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a b s t r a c t

Autism spectrum disorders (ASD) are characterized by impairment in social interactions, communication
deficits, and restricted repetitive interests and behaviors. A potential etiologic role for immune dysfunc-
tion in ASD has been suggested. Dynamic adaptive cellular immune function was investigated in 66 chil-
dren with a confirmed diagnosis of ASD and 73 confirmed typically developing (TD) controls 2–5 years-
of-age. In vitro stimulation of peripheral blood mononuclear cells with PHA and tetanus was used to com-
pare group-associated cellular responses. The production of GM-CSF, TNFa, and IL-13 were significantly
increased whereas IL-12p40 was decreased following PHA stimulation in ASD relative to TD controls.
Induced cytokine production was associated with altered behaviors in ASD children such that increased
pro-inflammatory or TH1 cytokines were associated with greater impairments in core features of ASD as
well as aberrant behaviors. In contrast, production of GM-CSF and TH2 cytokines were associated with
better cognitive and adaptive function. Following stimulation, the frequency of CD3+, CD4+ and CD8+ T
cells expressing activation markers CD134 and CD25 but not CD69, HLA-DR or CD137 were significantly
reduced in ASD, and suggests an altered activation profile for T cells in ASD. Overall these data indicate
significantly altered adaptive cellular immune function in children with ASD that may reflect dysfunc-
tional immune activation, along with evidence that these perturbations may be linked to disturbances
in behavior and developmental functioning. Further longitudinal analyzes of cellular immunity profiles
would delineate the relationship between immune dysfunction and the progression of behavioral and
developmental changes throughout the course of this disorder.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Autism spectrum disorders (ASD) are a heterogeneous group of
neurodevelopmental disorders that include autistic disorder,
Asperger’s disorder and pervasive developmental disorder, not
otherwise specified (APA, 2000). Children with ASD have signifi-
cant deficits in communication and social interactions and exhibit
stereotyped or restricted behaviors and interests. Recent epidemi-
ologic data suggest that approximately 1 in 100 children are diag-
nosed with an ASD (MMWR, 2009). The etiology of autism is
complex and largely unknown, although it is highly heritable.
While many studies yield evidence that there are genes that
strongly impact the likelihood of developing autism, no definitive
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pattern of genes has been identified despite a multitude of differ-
ent and varied candidate genes that have been implicated in ASD
(Muhle et al., 2004). Moreover, replication of these data has been
inconsistent; probably due in part to the heterogeneity of the phe-
notypes within the autism spectrum. However, among the poten-
tial genetic candidates several studies have linked ASD with
immune-based genes, such as human leukocyte antigen (HLA)-
DRB1*04, interleukin (IL)-4 receptor, and complement C4B null al-
lele (Lee et al., 2006; Torres et al., 2006; Warren et al., 1992, 1995),
as well as a number of other immune-related genes including mac-
rophage migration inhibitory factor (MIF) (Grigorenko et al., 2008),
MET tyrosine receptors (Campbell et al., 2006, 2007; Garbett et al.,
2008), serine and threonine kinase C gene PRKCB1 (Lintas et al.,
2009), protein phosphatase and tensin homolog (PTEN) (Herman
et al., 2007), and reelin (Serajee et al., 2006; Skaar et al., 2005).
In addition, epidemiology studies have demonstrated associations
between increased early-life infections and later ASD diagnosis
(Niehus and Lord, 2006; Rosen et al., 2007; Atladóttir et al.,
ses in children with autism. Brain Behav. Immun. (2010), doi:10.1016/
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2010) supporting a potential role for abnormal immune dysfunc-
tion in ASD. Moreover, associations with maternal autoimmunity
(Comi et al., 1999; Croen et al., 2005; Molloy et al., 2006; Atladóttir
et al., 2009) or maternal diagnosis of allergy/asthma in the second
trimester of pregnancy (Croen et al., 2005) and an ASD diagnosis in
the offspring, suggests that inappropriate maternal immune re-
sponses may alter the course of immune and neurodevelopment.

Quantitative and qualitative differences in immune function be-
tween children with ASD and typically developing (TD) controls
have been demonstrated, including evidence for increased neuro-
inflammation and cytokine production in brain specimens ob-
tained from individuals with ASD (Vargas et al., 2005; Li et al.,
2009; Garbett et al., 2008), as well as elevated levels of pro-inflam-
matory and decreased levels of regulatory cytokines in the CSF and
peripheral blood from children with ASD (Sweeten et al., 2004;
Chez et al., 2007; Vargas et al., 2005; Ashwood and Wakefield,
2006; Ashwood et al., 2008, 2010a). Alterations in both adaptive
and innate immune responses have been described in ASD subjects
(reviewed in Ashwood et al. (2006) and Enstrom et al. (2009a)).
Abnormal innate immune responses include higher basal NK cell
activation (Enstrom et al., 2009b) and increased monocyte re-
sponses to toll-like receptor ligation (Enstrom et al., 2010; Jyonou-
chi et al., 2008). A number of abnormal adaptive responses have
been reported in ASD, including increased T lymphocyte cell pro-
duction of TNFa but decreased IL-10 production (Ashwood et al.,
2004; Ashwood and Wakefield, 2006; Jyonouchi et al., 2001) and,
a skewing of cytokine responses towards a TH2 cytokine profile
(Gupta et al., 1998; Molloy et al., 2005). In addition, there have
been reports of altered peripheral T cell activation (Plioplys et al.,
1994; Warren et al., 1995), changes in lymphocyte subsets (Yonk
et al., 1990; Denney et al., 1996), decreased proliferative responses
to mitogen stimulation (Stubbs and Crawford, 1977), an imbalance
of serum immunoglobulin levels (Enstrom et al., 2009c; Heuer
et al., 2008) and the presence of antibodies reactive to brain pro-
teins (Cabanlit et al., 2007; Connolly et al., 2006; Silva et al.,
2004; Todd et al., 1988; Wills et al., 2009). Taken together, these
findings support noteworthy alterations in the adaptive immune
responses in a significant proportion of children with ASD.

Although several studies have implicated the adaptive immune
responses in ASD, many have relied upon small sample sizes, var-
ied diagnostic criteria, disparately aged case and control groups,
and unevaluated siblings as controls; these have led to confusion
regarding interpretation of the findings. Moreover, the previous
studies have not attempted to evaluate the relationship between
the adaptive cellular immune response and the core defects of
ASD, impairments in associated behaviors, and/or onset patterns
of ASD. To better define the adaptive immune status of children
with ASD, proliferative and cytokine responses to immune chal-
lenge as well as the expression of activation markers on T cell sub-
sets was evaluated in well-characterized children with ASD and
age-matched typically developing control participants in a popula-
tion-based case-control study. In addition, proliferative and cyto-
kine production in children with ASD was investigated for
possible associations with clinical behavioral and developmental
function.
2. Methods

2.1. Subjects

This study examined 139 participants enrolled through the
M.I.N.D. (Medical Investigations of Neurodevelopmental Disorders)
Institute Clinic and the Center for Children’s Environmental Health
(CCEH) as part of the ongoing CHARGE (Childhood Autism Risk
from Genetics and Environment) study at UC Davis (Hertz-Picciot-
Please cite this article in press as: Ashwood, P., et al. Altered T cell respon
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to et al., 2006). The CHARGE study protocols, including details on
recruitment and behavioral assessments have been described pre-
viously (Ashwood et al., 2008; Hertz-Picciotto et al., 2006; Enstrom
et al., 2009b). After clinical evaluations using standardized assess-
ments of behavior and developmental function at the M.I.N.D.
Clinic by qualified, research-trained clinicians, participants were
placed in one of two groups: (1) diagnosed with autism spectrum
disorders, or (2) confirmed as typically developing controls. This
study was approved by the UC Davis institutional review board
and complied with all requirements regarding human subjects.
Parents gave informed consent. Children were selected based on
available blood draws from consecutively recruited participants
and were medication free and in good health at time of blood draw.
Participants included 66 children with ASD (median age 3.8 years
(interquartile range 3.2–4.3), 59 males) and 73 typically develop-
ing (TD) controls median age 3.3 years (interquartile range 2.7–
4.3), 51 males). Autism spectrum disorder diagnosis was based
on criteria set forth in the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV) (American Psychiatric
Association, 2000) and confirmed and further evaluated using the
Autism Diagnostic Interview-Revised (ADI-R) and the Autism Diag-
nostic Observation Schedule (ADOS) assessments. Children from
the TD groups were screened for autism traits using the Social
Communication Questionnaire (SCQ). For all children adaptive
function was assessed by parental interview using the Vineland
Adaptive Behavior Scales (VABS). Additional measures of cognitive
ability were determined using the Mullen Scales of Early Learning
(MSEL) and abnormal behavior profiles using the Aberrant Behav-
ior Checklist (ABC). Patterns of development were assessed using
the Early Development Questionnaire. All the specific behavioral
assessments used are discussed in more detail elsewhere (Hertz-
Picciotto et al., 2006).

2.2. Cell Isolation

Peripheral blood was drawn from subjects or controls into so-
dium citrate (ACD) treated vacutainers (BD Bioscience; San Jose,
CA). Peripheral blood mononuclear cells (PBMC) were separated
from the whole blood by centrifugation over Histopaque-1077 Hy-
bri-Max lymphocyte separation medium (Sigma; St. Louis, MO) be-
fore washing twice in Hanks Balanced Salt Solution (HBSS; VWR;
Brisbane, CA). The number of viable PBMC was determined by Try-
pan Blue exclusion (Sigma) and PBMC concentrations were ad-
justed to 1.5 � 106 cells/ml in a solution of 0.1% T-Stim (BD
Biosciences) in X-Vivo media (Cambrex, Walkersville, MD) and
were plated in 12-well flat bottom tissue culture plate (Corning,
Corning, NY) for stimulation.

2.3. Cell stimulation

PBMC were either cultured in media alone, or stimulated with
PHA (10 lg/mL; Sigma), or to assess the cellular recall response
stimulated with tetanus toxoid (1 LF unit/ml, Sigma) for 48 h at
37 �C in 5% CO2. Following culture, plates were centrifuged before
supernatants were harvested and stored at �80 �C until cytokine
analysis. Cells were collected after incubation and used for analysis
of cell proliferation (see below). For the experiments involving cell
proliferation and cytokine analysis, 37 children with ASD (median
age 3.6 years, interquartile range 3.1–4.5, 32 males) and 35 TD con-
trols (median age 3.3 years, interquartile range 2.5–4, 22 males)
were included.

2.4. Cellular proliferation

Proliferative responses to stimulation were measured using
[3H]thymidine incorporation into progeny cell DNA. After cells
ses in children with autism. Brain Behav. Immun. (2010), doi:10.1016/

http://dx.doi.org/10.1016/j.bbi.2010.09.002
http://dx.doi.org/10.1016/j.bbi.2010.09.002


P. Ashwood et al. / Brain, Behavior, and Immunity xxx (2010) xxx–xxx 3
were cultured for 48 h in the presence of media, PHA or tetanus
toxoid to stimulate entry into the cell cycle, cells were pulsed with
0.037 MBq (1 lCi) [3H]thymidine – with a specific activity of 70–
90 Ci (2.59–3.33 TBq/mmol, >97%, 5 mCi (185 MBq) – (Sigma) per
well for a further 24 h to allow incorporation into DNA and har-
vested onto 96-well filter plates (Perkin-Elmer) to capture labeled
DNA. Proliferation was measured by counting labeled DNA using a
scintillation counter (Top Count, Packard) and recorded as counts
per minute (cpm). All conditions were carried out in triplicate.
Stimulation indexes (SI) were determined using the formula:
SI = stimulated response �media response/media response, where
stimulated response is either proliferation after stimulation with
PHA or with tetanus toxoid.

2.5. Cytokine analysis

The quantification of the cytokines interleukin (IL)-1b, IL-2, IL-4,
IL-5, IL-6, IL-8, IL-10, IL-12(p40), IL-13, granulocyte monocyte-col-
ony stimulating factor (GM-CSF), interferon gamma (IFNc), and tu-
mor necrosis factor alpha (TNFa) were assessed using human
multiplexing bead immunoassays (Biosource Laboratories, Inc.;
Hercules, CA) that are based on a sandwich immunoassay that uti-
lize the LuminexTM fluorescent-bead-based technology and were
performed in concordance with the manufacturer’s instructions.
Briefly, 50 ll of stimulated cell supernatant were incubated with
antibody-coupled beads. After a series of washes, a biotinylated
detection antibody was added to the beads, and the reaction mix-
ture was detected by the addition of streptavidin–phycoerythrin.
The components in each well were drawn up into a flow-based Lum-
inexTM 100 suspension array system (Bio-Plex 200; Bio-Rad Labora-
tories, Inc.), which identified and quantitated each specific reaction
based on bead color and fluorescence. Unknown supernatant sam-
ple cytokine concentrations were calculated by Bio-Plex Manager
software using a standard curve derived from the known standard
reference cytokine concentrations supplied by the manufacturer.
A five-parameter model was used to calculate final concentrations
and values are expressed in pg/ml. The sensitivity of this assay al-
lowed the detection of cytokine concentrations within the following
ranges: IL-1b 15–6810 pg/ml; IL-2 6–7160 pg/ml; IL-4 5–4910 pg/
ml; IL-5 3–5390 pg/ml; IL-6 3–5200 pg/ml; IL-8 3–6330 pg/ml; IL-
10 5–4550 pg/ml; IL-12p40 15–6000 pg/ml; IL-13 10–4440 pg/ml;
GM-CSF 15–9940 pg/ml; IFNc 5–4740 pg/ml, and TNFa 10–
11,390 pg/ml. Concentrations obtained below the sensitivity limit
of detection (LOD) of the method were calculated as LOD/2 for sta-
tistical comparisons. Values obtained from the reading of samples
that exceeded the upper limit of the sensitivity method were further
diluted and cytokine concentrations calculated accordingly. Culture
supernatants had not undergone any previous freeze/thaws cycle.

2.6. Analysis of cell surface markers by flow cytometry

Cells were cultured for 24 h in the presence or absence of 10 lg/
mL PHA. Cells were harvested after culture and were washed three
times in FACS buffer (PBS, 1% fetal bovine serum albumin (VWR,
USA) and 0.1% sodium azide (Sigma), before being resuspended
and stained in 100 ll FACS buffer containing either the following
monoclonal antibodies fluorescein isothiocyanate (FITC)-conju-
gated mouse anti-human CD134, CD25, CD69, CD95; phycoery-
thrin (PE)-conjugated mouse anti-human CD137, HLA-DR;
phycoerythrin (PE)-Cy5-conjugated mouse anti-human CD3; and
allophycocyanin (APC)-conjugated mouse anti-human CD4, CD8
(all antibodies were from BD Biosciences, CA, USA). FITC-conju-
gated mouse anti-human GITR was obtained from R and D Systems
(Minneapolis, MN). Appropriate IgG isotype controls (BD biosci-
ence) were used to correct for compensation issues. Cells were
incubated at 4 �C for 30 min before being spun down and washed
Please cite this article in press as: Ashwood, P., et al. Altered T cell respon
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with staining buffer. Cells were then analyzed on a LSR II flow
cytometer (BD Immunocytometry Systems). The data acquired
were analyzed with FlowJo software (BD Immunocytometry Sys-
tems). In brief, lymphocytes were gated using forward scatter
and side scatter parameter as an indication of cell size and granu-
larity in order to exclude non-cellular debris. CD3+ cells were gated
on for analysis of cell surface activation marker expression with
further analysis of CD4 and CD8 expression where each parameter
was measured separately on CD3+ populations, CD3+CD4+ popula-
tions and CD3+CD8+ populations. For experiments involving flow
cytometric evidence of cellular activation 29 children with ASD
(median age 3.8 years, interquartile range 3.3–4.3, 27 males) and
38 TD controls (median age 3.4 years, interquartile range 2.8–4.5,
29 males) were included.
2.7. Statistical analysis

In primary analyses, cellular proliferation, induced cytokine lev-
els, and cellular activation markers (outcome) were compared by
group (predictor) and statistical significance was determined using
a non-parametric Mann–Whitney U test, with a p-value of less than
0.05 considered significant. For the cytokines this analysis was ap-
plied to a subset of cytokines that have complete data or had the
majority (>50%) of PHA-inducible cytokine values that fell above
the detection limit (DL) per group (Table 1). Secondary analyses
examined the association between induced SI or cytokine levels
(predictor) and behavioral assessment scores were performed
among children with ASD by Spearman’s rank correlations (q).
Using clinical characteristics reported in the Early Development
Questionnaire and answers to questions regarding loss of language
(Q11) and social skills (Q25) of the ADI-R, the autism population
was further divided into two groups based on the clinical onset
of autistic symptoms; namely, children who regressed in acquired
language or social skills after initial typical development, and sec-
ondly, children who did not regress. There were too few subjects
with other clinical features such as gastrointestinal symptoms or
sleep disorders to determine differences between cytokine produc-
tion or SI. Multiple comparisons were adjusted for by using the
Benjamini–Hochberg False Discovery Rate. All analyses were car-
ried out using SAS version 9.1 (SAS Inc.; Cary, NC) and Prism 5 Soft-
ware (GraphPad Software; San Diego, CA).
3. Results

3.1. Proliferative responses to stimulation with PHA but not tetanus
are significantly elevated in children with ASD

[3H]thymidine incorporation was used to measure the prolifer-
ation of PBMC from 37 ASD and 35 TD children following stimula-
tion with PHA and tetanus (Fig. 1). There were no significant
differences in proliferation between the two groups when cells
were incubated in media alone, median counts were 4388 cpm,
interquartile range (2109–6249 cpm) for children with ASD and
median 4700 cpm, interquartile range (3085–7147 cpm) for TD
controls. Children with ASD were found to have significantly in-
creased, approximately 2-fold higher stimulation index (SI) follow-
ing stimulation with PHA compared with TD controls (p = 0.001,
Fig. 1). Increased SI after PHA stimulation in children with ASD
was associated with more impaired behavioral scores when as-
sessed using the ABC such that increased responses were associ-
ated with more lethargy (q = 0.359, p = 0.03) and more
hyperactivity (q = 0.361, p = 0.03). There were no significant differ-
ences in SI after PHA stimulation between children with ASD who
had developmental regression (n = 19) and those who did not
(n = 18), with both groups showing increased responses compared
ses in children with autism. Brain Behav. Immun. (2010), doi:10.1016/
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Table 1
Comparison of cytokine levels in PBMC culture supernatants following 24 h stimulation with media alone or with PHA in children with autism spectrum disorders (n = 37),
typically developing controls (n = 35). Data are presented as median and interquartile ranges.

IFNc IL-5 IL-6 IL-8 IL-10 TNFa GM-CSF IL-12 (p40) IL-13

Media TD 5 3 80 5293 5 36 15 15 10
(5–6) (3–8) (51–89) (865–14,269) (5–6) (10–81) (15–15) (15–20) (10–10)

ASD 5 3 64 10,930+ 5 46 15 15 10
(5–6) (3–8) (38–90) (6330–16,387) (5–6) (17–92) (15–15) (15–23) (10–11)

PHA TD 580 3 18,713 169,281 135 3368 328 798 317
(5–1470) (3–165) (10,169–45,966) (54,638–238,319) (5–244) (1288–19,086) (300–2195) (591–1049) (200–755)

ASD 466 122 20,031 117,607 139 11,686* 2440* 523* 683*

(5–1507) (3–391) (11,151–37,461) (56,674–277,626) (5–203) (4826–28,399) (990–5217) (15–974.6) (400–1475)

* p < 0.05 stimulated responses in ASD children compared with stimulated responses in typically developing controls.
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Fig. 1. Comparison of cellular responses following PHA stimulation in children with
autism spectrum disorders (ASD; n = 37) and age-matched typically developing
age-matched controls (TD; n = 35). Data are expressed as a stimulation index (SI).
Horizontal box lines are 25%, 50% (median) and 75% of the distribution with
whiskers marking 1.5 times the interquartile range.
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with TD controls (p < 0.02). In contrast, there was a trend for de-
creased recall responses to tetanus in children with ASD, median
SI 1.34, interquartile range (0.45–2.58), compared with TD con-
trols, median SI 2.17, interquartile range (1.13–3.28), but this did
not reach statistical significance (p = 0.14). It must be noted that
all children in this study were up-to-date with their vaccination
schedules and the numbers of DTaP (containing tetanus toxoid)
vaccinations were similar in both groups.
3.2. Altered cytokine responses following stimulation in ASD children

Cytokine production was measured in supernatants harvested
from the PHA-stimulated, tetanus-stimulated, and unstimulated
PBMC cultures. The results are summarized in Table 1 where med-
ian levels (and interquartile ranges) are provided for each protein.
Cytokine production by PBMC following culture in media alone
was similar in both ASD and TD groups except for the production
of IL-8. Observed levels of the cytokine IL-8 were increased in chil-
dren with ASD compared with TD controls following PBMC culture
in media alone (p = 0.007, Table 1). After PHA stimulation, produc-
tion of the cytokines GM-CSF, IFNc, IL-5, IL-6, IL-8, IL-10, IL-
12(p40), IL-13, TNFa were measured with sufficient accuracy and
reproducibility above the detection limit (DL). Details are summa-
rized in Table 1 and Fig. 2. Following stimulation with PHA there
was a greater than 7-fold increase in the production of GM-CSF
in ASD cell cultures compared with TD controls (p = 0.0001, Table 1
and Fig. 2). In addition, TNFa production was increased nearly 4-
Please cite this article in press as: Ashwood, P., et al. Altered T cell respon
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fold in ASD cell cultures compared with TD (p = 0.027, Table 2
and Fig. 2). Production of IL-13 following PHA stimulation was
more than doubled in ASD cell cultures compared with TD
(p = 0.007, Table 1 and Fig. 2). There was also a trend for increased
IL-5 production in ASD cultures but this did not reach statistical
significance. In contrast, there was a greater than 30% decrease of
IL-12p40 production after PHA stimulation in ASD cell cultures
compared with TD controls (p = 0.04, Table 1).

We then examined whether there were associations between
cytokine levels and the severity of clinical behavioral outcomes.
Based on ADI-R assessment scores in the children with ASD, more
stereotyped behaviors were associated with increased TNFa
(q = 0.381, p = 0.01) and increased IFNc (q = 0.463, p = 0.002). There
was also a significant association between more impaired commu-
nication, as measured by ADOS, and increased IFNc production
(q = 0.499, p = 0.005) and increased IL-8 production (q = 0.460,
p = 0.02). Increased IL-12p40 was associated with higher reports
(worsening) of inappropriate speech (q = 0.361, p = 0.03) and in-
creased hyperactivity (q = 0.333, p = 0.04) as assessed by ABC.
These data collectively suggest that pro-inflammatory or TH1 cyto-
kines are associated with more impaired (worse) behaviors in chil-
dren with ASD. In contrast, increased IL-13 was associated with
lower scores or less hyperactivity (q = �0.36, p = 0.02) as assessed
by the ABC. Assessment of developmental performance, measured
by MSEL, showed that production of IL-10 was associated with bet-
ter expressive language (q = 0.461, p = 0.004) and increased IL-5
was associated with better fine motor skills (q = 0.44, p = 0.008),
better visual reception (q = 0.34, p = 0.04) and more expressive lan-
guage (q = 0.324, p = 0.05). These data suggest that increased TH2
responses are associated with better developmental function and
behavioral responses in children with ASD. Moreover, increased
GM-CSF production was associated with better adaptive scores
for socialization (q = 0.353, p = 0.02) as assessed by VABS and lower
scores or less lethargy (q = �0.318, p = 0.05) as assessed by ABC.
There were no significant differences in cytokine levels between
children with ASD who had developmental regression reported
and those that did not, with both groups showing similar differ-
ences compared with TD controls. In addition, associations between
cytokines and behaviors were similar in both the children with ASD
who had regressed and children with ASD who had not regressed.

Recall cytokine responses to tetanus toxoid were largely un-
changed in ASD cell cultures compared with those from TD controls
(data not shown), with the exception of IFNc production, which was
significantly decreased after tetanus stimulation in children with
ASD, median 5, interquartile range (5–6.6) compared with TD con-
trols, median 9.1, interquartile range (5.4–31.1) (p = 0.005).
3.3. Partial or altered patterns of activation in T cells in ASD children

Having observed increased proliferative responses and cytokine
production following stimulation with PHA in children with ASD,
ses in children with autism. Brain Behav. Immun. (2010), doi:10.1016/
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we investigated if there was evidence of increased cellular activa-
tion and upregulation of cell surface expression of activation mark-
ers on T cells following PHA stimulation, in 29 children with ASD
and 38 TD controls, using flow cytometry (Tables 2–4). There were
no significant differences in the proportions of CD3+, CD4+ and
CD8+ T cells between children with ASD and TD control samples
in either unstimulated or stimulated conditions as has previously
Please cite this article in press as: Ashwood, P., et al. Altered T cell respon
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been shown (Onore et al., 2009). The frequency of T cells express-
ing cell surface markers of activation in unstimulated media alone
culture conditions were similar in children with ASD compared
with TD controls with the exception of decreased frequencies of
CD3+GITR+ T cells (p = 0.001, Table 2) and CD8+GITR+ T cells
(p = 0.043, Table 4) in ASD. There was also a trend for decreased
frequencies of CD4+GITR+ T cells in children with ASD compared
with controls but this did not reach significance (p = 0.06, Table 3).

Following stimulation with PHA, the expression of cell activa-
tion markers CD69 and HLA-DR on CD3+, CD4+ and CD8+ T cells
were similar in each group (Tables 2–4, respectively). However,
there was a decrease in the frequency of CD3+ T cells that ex-
pressed the activation markers CD134 (p = 0.0001) and CD25
(p = 0.03) following PHA stimulation in children with ASD com-
pared with controls (Table 2). There were also decreased frequen-
cies of T helper CD4+ cells expressing CD134 (p = 0.005) and CD25
(p = 0.02) in children with ASD compared with controls (Table 3).
Of the CD8+ T cell subset, there was a decrease in the frequency
of cells expressing CD134 (p = 0.005) and CD25 (p = 0.008) but an
increase of CD8+ T cells expressing CD137 (p = 0.008) following
PHA stimulation in children with ASD compared with controls (Ta-
ble 4). There were no significant differences in cell activation mark-
ers between children with ASD who regressed and those who did
not, with both groups showing similar differences compared with
TD controls.
4. Discussion

Findings from our current study describe the differential sensi-
tivity of the adaptive immune response after in vitro immunologi-
cal challenge in 2–5 year old children with ASD compared with
age-matched TD control children. Our results demonstrate in-
creased proliferative responses and notable differences in cytokine
production and cell surface expression of activation markers fol-
lowing PHA stimulation in children with ASD. Altered cytokine
production included increased production of GM-CSF and TNFa
(7.4- and 3.5-fold increases, respectively) following PHA stimula-
tion in children with ASD relative to TD controls. In addition, there
was an almost 2.2-fold increase in IL-13 production following PHA
stimulation in children with ASD, while in contrast the production
of IL-12p40 was decreased significantly (approximately 35%). This
suggests a possible skewing towards a TH2 (IL-13) profile and away
from TH1 (IL-12p40) profile in children with ASD relative to TD
controls. Moreover, we found associations between pro-inflamma-
tory (TNFa, IL-8) and TH1 (IFNc) cytokine production and severity
of certain core measures of ASD as assessed by ADI-R (IFNc, TNFa)
and ADOS (IFNc, IL-8), as well as aberrant behaviors as measured
by ABC (IL-12p40), such that as these cytokine levels increased,
impairments in behavior were more pronounced. In contrast, in-
creased production of TH2 cytokines were associated with better
behavior scores as assessed by ABC (IL-13) as well as better devel-
opmental scores as assessed by MSEL (IL-10, IL-5). Production of
GM-CSF was associated with improved adaptive outcomes as as-
sessed by VABS, as well as fewer aberrant behaviors. At present
it is unclear how cytokine production can affect behavioral and
developmental outcomes during childhood in ASD, but our data
suggest that TH1 skewing may be associated with more impaired
behaviors whereas TH2 responses may be associated with im-
proved developmental and adaptive function in ASD. Further vali-
dation of the associations observed here between cytokine
production and behaviors is necessary; however, these results
may have important implications in the design and monitoring of
treatments targeted for children with ASD.

Our current findings are consistent with previous studies that
have shown a TH2 skewing after stimulation in children with
ses in children with autism. Brain Behav. Immun. (2010), doi:10.1016/
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Table 2
Comparison of the frequency of CD3+ T cells expressing cellular activation markers following cell culture in media alone or stimulation with PHA in children with autism spectrum
disorders (n = 29), typically developing controls (n = 38). Data are presented as median and interquartile ranges.

CD3+

CD134+ CD137+ GITR+ CD25+ CD95+ HLA-DR+ CD69+

Media TD 1 0.9 1.2 4.3 9.1 1.1 1.9
(0.4–1.8) (0.5–1.5) (0.9–1.7) (3.3–5.6) (6.4–12.6) (0.5–2.5) (1.5–2.4)

ASD 0.8 0.7 0.6+ 3.5 9.5 0.9 2.1
(0.4–1.0) (0.3–1.5) (0.4–1.0) (2.2–5.2) (8.0–16.0) (0.7–2.1) (1.3–2.7)

PHA TD 10 26.2 6 45.7 10 4.1 34.4
(6.7–27.9) (21.0–29.9) (3.2–8.6) (31.5–56.9) (4.7–22.4) (2.6–5.7) (21.3–42.2)

ASD 5.4* 25.7 5.6 32.4* 13.1 5 33.3
(2.4–12.4) (15.8–37.1) (2.8–10.3) (19.4–49.4) (4.5–21.1) (3.0–6.2) (29.4–36.4)

+ p < 0.05 unstimulated (media alone) levels in ASD children compared with unstimulated levels in typically developing controls.
* p < 0.05 stimulated responses in ASD children compared with stimulated responses in typically developing controls.

Table 3
Comparison of the frequency of CD3+CD4+ T cells expressing cellular activation markers following cell culture in media alone or stimulation with PHA in children with autism
spectrum disorders (n = 29), typically developing controls (n = 38). Data are presented as median and interquartile ranges.

CD3+CD4+

CD134+ CD137+ GITR+ CD25+ CD95+ HLA-DR+ CD69+

Media TD 3.7 2 4.8 9.3 18.3 3.7 5.3
(2.8–6.1) (1.1–2.9) (2.7–6.6) (7.0–13.1) (14.6–26.4) (3.0–5.6) (2.5–8.7)

ASD 3.3 1.8 3.7 7.4 23.8 3.9 3.2
(2.5–5.0) (1.0–3.1) (2.5–4.7) (6.0–12.8) (18.7–31.7) (2.8–4.9) (2.6–4.1)

PHA TD 28.5 24.3 9.6 68.4 27.3 15.5 73.6
(20.1–57.2) (19.7–36.3) (3.8–16.4) (52.2–83.5) (15.6–45.8) (9.8–19.9) (51.8–78.6)

ASD 22.4* 29.9 11.1 49.1* 29.3 16.1 69.6
(17.0–35.2) (19.2–35.0) (4.2–13.7) (31.4–71.0) (24.0–45.1) (11.1–25.3) (59.7–76.6)

+p < 0.05 unstimulated (media alone) levels in ASD children compared with unstimulated levels in typically developing controls.
* p < 0.05 stimulated responses in ASD children compared with stimulated responses in typically developing controls.
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ASD (Molloy et al., 2005; Gupta et al., 1998). Increasing evidence
suggests that neurogenesis is modulated by the interaction be-
tween T cells and CNS-microglia cells; too little immune activity
may impair neurogenesis and alter cognition (Ziv et al., 2006; Ziv
and Schwartz, 2008; Kipnis et al., 2004). Moreover, a key role for
IL-4 producing T cells in the regulation of cognitive function has
been described and suggests an important role for TH2 cells in cog-
nition and possibly other behaviors (Derecki et al., 2010). Of note,
increased production of the TH2 cytokine IL-13 in our study of chil-
dren with ASD was associated with improvement in aberrant
behaviors and better developmental and adaptive function, sug-
gesting that a skew towards TH2 responses may be beneficial in
ASD and is compatible with the hypothesis that TH2 cells play a
critical role in neuronal function. Recently it was shown that aber-
rant behaviors in some children with ASD improve during episodes
of fever but return to baseline after the child recovers (Curran et al.,
2007). Together these data suggest that immune activation, includ-
ing activation of T-lymphocyte subsets, may be important in mod-
ulating and potentially improving behaviors in some individuals
with autism.

Our findings, for the first time, show that GM-CSF production is
greatly increased in children with ASD following PHA stimulation
when compared with controls. GM-CSF is a growth factor that
stimulates growth and differentiation of myelomonocytic progen-
itor cells in the bone marrow into monocytes and dendritic cells
(DC) and, thus, has an important function in increasing innate im-
mune cell numbers during infections (Hamilton and Anderson,
2004). GM-CSF is also thought to play a role in autoimmunity
and has been shown to enhance TH17 cell development (Sondereg-
ger et al., 2008). Recently, CD8+ T cells producing GM-CSF were
demonstrated to play an important role in the generation of ‘‘effec-
tor” DC that are key regulators of innate and adaptive responses
(Min et al., 2010). Moreover, GM-CSF has been shown to upregu-
Please cite this article in press as: Ashwood, P., et al. Altered T cell respon
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late neuronal receptors on CD34+ hematopoietic stem progenitor
cells enhancing responses to neurotransmitters (Kalinkovich
et al., 2009). In addition, GM-CSF can cross the blood–brain barrier
(McLay et al., 1997) and can stimulate neurite growth and promote
axonal regeneration (Brook et al., 1998; Kannan et al., 2000). GM-
CSF also promotes neuronal differentiation of adult neuronal stem
cells and acts as a neuronal growth factor in the brain (Schäbitz
et al., 2008; Krüger et al., 2007). Thus, increased GM-CSF produc-
tion in ASD after immunological challenge may have a number of
significant roles in both immunodevelopment as well as neurode-
velopment in children with ASD that warrant further investigation.
Interestingly, the increased production of GM-CSF was associated
with improved developmental outcomes and better (fewer) aber-
rant behaviors in ASD and may suggest a role for GM-CSF in the
improvement of cognition and adaptive function in ASD. On the
other hand, GM-CSF receptors are present on microglia, astrocytes,
neurons and oligodendrocytes; the blockade of GM-CSF receptors
with anti-GM-CSF antibodies suppresses microglia activity (Reddy
et al., 2009). As marked microglia cell activation is a prominent fea-
ture of ASD (Vargas et al., 2005), as well as other neuroinflamma-
tory conditions such as Alzheimer’s disease and multiple sclerosis,
blocking GM-CSF receptors and thus microglia activity may have
important anti-inflammatory effects and implications for therapy.
Further investigation of the role of GM-CSF in immune responses
and neurodevelopment in ASD is warranted.

In the present study, we observed significantly increased cellu-
lar proliferative responses in response to PHA stimulation but not
tetanus in children with ASD compared with controls. One previ-
ous study demonstrated a decreased response to PHA stimulation
in older children with ASD (Stubbs and Crawford, 1977). However,
there are a number of considerable differences between the studies
in experimental design and the data presented. Importantly, in the
Stubbs and Crawford study, the number of ‘‘autism” cases is low
ses in children with autism. Brain Behav. Immun. (2010), doi:10.1016/
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Table 4
Comparison of the frequency of CD3+CD8+ T cells expressing cellular activation markers following cell culture in media alone or stimulation with PHA in children with autism
spectrum disorders (n = 29), typically developing controls (n = 38). Data are presented as median and interquartile ranges.

CD3+CD8+

CD134+ CD137+ GITR+ CD25+ CD95+ HLA-DR+ CD69+

Media TD 8 5.7 9.2 6.6 28.6 12.6 18.1
(5.8–14.0) (3.2–9.9) (6.2–15.4) (3.9–9.3) (15.8–43.4) (8.0–25.6) (12.3–28.8)

ASD 9.8 7.4 7.1+ 3.7 27.4 14.4 16.5
(7.2–16.7) (3.3–14.6) (5.1–11.5) (1.9–8.9) 24.8–39.8) (12.2–18.5) (12.7–25.3)

PHA TD 14.9 36.6 20.9 58.1 35.3 25.5 65.5
(9.2–21.5) (31.6–47.3) (12.8–38.0) (43.3–69.0) (21.1–50.68) (13.7–38.0) (55.7–75.1)

ASD 10.3* 45.6* 23.7 40.1* 36.1 25 69.3
(8.5–13.9) (39.9–52.7) (16.0–40.4) (22.0–52.26) (23.7–43.3) (18.5–39.5) (56.4–74.3)

+ p < 0.05 unstimulated (media alone) levels in ASD children compared with unstimulated levels in typically developing controls.
* p < 0.05 stimulated responses in ASD children compared with stimulated responses in typically developing controls.
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(n = 12) and there is insufficient information regarding diagnosis
that does not necessarily correspond to the stricter criteria used to-
day, to quote ‘‘the referral question usually centered around
whether the child had autism” and was not performed using
DSM-III, or -IV criteria. Readout values of 3H thymidine counts
per minute were considerably lower than in our study following
stimulation and ranged from 0.028–0.074 cpm, likely due to the al-
most homeopathic concentrations of PHA used (0.06 lg/mL) and
the longer culture time of 5 days. Further inconsistencies between
the studies may relate to the age of subjects and biological changes
that may occur throughout the course of the disorder, or that the
data is reflective of the possibility that ASD represents a spectrum
of clinically related disorders, each with differing underlying
pathologies. Decreased responses to tetanus could stem from
abnormalities in antigen presenting cells (APC) as tetanus toxoid
needs to be first phagocytosed/pinocytosed before it can be pre-
sented to and detected by T cells with the appropriate T cell recep-
tors. Antigen uptake and/or presentation may be altered in ASD
and thus may lead to a decreased proliferative responses following
tetanus toxoid stimulation. We have previously published that
there are abnormalities in APCs, such as monocytes, in ASD
(Enstrom et al., 2010). In contrast, PHA provides a more direct
stimulation of T cells and circumvents the need for presentation
by APC. These findings require further investigation.

Following stimulation, T cells produce and use IL-2 in an auto-
crine fashion which is required to drive proliferation of T cells
(Smith, 1988). Expression of CD25 (the IL-2 receptor alpha chain)
on T cells can be used as a marker for cell activation as it is not gen-
erally expressed on unstimulated cells, but is upregulated in re-
sponse to stimulation (Poulton et al., 1988). The frequency of
CD3+, CD4+ and CD8+ T cells expressing CD25 was investigated
using flow cytometry to determine whether there were changes
of this activation marker. There was a significant decrease in the
frequency of CD3+, CD4+ and CD8+ T cells expressing CD25 after
PHA stimulation in children with ASD compared with controls. In
contrast, expression of early and late markers of activation (CD69
and HLA-DR, respectively), on CD3+ T cells and, CD4+ and CD8+ T
cells subsets after stimulation was not different. This profile may
suggest an altered activation of T cells in ASD and is consistent
with previous findings of reduced frequency of CD25 expressing
T cells, but not HLA-DR expressing T cells, in ASD (Denney et al.,
1996; Plioplys et al., 1994; Mostafa et al., 2010). No differences
were observed in IL-2 production between ASD and TD children
(data not shown).

The expression of CD25+ on T cells is primarily a marker of cell
activation but also contained within the population of CD25+ T
cells is a subset of regulatory T cells (Sakaguchi et al., 2010). There
are many different types of regulatory T cells that act to control or
limit immune responses and help in the resolution of inflammation
(Shevach, 2006). Regulatory T cells are thought to derive either as a
Please cite this article in press as: Ashwood, P., et al. Altered T cell respon
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separate lineage from the thymus that are present at birth and of-
ten termed natural regulatory T cells or, are derived from previ-
ously activated T cells that after a number of cell divisions either
gain, or can be induced, to have regulatory functions. These cells
are often termed adaptive or induced regulatory T cells (Akbar
et al., 2007). Previous work by our group and others has shown that
in children with ASD there is a decrease in the regulatory cytokine
TGFb1 that is produced by different types of regulatory T cells, and
decreases in the frequencies of the CD3+IL-10+ T cell subset that
may reflect changes in the ability of specific types of regulatory T
cells to control immune responses in ASD (Ashwood et al., 2004,
2006, 2008; Jyonouchi et al., 2001; Molloy et al., 2005; Okada
et al., 2007). In this study we showed that there was a decrease
in the frequency of T cells that expressed GITR, another putative
marker of regulatory T cells, in unstimulated cultures from chil-
dren with ASD compared to controls. Moreover, the inability to ex-
press CD25, but not CD69 and HLA-DR, after stimulation in
children with ASD may point to the differential activation of ‘‘effec-
tor” T cells and away from the generation of adaptive regulatory T
cells that express CD25. This may suggest that the generation of
adaptive regulatory T cells and not naturally occurring regulatory
T cells is suboptimal in ASD. The lack of a controlling influence
by regulatory T cells could contribute to the increased cytokine
production and proliferative responses that was observed after
stimulation in children with ASD. Unfortunately, many of the same
cell surface markers are present on activated T cells as well as nat-
ural and adaptive regulatory T cells, including CD25+, and at pres-
ent it is difficult to distinguish the various subtypes. Thus far, there
is no published data on T regulatory cells in ASD and further work
to characterize these cells is needed.

In this study we also saw decreased frequencies of CD3+, CD4+

and CD8+ T cell expressing the co-stimulatory molecule CD134
(also known as OX40) after stimulation in children with ASD rela-
tive to controls. CD134 is a member of the TNFR superfamily of
receptors and is not constitutively expressed on resting naïve T
cells but is expressed following activation. CD134 ligation has a
critical role in the maintenance of the immune response and the
development towards a memory response due to its ability to en-
hance cell survival (Croft, 2003; Song et al., 2005). Decreased
CD134 may therefore suggest an altered ability in memory T cell
expansion or T cell survival after stimulation and could affect the
ability of children with ASD to mount long-term or memory im-
mune response to antigens. Reduced global immunoglobulin (Ig)
production as well as reduced Ig responses to specific antigens
including rubella vaccination have been described in ASD (Heuer
et al., 2008; Stubbs, 1976) and may be due to altered memory T cell
mediated help of B cells that could stem from reduced CD134
expression. Another member of the TNF receptor family is CD137
(also known as 4-1BB), which is a co-stimulatory molecule ex-
pressed by activated T cells, to a larger extent on CD8+ rather than
ses in children with autism. Brain Behav. Immun. (2010), doi:10.1016/

http://dx.doi.org/10.1016/j.bbi.2010.09.002
http://dx.doi.org/10.1016/j.bbi.2010.09.002


8 P. Ashwood et al. / Brain, Behavior, and Immunity xxx (2010) xxx–xxx
on CD4+ T cells. CD137 engagement by CD137L enhances T cell pro-
liferation, effector functions, and survival (Arch and Thompson,
1998; Cooper et al., 2002). After stimulation there was an increased
frequency of CD137+CD8+ T cells in ASD children compared to con-
trols, and may suggest potential differential activation of this T cell
subset. Of interest, both CD134 and CD137 are expressed on regu-
latory T cells and ligation of these receptors has been shown to
have major roles both positively and negatively in the generation
of regulatory T cells and regulatory cytokine activity (So et al.,
2008). Moreover, the ligand for CD137 is present on monocytes
and delivers an activating signal via reverse signaling, that induces
potent changes from monocyte activity to DC activity (Kwajah and
Schwarz, 2010). Notably, CD137-generated DCs are more potent
than other classically in vitro derived DCs for inducing T cell prolif-
eration. Furthermore, CD137-generated DCs inhibit the develop-
ment of regulatory T cells while promoting T cell expression of
perforin and IL-13 (Kwajah and Schwarz, 2010). The findings of in-
creased production of GM-CSF when coupled with the increased
presence of CD137+CD8+ T cells in ASD may suggest that there is
an environment that conspires to the differential generation of
DCs or skewed DC populations/function, and reduced regulatory
T cell development/function in ASD, which may help explain some
of the findings observed in this study such as increased IL-13 pro-
duction and cellular proliferation.

The aim of the present study was to identify differences in dy-
namic cellular immune responses between children with ASD and
typically developing controls. ASD is a clinically heterogeneous dis-
order with a spectrum of symptoms, yet clear and significant dif-
ferences in T cell responses can be identified in these children.
Increased proliferative responses, increased production of GM-
CSF, IL-13, and TNFa, reduced IL-12p40, and alterations in the fre-
quencies of T cell subpopulations expressing CD25, CD134 and
CD137 all suggest an acquired immune response phenotype that
promotes cellular activation. In addition, we found associations be-
tween stimulation induced cytokines production and the severity
of behaviors in children with ASD, such that pro-inflammatory/
TH1 cytokines were associated with more behavioral impairment,
whereas GM-CSF and TH2 cytokine production was associated with
better developmental and adaptive function. Although these data
should be treated with caution until further validation can be per-
formed, it should be noted that a number of other studies have
shown that impairments in core ASD features as well as aberrant
behaviors, are associated with altered immune profiles (Ashwood
et al., 2008, 2010b; Grigorenko et al., 2008; Tsuchiya et al., 2007;
Enstrom et al., 2009c, 2010; Onore et al., 2009). Together these
observations may indicate that dysfunctional cellular immune re-
sponses in ASD can modulate behaviors and core features of ASD.
The potential separation of ASD into subgroups based on immuno-
logical parameters may have important implications for both diag-
nosis and therapeutic manipulation. Further validation of the links
between behavior and immune function in ASD are necessary,
including analysis of frequently observed co-morbidities of gastro-
intestinal problems, seizures, macrocephaly, cognitive impair-
ments, and sleep disorders. More extensive longitudinal studies
will be required to characterize the immunological changes associ-
ated with the disorder and severity of behavioral symptoms. Taken
together our data demonstrate compelling evidence for immune
cellular dysfunction in ASD and the mechanisms of this and how
it changes throughout disease progression need to be pinpointed
in order to further elucidate our understanding of this disorder.
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