit (Biosource) and IL-12p40 Antibody Bead Kit (Biosource). The assay kits
allowed for the detection of the cytokine or chemokines: IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8,
IL-10, IL-12p40, IFNγ, TNFα, GM-CSF, MIP-1α, MIP-1β, MCP-1, RANTES and Eotaxin.
Analyte specific antibody conjugated beads were incubated with 50 μL of 1x biotinylated
detection antibody solution and 50 μL of either standard, or 25 μL of sample in 25 μL of assay
diluent for 3 hrs at room temperature, in the dark, on an orbital shaker (500–600 rpm). After
wells were washed and aspirated by vacuum manifold aspiration, 100 μL of strepavidin-
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conjugated R-phycoerythrin was added to each well and incubated for 30 min at room
temperature, in the dark, on an orbital shaker (500–600 rpm). R-phycoerythrin fluorescence
was measured on a Bio-Plex 200 System (Bio-Rad Laboratories Inc., Hercules, CA) to
determine concentration.

Statistical analysis
The cells were incubated in triplicate per treatment. The data was analyzed by Wilcoxon rank
sign tests to take into account both the magnitude of the response, and how many responses
went up or down within a subject population. SPSS software, version 15 (SPSS Inc., Chicago,
IL.) was used to analyze the data. Values were considered significant for p < 0.05.

Results
Following LPS stimulation of PBMC cultures, cytokines and chemokines that are
predominantly produced by cells of the monocytes/macrophage lineage could be detected using
the Luminex bead based assay; these included IL-1β, IL-6, IL-8, IL-10, IL-12p40, TNFα, GM-
CSF, MIP-1α and MIP-1β. In contrast, cytokines that are largely produced by lymphocytes,
such as IL-2, IL-4, IL-5, IFNγ, MCP-1, RANTES and Eotaxin could not be reliably detected
using this assay. This result was expected as LPS stimulates innate immune response and
signals through the CD14-Toll Like receptor-4 (TLR4) complex present on monocytes.

Pretreatment of PBMC with BDE-47, at either the 100nM or 500nM, had no effect on cytokine
production in unstimulated cell cultures from either ASD or TD subjects (Table 1 and 2). The
production of the chemokine IL-8 was reduced in unstimulated cell cultures from ASD or TD
subjects pretreated with BDE-47 100nM (p<0.022, Table 1) but not at the 500nM
concentration. In contrast, the production of the chemokine, MIP-1α, was significantly
increased at both 100nM and 500nM concentrations of BDE-47 in unstimulated cell cultures
from ASD or TD children (p<0.023, Table 1 and Table 2). In addition, 500nM BDE-47
pretreatment increased the production of MIP-1β in unstimulated PBMC cultures from ASD
but not TD children (p<0.008, Table 2).

In BDE-47 pre-treated cell cultures that were stimulated with LPS, a divergent profile of
cytokine and chemokine production was observed for cells cultured from ASD children
compared with TD children. In PBMC cultures from TD controls that were pretreated with
BDE-47 at 100nM concentration, significantly decreased production of GM-CSF, IL-12p40,
TNFα, IL-6, MIP-1α and MIP-1β was detected following LPS-stimulation (p<0.05, Table 1).
In contrast, in PBMC cultures from ASD children, only IL-6 production was significantly
decreased under the same conditions (p=0.039, Table 1). Furthermore, IL-1β production was
significantly increased in LPS-stimulated cell cultures pretreated with 100nM BDE-47 from
ASD children (p=0.033, Table 1). Moreover, the percentage change in the LPS induced
IL-1β response following pre-treatment with 100nM BDE-47 when compared with pre-
treatment with DMSO, was significantly increased in cells cultured from ASD children
(p=0.03) but not TD controls (Figure 1).

At the 500nM BDE-47 concentration, a similar response was noted, with decreased cytokine
production in cell cultures from TD subjects for GM-CSF, IL-12p40 and IL-6 (p<0.05, Table
2) following LPS-stimulation. There was also decreased cytokine production for GM-CSF and
IL-6 in cell cultures from ASD children (p<0.02, Table 2). Of note, however, there was an
increase in production of the chemokine IL-8 in LPS-stimulated cell cultures from ASD
children that were pretreated with 500nM of BDE-47 (p=0.039, Table 2). Despite the similar
baseline control levels of IL-8, the LPS induced IL-8 response following pre-treatment with
500nM BDE-47 when compared with pre-treatment with DMSO, was significantly increased
in cells cultured from ASD children (p=0.02) but not TD controls (Figure 1).
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Discussion
In the absence of BDE-47, cell cultures stimulated with LPS elicit an innate immune response
with the production of cytokines primarily from the monocyte/macrophage cell lineage.
Previous reports have shown innate immune responses are elevated in postmortem brain
specimens and CSF samples from ASD subjects compared with controls (Vargas et al.,2005).
In the current study, we demonstrate for the first time, that BDE-47 pretreatment of LPS-
stimulated cell cultures results in divergent innate cytokine responses in ASD children
compared with TD general population pediatric controls. In cell cultures from TD controls,
LPS stimulated cytokine/chemokine production was significantly reduced in the presence of
100nM BDE-47 for a number of cytokines including, GM-CSF, IL-12p40, TNFα, IL-6
MIP-1α and MIP-1β whereas only IL-6 was decreased in cell cultures from ASD children. In
contrast, we demonstrate that there is increased production of IL-1β in similar cell cultures
from ASD subjects, compared with no detectable change in IL-1β in cell culture from TD
controls. Similarly, pre-treatment with 500nM concentrations of BDE-47 induced increased
production of IL-8 in LPS stimulated cell cultures from ASD children but not TD controls.
These results suggest that innate immune cytokine response may be differentially affected by
BDE-47 in subjects with ASD compared with TD controls.

The innate immune response (also called natural or native immunity) is considered the first
line of defense and provides a powerful and rapid response to eliminate microbes from host
tissue. Innate immunity relies primarily on pattern recognition of structures that are shared by
various classes of microbes but not mammalian cells, such as LPS present in gram negative
bacteria and double stranded RNA in viruses. Upon encountering invading pathogens, cells of
the innate immune system are responsible for their phagocytosis, processing, and the
subsequent presentation of antigens in combination with MHC molecules to cells of the
adaptive immune system resulting in the propagation of the immune response. Monocyte and
monocyte- derived cell lineages comprise the major cell types responsible for the phagocytosis
and presentation of foreign antigenic molecules from pathogens to T cells, and are an important
source of immunomodulatory cytokines and chemokines. Interference in this process can have
profound effects on both the innate and acquired immune systems.

Previous studies indicate that there is an over-production of pro-inflammatory cytokines, in
particular IL-1β and TNFα from peripheral mononuclear cells stimulated with bacterial LPS
in children with autism, findings which strongly indicate an inappropriate monocyte driven
innate immune response (Singh, 1996). However, these studies were all performed a subset of
autism subjects that have gastrointestinal (GI) abnormalities. As the subjects studied herein
were not evaluated for GI abnormalities by a pediatric gastroenterologist it may be that we
were testing a different group of autistic individuals compared with these previous reports. In
addition, the age range of our study were much younger than these previous reports and may
account for the fact that although we found a slight elevation in TNFα and IL-1β levels in the
ASD cases compared with controls, this did not reach statistical significance. Furthermore, our
experimental conditions required that we use DMSO as a control. Although in previous
experiments we found that LPS stimulated cytokine responses are the same with or without
DMSO, we cannot directly compare our experiments with the previous published reports.

The presence of specific monocyte phenotypes that produce enhanced levels of cytokines has
also been associated with other immune-mediated disorders such as multiple sclerosis
(TNFα) and Type 1 diabetes (IFNα) (Bergh et al., 2004). In the CNS, antigen presenting cells
from the monocyte cell lineage have been found in healthy meninges, the choroid plexus, and
cerebrospinal fluid (Pashenkov et al., 2003). During inflammation in the CNS there is a
recruitment of these cells where they are thought to play equal roles in the defense against
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infections, but may also contribute to the break-down of tolerance to CNS autoantigens
(Pashenkov et al., 2003).

Microglial cells share many similarities with cells of the monocyte lineage and are considered
part of the CNS innate immune system. The CNS is largely populated by astroglia and microglia
that not only respond to cytokines, but also produce cytokines upon activation. Cell culture
studies have shown that neuropoietic cytokines such as IL-1 and IL-8 can have direct effects
on neurons and glial cells, including changes in proliferation, survival, death, neurite outgrowth
and gene expression (Mehler et al., 98; Gadient et al., 1999). Microglial cells participate in
many reactive processes in the CNS and have been implicated in the exacerbation of
neurological conditions such as multiple sclerosis, Alzheimer’s disease, AIDS, and viral
encephalitis (Nelson et al., 2002). Vargas et al., recently showed the presence of innate immune
activation in both brain specimens and cerebrospinal fluid (CSF) from subjects with autism
(Vargas et al., 2005), with active neuroinflammation present in the cerebral cortex and
cerebellum. This inflammatory process was characterized by a marked cellular activation of
microglial and astroglial cells and the presence of an altered cytokine pattern, including
enhanced proinflammatory cytokine levels in the CSF. These results suggest that abnormal
innate immune responses in the neuroglia of individuals with autism may influence neural
function and neural development.

Organochlorine (OC) contaminants, notably polychlorinated biphenyls (PCBs), are ubiquitous
in all ecosystems and found in the tissues of humans and wildlife. We have previously
demonstrated this ubiquitous environmental contaminant to be associated with various adverse
conditions, such as impaired immunological function in marine wildlife (Neale et al., 2002).
Although the immunotoxicity of coplanar, dioxin-like PCBs is well documented, the adverse
effects exerted by non-coplanar, non-dioxinlike PCBs have received little attention. A direct
causal relationship between PCB exposure and the observed detrimental effects on the immune
system observed in marine mammals has yet to be fully established in humans. Levin et al
(2005) demonstrated a suppression of phagocytosis by non-coplanar PCBs, suggesting a
previously unrecognized aryl hydrocarbon receptor (AhR)-independent pathway. Similarly,
brominated flame retardants are a novel class of environmental contaminants; within this
group, the polybrominated diphenyl ethers are currently used in large quantities, disperse
similarly to PCBs and DDT, and bioaccumulate and biomagnify (Herzke et al., 2005; Meerts
et al., 2001). Little work has been done on the effects of PBDEs on immune function in humans.
In one study on harbor porpoises, thymic atrophy and splenic depletion were significantly
correlated with an increase in both PCB and PBDE levels (Beineke et al., 2005). Moreover,
the structural similarities between PBDEs and immunotoxic halogenated aromatic compounds
suggest that the PBDEs may exert an affect on the immune system (Fernlof et al., 1997).
However, the choice of which cogener to use may be critical to realize any effect. There is in
vitro evidence that BDE-47 and its major metabolites inhibit aromatase activity (CYP19) and
can be cytotoxic (Canton et al., 2005). In addition, many of the biochemical effects of PBDEs,
with BDE-47 being the most potent, on protein kinase activity and calcium homeostatis in rat
neuronal cultures have been shown to be similar to those seen following exposure to structurally
related PCBs (Kodavanti et al., 2005).

Little is known about the effects of BDE-47 and immune function. However, we demonstrate
herein that BDE-47 can affect innate immune responses previously shown to be elevated in
subjects with ASD. This may be due to the lipophilic nature of the BDEs, which would allow
more efficient incorporation into the lipid bilayer of (Rahman, et al 2001). We further
hypothesize that patients with autism may have an altered sensitivity to the immunomodulatory
effects of BDEs. It may be this increased susceptibility that is responsible for some of the
immune anomalies that we have previously noted (Ashwood et al., 2006). The precise
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mechanism by which PDE effects PBMC function in the pediatric populations described herein
is under further investigation.
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Figure 1.
Effect of polybrominated diphenyl ethers (PBDE47) on LPS stimulated cytokine response in
children with autism spectrum disorders (ASD) compared with typically developing (TD)
controls. Mean percent change in induced cytokine production of (A) IL-1β and (B) IL-8 from
LPS-stimulated cell cultures with BDE-47 pre-treatment compared with DMSO pre-trement
is shown.
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