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Abstract

The pathophysiology of Autism Spectrum Disorder (ASD) is not yet known; however, studies 

suggest that dysfunction of the immune system affects many children with ASD. Increasing 

evidence points to dysfunction of the innate immune system including activation of microglia and 

perivascular macrophages, increases in inflammatory cytokines/chemokines in brain tissue and 

CSF, and abnormal peripheral monocyte cell function. Dendritic cells are major players in innate 

immunity and have important functions in the phagocytosis of pathogens or debris, antigen 

presentation, activation of naïve T cells, induction of tolerance and cytokine/chemokine 

production. In this study, we assessed circulating frequencies of myeloid dendritic cells (defined 

as Lin-1−BDCA1+CD11c+ and Lin-1−BDCA3+CD123−) and plasmacytoid dendritic cells (Lin-1− 

BDCA2+CD123+ or Lin-1−BDCA4+ CD11c−) in 57 children with ASD, and 29 typically 

developing controls of the same age, all of who were enrolled as part of the Autism Phenome 

Project (APP). The frequencies of dendritic cells and associations with behavioral assessment and 

MRI measurements of amygdala volume were compared in the same participants. The frequencies 

of myeloid dendritic cells were significantly increased in children with ASD compared to typically 

developing controls (p < 0.03). Elevated frequencies of myeloid dendritic cells were positively 

associated with abnormal right and left amygdala enlargement, severity of gastrointestinal 

symptoms and increased repetitive behaviors. The frequencies of plasmacytoid dendritic cells 

were also associated with amygdala volumes as well as developmental regression in children with 

ASD. Dendritic cells play key roles in modulating immune responses and differences in 
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frequencies or functions of these cells may result in immune dysfunction in children with ASD. 

These data further implicate innate immune cells in the complex pathophysiology of ASD.
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Introduction

Autism spectrum disorder (ASD) appears early in childhood and is characterized by core 

features of impaired social interaction, deficits in communication and restricted repetitive 

behaviors and interests (APA 2000). Once thought of as a rare disorder the prevalence rates 

for ASD are now considered to be approximately 1% of all children (MMWR 2009). The 

etiology and pathophysiology of ASD largely remain a mystery but are likely to involve 

complex interactions between genetic, epigenetic and environmental factors. Rapidly 

accumulating evidence highlights a role for dysfunctional immune function in many children 

with ASD (Onore et al., 2012). Many candidate genes linked with ASD have influence over 

immune responses while immune dysfunction in the brain and periphery have been reported 

(Abrahams and Geschwind, 2010; Ashwood et al., 2011a; Vargas et al., 2005). Furthermore, 

models of maternal immune activation cast light on how aberrant immune responses during 

critical periods of development can cause changes in neurodevelopment that lead to altered 

behaviors resembling those of core autistic features (Patterson et al., 2009).

Several lines of evidence point to ongoing and prominent activation of innate immune cells 

within the brain, such as microglia and perivascular macrophages (Vargas et al., 2005; 

Morgan et al., 2010; Voineagu et al., 2011). Further studies have shown increased activation 

of monocytes in the periphery following stimulation with Toll-like receptor ligands, 

including changes in gene expression, increased HLA-DR cell surface expression and the 

release of pro-inflammatory cytokines interleukin (IL)-1β and IL-6 (Enstrom et al., 2010, 

Jyonouchi et al., 2001). Moreover, circulating levels of cytokines exhibit a profile 

reminiscent of innate immune cell activation with increased IL-1β, IL-6, IL-12p40, tumour 

necrosis factor (TNF)-α and CCL-2 production (Ashwood et al., 2011a, b). Both the 

circulating levels of these pro-inflammatory cytokines and the degree of monocyte 

activation were associated with more impaired behaviors in children with ASD (reviewed in 

Onore et al., 2012). Furthermore, activation of innate immune cells leads to increases in 

oxygen free radicals and an increase in oxidative stress, a process that is increased in ASD 

(Rose et al., 2011). Together, these data point to an important role for innate immune cell 

dysfunction in modulating behaviors and neuroinflammation observed in ASD.

Dendritic cells serve a central role in many immune functions (Steinman, 2007). They are 

highly phagocytic and express many innate pattern-recognition receptors that capture 

pathogen-associated molecular pattern molecules (PAMPs) on microbes or damage-

associated molecular pattern molecules (DAMPs) of endogenous tissues. Upon binding of 

these ligands/antigens, dendritic cells undergo maturation steps that increase mobility for 

migration, express chemokine receptors for homing to lymphoid organs, produce 
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chemokines to recruit other immune cells, up regulate MHC class II molecules and co-

stimulatory molecules for priming of naïve T cells or stimulation of effector T cells and 

secrete large quantities of cytokines that polarize or modulate neighboring immune cells 

(Banchereau and Steinman, 1998; Banchereau et al., 2000; Ueno et al., 2007). Dendritic 

cells also play an important role in inducing both central and peripheral tolerance. Dendritic 

cells in the periphery continuously capture and present low dose non-immunogenic antigens 

to T cells with limited or absent co-stimulation to maintain tolerance either by deletion, the 

induction of unresponsiveness (anergy) or generation of adaptive T regulatory cells 

(Steinman, 2007). The biology of dendritic cells is complex but they represent a critical link 

between innate and adaptive immune responses. Two dendritic cell subsets, myeloid 

dendritic cells and plasmacytoid dendritic cells have been described in human blood and 

differences in these populations have been observed in a number of autoimmune conditions 

(Jego et al., 2003; Pashenkov et al., 2001; Richez et al., 2009). Although, previous studies 

have examined a variety of innate immune cell effectors in ASD, including monocytes and 

NK cells, the essential role dendritic cells play in controlling many immune processes make 

these cells particularly interesting targets for study. To our knowledge, this is the first study 

to examine differences in frequencies of circulating dendritic cells in young children with 

ASD and typically developing controls of the same age.

Through the UC Davis MIND Institute Autism Phenome Project, we evaluated frequencies 

of circulating dendritic cells in very young children with ASD and age-matched typically 

developing controls. We also evaluated whether levels of circulating dendritic cells are 

associated with brain volume measurements and/or the core symptoms of ASD. Specifically, 

we evaluated the association between dendritic cells and amygdala volume. Abnormal 

amygdala structure and function has been widely reported in neuropathological and imaging 

studies of individuals with ASD (Schumann and Nordahl, 2011). However, the mechanism 

underlying abnormal amygdala enlargement in ASD remains unknown. As association with 

circulating dendritic cells may provide a clue to the pathophysiology of abnormal amygdala 

growth in ASD.

Methods

Participants and behavioral assessments

Eighty-six study participants aged between 2-3 years of age were recruited through the UC 

Davis M.I.N.D. Institute as part of the Autism Phenome Project (APP). Participants 

consisted of 57 children with ASD (mean age 2.92 ± 0.05 years; minimum-maximum range 

2.08 - 3.75 years; 48 males) and 29 typically developing (TD) controls children (mean age 

2.96 ± 0.06 years; range 2.17 – 3.58; 19 males). The study protocol was approved by the 

Institutional Review Board for the UC Davis School of Medicine, and parents or guardians 

of each subject provided written informed consent for their child to participate.

All diagnostic assessments were conducted or directly observed by trained, licensed clinical 

psychologists who specialize in ASD and had been trained according to research standards 

for these tools. Inclusion criteria for a diagnosis of ASD were based on the NIH 

Collaborative Programs of Excellence in Autism network. These involved: (1) meeting 

either the Autism Diagnostic Observation Schedule – Generic (ADOS-G) cut-off score for 
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autistic disorder or PDD, (2) or meeting the Autism Diagnostic Interview – Revised (ADI-

R) cutoff score for autistic disorder and scoring within two points of this cutoff on the other 

measure i.e. within 2 points on ADI-R or 2 points on ADOS, (3) combined with clinical 

judgment. Of the 57 children with ASD, 49 met the cut-offs for autistic disorder and 8 met 

the cut-offs for PDD-NOS. The ADI-R also collects information about the onset of 

symptoms. 26 participants demonstrated an early onset pattern, in which signs of autism 

were present in the first year of life, while 31 participants were reported by parents to have a 

regressive pattern of onset, in which early development appeared typical, followed by a loss 

of social-communication skills in the second year of life. All participants were administered 

the Mullen Scales of Early Development (MSEL) and a developmental quotient (DQ) was 

calculated based on of the ratio between the average of mental age equivalent scores and 

chronological age multiplied by 100. Three quotients were calculated: verbal, nonverbal, 

and overall. The TD children were screened and included after assessment with the Social 

Communication Questionnaire (excluded if scores > 11) (SCQ - Lifetime Edition) ruled out 

ASD risk and the MSEL revealed developmental scores within two standard deviations of 

the mean for performance quotient and verbal quotient subscales. Exclusion criteria for TD 

controls included a diagnosis of mental retardation or specific language impairment, or any 

known developmental, neurological, or behavioral problems. Further exclusion criteria for 

all subjects consisted of the presence of Fragile X or other serious neurological, psychiatric 

or known medical conditions including autoimmune disease and inflammatory bowel 

diseases/celiac disease. Further inclusion criteria for all children, both TD controls and 

children with ASD, included being native English speakers, ambulatory, and with no 

suspected vision or hearing problems.

All subjects were screened via parental interview for current and past physical illness. The 

ASD and TD children had similar vaccination histories. No differences were noted for time 

from last vaccine in the two groups. Children with known endocrine, cardiovascular, 

pulmonary, liver, kidney disease, or current fever were excluded from enrollment in the 

study. Additional exclusionary criteria were limited to those with physical contraindications 

to MRI.

In addition to the diagnostic measures, all children were assessed using the Vineland 

Adaptive Behavior Scales (VABS), a parent report measure for adaptive behaviors and the 

Repetitive Behavior Scale-Revised (RBSR), a parent report questionnaire for measuring 

repetitive behavior in children. Parent report of frequent or always gastrointestinal 

symptoms of irregular bowel habits (i.e. constipation and/or diarrhea) was also collected to 

determine if there were associations with dendritic cell frequencies.

Flow Cytometry

Peripheral blood was drawn from the participants into sodium citrate (ACD) treated 

vacutainers (BD Bioscience; San Jose, CA) on the last day after behavioral assessments 

were performed. No participant presented with a cold, fever or other common illness. If such 

a condition occurred, the blood draw was delayed until the child’s health status was stable 

for 48 hours. Peripheral blood mononuclear cells (PBMC) were separated from the whole 

blood by centrifugation over Histopaque-1077 Hybri-Max lymphocyte separation medium 
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(Sigma; St. Louis, MO) before washing once in Hanks Balanced Salt Solution (HBSS; 

VWR; Brisbane, CA) and twice more in FACS buffer (PBS, 1% fetal bovine serum albumin 

(VWR, USA) and 0.1 % sodium azide (Sigma). The number of viable PBMC was 

determined by Trypan Blue exclusion (Sigma) and PBMC concentrations were adjusted to 1 

× 106 cells/ml in FACS buffer prior to staining with the following monoclonal antibodies: 

fluorescein isothiocyanate (FITC)-conjugated mouse anti-human Lineage-1 cocktail (Lin-1) 

containing CD3, CD14, CD16, CD19, CD20, and CD56 ; phycoerythrin (PE)-conjugated 

mouse anti-human BDCA3 (CD303), BDCA4 (CD304); phycoerythrin (PE)-Cy5-

conjugated mouse anti-human CD11c, CD123; and allophycocyanin (APC)-conjugated 

mouse anti-human BDCA1 (CD1c), BDCA2 (CD303) (all antibodies were from BD 

Biosciences, CA, USA). For the purpose of this study, myeloid dendritic cells were defined 

as Lin-1−BDCA1+CD11c+ (mDC1) or Lin-1−BDCA3+CD123− (mDC2) and plasmacytoid 

dendritic cells as Lin-1−BDCA2+CD123+ (pDC1) or Lin-1−BDCA4+ CD11c− (pDC2) 

according to classifications established by the Nomenclature Committee of the International 

Union of Immunological Societies (Ziegler-Heitbrock et al., 2010). Cells were incubated at 

4°C for 30 minutes before being spun down and washed with FACS buffer.

Cell surface marker expression was analyzed using a LSR II flow cytometer (BD 

Immunocytometry Systems). Singly stained compensation controls and isotype mAb 

controls (BD Biosciences) were run for each participant. Compensation for each marker was 

calculated using anti-mouse antibody coated compensation beads (BD Biosciences), IgG 

isotype controls and FACS Diva Software (BD Biosciences). The data acquired were 

analyzed with FlowJo software (Treestar Inc; Ashland, OR). In brief, dendritic cells were 

gated using forward scatter and side scatter parameter as an indication of cell size and 

granularity in order to exclude non-cellular debris and discriminated from other cells by the 

exclusion of Lin-1 staining.

General Imaging Procedures

All scanning was performed during natural, nocturnal sleep (Nordahl et al., 2008). Earplugs 

and/or headphones were used to attenuate the MRI gradient sounds. Each child was 

monitored carefully for the duration of the scan. Because scans were acquired during natural 

sleep, there was no motion artifact. If the child moved or woke up during the scan, the 

imaging session was halted.

Imaging Protocol

All scans were acquired at the UC Davis Imaging Research Center on a 3T Siemens Trio 

(TIM) whole-body MRI system (Siemens Medical Solutions, Erlangen, Germany) using an 

8-channel head coil. For each participant, a three-dimensional T1-weighted MPRAGE scan 

(TR 2170 ms; TE 4.86 ms; matrix 256 × 256; 1 mm isotropic voxels) was obtained. A T2-

weighted scan was also obtained for clinical evaluation when possible (i.e. when the child 

remained asleep). All MRPAGE and available T2 scans were reviewed by a pediatric 

neuroradiologist and screened for significant, unexpected clinical findings.
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Volumetric Measurements

Image preprocessing included removing non-brain tissue using FMRIB’s Brain Extraction 

Tool (BET) (Smith, 2002) and removing inhomogeneity using the Non-parametric Non-

uniform intensity Normalization (N3) method (Sled et al., 1998) (http://

www.bic.mni.mcgill.ca/software/N3). Total cerebral volume was determined using a 

template-based automated procedure that removed brainstem and cerebellum (Nordahl 2011, 

2012).

The amygdala was manually defined using Analyze 10.0 (Robb et al., 1989) based on an 

anatomically defined protocol (Schumann et al., 2004; Nordahl et al., 2012). Images were 

first re-sampled to 0.5 mm isotropic voxels and aligned along the long axis of the 

hippocampus. Boundaries were traced in the coronal plane in a caudal to rostral direction. 

Axial views were used to aid in defining the boundary between the amygdala and the 

putamen, and sagittal views were used to aid in determining the rostral extent of the 

amygdala. Two blinded raters performed all manual tracings and had an intraclass 

correlation coefficient of .93 for the left amygdala and .96 for the right amygdala.

Statistical Analysis

All of the statistical analyses were conducted in SAS statistical software (version 9.3). Some 

of the models were run independently in R (version 2.13.0) to verify the model results and to 

obtain graphical displays of model diagnostics. We performed regression analyses to 

evaluate the degree to which diagnosis (ASD vs. TD) was significantly associated with 

dendritic cell subsets. To assess the effect of diagnosis, we controlled for age, sex and two 

interaction terms (Age * Diagnosis; Sex * Diagnosis). To minimize over-fitting the model, 

we used the Akaike Information Criterion (AIC) to evaluate the tradeoffs between model fit 

and model complexity. Although sex and the interaction effects were significant in some of 

the models, a relatively small increase in the AIC values suggested that age was the most 

important control variable. In addition, to ensure that some of the brain structures such as the 

amygdala had independent effects beyond overall brain volume, we added total brain 

volume as a covariate for models that include brain structure variables.

The regression models were fitted using the SAS procedure for generalized linear models 

(Proc Genmod). To evaluate the robustness of the findings, a number of model distributions 

and link functions were considered (e.g., gamma, logit, normal). For example, we split the 

continuous distributions into two parts using the median as the cut point, and then fit logistic 

regression models. For the various models, we reviewed the diagnostic plots to evaluate if 

the model residuals are normally distributed and were constant across the levels of the 

predicted values. In addition, we looked at leverage statistics to determine the impact of 

outliers on the model results. We determined that an “ordinary least squares” linear 

regression model was the most appropriate. For the outcome or dependent variable, this 

model assumes a continuous (and relatively normal) distribution. To elucidate the relative 

effect sizes for the independent variables, we standardized them by setting the mean to zero 

and the standard deviation to one. For all of the models, we found parameter estimates or 

coefficients that indicate the strength of the relationship between the dependent and 

independent variables, after holding constant control variables. Probability values less than 
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0.05 were considered statistically significant. Unadjusted p values are presented (Rothman, 

1990).

Results

After controlling for age and sex, the frequency of the myeloid dendritic cell population 

mDC1 was significantly increased in children with ASD (mean ± SEM (%); 4.6 ± 0.41%) 

compared with the TD controls (3.7 ± 0.38%, p = 0.03, Figure 1, Table 1). This represented 

an approximate 25% increase in mDC1 in the ASD group. In addition, the frequency of 

mDC2 myeloid dendritic cells was increased, by approximately 40% in children with ASD 

(3.49 ± 0.29%) compared with TD controls (2.54 ± 0.30, p = 0.01, Figure 1, Table 1). The 

frequency of plasmacytoid dendritic cell populations was not statistically significantly 

different between ASD and TD controls (Table 1). However, there was an approximate 25% 

increase in frequency of BDCA2+ labeled cells within the Lin-1− gate (denoted 

Lin-1−BDCA2+) in children with ASD (6.92 ± 0.45) compared with TD controls (5.52 ± 

0.43, p = 0.05, Table 1).

We then examined whether there were associations between the frequencies of circulating 

dendritic cells with clinical, behavioral and brain imaging variables. A positive association 

was observed between mDC1 frequencies and measures of left amygdala volume (estimated 

effect size = 3.56, p = 0.004, Figure 2) and right amygdala volume (effect size = 2.76, p = 

0.02, Figure 2) in children with ASD after adjusting for age and sex, and using overall brain 

volume as a covariate. Similarly, there was a positive association between mDC2 cells and 

right amygdala volume (estimated effect size = 1.78, p = 0.05). The frequencies of pDC1 

plasmacytoid dendritic cells were also positively associated with left (estimate effect size = 

2.42, p = 0.02) and right amygdala volumes (estimate effect size = 2.28, p = 0.03). In TD 

controls, mDC1 frequencies were associated with left amygdala volume (estimated effect 

size = 0.76, p = 0.02) and right amygdala volume (effect size = 0.93, p = 0.003); however, 

no associations were observed between mDC2, pDC1 or pDC2 frequencies and amygdala 

volumes in TD controls. In children with ASD positive associations were observed between 

the mDC1 frequencies and scores on the RBSR (effect size = 2.49; p = 0.02) and repetitive 

behaviors as measured on ADOS (effect size = 0.43; p = 0.02), such that, as the mDC1 

frequencies increased, repetitive behaviors became more pronounced. Myeloid dendritic 

cells were also associated with the severity of gastrointestinal symptoms, a common 

problem in children with ASD, such that increased frequency of mDC2 was positively 

associated with increased frequency of symptoms of constipation (effect size 1.85, p = 

0.002). There was also a trend for increased mDC1cells to be associated with constipation in 

ASD children but this did not reach statistical significance (effect size 1.69, p = 0.06). Based 

on the ADI-R assessment, we also examined whether there was an association between 

dendritic cell frequencies and the onset of behavioral symptoms in terms of regression of 

behaviors after a period of reaching developmental milestones. The frequencies of 

plasmacytoid cells pDC1 and pDC2 (effect size 0.35 and 0.59 respectively, p < 0.02), but 

not the myeloid dendritic cells, were associated with regression. In TD children composite 

total scores for adaptive behaviors, as assessed by VABS, were negatively associated with 

mDC1, mDC2 and pDC2 dendritic cell subsets (effect size −0.96, −1.94 and −0.70 
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respectively, p < 0.05), suggesting that as dendritic cell numbers increased there was a 

decrease in adaptive behavior skills.

Discussion

For the first time, we show that frequencies of circulating Lin-1−BDCA1+CD11c+ and 

Lin-1−BDCA3+CD123−, two populations of blood myeloid dendritic cells, are significantly 

increased in young children with ASD compared with typically developing children of the 

same age. These observations are consistent with previous reports of increased numbers and 

enhanced activation of other myeloid cells including monocytes, perivascular macrophages 

and microglia cells in ASD (Enstrom et al., 2010; Morgan et al, 2010; Sweeten et al., 2003; 

Vargas et al., 2005). In addition, we observed significant associations between the 

frequencies of myeloid dendritic cells and larger right and left amygdala volumes, higher 

repetitive behavior scores and more frequent symptoms of constipation in children with 

ASD. The plasmacytoid dendritic cells were also associated with increased left and right 

amygdala volume and associated with developmental regression and the later onset of ASD 

behaviors. In addition, in typically developing children dendritic cell frequencies were 

associated with poorer adaptive behavior skills. These data suggest that dendritic cells may 

interact with factors that influence the ontogenesis of the amygdala. The amygdala has been 

repeatedly demonstrated to be of pathological importance in autism although a link between 

immune processes and the abnormal brain structure have not yet been evaluated. 

Functionally, the amygdala has been implicated in alterations of core social abilities in 

autism and in common co-morbid symptoms such as anxiety. Interestingly, there is 

substantial evidence that the amygdala also normally modulates gastrointestinal activity in 

the face of stressful situations.

Our current findings are consistent with previous reports of a dysregulation of the innate 

immune system in ASD (Onore et al., 2012). An increase in activated microglia and 

perivascular macrophages has been observed in brain specimens from individuals with ASD 

over a wide range of ages (4-45 years of age) (Morgan et al., 2010; Vargas et al., 2005; 

Voineagu et al., 2011). These findings were associated with increased inflammatory 

cytokine and chemokine production, including IL-1β, IL-6, IL-12p40, TNFα and CCL-2 in 

postmortem brain tissue and in cerebral spinal fluid (CSF) (Morgan et al., 2010; Vargas et 

al., 2005). Recent transcriptome studies in brains of individuals with ASD implicate 

abnormalities in gene networks related to innate immunity including the function of 

microglia, macrophages and dendritic cells (Garbett et al., 2008; Voineagu et al., 2011). The 

profile of cytokines present in the periphery reflects findings in the brain, with children with 

ASD exhibiting increased plasma levels of predominantly myeloid cell derived cytokines 

GM-CSF, IL-1β, IL-6, and IL-12p40 (Ashwood et al., 2011a). Many of these cytokines, in 

particular GM-CSF, are known to be important in dendritic cell maturation. In addition, 

activated T cells expressing CD137 on their cell surface are also known to drive dendritic 

cell development and have been shown to be increased in children with ASD (Ashwood et 

al., 2011c). Thus, in children with autism the balance of cytokines and activated cells may 

predispose to increases in dendritic cell frequencies. In turn, myeloid dendritic cells are 

major producers of IL-1β, IL-6, TNFα and IL-12 and likely contribute to the cytokine 

profiles described in the periphery. Taken together these findings suggest that in children 
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with ASD, an environment exists that promotes the generation and maturation of dendritic 

cells and that these cells may contribute to a peripheral inflammatory profile.

Many genetic studies have shown that of the candidate genes or variations in copy number 

variants in individuals with ASD many have important roles in modulating the immune 

response (Abrahams and Geschwind, 2008; Careaga et al., 2010). These include genes 

encoding for proteins within the signaling pathways that regulate the function of myeloid 

cells such as MET, a pleiotropic receptor tyrosine kinase. For example, MET signaling 

induces a tolerogenic phenotype in dendritic cells without affecting their antigen presenting 

capabilities (Okunishi et al., 2005; Rutella et al., 2006). We recently showed that the MET 

‘C’ variant predisposes to innate immune cell activation and the loss of self-tolerance (Heuer 

et al., 2011). Individuals with a functional polymorphism in the promoter for MET, namely 

rs1858830 ‘C’ allele, carry a 2.25 fold increased relative risk for autism (Campbell et al., 

2006). In addition, the MET “C” allele polymorphism was shown to be associated with 

gastrointestinal symptoms in ASD (Campbell et al., 2009). In the current study we found 

associations between myeloid dendritic cells and the severity of constipation symptoms in 

ASD. Taken together these data suggest that genetic mechanisms in ASD may impact 

important controlling processes relevant to innate immune function including the function of 

dendritic cells that may be important in neuronal and mucosal development. We are 

pursuing further studies to look at the function of dendritic cells in ASD.

Blood dendritic cells are most likely cells that are in transit. Upon entry into tissues of the 

body, they become fully mature, which includes up-regulating activation markers such as 

CD83 that are not expressed on blood dendritic cells, and where they are more likely to form 

close cell-to cell contacts with other immune cells (Ziegler-Heitbrock et al., 2010). Dendritic 

cells have been observed in the CSF, meninges, choroid plexus and perivascular spaces in 

the healthy central nervous system (CNS) of humans and rodents (Hanly and Petito, 1998; 

Matysak and Perry, 1996; Pashenkov et al., 2001; Serot et al., 1997) where they play a 

putative role in immune surveillance. In healthy tissue, the number of dendritic cells in the 

CNS is low but can dramatically increase during infection or in autoimmune diseases such 

as multiple sclerosis (MS) (Greter et al., 2005; Kivisakk et al., 2004; Panshenkov et al., 

2001; Pashenkov et al., 2002). To determine the function of dendritic cells in the human 

CNS during such conditions is very challenging. But, as in other tissue, they may serve a 

pathological role by activating naïve T cells, presenting autoantigen to infiltrating activated 

T cells, contributing to the inflammatory milieu by production of inflammatory cytokines 

and the production of reactive oxygen species. The release of cytokines such as TNFα from 

dendritic cells may also reduce mitochondrial function that ahs recently been associated with 

ASD (Onore et al., 2012). In brain specimens isolated from the asocial BTBR T+tf/J mouse 

strain, increased numbers of dendritic cells were observed compared with the more social 

B6 mice (Heo et al., 2011). These observations are interesting and further studies need to be 

pursued to determine the relevance of increases in dendritic cells and brain volumes in the 

asocial BTBR compared with social B6 mice.

Structural MRI studies have provided evidence for abnormal amygdala development in 

autism. In young children with autism, ages 2-5 years, there is substantial evidence for 

abnormal amygdala enlargement relative to typically developing controls (Mosconi et al., 
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2009; Nordahl et al., 2012; Schumann et al., 2009; Sparks et al., 2002). This enlargement 

appears to persist, into middle childhood (Schumann et al., 2004), but may diminish in 

adolescence and adulthood (Haznedar et al., 2000; Palmen et al., 2005; Schumann et al., 

2004). In young children, two studies have reported correlations between amygdala volume 

and social and communications scores on the ADI-R (Munson et al., 2006; Schumann et al., 

2009). Previous studies have also shown that amygdala volumes in typically developed 

subjects correlate with the number and complexity of social contact (Bickart et al., 2010). In 

ASD, Munson et al (2006) found that enlarged right amygdala volume at age 3-4 years was 

predictive of poorer social and communication abilities at age 6 (Munson et al., 2006). 

Interestingly, while there appears to be precocious growth of the amygdala in a sizable 

subset of young children with autism ( Nordahl et al 2012) the only quantitative histological 

study of the amygdala in the postmortem brain actually demonstrated a lower number of 

neurons (Schumann and Amaral, 2006). This raises the prospect of a degenerative process 

taking place in the amygdala of adults with autism spectrum disorder.

To our knowledge, no previous study has evaluated the relationship between abnormal 

amygdala growth and parameters of immune function in children with autsim. Our current 

study showed that both myeloid and plasmacytoid cell populatiosn were associated with 

amygdala volumes in children with ASD. Considering the ability of dendritic cells to 

manufacturer and secrete large quantities of growth factors and neuropoeitic cytokines such 

as IL-6, it is not inconceivable that any increase in dendritic cell frequency or altered 

activation could alter the growth of amygdala. Why this might be more selective for the 

amygdala is currently unclear. Moreover, dendritic cells may have a number of effects 

peripherally that could alter changes in brain growth and function, such as; interaction with 

peripheral nerves that innervate lymph nodes or the gastrointestinal tract, the release of 

cytokines, activation of naïve self-reactive T cells that target CNS tissue, activation of 

anergic T cells and/or failure to induce/promote tolerance via negative signals to regulatory 

T cells. Recent data indicates that the amygdala may also be privy to the degree/extent of 

peripheral immune activation and its activity is increased in response to immune challenges 

such as lipopolysaccharide (Prager et al 2012). Perhaps some portion of the amygdala 

enlargement is activity dependent due to immune challenges during the prenatal period or 

early infancy. In addition, hyperactivity of the amygdala can have modulatory effects on 

gastrointestinal activity (Myers and Greenwood-Van Meerveld, 2009) through 

monosynaptic gut-related neurons in the dorsal motor nucleus of the vagus and nucleus of 

the solitary tract (Zhang et al 2003). Our data are intriguing in establishing an association 

between dendritic cells, amygdala growth and gastrointestinal symptoms. More research is 

warranted to determine which of these factors are driving and which are driven.

In conclusion, dendritic cells play many important roles in directing and controlling immune 

responses. Data from the current study shows that there are increased circulating frequencies 

of blood myeloid dendritic cells in young children with ASD. These increased frequencies 

were associated with increased amygdala volumes and increased repetitive behaviors. These 

are new and novel findings that require further investigation to determine dendritic cell 

function in the context of early neurodevelopment both in typically developing children and 

children with ASD. Although we find increased frequencies of myeloid dendritic cells in 

children between the ages of 2 and 4 years of age, nothing is known about possible 
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fluctuations in the frequencies before diagnosis of ASD or throughout development. The 

results from this study warrant further follow-up in a replication study to measure dendritic 

cell frequencies longitudinally and determine whether dendritic cells are dysfunctional in 

ASD. Such future studies may help elucidate the physiological role of dendritic cells during 

typical neurodevelopment and may help towards our understanding of the initiation and 

progression of neurodevelopmental disorders such as ASD.
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Highlights

Increased frequencies of myeloid dendritic cells observed in children with autism 

spectrum disorder were associated with larger amygdala volumes and more impaired 

behaviors
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Figure 1. Frequencies of blood myeloid dendritic cells in children with ASD
Mean levels (black horizontal bar) of (A) Lin-1−BDCA1+CD11c+ and (B) 
Lin-1−BDCA3+CD123− are significantly increased in young children with ASD in 

comparison with typically developing controls.
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Figure 2. The frequencies of blood myeloid dendritic cells in children with ASD are associated 
with amygdala volume
Positive correlations were observed for (A) Lin-1−BDCA1+CD11c+ myeloid dendritic cells 

and left amygdala volume (r = 0.37, p = 0.003) and (B) right amygdala volume (r = 0.33, p = 

0.012) as determined by MRI analysis. Amygdala volume measures were controlled for with 

total brain volumes and age and sex of the participant.
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Table 1
Frequencies of blood dendritic cells

The frequencies of blood dendritic cells in young children with ASD aged 2-4 years of age compared with 

typically developing children of the same age. Data is expressed as mean plus or minus SEM. Models were 

adjusted for age, sex and diagnosis of the participants,

Autism Spectrum Disorder Typically Developing controls

Cell population Mean ± SEM (%) Mean ± SEM (%)

Myeloid dendritic cells

Lin-1−BDCA1+ 6.47 ± 0.52* 5.12 ± 0.51

Lin-1−BDCA1+CD11c+ 4.6 ± 0.41* 3.70 ± 0.38

Lin-1−BDCA3+ 5.81 ± 0.43 5.10 ± 0.49

Lin-1−BDCA3+CD123− 3.49 ± 0.29* 2.54 ± 0.30

Plasmacytoid dendritic cells

Lin-1−BDCA2+ 6.92 ± 0.45* 5.52 ± 0.43

Lin-1−BDCA2+CD123+ 5.47 ± 0.42 4.49 ± 0.42

Lin-1−BDCA4+ 3.56 ± 0.24 3.33 ± 0.3

Lin-1−BDCA4+CD11c− 3.13 ± 0.23 3.04 ± 0.27

*
p < 0.05 was considered significant.
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